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Abstract

Background:

Lymphangioleiomyomatosis (LAM) is a rare progressive neoplastic cystic
lung disease that primarily affects women of child bearing age leading to
lung destruction, respiratory failure and death. Thought to be a
consequence of dysregulated protease expression, cells of unknown origin
accumulate in the lung, often forming clusters or nodules of cells with both
melanocytic and smooth muscle properties. Some of these cells, known as
LAM cells, have bi-allelic mutations in TSC2 resulting in constitutive mTOR
activation. However LAM nodules are heterogeneous structures and
genotyping analyses suggest that cells without LOH for TSCZ2 including

wild-type fibroblasts are also common within LAM nodules.
Hypotheses and aims:

We hypothesise that LAM cells recruit wild-type fibroblasts and modify their
properties to generate a permissive microenvironment, akin to a tumour
stroma including the production and activation of matrix-degrading
proteases which contribute to the destruction of the lung parenchyma. This
study has therefore deigned in vitro co-culture models with an aim to study
the expression patterns and activation of proteases in a LAM lung leading
to matrix destruction. Another aim was also to characterise transcriptional
differences normal human lung fibroblasts (NHLFs) and LAM-associated
fibroblasts (LAFs) and to investigate changes in their gene expression
when cultured together with a model LAM cell line, 621-101
angiomyolipoma cells which were derived from a LAM patient and have bi-
allelic loss of TSC2.

Methods:

In vitro 2-dimensional (2D) and 3-dimensionalD (3D) co-culture models
were desighed and validated using fibroblasts characterised and isolated
from 4 LAM lung donors, now termed LAFs, and 621-101 cells. The 3D



extracellular matrix (ECM) incorporated the two cell types in a 10:1 ratio
embedded in a basement membrane extract (BME) mimicking the lung
matrix. An organotypic spheroid model was also developed incorporating
both cell types thereby mimicking a LAM nodule. 6 LAM lung and 3 normal
lung tissue donors were screened for candidate proteases in LAM pathology
using gRT-PCR and identified upregulated proteases which may contribute
to a role in LAM pathology. These findings were verified in the 2D and 3D
in vitro models as well as ex vivo tissue using a variety of immunostaining
techniques, activity assays and ELISA. Lastly, commercially bought NHLF
(n=3) and LAF (n=3) were cultured in the presence or absence of 621-101
cells in the 2D Boyden chamber co-culture model. LAF and NHLF RNA was
analysed using Affymetrix Human Genome U133 Plus 2.0 Arrays and
Genomics Suite and Pathway (Partek). Findings were validated by
multiplex assay and immunohistochemistry in 2D and 3D in vitro models
and tissue respectively. Inflammatory cell migration and function was

examined in co-culture model and LAM tissue.
Results:

The 3D BME model showed that TSC27- 621-101 cells and fibroblasts
spontaneously form aggregates and clump together akin to a LAM nodule.
The two cell types exhibited strong heterotypic cell-cell adhesive forces
and resulted in strictly spherical spheroids. The 3D models designed all
showed expression of markers of LAM nodules thereby representing LAM

nodules in a dish.

Of 30 proteases screened, cathepsin K gene expression was increased
almost 15-fold in LAM lung compared to normal tissue and was also found
to be elevated in 3D BME model. Cathepsin K in LAM tissue was expressed
in the LAM nodules associated with cysts and was expressed exclusively
by fibroblasts in the 3D spheroid model. As cathepsin K requires low pH
for activity it was determined if LAFs and TSC27 cells can acidify the
extracellular space. TSC27" cells but not LAFs decreased extracellular pH,
over 24 hours and pH values <7 were associated with increased cathepsin
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K activity in co-cultures. TSC27- cells expressed membrane transporters
associated with extra-cellular acidification and inhibitors of the sodium
bicarbonate co-transporters, carbonic anhydrases and mTOR reduced the

pH gradient and decreased CTSK activity in co-cultures.

Transcriptomic analysis using the 2D co-culture model showed 148 genes
were significantly altered in both NHLF and LAF by 621-101 cells. Soluble
factors from 621-101 cells induce pro-inflammatory transcriptional
changes in both NHLFs and LAFs and pathway analysis showed enhanced
chemokine signalling which highlighted stimulation of mainly the C-X-C
motif chemokines and chemokine receptor signalling. The analysis
identified 6 C-X-C motif chemokines all possessing a cognate receptor. The
gene and protein expression of these chemokines was validated in the in

vitro models and in ex vivo LAM lung tissue.
Conclusions:

The in vitro models are versatile and mimic the LAM lung nodule and
environment. A potent matrix degrading protease possibly playing a role
in LAM has been identified and using the in vitro models a possible
mechanism of activation of CTSK resulting from a synergistic relationship
between TSC27/ cells and LAFs has been demonstrated. Also, soluble
factors from the TSC27/- LAM cell line elicit changes in gene expression in
co-cultured fibroblasts. Chemokine signalling is associated with cell
migration; elevated chemokine expression may be associated with the
recruitment of inflammatory cells to the LAM nodule. The identification of
these mechanisms and pathways opens up new avenues for therapeutic

interventions in LAM,
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1 CHAPTER 1: Lymphangioleiomyomatosis (LAM): An

Introduction
1.1 Lymphangioleiomyomatosis (LAM)

1.1.1 Definition

Lymphangioleiomyomatosis is a rare and possibly fatal genetic disease that
affects the lungs, axial lymphatics and kidneys. It is characterised by a
gradual infiltration of proliferating smooth muscle cells in the affected
areas, known as lesions, which lead to the development of cysts within the
lung parenchyma. Chiefly occurring in the kidneys, angiomyolipomas,
which are benign mesenchymal tumours are also a characteristic feature
of LAM. LAM can be associated with tuberous sclerosis complex (TSC-LAM)

or can occur in isolation (sporadic LAM) (Johnson, 2004).

1.1.2 Background, Epidemiology and Importance

Lymphangioleiomyomatosis (LAM) is a rare disorder that almost
exclusively progresses in women and affects multiple organs leading to
cystic lungs and eventually, respiratory failure (Oprescu et al., 2013, Ryu
et al., 2006). An estimated 210,000 to 290,000 patients worldwide are
affected by LAM today. The first known recorded case of LAM was in 1918
(Lutembacher, 1918) with a major series of cases being reported from USA
(Chu et al., 1999), South-East Asia (Kitaichi et al., 1995), the UK
(Wahedna, 1994) and France (Urban et al., 1999) in the 1990s. Studies

conducted in France on a female population aged between 20-69 in 1997



and on the total population of UK in 2000 estimated about 2.6 cases/million
women (Urban et al., 1999) and 1/1.1 million of the UK population
(Johnson and Tattersfield, 2000) respectively. An increasing interest in
LAM thereafter, initiated the establishment of patient registries and groups
resulting in an exponential increase in LAM research (Harknett et al.,
2011).

Procuring prevalence figures for rare diseases like LAM is difficult since
many patients remain undiagnosed or misdiagnosed (Harknett et al.,
2011). At diagnosis, LAM may be confused with other conditions such as
emphysema, Langerhans cell histiocytosis since the disease may not
always have a ‘classical appearance’ (Johnson, 2004). Moreover, the rarity
of pulmonary diseases such as LAM, leads to patients being seen by
physicians working outside their area of expertise. In the UK only an
estimated 0.6-1.3% of the total LAM population are seen by most
respiratory physicians, thereby making them unable to build up expertise
in the management and diagnosis of the disease (Johnson, 2010). In 2010,
Johnson and colleagues laid down ERS guidelines for the correct diagnosis
and categorisation of LAM into 1) Definite LAM, 2) Probable LAM and 3)
Possible LAM based on HRCT, clinical history and disease presentation
(Johnson, 2010). Application of these guidelines to a study conducted by
Chang et al on a national cohort left only 30% of the patients without a
‘definite diagnosis’, with a further reduction to 20% when measurement of
serum biomarker vascular endothelial growth factor D (VEGF-D) (Chang et

al., 2012).



LAM, although rare affects all races and ethnicities. In a survey carried out
by the LAM foundation, of the 480 LAM patients screened 90% were
Caucasians, 3.5% Asians, 3% African-Americans, and 2% Hispanics.
Although LAM has been described to occur almost exclusively in women,
radiological and histological findings have confirmed LAM in 5 reported

cases in men (Aubry et al., 2000, Kim et al., 2003b, Ryu et al., 2006).

A rare disease such as LAM is defined as one that can affect less than 5 in
10,000 of the general population and about 7% of the population, at some
point will be affected by a rare disease. Although the number of people
individually affected by such diseases is low, collectively these diseases
are not rare. About 3.5 million people in the UK are or will be affected by
a rare disease (2014). Therefore, much research is still needed to fully

understand and treat this rare condition.

1.2 Clinical presentation, symptoms and diagnosis
LAM was initially thought to fatally affect premenopausal women of
childbearing age with a lung transplant as the only option (Orkin et al.,
1977). Subsequent clinical studies have painted a more complete picture.
With the data obtained from patients in the database of the US LAM
Foundation and LAM Action in the UK a large survey (n=328) conducted
found that more women over the age of 40 are being diagnosed with LAM,
with the result the mean age of diagnosis is continually shifting from the
current 30 years of age (Cohen et al., 2005, Harari et al., 2015). Initially

given a 10 year prognosis, LAM patients can now survive for more than
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15-20 years, nevertheless LAM is a chronic and debilitating neoplastic
disease with no efficient treatment (Hammes and Krymskaya, 2013,
Kleinman et al., 1982). The pulmonary symptoms in LAM serve to dictate
the clinical course, the most common features being pneumothorax,
progressive dyspnoea and chylous pleural effusions. Other symptoms
include cough, haemoptysis and chyloptysis. Dyspnoea results in airflow
obstruction, with the lung parenchyma being replaced by large cysts filled
with air (Johnson, 2004, Urban et al., 1999, Chu et al., 1999, Kitaichi et
al., 1995, Taylor et al., 1990). Recurrent pneumothorax is a significant
contributor to morbidity in LAM which occurs in approximately two thirds
of patients (Johnson, 2004).

Extrapulmonary manifestations include lymphadenopathy, large cystic
lymphatic masses (termed Iymphangioleiomyomas) and chylous
abdominal collections (Matsui et al., 2000c, Avila et al., 2000). Computed
tomography (CT) scans show a large population of LAM patients have been
found to have a co-existing benign tumour of smooth muscle, blood vessels
and fat, termed angiomyolipoma (AML), mainly occurring in the kidneys
(Astrinidis et al., 2000, Maziak et al., 1996, Johnson, 2004). Patients with
LAM show a distinctive radiologic finding of thin-walled cysts disseminated
throughout the lung parenchyma (Glasgow et al., 2010). These cystic
lesions result in a loss of lung function and airway obstruction thereafter
which is sometimes partly reversible with the use of a bronchodilator

(Taveira-DaSilva et al., 2001).



The aggressiveness of the disease depends on the rate at which the lung
function declines in patients (Taveira-DaSilva et al., 2001). In a study
carried out by Johnson and Tattersfield on 43 female patients, the average
rate of change in FEV1 was 118+21 ml/year and DLco was 0.905+0.26
ml/min/mmHg/year (Johnson and Tattersfield, 1999). The decline in FEV1
of pre- and post-menopausal women in this study group was found to be
170 ml/year and 86 ml/year respectively (Johnson and Tattersfield, 1999).
Through these findings it is evident that since LAM progress exclusively in
women compared to men, oestrogen may have a significant role in disease
progression. A study involving 15 women diagnosed with LAM during their
preghancy reported not only a worse obstetric outcome but also 66.7% of
these women suffered from breathlessness, pneumothorax or chylothorax,
as compared to those diagnosed before or after pregnancy. This clearly
shows that pregnancy exacerbates LAM symptoms suggesting that

oestrogen promotes LAM (Cohen et al., 2009).

Women with LAM have been treated with oophorectomy, however Taylor
et al reported out of a total of 16 patients who underwent oophorectomy
for the treatment of LAM, 25% had stable LAM and in 69% of patients, the
disease had worsened (Taylor et al., 1990). Oophorectomy did not have
any survival advantage nor did anti-oestrogen tamoxifen treatment in 9
patients studied (Taylor et al., 1990). Johnson and Tattersfield observed
that in patients treated with progesterone, reductions in FEV1 were not
significantly smaller than the untreated patients (Johnson and Tattersfield,

1999). Although a significant decrease in DLco was observed between



progesterone treated and untreated patients, the two groups were not
matched (Johnson and Tattersfield, 1999). Change in the route of
administration of progesterone to intramuscular also did not show any
significant decline in FEV1 or DLco when compared to a matched untreated
patient group (Taveira-DaSilva et al., 2004). Thus, removing the
endogenous oestrogen or administration of anti-oestrogen therapy does
not show any evidence in halting the progression of this predominantly

premenopausal disease.

The gold standard in the diagnosis of LAM still remains a lung biopsy.
According to the European Respiratory Society (ERS) guidelines a
consensus was reached that a firm diagnosis can be made by a lung biopsy
and a characteristic or compatible high resolution CT showing innate lung
cysts and/or an angiomyolipoma (kidney), a chylous collection and
compatible clinical history (Johnson et al., 2010). Pathologic features of a
definite diagnosis show LAM lesions identified by cysts and nodules of LAM
cells. Two subpopulations make up a LAM cell population: spindle-shaped
smooth muscle-like cells, expressing smooth muscle specific proteins such
as a-actin, desmin and vimentin and perivascular epitheloid-like cells,
presumed to be ‘LAM cells’, expressing glycoprotein gp100, a melanoma
cell and immature melanocyte marker (Johnson et al., 2010, Harari,
2011). These histologic  features  along with a positive
immunohistochemical staining for a-actin, desmin and HMB45,

immunoreacts with gp100, are now efficient along with CT scanning and



patient history in making an effective diagnosis of LAM (Johnson et al.,

2010).

Although a biopsy is required in making a confirmed diagnosis of LAM, a
shift towards a more non-invasive diagnostic strategy has been recently
considered. This involves examination of tell-tale signs for TSC, Birt-Hogg-
Dubé syndrome (BHD) and lymphocytic interstitial pneumonitis (LIP) and
ruling out the latter two which are often confused with LAM, a CT of the
abdomen to identify the presence of an AML and checking for lymphatic
abnormalities such as lymphadenopathy, lymphangioleiomyomas, or
chylous ascites. Elevated levels of a serum biomarker, vascular endothelial
growth factor D (VEGF-D) have been found to be elevated in most women
with LAM and a serum level of greater than 800pg/ml can be used to
differentiate LAM from other cystic lung diseases thereby reducing the

need for a lung biopsy (Benton et al., 2014).

1.3 TSC-LAM and Sporadic LAM
Lymphangioleiomyomatosis can occur in women sporadically (sporadic
LAM or S-LAM) or in conjunction with Tuberous Sclerosis Complex (TSC,

TSC-LAM) (Astrinidis et al., 2000).

1.3.1 TSC-LAM
Characterised by tumour-like lesions in multiple organs, called
hamartomas, TSC is an inherited autosomal dominant disorder caused by

loss of function mutations in either the TSC1 or TSC2 genes (Yates, 2006).
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The most commonly occurring tumours include subependymal giant cell
astrocytomas, facial angiofibromas, cardiac rhabdomyomas and renal
angiomyolipomas (Astrinidis et al., 2000, Henske, 2003) Loss of
heterozygosity (LOH) in either of the two genes of the TSC, TSC1 located
on chromosome band 9g34 (van Slegtenhorst et al., 1998) and TSC2
located on chromosome band 16p13 (European Chromosome 16 Tuberous
Sclerosis, 1993) cause the disease. The TSC1 gene identified in 1997 (van
Slegtenhorst et al., 1997) codes for a 130kDa protein hamartin whereas
the TSC2 gene isolated in 1993 (European Chromosome 16 Tuberous
Sclerosis, 1993) codes for a 200kDa protein tuberin. TSC can occur both
sporadically (about 60%) or can be inherited as a germline mutation of
either gene from mother to offspring (Sampson and Harris, 1994,
Slingerland et al., 1989). In TSC associated LAM however, majority of the
mutations are seen on TSC2 gene which also causes more severe
manifestations than the TSC1 mutation. In a study conducted by
Kwiatkowski et al on a cohort of 224 women, 60% with a sporadic TSC2
mutation showed a higher frequency of renal AMLs as compared to 31%

with a sporadic TSC1 mutation (Dabora et al., 2001).

A high occurrence of LAM in women with TSC has been reported which
gives rise to the fact that this subgroup of patients are at a risk of
developing pulmonary LAM (Moss et al., 2001a). Currently an estimated
20% of women at 18 years have TSC associated LAM and lung cysts are
seen in about 10% of men with TSC (Benton et al., 2014, Noel et al.,

1992). A recent investigation of a TSC-LAM patient cohort identified age



as a crucial risk factor for the development of LAM in women with TSC.
Data from this study showed that women over 40 years of age had a higher
prevalence (81%) of this cystic lung disease as compared to those between
30-40 years (58%) (Cudzilo et al., 2013, Benton et al., 2014). After renal
disease and brain tumours, LAM was the third most common cause of

death in patients with TSC (Castro et al., 1995).

Renal angiomyolipomas (AML) occur in 80% of TSC patients are seen in
most patients with TSC-LAM (Rakowski et al., 2006, Dabora et al., 2001).
Cells of patients with TSC-LAM are known to exhibit a LOH that indicates
inactivation of the wild type TSC2 allele which gives rise to the conclusion
that the Knudson ‘two-hit" hypothesis can be used to explain the
pathogenesis of TSC-LAM (Yu et al., 2001, Knudson, 2001). Genetic
analysis of the three distinct components of an AML comprising of
dysplastic vessels, smooth muscle cells and fat, from TSC-LAM patients
has shown that all these components arise from a common progenitor cell
(Niida et al., 2001, Karbowniczek et al., 2003). Moreover, a recent genetic
analysis revealed 7 out of 8 AMLs associated with TSC examined carried a
TSC2 and not TSC1 mutation which is in keeping with the pathogenesis of

TSC-LAM (Qin et al., 2011).



1.3.2 Sporadic LAM

In 1937, Von Stdssell reported the first case of a LAM patient who did not
have TSC (von Stossel, 1937). Over time it was evident that this less
prevalent form of LAM without underlying TSC occurs sporadically and is
termed as sporadic LAM or S-LAM (Henske and McCormack, 2012). The
occurrence of S-LAM is rarer than TSC-LAM and affects about 10,000
patients globally (Harknett et al., 2011). Extrapulmonary manifestations
observed in TSC such as renal angiomyolipomas, axial lymphadenopathy
and abdominal lymphangiomyomas are also seen in S-LAM (Ryu et al.,
2006) and sporadic LAM has been reported in only one karyotypically
normal male (Seidl et al., 2002). Sporadic LAM is reported to be more
severe than TSC-LAM and also progresses faster (Ryu et al., 2006, Cohen

et al., 2005).

Renal AMLs occur in approximately 50% of S-LAM patients, and unlike in
TSC, S-LAM patients present with single, unilateral and asymptomatic
AMLs (Avila et al., 2007). Occurrence of LAM sporadically suggested that
women with S-LAM could have somatic TSC2 mutations (Carsillo et al.,
2000). TSC-LAM and S-LAM present with similar lung and renal
manifestations, and studies have revealed 54% of the AMLs from women
with S-LAM showed a LOH on the chromosome band 16p13 of the TSC2
gene and no LOH in the TCS1 gene, indicating that S-LAM is more likely
caused by TSC2 mutations (Smolarek et al., 1998). Somatic nature of
TSC2 mutations was confirmed in S-LAM as mutational analysis of the

surrounding normal lung and kidney tissue did not show any mutation
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(Carsillo et al., 2000). Pulmonary LAM cells from the patient tissue
samples, identified by smooth muscle actin staining, isolated using laser
capture microdissection, were also found to carry the same LOH in the
16p13 region of TSC2 suggesting that the Knudson two-hit tumour
suppressor gene model applies to both the AML cells and LAM cells from
S-LAM patients (Carsillo et al., 2000, Knudson, 2001). 7SC1 LOH has not

been detected in any of the AMLs (Carsillo et al., 2000).
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1.4 Genetics of LAM and the mTOR pathway
Tuberin a highly evolutionarily conserved protein that activates GTPase, is
encoded by TSC2 (Manning et al., 2002). It is ubiquitously expressed, is a
tumour suppressor, is 198kDa and is located on chromosome 16
(European Chromosome 16 Tuberous Sclerosis, 1993). The 1784 amino
acid tuberin consists of a leucine zipper motif, two small coiled-coil
domains and a small region similar with GTPase-activating protein (GAP)
(Figure 1.1) (European Chromosome 16 Tuberous Sclerosis, 1993,
Rubinfeld et al., 1991, Rubinfeld et al., 1992). The protein bears a region
of homology with the Rapl GTPase-activating protein (Rap1GAP) and has
multiple phosphorylation sites for the serine-threonine kinase, protein
kinase B (Akt/PKB) (European Chromosome 16 Tuberous Sclerosis, 1993,

Maheshwar et al., 1996, Manning et al., 2002).
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Hamartin binding Akt/PKB dependent

phosphorylation sites

Hamartin
Trans- _ _
membrane Coiled coil
Activation of Rho Interaction with
GTPase ERM proteins

Tuberin binding

Figure 1.1 Schematic representation of the structure of the two proteins encoded
by TSC1 (hamartin) and TSC2 (tuberin). Tuberin contains a GAP (GTPase activating
protein) domain, hamartin-binding site and multiple Akt/PKB phosphorylation sites.
Hamartin is smaller and contains Rho GAP and tuberin-binding domain.

Hamartin, the protein encoded by the TSC1 gene heterodimerises with
tuberin and is essential for its function (Plank et al., 1998). It has a
molecular weight of 130kDa and is located on chromosome 9 of the TSC1
gene (van Slegtenhorst et al., 1997). The protein is smaller than tuberin
and consists of a potential transmembrane domain towards the N-terminus
and a coiled-coil domain towards the C-terminus (van Slegtenhorst et al.,
1997). Hamartin also contains, additionally, Rho GTPase-activating (GAP),
tuberin binding and ezrin-radixin-moesin (ERM) family binding domains
(Lamb et al., 2000). Binding of tuberin to hamartin occurs via the N-
terminus (Figure 1.1) (van Slegtenhorst et al., 1998, Plank et al., 1998).
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Since the loss of function of either TSC1 or TSC2 is implicated in TSC-LAM
and S-LAM, it suggested that the proteins encoded by the two genes are
functionally related. Immunohistochemical studies show that in vivo
hamartin and tuberin co-localise (Johnson et al., 1999, Murthy et al., 2001,
Johnson et al., 2001) and also coimmunoprecipitate from cell lines and
primary cells with either hamartin or tuberin anti-sera (Catania et al.,
2001, van Slegtenhorst et al., 1998). It is the coiled-coil domain of
hamartin that drives the heterodimerisation forming large insoluble
complexes in vitro and as soon as hamartin is synthesised, tuberin binds
to it and prevents self-aggregation of hamartin suggesting that it acts as

a molecular chaperone (Nellist et al., 1999).

mMTOR (mammalian target of rapamycin) is a serine/threonine protein
kinase, sensitive to rapamycin treatment, that is atypical and belongs to
the phosphoinositide 3-kinase (PI3K)-related kinase family. mTOR consists
of two separate complexes namely, mTOR complex 1 (mTORC1) and 2
(mTORC2) which are formed via its interaction with several proteins (Table
1.1) (Laplante and Sabatini, 2012) which in turn control several anabolic
and catabolic processes in cells (Kristof, 2010). The mTORC1 and mTORC2
complexes consist of six and seven proteins respectively. Regulatory-
associated protein of mammalian target of rapamycin (raptor) (Hara et al.,
2002, Kim et al., 2002)and proline-rich Akt substrate 40kDa (PRAS40)
(Sancak et al., 2010, Thedieck et al., 2007, Wang et al., 2007) are
exclusive to the mTORC1 complex (Figure 1.2 (a)), whereas rapamycin-

insensitive companion of mTOR (rictor) (Jacinto et al., 2004, Sarbassov et
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al., 2004), mammalian stress-activated map kinase-interacting protein 1
(mSinl) (Frias et al., 2006) and protein observed with rictor 1 and 2
(protorl/2) (Pearce et al., 2007, Thedieck et al., 2007) are only seen in
the mTORC2 complex (Figure 1.2 (b)). The two complexes, however, share
a common mTOR subunit, mammalian lethal with sec-13 (mLST8) (Jacinto
et al., 2004, Kim et al., 2003a), DEP domain containing mTOR-interacting
protein (DEPTOR) (Peterson et al., 2009) and the Ttil/Tel2 complex

(Kaizuka et al., 2010). The functions of these proteins are discussed in

Table 1.1
m TORC1 m TORC2
mTOR - serine/threonine kinase m TOR - serine/threonine kinase
raptor - scaffold protein overseeing rictor - scaffold protein overseeing
assembly, localisation and substrate | the assembly and substrate binding of
binding of mMTORC1 mTORC2
pras40 - mTORCI1 inhibitor mSinl - scaffold protein overseeing
the assembly of mTORC2 and its
interaction with SGK1
deptor - mTOR inhibitor protorl/2 - increase mTORC2-
mediated activation of SGK1
m LST8 - unknown function deptor - mTOR inhibitor
Ttil/Tel2 - scaffold protein mLST8 - essential for mTORC2
overseeing the assembly and stability activity
of mTORC1
Ttil/Tel2 - scaffold protein
overseeing the assembly and stability
of mMTORC2

Table 1.1 Proteins comprising the mTORC1/2 complexes and their function.
Adapted from (Laplante and Sabatini, 2012) Laplante and Sabatini 2012

Effects of rapamycin on the mTOR pathway are quite complicated and not
yet fully understood however one of its mechanisms of action could be via
the binding of intracellular 12kDa FK506-binding protein (FKBP12) protein
to mTORC1 and not mTORC2 of the mTOR complex (Sabatini et al., 1994,

Brown et al., 1994). It is suggested that this binding might contribute to
15



compromised structural integrity (Kim et al., 2002, Yip et al., 2010) and
decreased activity of the kinase domain (Brown et al., 1994, Burnett et al.,
1998) of mTORC1, which is acutely sensitive to rapamycin, nonetheless, it
is still unclear as to how the formation of the FKBP12-rapamycin complex

ocCcurs.

A Nutrients B
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responses

Figure 1.2 Diagramatic illustration of the mTORC1 and mTORC2 complexes. (A)
mTORC1 and (B) mTORCZ2 consisting of their adaptor proteins. The presence of nutrients
or mitogens elicits different downstream responses by the two complexes.
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1.4.1 mTORC1

The better characterised mTORC1 of the mTOR complex is sensitive to
various intracellular and extracellular signals such as growth factors,
stress, amino acids, oxygen and energy status. In the presence of these
stimuli, the heterodimer comprising of hamartin (also referred to as TSC1)
and tuberin (also referred to as TSC2), an upstream regulator of mTORC1
(Inoki et al., 2002), function as a GTPase-activating protein (GAP) for the
Ras homolog enriched in brain (Rheb). As a Rheb GAP, the heterodimer
complex negatively regulates mTORC1 by converting Rheb from its active
GTP bound state to the inactive GDP form (Inoki et al., 2003a, Tee et al.,
2003, Inoki et al., 2002, Garami et al., 2003). Although the GAP domain
is present only in tuberin and evidence of mutations in the GAP domain
have resulted in inability of TSC1/2 complex to fully inactivate Rheb;
mutations of hamartin still clinically present tuberous sclerosis of a lesser
severity (Dabora et al., 2001, Nellist et al., 2005). Growth factors such as
insulin and insulin-like growth factor 1 (IGF1) are other upstream signals
transmitted via TSC1/2 that regulate activity of mTORC1 via stimulation of
the PI3K and Ras pathways (Inoki et al., 2002, Manning et al., 2002, Potter
et al., 2002). Several other upstream regulators, listed in Table 1.2,

impinge on mTORC1 via TSC1/2 and regulate its downstream activity.

1.4.1.1 Upstream regulators of mTORC1

The upstream regulators of mMTORC1 are enlisted in Table 1.2.
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Pathway

Effector kinase

Mechanism of action

PI3K and Ras
pathways

Protein kinase B
(Akt/PKB), extracellular-
signal-regulated kinase

1/2 (ERK1/2) and

ribosomal S6 kinase
(RSK1)

Inactivate TSC1/2 complex
by phosphorylation and
thus activate mTORC1

(Inoki et al., 2002, Ma et
al., 2005, Potter et al.,
2002)

TNFa signalling

Inhibitor of nuclear

Inhibition of TSC1/2

Tsc2 and phosphatase
and tensin homolog
deleted on chromosome
10 (Pten)

pathway factor kappa-B kinase through phosphorylation of
subunit beta (IKKR) TSC1 thereby activating
mMTORC1 (Lee et al., 2007)
Whnt signalling Inhibits glycogen Activation of mTORC1 via
pathway synthase kinase 38 un-phosphorylation of
(GSK3-B) TSC2 thus causing
inhibition of TSC1/2 (Inoki
et al., 2006)
Hypoxia and DNA Adenosine Phosphorylates TSC2,
damage monophosphate- increasing its GAP activity
activated protein kinase and inactivates mTORC1
(AMPK) (Inoki et al., 2003b)
Regulation of DNA Releases TSC2 from
damage response 1 inhibitory proteins thereby
(REDD1) activating TSC1/2 and
inactivating mTORC1
(DeYoung et al., 2008)
DNA damage Induces expression of Downregulation of PI3K-

mediated mTORC1 activity

and activates AMPK (Feng

et al., 2005, Stambolic et
al., 2001)

Table 1.2 Upstream regulators of mTORC1. Effector kinases involved in pathways
upstream of mTORC1 activate or inactivate TSC1/2 complex via its phosphorylation at
several sites on either tuberin or hamartin thus regulating mTORC1 activity in normal cells.

1.4.1.2 Downstream processes of mMTORC1

mTORC1 is a regulator of several cellular anabolic and catabolic processes

including, protein synthesis, lipid synthesis, cholesterol synthesis, cellular

metabolism and autophagy (Figure 1.3).

Protein synthesis is the most well documented downstream process that is

regulated by mTORC1 wherein, mTORC1 activates protein synthesis by
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directly phosphorylating the translational regulators eukaryotic translation
initiation factor 4E (eIF4E), binding protein 1 (4E-BP1) and S6 kinase 1
(S6K1) (Ma and Blenis, 2009, Hay and Sonenberg, 2004, Gingras et al.,
2001). S6K1 is a regulator of cell size, protein translation and cell
proliferation (Holz, 2012) which is activated through various effectors via
mTORC1 that leads to mRNA biogenesis, initiation of translation and
elongation (Tang et al., 2001, Wang et al., 2001). Phosphorylation of 4E-
BP1 occurs via mTOR on four sites, two of which are sensitive to rapamycin

(Choo et al., 2008).

Inhibition of mMTORC1 with rapamycin leads to changes in mRNA levels of
metabolic enzymes involved in glycolysis, amino acid, sterol, lipid and
nucleotide metabolism (Peng et al., 2002). In response to insulin, mMTORC1
acts through the sterol regulatory element binding protein 1/2 (SREBP1/2)
by converting its inactive form localised in the endoplasmic reticulum to
the active form which travels to the nucleus and activates transcription of
genes that control fatty acid and cholesterol synthesis (Duvel et al., 2010,
Porstmann et al., 2008). Induction of lipid synthesis by mTORC1 occurs
via activation of SREBP-1 through S6K1 and via the activation of
peroxisome proliferator-activator-y (PPARy), a major regulator of
adipogenesis (Li et al., 2011, Wang et al., 2011, Kim and Chen, 2004,

Zhang et al., 2009).

Cellular metabolism is another important process positively controlled by
mMTORC1 since inhibition of mMTORC1 reduces mitochondrial membrane

potential, oxygen consumption and ATP production (Schieke et al., 2006).
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Studies have shown that inhibition of mMTORC1 decreases glycolysis which
normally activates the transcription and translation of hypoxia inducible
factor 1a (HIF1la) increasing glycolytic flux (Figure 1.3) (Duvel et al., 2010,
Hudson et al., 2002, Zhong et al., 2000). Cunningham and colleagues also
reported that mTORC1 enables the interaction of PPARy coactivator 1la
(PGC1a) and transcription factor Ying-Yang 1 (YY1) which in turn increases
mitochondrial DNA content and oxidative function (Cunningham et al.,

2007).

Besides the enlisted anabolic functions of mTORC1; mTORC1 also
negatively regulates the self-degradative process in cells, autophagy.
Nutrient starvation, oxidative stress and infection causes upregulation of
autophagy, required for the recycling of damaged organelles and general
cellular housekeeping (Codogno and Meijer, 2005). In a nutrient-
dependent manner, mTORC1 regulates autophagy by directly
phosphorylating ULK1 and Atgl13 from the UKL1/Atg13/FIP200 complex,

in turn supressing it (Ganley et al., 2009, Hosokawa et al., 2009).

1.4.2 mTORC2

Not much is known about the function, upstream signals and downstream
targets of mMTORC2, however as originally thought (Jacinto et al., 2004,
Sarbassov et al., 2004), mTORC2 is not completely insensitive to
rapamycin since chronic rapamycin treatment does reduce mTORC2
signalling by supressing its assembly in certain cell types (Sarbassov et

al., 2006). Active mTORC2 is important for cell survival, metabolism,
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proliferation and cytoskeletal organisation (Figure 1.3). Phosphorylation
activates mTORC2 which in turn controls several kinases including Akt,
regulating cellular metabolism, survival, apoptosis, growth and
proliferation (Sarbassov et al., 2005, Garcia-Martinez and Alessi, 2008);
serum and glucocorticoid-induced protein kinase 1 (SGK1) (Garcia-
Martinez and Alessi, 2008), controlling ion transport and growth in cells
and protein kinase C-a (PKC-a), responsible for cytoskeletal organisation

(Jacinto et al., 2004, Sarbassov et al., 2004).

Cytoskeletal

organisation

Inflammation

Whnt ligands

Hypoxia

Cell survival

/metabolism

Protein synthesis Energy metabolism

Lipid synthesis Autophagy

Figure 1.3 The m TOR pathway. Activation of mTORC1 leads to protein and lipid
synthesis and thereby cell growth and proliferation whereas activation of mTORCZ2 results
in phosphorylation of Akt. Inflammation, growth factors and hypoxia affect the status of
the TSC1/2 complex. mTORC1 is acutely sensitive to inhibition by rapamycin while mTORC2
is inhibited after prolonged exposure.
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1.5 Current theories on pathogenesis of LAM
LAM has now been classified as a low-grade malignant neoplasm by the
World Health Organisation (WHQO) and is listed as a neoplasm similar to
PEComas (Chottanapund et al., 2013). The notion that LAM cells are
malignant comes from the fact that when transplant lungs from male
donors were donated to female LAM patients the recipient’s LAM cells had
invaded the donor lungs (Karbowniczek et al., 2003, Rozenchan et al.,
2009). Furthermore, LAM cell clusters consisting of LAM cell aggregates
covered by lymphatic endothelial cells have been detected in blood and
chylous fluid and TSC2 null LAM cells were identified in body fluids of more

than 90% of patients (Mitani et al., 2009).

mTOR pathway dysregulation results in abnormal proliferation of LAM cells.
Hamartin and tuberin, the two proteins encoded by TSC1 and TSC2 genes
regulate the intracellular serine/threonine kinase mTOR signalling pathway
which in turn regulates cell size, proliferation and survival (Laplante and
Sabatini, 2012). The loss of tuberin results in the accumulation of active
Rheb-GTP which results in stimulation of mTOR, phosphorylation of S6
kinase and eukaryotic initiation factor 4E-binding protein resulting in

increased translation, cell size and proliferation (Shekhar et al., 2001).

Oestrogen has been a suspect in the pathogenesis of LAM as it occurs
almost exclusively in women (McCormack, 2008). Moreover, cells within
the LAM lung nodules and AMLs express oestrogen and progesterone
receptors (Logginidou et al., 2000), LAM first occurs at a premenopausal
age (Benton et al., 2014) and pulmonary symptoms of LAM worsen during
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preghancy (Cohen et al., 2009). Although the exact role of oestrogen in
the pathogenesis of LAM is yet to be determined, in vitro and animal data
have shown that proliferation of the TSC2 null rat ELT3 cells and human
AML TSC2 null cells is elevated in the presence of oestrogen and so is the
growth of subcutaneous tumours in animal models of TSC (Yu et al., 2004,

Yu et al., 2009, Glassberg et al., 2008).

One of the hypothesis of cyst formation in LAM is that the proliferating cells
produce collagen and elastic fibre degrading proteases leading to cystic
lesions (Henske and McCormack, 2012). This may result from elevated
matrix metalloproteinase (MMP) activity in the lungs. LAM nodules have
been shown to express MMPs-2, -9, -1, -13, -14 and reduced levels of MMP
inhibitor tissue inhibitor of metalloproteinases 3 (TIMP3) (Matsui et al.,
2000a, Zhe et al., 2003, Ludwig et al., 2013). Expression of cathepsin K
has also been detected in LAM nodules which together with MMPs could
lead to degradation of collagen and elastic fibres (Chilosi et al., 2009).
Thus an imbalance between such proteases and their endogenous
inhibitors could contribute to destruction of lung parenchyma (Goncharova

et al., 2012) (Figure 1.4).

Elevated serum VEGF-D levels have been associated with the severity of
lung disease and lymphatic spaces are present in LAM lung nodules (Young
et al., 2013b, Radzikowska et al., 2015, Chang et al., 2012). Moreover,
expression of vascular endothelial growth factor receptor 3 (VEGFR-3) and
other lymphatic markers have also been detected in LAM lung nodules.
Thus it was proposed that disorganised lymphangiogenesis could result in
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formation of cysts (Henske and McCormack, 2012, Booth et al., 2012,

Davis et al., 2013) (Figure 1.4).
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Figure 1.4 Proposed mechanisms of LAM pathogenesis. Diagrammatic illustration of mechanisms of cyst formation in LAM lung. Oestrogen is
ubiquitious as LAM occurs mainly in women. (A) Cells wihtin LAM nodules secrete proteases including MMPs and cathepsin K which can degrade
extracellular matrix thereby leading to airspace enlargement. (B) Cells within LAM nodule express lymphangiogenic growth factors VEGF-D and VEGF-C
thereby recruiting lymphatic endothelial cells driving the formation of lymphatic chanes distorting the lung architecture.
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1.6 Current treatments for LAM

1.6.1 Hormone Therapy

Commonly prescribed hormone regimens for patients with rapidly
progressing LAM are 400mg monthly intramuscular injection or a daily oral
dose of medroxyprogesterone at 10mg to 20mg (Johnson, 2006). However
commonly occurring side effects of progesterone including bloating, fluid
retention and nausea can be severe enough to stop treatment. Recently
two studies have shown no benefit in lung function decline and a significant
reduction in the rate of DLco in the treated patients compared to the
untreated (Taveira-DaSilva et al., 2004, Johnson and Tattersfield, 1999).
Progesterone treatment may be associated with the occurrence of
meningiomas in LAM (Moss et al., 2001b).

Bilateral oophorectomy and ovarian irradiation which were the generally
used anti-oestrogen therapy options are no longer recommended since the
long-term benefits of these treatments is unknown. Moreover, the risk of
cardiovascular disease and osteoporosis was elevated in light of these
treatments (Johnson, 2006). Tamoxifen, a partial oestrogen receptor
antagonist and used as an anti-oestrogen therapy, seems to exacerbate
the disease in some patients (Ryu et al., 2006). Gonadotropin-releasing
hormone agonists have also been used, however their benefits remain
uncertain (Desurmont et al., 1996). An analogue of the gonadotropin-
releasing hormone, triptorelin, examined by Harari et al in 11 LAM patients
did not show amelioration in the decline in lung function or disease
progression, instead it had a detrimental effect on bone mineral content

(Harari et al., 2008). TRAIL (Trial of Aromatase Inhibition in LAM) recent
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clinical trial undertaken with post-menopausal women receiving an
aromatase inhibitor, letrozole (Francis X McCormack, P.I., Cincinnati, OH,
USA), on the basis that in post-menopausal women aromatase inhibitors
can supress endogenous oestrogen secreted from the adrenal glands
(Riemsma et al., 2010). However, there is still a need for much research

and clinical trials of pre-menopausal women, the main targets of LAM.

1.6.2 mTOR inhibitors

Treatment with rapamycin (Sirolimus) and its analogues are now the
treatment of choice for LAM patients suffering from the severe form of the
disease (McCormack et al., 2011). The rationale for initial clinical trials of
sirolimus was based on the fact that the upstream TSC1/2 complex
negatively regulates mTOR (Tee et al., 2002) and that cell size and number
is regulated by downstream targets , p70 S6 and 4E-BP1 (Tee et al., 2002,
Goncharova et al., 2002). An immunosuppressant, sirolimus forms a
complex with FKBP-12 and acutely inhibits mTORC1 whereas mTORC2 is
inhibited only after prolonged use (Sarbassov et al., 2006, Zeng et al.,
2007, Foster, 2009, Toschi et al., 2009). Patients with TSC or sporadic LAM
having AMLs showed a decrease in tumour size by half when treated with
sirolimus for a year while some other patients showed an improvement in
lung function (Bissler et al., 2008). Treatment withdrawal however, causes
the tumours to regain size and some reports have suggested that sirolimus

inhibits rather than improve lung function (Davies et al., 2008). Thus
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treatment with sirolimus does not have uniform outcomes with every

patient.

Several LAM clinical trials using sirolimus were undertaken with differing

end points. These are listed in Table 1.3

Name of trial Desired end Patient Outcome Conclusion
point criteria
CAST (The Proof of Renal AML volume No
Cincinnati principle trial | tumours | decreased by | conclusions
Angiomyolipoma | to determine if =1cm 50%; FEV1 on the
Sirolimus Trial) sirolimus treated and FVC efficacy of
could reduce for 1 increased by | sirolimus in
size of AMLs | year with 10% and LAM
(Bissler et al., | sirolimus | 15%. However
2008) and 2" off therapy
year off AML size
therapy returned;
FEV1 and FVC
above baseline
TESSTAL (Trial of | Decrease in Men and Did not show | Inconclusive
the Efficacy and size of AML in women any definite
Safety of LAM patients | with AML | trend towards
Sirolimus for of at improvement
Renal least 2cm
Angiomyolipomas diameter
in patients with having
TSC and Sporadic TSC or
LAM) (Davies et sporadic
al., 2008) LAM
RADOO1 Size reduction | Patients Patients will Study
angiomyolipoma in AML between | be considered completed
Trial (Phase I/II) 18-25 responders if but no
years; their AML results are
AML volume available
should be | decreases by
=1cm 30% or more
from baseline
and if their
AML decreases
by 75% or
more.
Long term Inhibition of Patients Tolerance to Study
follow up for growth of AML | between RADOO1 was completed
RADOO1 therapy | and regression 18-35 studied and but no
of AML in TSC and years; reduction of results are
LAM patients AML AML per year available
should be | treatment was
=1cm measured
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Sirolimus Primary Patients 50% of AMLs Study
Therapy for AML outcome, aged 18 responded to showed
in TSC and change in the | to 65 and | treatment. 41 regression
Sporadic size of renal should out of 48 of AML in
LAM(Davies et AMLs have had AMLs were patients
al., 2011) measured by at least smaller than receiving
MRI; one renal baseline drug for 2
Secondary AML of | measurements years
outcome, 2cm
safety, diameter
neurocognitive | or more
and
pulmonary
function
EXIST-2 (Efficacy Primary Patients 42% of Everolimus,
and safety of outcome is must be patients with a rapalog,
RADOO1 in time to AML 18 years AMLs reduced
patients with AML progression and over | responded to | AML volume
associated with measured by | and have treatment; with an
TSC or sporadic MRI; an AML time to AML acceptable
LAM) (Phase III) secondary of at progression, safety
outcome least 3cm was profile,
includes in statistically making it a
changes in diameter significantly potential
skin lesions, longer in treatment
renal function patients on for AML
and everolimus associated
biomarkers with
tuberous
sclerosis
(Bissler et
al., 2013)
MILES (The Improvement | Patients | VEGF-D levels Serum
Multicentre in lung should be | reduced at 6 VEGF-D
International LAM function 18 years and 12 could be a
Efficacy of (FEV1) and or older, months in possible
Sirolimus Trial) whether have a treated group marker of
(Phase III) benefits of definite compared to severity of
sirolimus diagnosis | placebo; 65% | LAM disease
outweigh risks with a patients and could
VEGF-D showed inform the
level of improvement | risk-benefit
at least in FEV1 at 12 analysis of
800pg/mi months sirolimus
and a therapy
FEV1 of (Young et
70% or al., 2013a).
less

Table 1.3 Clinical trials for LAM conducted using rapamycin and its analogues with
varying outcomes. Trial information obtained from (ClinicalTrials.gov)
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Synergistic inhibition of mMTORC1 using sirolimus and the MAPK pathway
has been reported to be more efficient in inhibiting proliferation of Tsc2”
cells in mice (Mi et al., 2009). Rheb inhibition by the Ras inhibitor farnesyl-
thiosalicylic acid inhibits proliferation and migration of Tsc2”/- ELT3 cells
and reduces growth of tumours in vivo by reducing Rheb and Rheb-GTP.
This suggests that Rheb is a possible alternative target in inhibiting the

mTOR pathway (Makovski et al., 2012).

1.6.3 Matrix metalloproteinase inhibitors

Primarily a tetracycline antibiotic, doxycycline has been shown to inhibit
MMPs outside of its antimicrobial activity (Hanemaaijer et al., 1998) and
in some cells it directly inhibits catalytic activity of MMPs or activation of
pro-MMPs resulting in diminished or loss of enzymatic activity (Smith et
al., 1996). MMPs are present within LAM lesions and may play an important
role in causing cystic lung destruction making them a potential therapeutic

target (Matsui et al., 2000a, Ji, 2006).

Decreased urinary levels of MMPs with an improvement in lung function
was reported in one patient with LAM being treated with doxycycline
(Moses et al., 2006). Pimenta et al reported a decrease in serum levels of
MMP2 and 9 in 34 patients being treated with doxycycline (100mg/day)
for 6 months (Pimenta et al., 2011). In a recent clinical trial undertaken
by Prof Simon Johnson, Nottingham, UK 23 female LAM patients were
randomised to doxycycline, 100mg/day for 3 months followed by

200mg/day for 21 months or matched placebo. The main endpoint of this
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study was improvement in lung function of treated patients compared to
placebo. Although urine levels of MMP9 were significantly decreased, there
was no improvement in FEV1 decline between the two patient groups with
the drug having no effect on FVC as well thus making it unlikely that

doxycycline has any beneficial effect in LAM (Chang et al., 2014).

1.7 LAM lesions and the LAM lung phenotype

Lesions in the LAM lung consist of nodules or clusters of LAM cells
surrounded by cystic lesions and lymphatics. Within these nodules, LAM
cells develop as spindle-shaped - proliferative and express a-smooth
muscle actin (aSMA), vimentin, desmin, proliferating cell nuclear antigen
(PCNA) and Ki-67; or epitheloid cells - expressing smooth muscle antigens
along with melanoma makers, namely, gp100, MART-1, CD63 and PNL2
(Zhe and Schuger, 2004, Hoon et al., 1994). Origins of LAM cells are
unknown, however although they express immunophenotypically distinct
markers it is possible they originate from a common progenitor having a
possible neural crest origin due to the expression of melanocytic markers
(Henske and McCormack, 2012). In many cases LAM cells also express
oestrogen and progesterone receptors and can be termed as a perivascular
epithelial cell or PEC (Martignoni et al., 2010, Juvet et al., 2007).

Proliferative hyperplastic type II pneumocytes coat the LAM nodules and
appear to have apical microvilli and cytoplasmic projections (Matsui et al.,
2000d). Lymphatic endothelial cells (LEC) also present in the nodule were
first identified by their expression of VEGFR-3 and podoplanin. These LECs

are seen lining the lymphatic channels and surrounding LAM cell clusters
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(Kumasaka et al., 2005). Presence of mast cells in the nodules was also
detected by expression of c-Kit, highly expressed by mast cells (Edwards

et al., 2005).

It has been a challenge trying to isolate and successfully grow LAM cells
from explants of lung tissue obtained at the time of transplant or from
biopsies. All of the approaches have failed to yield a homogenous
population of LAM cells showing LOH at the TSCZ2 locus, thus yielding a
mixed population of cells with and without the genetic features of LAM cells
(Darling et al., 2010). Pacheco-Rodriguez et al found that CD44v6, a
product of alternative splicing of CD44 was only expressed in the sub-
population of cells associated with LOH of the TSC2 gene in the nodule
(Pacheco-Rodriguez et al., 2007). This class I transmembrane glycoprotein
associated with tumour metastasis (Heider et al., 2004) enabled sorting of
the TSC2 null cell population, however, the antibody used for isolation also
prompts cells death, preventing efforts to grow a pure population.
However, a recent study conducted by Ando et al designed a fluorescence-
activated cell sorting-based method for isolating LAM cells from LAM-
affected lung tissue. Using a combination of antibodies including epithelial
cell adhesion molecule (EpCAM), podoplanin, CD34 and CD90 they were
able to identify HMB45 positive cells possessing a TSC2 LOH. These cells
were viable and amenable to subsequent cell culture and were believed to

be LEC-like (Ando et al., 2016).

Akin to cancer cells, LAM cells also express chemokines and their receptors

with an increased expression of C-X-C chemokine receptor type 4 (CXCR4)
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detected in LAM tissue and in AML cells derived from LAM patients
(Clements et al., 2010). Expression of C-C chemokine receptor type 3
(CCR3) (chemotaxis), CX3C chemokine receptor 1 (CX3CR1l), CXCR4
(homing to lungs) and CXCR6 (proliferation) was found on AML cells and
LAM tissue. Ligands for these receptors result in the phosphorylation of Akt
and MAPK in turn promoting the mTOR pathway. Moreover, CXCL12, the
only known ligand for CXCR4, was found to be expressed in type II
pneumocytes surrounding LAM nodules in the lung and vascular
endothelial cells in AMLs suggesting that it may act as a chemoattractant
for circulating LAM cells (Clements et al., 2010). Metastatic attributes of

LAM cells are enlisted in Table 1.4

Mutations or markers Mechanisms
in LAM cells
Loss of heterozygosity of | Activation of mTOR pathway causing increased cell
TSC2 growth and proliferation (Carsillo et al., 2000, Yu
et al., 2001)
Oestrogen receptor Promotes cell proliferation, lung colonisation and
(ERa) MMP activation (Yu et al., 2009)
Chemokines and Increased migration, homing and stromal and LAM
receptors cell interactions (Clements et al., 2010, Pacheco-
Rodriguez and Moss, 2010)
Matrix Enable invasion of LAM cells by degradation of
metalloproteinases extracellular matrix (Yu and Henske, 2010)
CD44v6 Inhibition of apoptosis by binding to Fas ligand
(Pacheco-Rodriguez et al., 2007)
CD9 Invasiveness, adhesion and cell interactions (Cai et
al., 2010)

Table 1.4 Metastatic mechanisms in LAM. Adapted from Grzegorek et al 2013
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1.8 Fibroblasts

Fibroblasts are a type of mesenchymal cell and are an integral part of the
most important tissue that holds the human body together - connective
tissue. The connective tissue consists of a vast extracellular matrix (ECM)
interspersed with fibroblasts which are responsible for the production of
ECM structural proteins Fibroblasts are ubiquitious, elongated cells with
extended cell processes showing a spindle-like shape and are often
identified based on their distinct shape (Son et al., 2006). Nevertheless,
they remain poorly defined in molecular terms and a limiting factor to
studying fibroblasts is the lack of a reliable and specific molecular marker.
Despite this fact, a panel of site-specific markers can be used to identify a
fibroblast phenotype which include vimentin, a smooth muscle actin
(aSMA), fibroblast activation protein (FAPa), fibroblast surface protein
(FSP), desmin and cluster differentiation 90 (CD90) (Kalluri and Zeisberg,
2006).

Pulmonary fibroblasts are usually present in the adventitia of vascular
structure and airways. Fibroblasts are chemotactic and can be recruited in
response to cytokines which is well characterised in the wound healing
response. The source of these fibroblasts has given rise to a few theories
but the most accepted one is that a bone-marrow derived mesenchymal
progenitor known as the fibrocyte gives rise to new populations of
fibroblasts (Bellini and Mattoli, 2007). A terminally undifferentiated cell,
fibroblasts have the potential of being activated and can differentiate into
other mesenchymal cells such as the myofibroblasts (Schmitt-Graff et al.,

1994). Myofibroblasts are mainly found in disease and are thought to
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differentiate from resident fibroblasts or epithelial cells via epithelial-
mesenchymal transition (EMT) (Hynes, 2009, Cirri and Chiarugi, 2011).
The myofibroblast phenotype is the result of the appropriate stimulus and
is characterised by the expression of aSMA (presence of aligned actin
fibres), contractile and having a greater rate of ECM synthesis (Ogawa et
al., 2006, Phan, 2008). However, there is evidence to suggest that on
withdrawal of the stimulus, myofibroblasts can lose their stress fibres and
switch back into fibroblasts (Wicks et al., 2006). This suggests that both
fibroblasts and myofibroblasts can be in existence at any given time
(Figure 1.5).

Activated fibroblast/
Myofibroblast

Fibroblast

Unaligned
actin fibres Pro-fibrotic growth
factors

Chemokines, Cytokines

ECM proteases

Aligned a-smooth
muscle actin fibres

Figure 1.5 Diagrammatic illustration of non-activated and activated fibroblasts.
Non-activated fibroblasts have a prominent cytoskeleton with unaligned intermediate actin
fibres. Upon the right pro-fibrotic stimulus fibroblasts become activated and similar to
myofibroblasts are often characterised by their expression of aSMA.
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Fibroblasts and their phenotypes play several other important roles in
health and disease. Fibroblasts are mainly responsible for ECM turnover
and the same fibroblasts that produce the ECM are also responsible for
matrix degradation (Kendall and Feghali-Bostwick, 2014). Several matrix
degrading proteases such as matrix metalloproteinases (MMPs), cysteine
proteases (cathepsins) and serine proteases are expressed by fibroblasts
which highlights their vital role in maintaining an ECM homeostasis (Chang
et al., 2002, Eck et al., 2009). Via the expression of proteases, fibroblasts
play a key role in normal wound healing and in diseases such as idiopathic
pulmonary fibrosis (IPF) (Zeidan et al., 2010) and systemic sclerosis (SSc)
(Hatherell et al., 2011). Fibroblasts isolated from sites of wound healing
and fibrosis are ‘activated’ a phenomenon which can be induced by
transforming growth factor-f (TGFB). Once the wound is healed, the
number of activated fibroblasts reduce and the non-activated fibroblast
phenotype returns. However, similar to fibroblasts associated with IPF,
fibroblasts within a tumour stroma perpetually remain in an activated
state. These fibroblasts acquire a highly proliferative modified phenotype
similar to that of myofibroblasts and produce increased levels of ECM-
degrading proteases and are known as cancer-associated fibroblasts

(CAFs) (Kalluri and Zeisberg, 2006, Zeisberg et al., 2000).

Several paracrine signalling factors such as platelet-derived growth factor
(PDGF), TGFB, interleukin 6 (IL-6) and 13 (IL-13), fibroblast growth factor
(FGF) and tumour necrosis factor alpha (TNFa) to name a few, that enable
the activation of fibroblasts (Kendall and Feghali-Bostwick, 2014).

Activated fibroblasts and CAFs show an elevated secretion of MMPs such
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as MMPs-2, -3, -9, -13 and -14 some of which serve to activate other MMPs
enabling remodelling of the ECM (Camp et al., 2011, Hutchinson and Kirk,
2011, Knight and Przyborski, 2015). Several cysteine cathepsin proteases
are known to be expressed by CAFs and activated fibroblasts in various
disease conditions. For example, cathepsins K and S are elevated in
synovial fibroblasts from rheumatoid and osteoarthritis patients and there
is evidence to suggest that cathepsin K is involved in joint destruction in
these patients (Hou et al.). Cathepsin K has been implicated in ECM
degradation in lung fibrosis (Buhling et al., 2004b) and cathepsins K, L and
S are elevated in pulmonary emphysema (Cheema et al., 2003). CAFs can
capture released proteases thus enabling ECM digestion and invasion
(Masson et al., 2011). Besides MMPs and cysteine proteases, CAFs
associated with breast and colon cancer also express urokinase-type
plasminogen activator (UPA) and its receptor uPAR, which are responsible

for the activation of plasminogen to plasmin (Edmondson et al., 2014)

Activated fibroblasts secrete elevated levels of transforming growth factor
beta 1 (TGFB1), interleukin 1B, interleukin 33, C-X-C motif and C-C motif
chemokines thereby playing a role in inflammation and immune cell
recruitment (Miki et al., 2012, Blom et al., 2016, Holt et al., 2010). C-X-C
motif chemokine 12 (CXCL12) or stromal cell-derived factor 1 (SDF-1)
secreted by CAFs promotes tumour growth by inducing angiogenesis and
enhancing proliferation of cancer cells (Orimo et al., 2005). The expression
of CXCL12 is also responsible for the recruitment of fibroblasts towards the

corresponding receptors C-X-C motif chemokine receptor type 4 and 7
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usually expressed by cancer cells (De Wever and Mareel, 2003, Suzuki et

al., 2004).

Thus, via the expression of several proteases and pro-inflammatory factors
the activated fibroblast phenotypes serve three main purposes: (1) direct
degradation of ECM associated with disease progression (2) cleavage of
other ECM degrading proteases, growth factors, pro-inflammatory factors
among others and (3) aiding immune cell recruitment and infiltration and

providing a profibrotic stimulus (Holliday et al., 2009, Sethi et al., 2002).
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1.9 Current models for LAM

1.9.1 Animal models

Eker Rat model

First described in 1954 by Reidar Eker as an autosomal dominant
hereditary model of predisposition to renal adenomas and carcinoma, the
Eker rat with genotype Tsc25¥* causes cystadenoma lesions in the kidney
that develop early at 4 months of age (Eker, 1954, Eker et al., 1981). A
small percentage of these tumours turn malignant and occasionally
metastasize to lungs, pancreas and liver. Despite the occurrence of these
tumours in the kidneys, the main organ involved in AMLs in TSC and LAM
patients, there is no pathological relationship between the cystadenomas
and AMLs. Eker rats also develop pituitary adenomas, uterine leiomyomas
and leiomyosarcomas (Yeung et al., 1994, Everitt et al., 1992). The model
fits the Knudson two-hit hypothesis and LOH occurs with the loss of the
wild-type allele which is seen in the renal adenomas, uterine leiomyomas

and pituitary adenomas occurring in the rat (Yeung et al., 1995).

Oophorectomy can supress the commonly occurring uterine leiomyomas
(Walker et al., 2001) and although ELT3 is a frequently used cell line in
TSC and LAM studies isolated from a uterine leiomyoma from the Eker rat,
TSC and LAM patients do not develop uterine leiomyomas (Walker et al.,
2003). Markers of mTORC1 activation including phospho-S6 and p70S6K
are expressed in the renal tumours, consistent with the LOH on the Tsc2
locus, which are inhibited with a marked decrease in proliferation when

treated with rapamycin (Kenerson et al., 2002). Ultrasound imaging of the
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renal cystadenomas also showed a decrease in tumour volume when
treated with rapamycin. However the main cause of death in these rats

was the pituitary adenoma (Kenerson et al., 2005).

TSC*~ mouse models

Targeting different coding exons of Tsc2, three different knockout alleles
of Tsc2 have been reported with the first two being phenotypically identical
(Kwiatkowski, 2010). These Tsc™- mice, like the Eker rat, develop renal
cystadenomas at 6-12 months of age, which grow throughout their life and
about 5-10% develop metastatic disease by 18 months. Liver
hemangiomas are a characteristic feature of these Tsc2*/- mice consisting
of endothelial and smooth muscle proliferative cells which develop by 18
months of age and can rupture leading to death (Kobayashi et al., 1999).
Both renal cystadenomas and liver hemangiomas show LOH in keeping
with second hit loss of the wild-type allele (Onda et al., 1999). Increased
VEGF levels are noted in both kidney tumours and serum from the Tsc2*/-
mice which are increased due to both mTOR-dependent and mTOR-
independent pathways (El-Hashemite et al., 2003). Tsc1*/- mouse models
have also been developed, but since mainly TSC2 mutations are noted in
LAM they are not used as frequently. Tsc1*/- mouse models are enlisted in

Table 1.5.
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Gene | Allele name Main characteristics of animals
Tscl -, Kwiatkowski Renal cystadenomas, liver
hemangiomas(Kwiatkowski et al., 2002)

Tscl -,Hino Renal cystadenomas, liver hemangiomas(Kobayashi
et al., 2001)

Tscl -,Cheadle Renal cystadenomas, liver hemangiomas, reduced

survival and kidney cancer in some strains(Wilson

et al., 2005)

Table 1.5 Tsc1*/- mouse models generated. Adapted from Kwiatkowski 2010.

1.9.2 Tumour homograft and xenograft models

Clements et al had successfully generated an animal tumour xenograft
model by twice passaging SV7tt AML cells into nude mice resulting in
reproducible tumours that expressed ERB, increased expression of
extracellular matrix and smooth muscle related proteins and
phosphorylated S6K1. The tumours however did not express the
angiomyolipoma marker HMB-45. Although this model is not fully accurate
to LAM, it makes a useful tool for screening drugs (Clements et al., 2009).
Another homograft model developed recently by Krymskaya et al used
Tsc2 null mouse kidney cells twice passaged which show mTORC1
activation, increased proliferation, migration, invasiveness and a-smooth
muscle expression similar to LAM cells. Treatment of the mice with a
combination of rapamycin and simvastatin resulted in prevention of
alveolar airspace enlargement which was seen in vehicle only treated mice
and simvastatin treatment alone prevents lesion growth and induces
apoptosis (Goncharova et al., 2012). Although this model is not an exact

replica of the human LAM disease, it is similar to the disease in many ways.
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1.9.3 Cellular LAM models

Cellular models for LAM have till date been cells carrying a LOH or allelic
imbalance for TSC2. Efforts have been made to isolate LAM lung cells from
tissue which have resulted in cells that are positive for HMB-45 and show
increased VEGEF levels (Black et al., 2005) or cells that are aSMA positive
and show hyperphosphorylation of p70S6 and S6 (Goncharova et al.,
2008), however it has not been possible to obtain a homogenous
population of cells showing LOH on TSC2 and expressing the typical

markers of a LAM cell in vivo.

As it was not possible to isolate true ‘LAM cells’ from the lung researchers
then turned their sights to cell derived from angiomyolipomas (AMLs)
Arbiser et al produced a stable cell line obtained by sequentially introducing
SV40 large T antigen and human telomerase into tumour cells from an AML
derived from a sporadic LAM patient. These cells phenotypically resembled
human AML cells with regards to microphthalmia-associated transcription
factor (MITF) expression, however the cells did not show any mutations in
the TSC1 or TSC2 genes (Arbiser et al., 2001). The SV7tt AML cells were
deposited on the American Type Culture Collection (ATCC CRL-2461,
Manassas, VA) and have been used since mainly in tumour xenograft

models (Chang et al., 2010, Clements et al., 2010, Clements et al., 2009).

Cell lines from human AML tissue associated with TSC or LAM patients were
then successfully isolated. Smooth muscle-like cells isolated by Lesma et
al showed a TSC2 LOH, a lack of tuberin expression and the expression of

epidermal growth factor (EGF) and insulin-like growth factor 1 (IGF-1) on
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their surface. Studies found that anti-EGFR antibody inhibited proliferation
and survivin treatment inhibited apoptosis thus revealing potential drug

targets (Lesma et al., 2005, Lesma et al., 2008, Carelli et al., 2007).

A primary culture of cells was isolated from a LAM-associated renal
angiomyolipoma in another study. Both TSC2 alleles in this cell line are
inactivated through a missense change from DNA sequence G mutant to A
at position 1832 of the TSC2 gene along with a loss of heterozygosity. The
cells express oestrogen receptor a, oestrogen receptor B and androgen
receptor and exposure of these cells to oestradiol and tamoxifen promotes
growth (Yu et al., 2004). The described cells are known as 621-101 cells
and since their generation, are the most widely used human model cell line
for LAM today and have also been used extensively in the current study
conducted as a model LAM cell line. Siroky et al, as a part of their studies
immortalised the 621-101 cells by transfection of HPV E6/E7 (pLXSN
hTERT-hyg). These immortalised cells were then transfected with empty
vector (pcDNA3.1) or cDNA corresponding to the TSC2 open reading frame
(pcDNA3.1 TSC2-zeo0). The resultant cell lines were then called 621-102

(TSC2+/- cells) and 621-103 (TSC2*/* cells).

TSC2/~ cells derived from rodent models have also been developed and
are widely used. Similar to the previously described cell lines these cells
lack either TSC1 or TSC2 and as a result recapitulate the signalling defect
caused by the loss of TSC2 in LAM cells. These cells have therefore been
used in several preclinical studies. Mouse embryonic fibroblasts (MEFs)

have been isolated from both TSC1 and TSC2 knockout mice despite the
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fact that germline activation of both alleles of TSC1 and TSC2 genes in
mice is embryonic lethal. Interestingly establishment of TSC2-null MEF
lines requires the inactivation of p53 possibly because abrogation of p53
function prevents senescence and/or induces immortalisation of TSC
deficiency (Onda et al., 1999, Zhang et al., 2003). Similar to cells arising
from TSC-deficient animals and LAM lesions, TSC-null MEFs exhibit

upregulation of m TORC1 signalling.

Perhaps the most widely used animal derived cell line is derived from
tumours that arose in the Eker rat model described in section 1.9.1.
Heterozygous for TSC2 these animals develop tumours in the kidney (renal
cell carcinoma, RCC) (Kobayashi et al., 1995, Walker et al., 1992), uterus
(uterine leiomyoma) (Everitt et al., 1995) and other areas including spleen
and highly vascular areas of the skin which are a source for multiple cell
lines (Yeung et al., 1995). One of the most often utilised surrogate cell
lines for LAM are the proliferative smooth muscle cell lines isolated from
the uterine leiomyomas of the Eker rat, known as the ELT cell lines (Howe
et al., 1995). These cells lines are proliferative, TSC2-null, have
constitutively active m TORC1 signalling, express oestrogen and
progesterone receptors and retain their hormone responsiveness (Hodges

et al., 2002).

Reflecting the LAM cell phenotype in vitro, both TSC1 and TSC2 deficient
cell lines exhibit upregulation of m TORC1 signalling and growth of these
cell lines along with their elevated S6K and S6 phosphorylation,

characteristic of dysregulated m TORC1 signalling, is inhibited by
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rapamycin and its analogues. These cell lines have therefore been used as

surrogate models for LAM cell in preclinical studies for LAM.

1.101In vitro disease models
In vitro cell culture has always been a reliable method for understanding
the specific cellular mechanisms in a disease and to screen drug
compounds at an early stage. While animal models can capture the
complexity of a living system, a clear visualisation of individual steps is
challenging and extracting mechanistic data can be difficult. Moreover,
animal models may not fully recapitulate the relevant disease entirely and
as most models used are rodents, a species difference adds another level
of difficulty to the study. In contrast, in vitro models may have a reduced
physiological relevance but at the same time allow control of most
experimental variables and quantitative analysis is permissible (Katt et al.,
2016, Doke and Dhawale, 2015). Often, in vitro models provide
preliminary information which can then be used to design an experiment
in vivo and in many cases animal testing has been replaced entirely by in
vitro cell culture tests (Xu et al., 2000). Various types of cell-based in vitro
models have been developed to study various aspects of diseases such as

cancer and different lung diseases. These are described in Table 1.6.

Model type Study phenomena

Co-culture models Transwell-based models

e Cell-cell communication
e Migration

e Invasion
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Matrix remodelling
Air-liquid interface

e Immune interactions (paracrine
signalling)

Direct contact models

e Cell-cell communication

e Matrix remodelling

e Immune interactions (juxtacrine
signalling)

Cell-cell communication
Cell-ECM communication

Matrix remodelling

Invasion, angiogenesis
Growth/proliferation

Invasion, angiogenesis

Matrix remodelling

Drug screening

Nutrient/oxygen gradient

Ex vivo tissue models e Invasion

e Growth/proliferation

e Drug screening

Table 1.6 Broad classification of in vitro models. In vitro models can be broadly
classified co-culture, 3D scaffold-based, spheroid-based and ex vivo models. Different
aspects of a disease can be studied with different models (Katt et al., 2016).

3D scaffold-based models

Spheroid-based models

1.10.1 Co-culture models

Recently co-culture systems have become of particular interest to
researchers. The impetus for using such a model is to study natural
interactions between one or more cell populations or improving culturing
success for certain populations (Figure 1.6). In principle, a co-culture
model is a set-up in which two or more different populations of cells are
grown with some degree of contact between them. Highly relevant for
research, co-culture models provide a more representative human in vivo-
like tissue model than animal models and allow the study of cell-cell
interactions. On occasion, certain cell populations cannot be easily mono-
cultured however the presence of another cell population can improve the
culturing success or cell behaviour (Moir et al., 2011).In cancer biology co-

culture models have been used to examine immune interactions and
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evaluation of mesenchymal-stromal interactions which can highlight new
pathways involved in the disease pathology (Mathur et al., 1977, Glace et
al., 2009). Knowledge of these interactions and pathways involved have
proven to be an invaluable tool as previously, rigorous testing for function
and safety in terms of cell-cell interactions had to be carried out with

subsequent optimisation process (Prizant et al., 2013, Ando et al., 2016)

(1) Study natural interactions (2) Improve culturing success
between cells in vivo in mono-culture
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Figure 1.6 Illustration of a co-culture and its advantages. Co-cultures are
advantageous for studying in vivo interactions between cells and improving growth
conditions for certain cells.

While designing a co-culture model for a particular disease there are
several variables to be considered. A co-culture consisting of a large
number of cell types can increase the possibility of complex reaction
pathways useful to identify but this can vastly complicate experimental
procedure and subsequent quantification of results. In fact, more than
three cell populations could lead to unmanageable complexity leading to
unpredictability and instability. Therefore most studies have incorporated
utmost two cell populations to avoid further complications (Zeidan et al.,

2010). Although there are few studies done using three cell populations,
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some studies have suggested that larger number of cell populations may
not always be advantageous, for example, comparison of mono-, bi-, and
tri- culture models of the blood-brain barrier found that a bi-culture
performed best in regards to maintaining a barrier function (Hatherell et

al., 2011).

Another controlling variable is the degree of separation between the cell
populations. Depending on the experimental requirements cell populations
within a co-culture could be in indirect (partially separated) or direct
(mixed) contact. The appropriate population separation method needs to
be carefully chosen ensuring relevance to the ultimate application of the
co-culture. Indirect co-cultures enable paracrine signalling allowing for the
exchange of soluble factors from one cell type to another while also
allowing the user to separate the different cell types for subsequent
analysis (Figure 1.7 (a)). This type of a system can be achieved by
separating cells using a semi-permeable membrane. Transwell-based
models are an example of such a system where one cell type is cultured in
the upper chamber on a semi-permeable membrane with a 0.4um pore
size while the other cell type is cultured in the lower chamber. This type of
technique allows for cell-cell communication while also allowing separation
of the two cell types for subsequent quantification (Goers et al., 2014).
Indirect co-cultures using Transwell-based models are used routinely in
cancer studies (Heneweer et al., 2005, Miki et al., 2012), to study immune
cell responses on other cells such as fibroblasts (Holt et al., 2010) and to
model various lung diseases where an air-liquid interface is required (Blom

et al., 2016, Adamson et al., 2011). Transwell-based models also known
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as Boyden chamber assays can also be used to assess cell migration
(Figure 1.7 (b)). These assays incorporate a porous membrane usually
between 3 and 12um and a pore size appropriate to cell size is chosen.
Cells undergoing migration are placed in the upper chamber and are
allowed to migrate vertically through the pores towards the lower chamber
containing an attractant or another cell type. Transwell-based migration
assays were first developed to analyse chemotactic responses of
leukocytes (Boyden, 1962). However, now they are not only used in
measuring immune cell chemotactic migration but also migration of
stromal cells to cancer cells (Mognetti et al., 2013) and have also been
used to track the chemotactic migration of fibroblasts towards CXCL12 in
studying the recruitment of these cells to the LAM nodule (Clements et al.,

2015).

{a) Indirect contact oo- (b} Migration co- [c} Direct contact co-
culture culture culture

N AN A

Figure 1.7 Diagrammatic illustration of Transwell-based co-culture models. Figure
shows (a) Indirect contact co-culture, (b) Transwell-based migration assay co-culture and
(c) direct contact co-culture.

Cell-cell contact has been reported to play an important role in the
pathogenesis of diseases. Invasion of cancer cells occurs via the actions of
adhesion molecules such as N-cadherin (De Wever and Mareel, 2003) and
proteases such as extracellular matrix metalloproteinase inducer

(EMMPRIN) and matrix metalloproteinase 14 (MMP-14) (Suzuki et al.,
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2004) which is a result of cellular contact between stromal fibroblasts and
cancer cells. This type of a system therefore allows the exchange of
juxtacrine signals between cells thereby creating a more in vivo-like
environment for modelling a disease. All cell populations within a direct
contact co-culture must be maintained under symmetrical conditions and
therefore a vast amount of optimisation is required during model design
(Goers et al., 2014). Direct contact co-cultures of breast cancer cells and
fibroblasts when compared to the indirect contact co-cultures showed that
the former had a broader transcriptional response and highlighted more
signalling pathways than the latter (Camp et al., 2011). However, the
direct contact methodology has various technical difficulties and it is not
possible to decipher exactly which responses belong to each cell type and

therefore indirect contact co-cultures are often used (Miki et al., 2012).

1.10.2 3-dimensional scaffold based models

It has been postulated that the cellular microenvironment profoundly
influences cell behaviour, phenotype and evolution. Cells within an organ
are not an island, instead they take cues from their environment and also
from each other via the environment (Bissell, 1981). 2-dimensional (2D)
monolayer culturing completely lacks this aspect and can therefore not
provide cells with the appropriate stimuli when designing a disease model
in vitro. For example, 2D culture of immortalised tumour lines as models
for cancer has resulted in a 95% drug failure rate (Hutchinson and Kirk,
2011). Moreover, cells grown in 3-dimensional (3D) culture have shown

better viability, morphology, differentiation, response to stimuli and cell-
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cell communication compared to cells in 2D (Ravi et al., 2015). Cells grown
in 2D or 3D can be visualised is each of the three dimensions (X, Y and Z)
(Figure 1.8). When grown in a 2D monolayer, the overall height of cells is
usually fixed whereas in 3D, the height can be adjusted depending on the
3D methodology used and can be built up to form multi-layered tissue like
structures. Therefore, creating a third dimension is considered as a
practical alternative when modelling a disease in vitro (Knight and

Przyborski, 2015).

2D culture 3D culture

v

Figure 1.8 The effect of physical environment on cell structure. Diagrammatic
illustration of cell morphology in each of the three dimensions, X,Y and Z where X and Y
symbolise length and width of a cell whereas Z described height.
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When grown in 3D culture systems, cells can form aggregates within a
matrix which is not possible in 2D monolayer culture. Cells in these
aggregates closely mimic cell-cell and cell-ECM interactions found in vivo
and also exhibit cell morphology resembling its natural shape in tissue
(Edmondson et al., 2014). Several natural and synthetic scaffolds including

metals and glass were subsequently developed for this purpose.

Due to the existence of a dynamic reciprocity between the ECM and the
cells embedded therein the most widely used scaffold is natural
extracellular matrix (Weigelt et al., 2014). Collagen gel scaffolds are
commonly used as they are cytocompatible, easily assemble into hydrogels
and are stable for encapsulation. One of the few studies describing an in
vitro 3D collagen hydrogel model for breast cancer using three different
cell types: luminal epithelial cells, myoepithelial cells and stromal
fibroblasts showed that the different cell types had organised themselves
just like in vivo (Holliday et al., 2009). Collagen hydrogels are also used
to study wound healing and remodelling in asthma where fibroblast or
airway smooth muscle cell mediated contraction of the hydrogels is a
measure of either integrin binding or matrix remodelling (Rogers et al.,

2014, Sethi et al., 2002).

The most commonly used natural ECM that allows encapsulation of both
non-malignant and malighant cells is a basement membrane (BM) gel
derived from Engelbreth-Holm-Swarm (EHS) tumours (Orkin et al., 1977).
A liquid at 4°C the extract can be mixed with cells and when heated, the

aggregation of proteins forms a gel at 37°C. These extracts like the EHS
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tumour are rich in ECM proteins consisting mainly of laminin, collagen 1V,
heparin sulphate proteoglycans which provide both structural and signal
transduction functions (Kleinman et al., 1982). In addition to this, BM gel
preparations also consist of several growth factors including FGF, EGF,
TGF-B, IGF-1 and PDGF. The most commonly used BM preparations are
Matrigel™ (BD Biosciences) and Culturex® BME (Trevigen) both of which
are available as a soluble extract. The Culturex® BME gel is also available
also with reduced growth factors which allows for defining growth factor
requirements for different cells (Benton et al., 2014). The basement
membrane extract (BME) gel can promote differentiation however,
differentiation response depends on the cell types (Kleinman and Martin,
2005). While normal cells can exhibit a decrease in proliferation and an
increase in differentiation in Matrigel, malignant cells such as MCF-7 cells
can grow rapidly and metastatic breast cancer cell lines such as MDA-MB-
231 appear stellate and will invade and degrade BME. Cell morphology in
BME can therefore be used to predict the progression of malignant diseases

(Benton et al., 2011).

Although the combination of BM gel and co-culture based models is still
bourgeoning these models show great promise in recapitulating diseases
(Figure 1.9). Access to primary human tissue can be limited for routine
culture and immortalised cell lines alone do not fully represent the entirety
of the disease. Therefore co-culturing disease cell lines with primary cells
using BME gel models not only represents a more in vivo-like state but
also prolongs the lifetime of primary cells in many cases (Weigelt et al.,

2014). 3D BME gel co-culture models consisting of fibroblasts with breast
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cancer cells, immune cells or adipocytes have demonstrated a reciprocal
communication between ECM and the cells in co-culture (Noel et al., 1992,
Seidl et al., 2002, Chottanapund et al., 2013, Rozenchan et al., 2009).
Tumour-associated fibroblasts when cultured with cancer cells in Matrigel
contribute to tumour invasiveness via the production of ECM degrading
proteases (Shekhar et al., 2001). Moreover, growth factors in the
BME/Matrigel preparations enhance the appropriate microenvironment.
Colon cancer cells acquired a more invasive phenotype in 3D BME gel
supplemented with EGF. However this effect was reversible when the
factors were removed providing evidence that growth factors tethered to
the ECM play an important role in the progression of colon cancer (Ludwig
et al., 2013). Thus co-culture in 3D can become a powerful tool that allows
the design of multicellular in vitro models to recapitulate and better

understand cellular signalling mechanisms in vivo.
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Figure 1.9 3D ECM gel co-culture-based model. Illustration of cells in co-culture
embedded in an ECM gel (BME/Matrigel). Cells are mixed and evenly distributed in the ECM
gel where they arranged themselves in a manner similar to in vivo. ECM gels when set at
37°C are usually overlaid with liquid medium to prevent drying out of gels.
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1.10.3 Spheroid-based models

Multicellular tumour spheroid models (MCTS) were first developed by
Sutherland and colleagues mainly using cancer cell lines cultured under
non-adherent conditions (Sutherland, 1970, Sutherland et al., 1971). A
decade later, Bjerkvig and colleagues introduced a new spherical model
obtained via simple cutting of cancer tissue referred to as the organotypic
multicellular spheroid (OMS) which had the closest resemblance to
tumours in vivo (Bjerkvig et al., 1990). Since then other types of spheroid
models have been developed that share very little with the first MCTS
models apart from their 3D morphology. Recently, tissue-derived tumour
spheres (TDTs) that are obtained by the partial dissociation of tumour
tissue have been developed. TDTs allow maintenance of cell-cell contact
and have since been used extensively in cancer studies (Weiswald et al.,
2013, Young et al., 2013c, Kondo et al., 2011). Broadly speaking,

spheroid-based models can now be classified into four main groups.
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b:sp: de::':j-el Source Culture condition Fortrinn?:on
Multicellular Single or multi-cell Low-attachment
tumour suspension from plastic 1-7 days
spheroids permanent cell lines Medium with FCS
(MCTS) and/or primary cells
Serum-free
medium with EGF
Single cell suspension and FGF-2 5.7 d
from permanent cell Low-attachment ~/ cavs
Tumourospheres . P : ; until 1-2
lines, tumour tissue or plastic
! . months
blood Potential
preliminary cell
sorting
Medium with FCS
Orga.notypic Cut and minced anc! non-gssential 2-5 days
multicellular tumour tissue amino acids until 12-18
spheroids Non-adherent days
conditions
e Medium with FCS
or serum-free
Partially mechanically medium with EGF
Tissue-derived or enzymatically and FGF-2 1-3d
-3 days

Culture-treated
plastic then non-
adherent
conditions

Table 1.7 Methods used to generate spheroid-based models. Table adapted from and
original references in (Weiswald et al., 2015) EGF: Epidermal growth factor; FGF-2
fibroblast growth factor 2.

dissociated tumour .
tissue

tumour spheres

Multicellular tumour spheroids (MCTS)

MCTS are generated scaffold-free in conventional foetal calf serum (FCS)-
supplemented medium. Usually generated from a single cell type in non-
adherent or low-attachment culture plates, co-culture MCTS consisting of
or two or more cell types have subsequently been generated (Kunz-
Schughart et al., 2001) (Figure 1.10 (a)). MCTS often originate from cell
lines but are now being generated from tissue derived primary cells,
nevertheless, not all cell types are able to generate compact MCTS.

Compact spheroids are formed only when the homotypic or heterotypic
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cell-cell adhesive forces are strong failing which loose aggregates of cells
that can easily detach and disintegrate are formed (Friedrich et al., 2009).
Therefore various methods used to generate MCTS rely on one main
principle: to provide conditions in which the adhesive forces between cells
are greater than those for the substrate they are plated on thereby
promoting cell-cell adhesion leading to well-rounded spherically structured

MCTS (Weiswald et al., 2015).

A popular method incorporated for the generation of MCTS is the liquid
overlay technique. This technique is easy maintaining cells in suspension
on a non-adherent surface allowing aggregation of cells into varying size
spheroids. Cells are typically placed on tissue culture plastic coated with a
thin layer of substrates such as agar, agarose or polyHEMA (Dangles et
al., 1997, Dangles-Marie et al., 2007). This prevents cells from adhering
to the culture plastic thus promoting cell aggregation and compaction
(Figure 1.10 (a)). More recently, multi-well ultra-low attachment U-bottom
or V-bottom culture plates with a polystyrene surface offer low-adhesion
properties for the generation of spheroids using this technique. The shape
of the well encourages the formation of a single, centrally located MCTS of
homogenous size per well. Spheroids grown on ultra-low attachment plates
exhibit a more compact structure than those grown on agar-coated plates
and a probability for automation makes this technique ideal for high-
throughput screening (Vinci et al., 2012, Friedrich et al., 2009). Despite
the fact that the liquid overlay method provides the right conditions for
spheroid formation, not all primary cells or permanent cell lines are capable

for forming compact spheroids. Nevertheless, if it is essential to obtain
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spheroids using difficult cell types, the addition of BME or Matrigel may be
necessary. However such spheroids are artificial and the alterations in
growth, expression profile and behaviour of the cells must be monitored

well.

The use of heterotypic MCTS is rapidly increasing in cancer studies as these
take into account the presence of non-cancerous cells in tumour tissue.
The most frequently studied cellular interactions using this model are
typically those between cancer cells and fibroblasts with the latter being
the most abundant cell type in the cancer stroma. The resulting MCTS
generated known as mixed MCTS are a closer representation of conditions
in vivo. For example, lung cancer cells co-cultured with fibroblasts showed
resistance to Erbtiux treatment by upregulating fibroblast-derived
hepatocyte growth factor receptor (HGFR) expression and activation.
These data are analogous with clinical treatment of lung cancer patients
that show a positive response only with treated with both hepatocyte
growth factor (HGF) and epidermal growth factor receptor (EGFR)
inhibitors (Majety et al., 2015). Tri-culture spheroid models consisting of
cancer cells, fibroblasts and immune cells such as macrophages have also
been developed which indicate the influence of intercellular interactions on
stroma formation and maintenance and are also important in studying
immune cell migration into spheroids and their activation (Rama-Esendagli

et al., 2014, Konur et al., 1996).

Depending on the cell type, MCTS can be generated to attain a maximum

diameter of 1 to 3mm in diameter (Haji-Karim, 1978). Spheroid cultures
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can begin to develop oxygen and nutrient gradients at diameters between
200 and 500pum and those above 600um in diameter tend to develop a
necrotic core in long-term culture. The spheroid then turns into an outer
layer of proliferating cells, an inner layer of quiescent cells with the core
being necrotic. Hypoxia is of importance in diseases characterised by
tumours of proliferating cells as it can lead to numerous indirect effects by
modulating expression patterns for example of hypoxia-inducible factor 1-
alpha (HIF-1a) regulated genes. Development of secondary necroses has
to be determined as per the intended application. For this reason several
studies only culture MCTS over a short period before the experimental end-

point (Hirschhaeuser et al., 2010, Friedrich et al., 2009).

Tissue-derived tumour spheres (TDTs)

Obtained from the partial enzymatic or mechanical dissociation of tissue,
TDTs were first used to study colon cancer and were referred to as
colospheres. These were generated by finely cutting the tissue sample,
then crushing and cultivating the resulting pieces in a cell culture-treated
flask (Figure 1.10 (b)). Colospheres were then formed in 1 day after cell
remodelling and compaction. Using this technique, around 50% of
colorectal tumour samples yielded TDTs. These TDTs can be kept for 2
weeks in culture in non-adherent conditions and can also be cryopreserved
as whole structures in freezing medium (Weiswald et al., 2013, Weiswald
et al., 2009). Other TDTs obtained from cancer tissues were obtained after
incubation with a digestive enzyme and formed using Matrigel (Kondo et
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al., 2011). Almost exclusively formed from the dissociation of tumour
tissues, TDTs are now used in various cancer studies and have been shown
to have E-cadherin-mediated cell-cell interactions. Due to their strong cell-
cell interactions, TDTs escape anoikis and remain viable for weeks in
culture (Morales and Alpaugh, 2009, Ye et al., 2013). Several TDTs have
been shown to mimic the parent tissue in terms of histological
characteristics, gene expression profiles, mutations and metastatic
properties. This type of similarity cannot be found in the MCTS. Moreover,
compared to the proliferative cell lines in MCTS, only fractions of
proliferating cells are observed in TDTs which is similar to that seen in vivo
(Morales and Alpaugh, 2009, Young et al., 2013c). Although the TDTs are
the most relevant form or 3D model, the problems associated with this
technique are the availability of tissue, guarantee and uniformity of the
TDTs obtained and preservation sub-culture of TDTs which may not be

possible with all types of diseased tissue (Hirschhaeuser et al., 2010).
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Figure 1.10 Steps in the formation of spheroid-based models. Figure shows (A)
MCTS obtained after aggregation and compaction of a co-culture cell suspension cultured
in non-adherent conditions. (B) TDTs generated via partial dissociation of tissue formed

after compaction and remodelling.

61



1.11The Extracellular Matrix of the lung
The physiology and morphology of the lung is a result of the amalgamation
of the interactions between pulmonary cells and the encompassing ECM.
The ECM s tissue-specific and is a macromolecular structure which
primarily provides structural support to the surrounding tissue and is
essential for normal organ function. In addition to providing support, the
ECM can also affect cell shape and function. A variety of cellular responses
including adhesion and differentiation, formation of focal contacts and
stress fibres, stimulation of proliferation and migration, induction of
polarity and gene expression, alterations in metastatic activity, and
outgrowth of cell processes are also elicited by the underlying matrix
(Dunsmore and Rannels, 1996). The ECM proteins can also sequester
growth factors such as EGF, FGF as well as other signalling molecules such
as TGF-B thereby influencing cell behaviour (Bonnans et al., 2014). This
pleiotropic aspect of ECM function depends on the ever-changing structure
of ECM and on the levels of synthesis and degradation of its components

whereby diverse cellular behaviours can be regulated (Lu et al., 2011).

The lung ECM is typically divided into to two sections, namely, the
basement membranes which are thin specialised layers that support the
epithelial and endothelial cells and the interstitial spaces which form the
parenchyma of the lung. The lung interstitium houses the resident lung
fibroblasts, the most commonly identified cell type that is mainly

responsible for ECM turnover (White, 2015).
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The term ‘matrisome’ was coined by Haynes and Naba to define a list of
all proteins consisting of any given matrix and a larger list of all their
associated modifying molecules. The lung parenchyma primarily consists
of collagens, elastins, glycoproteins and proteoglycans and the basement
membrane comprises of mainly type IV collagens, laminin, nidogen and
perlecan. Besides theses the ECM also consists of growth factors or
signalling molecules and ECM modifying or stabilising enzymes (Hynes and

Naba, 2012).

1.12ECM turnover - A focus on Cathepsins
The ECM is a very dynamic environment wherein radical remodelling occurs
during developmental process as well as during regular adult bodily
functions such as remodelling of the bone or mammary gland (Fukumoto
and Yamada, 2005, Page-McCaw et al., 2007). The dynamics result from
changes in ECM composition possibly due to the altered synthesis or
degradation of one or more of its components. Therefore in normal
conditions, the ECM dynamics are a tightly regulated and the cross talk
between cells and the ECM enables the striking of a delicate balance
between ECM synthesis, stabilisation and degradation by modifying
enzymes. However, it is when this well-oiled ship becomes corrupted the
ECM dynamics become deregulated leading to various human diseases
including cancer (Lu et al., 2011). ECM remodelling is carried out usually
by the cleavage or removal of one or more of the ECM components. This
work is usually carried out by the ECM modifying enzymes, the proteases.

It is a well-known fact that in other interstitial lung diseases such as
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chronic obstructive pulmonary disease (COPD), parenchymal destruction
is associated with an imbalance in protease and anti-protease activity
(Greene and McElvaney, 2009). Taking lessons from what we know about
the pathogenesis of COPD, it has been proposed by several researchers
that similar mechanisms exist in LAM. The largest class of human
proteases is the matrix metalloproteases (MMP) followed by serine,

cysteine, threonine and aspartic proteases.

The term cathepsin, derived from ancient Greek meaning ‘to digest’, was
first coined in 1929 by Richard Willstatter and Eugen Bamann (Willstatter
and Bamann, 1929). Initially described as lysosomal intracellular
hydrolases, cathepsins are a class of globular proteases that are now also
known to have an extracellular function. Denoted by the abbreviation ‘CTS’
followed by a distinct alphabet denoting the different members, the
cathepsin family consists of more than a dozen members classified based
on their structure and catalytic type. Cathepsins (CTS) B, C (also known
as cathepsin J and dipeptidyl-peptidase 1), F, H, L, K (also known as
cathepsin 02), O, S, V (also known as cathepsin L2), W, and X (also known
as cathepsin Z/P) are cysteine proteases of the papain family which form
a part of the largest and the most intensely studied class of cathepsins.
Cathepsins (CTS) A and G are serine carboxy peptidases whereas
cathepsins (CTS) D and E are aspartic proteases (Kuester et al., 2008).
The different cathepsins and their tissue localisations are listed in Table

1.8.

64



Cathepsin Subtype Expressed tissue ECM protein
substrate (if known)
A Serine Platelets, primary
human antigen
presenting cell,
testis and epididymis
B Cysteine macrophages, Proteoglycan,
hepatocytes, aggrecan, collagens
renal tubules, all type II 1V, IX, X, XI,
endocrine organs fibronectin, osteocalcin,
laminin, osteonectin
C Cysteine Ubiquitous Dipeptide esters,
amides, amilides and
beta-naphtylamides
D Aspartic Eccrine sweat, Osteonectin, laminin,
extracellular matrix and fibronectin
synovial
fluid of cartilage
E Aspartic Immune system
F Cysteine Antigen presenting cells
G Serine Polymorphonuclear Elastin
leukocyte
H Cysteine Ubiquitous Osteocalcin
L Cysteine Ubiquitous Proteoglycan,
aggrecan, collagens
type I, II, IX, XI,
elastin, fibronectin,
laminin, osteocalcin
K Cysteine Bone, ovary, heart, Aggrecan, collagens
placenta, lung, skeletal type I and II, elastin,
muscle, osteonectin
colon and small
intestine
0 Cysteine Ubiquitous
S Cysteine Spleen and professional Aggrecan, collagen,
antigen-presenting cells elastin, fibronectin,
osteocalcin
Vv Cysteine Thymus and testis, Elastin
corneal epithelium
W Cysteine T-lymphocytes
X Cysteine Immune system
Z Cysteine Widely expressed in
tissues

Table 1.8 Tissue and cellular localisation and ECM substrates of known cathepsins.
Several properties of cysteine cathepsins shown including their type, cell and tissue
localisation and ECM substrate specificity. Original reference can be found within (Brémme
and Wilson, 2011, Tan et al., 2013).
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1.12.1 Cysteine cathepsins

Cysteine cathepsins also known as papain-like thiol proteases are the
largest family of cathepsins consisting of 11 members. Expression of the
cysteine cathepsins can either be ubiquitous or tissue and cell specific.
Cathepsins B, L, C, O, and H are found in a wide range of cells and tissue
signifying that these enzymes may be involved in normal matrix protein
turnover. In contrast, cathepsins S, K, V, F and W, show a more restricted
cell and tissue distribution suggesting specific roles for these proteases
(Lecaille et al., 2002). Expressed highly in macrophages, dendritic cells
and/or thymic cortical epithelial cells, cathepsins S, F and V are involved
in antigen processing and presentation (Riese and Chapman, 2000, Shi et
al., 2000). Expressed by immune-related cells, cathepsin C also processes
varied precursor proteins including the serine proteases such as granzyme
zymogens (Pham and Ley, 1999). CD8* lymphocytes and natural killer
cells specifically express cathepsin W, however its exact function in
unknown (Linnevers et al., 1997). Expression of cathepsin V is restricted
to thymus and testis (Bromme et al., 1999). Cathepsin K is highly
expressed in osteoclasts, synovial fibroblasts and epithelial cells. Of all the
matrix-degrading enzymes, cathepsin K is the only protease to play an

essential role in normal bone resorption.
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Structure and regulation of cathepsin activity

Papain-like cysteine proteases are comprised of a signal peptide, a
propeptide and a catalytic domain. In their structure, two domains, left (L-
) formed by three a-helices and right (R-) which has a B-barrel structure
form a papain-like fold which is a characteristic feature of cysteine
cathepsins. A cleft between the two domains houses the two active-site
residues, Cys25 (cysteine) and His159 (histidine) (Figure 1.11 (b) and (c))
(Fonovic and Turk, 2014). Responsible for translocation into the
endoplasmic reticulum during mRNA translation the signal peptides are
typically 10 and 20 amino acids in length. Propeptides are of a variable
length ranging between 36 amino acids in cathepsin X and 251 amino acids
in cathepsin F (Figure 1.11 (a)) (Wiederanders et al., 2003). The
propeptide functions as a scaffold for protein folding of the catalytic
domain, acts as a chaperone for the transport of the proenzyme to the
endosomal/lysosomal compartment and acts as a high-affinity reversible
inhibitor preventing the premature activation of the catalytic domain. The
catalytic domains contain between 214 and 260 amino acids and are highly
conserved active sites containing a cysteine, a histidine and an asparagine

residue (Mellor et al., 1993).
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Figure 1.11 Schematic repsresentation of protease domains of cysteine
cathepsins and example ribbon structure. Panel A shows Cysteine cathepsins
expressed as polypeptides containting a signal peptide, a propeptide and a catalytic
domain. Different domain lengths for different cathepsins are depicted. The propeptide is
cleaved in an acidic environmant resulting in a fully active catalytic domain. Panel B shows
the ribbon structure of cysteine cathepsins, cathepsin K showing the L and R domain and
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C shows the top view of cathepsin K showing the catalytic diad. Figure courtesy of (Brémme
and Wilson, 2011).

Optimal activity of cathepsins requires a reducing and slightly acidic milieu
which exists in lysosomes. Cathepsins are typically synthesized as
preproenzymes which can undergo an N-terminal signal peptide cleavage.
On removal of the signal peptide, the propeptide targets the lysosome
using a specific mannose-6-phosphate receptor (M6PR) pathway
simultaneously acting as an inhibitor to prevent inappropriate proteolytic
activity (Saftig and Klumperman, 2009, Schroder et al., 2010). Mature
proteolytically active cathepsins are then released on removal of the N-
terminal propeptide a process which can be catalysed by different
proteases including cathepsins such as cathepsin D and other cysteine
cathepsins under acidic conditions (Nissler et al., 1998, Wiederanders et
al., 2003, Nishimura et al., 1989). Several cathepsins including cathepsins
B, H, L, S and K can undergo autocatalytic activation at low pH which takes
place due to a chain reaction initiated by an initial mature molecule
catalysing a procathepsin molecule which when activated in turn cleaves

another procathepsin molecule and so on (Caglic et al., 2007).

Therefore, requirement of acidic conditions for optimal activity and a
general instability of cysteine cathepsins at neutral pH are believed to
protect the cell and Ilimit unwanted proteolysis. However, certain
physiological and pathological conditions can coerce cathepsins to
translocate to the cell surface and be released into the extracellular space

in either the mature active form or in the proenzyme form to be further
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activated. This suggested that cathepsins are active also under less
favourable conditions (Reiser et al., 2010). However, if mechanisms to
prevent unwarranted proteolytic activity fail, activity of secreted cysteine
cathepsins is additionally regulated by the endogenous inhibitors such as
stefins, cystatins and kininogens, serpins and alpha2 macroglobulins that
provide an added level of safety (Boris et al., 2002). Cysteine cathepsins

play a physiological role in health and various disease conditions.
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1.13 Cathepsin K
One of the most potent known human collagen-elastin degrading protease
cathepsin K was identified by several different groups and cathepsin K gene
was first cloned from rabbit osteoclasts. Formerly known as cathepsin OC-
2, over the years human cathepsin K has also been referred to as cathepsin
O, cathepsin X and cathepsin O2 (Shi et al., 1995, Bromme et al., 1996,
Inaoka et al., 1995). Believed initially to be expressed in human
osteoclasts alone, cathepsin K expression has now been found in several

other cell types.

1.13.1 Gene organisation and regulation

Located on chromosome 1g21 with 8 exons and 7 introns human cathepsin
K like human cathepsin S is encoded by a single-copy gene of
approximately 12.1 kb genomic DNA (Rood et al., 1997). Cathepsin K
bears a similar homology to cathepsins L, S and V with approximately 60%
amino acid sequence identity (Chauhan et al., 1993). Similar to cathepsins
L, S and V, cathepsin K consists of a characteristically-shaped active
groove confirmation but unlike the other cathepsins has highly-positive
charged basic residues that allow for allosteric accommodation of
negatively-charged glycosaminoglycans (GAGs) (Figure 1.12). This
facilitates the formation of high molecular weight complexes of cathepsin
K and GAGs which participate in the formation of a unique

collagenolytically active complex that is necessary for unwinding of triple
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helical collagens at multiple locations, an activity which is unparalleled

among human collagenases (Li et al., 2004, Novinec et al., 2010).

Cathepsin K

active site

—_— l.-domain ——
urewop-y ——

Figure 1.12 Surface potential of cathepsin K. negative potential regions are coloured
red which depict glycosaminoglycan binding whereas areas of positive potential as coloured
blue. Figure courtesy of (Lecaille et al., 2008).

Transcriptional initiation of the cathepsin K gene may be enhanced by
several transcription regulatory elements including activator protein 1 (AP-
1), Microphthalmia-associated transcription factor (Mitf), Transcription
factor E3 (TFE3), Transcription factor PU.1 (PU.1) among a few others
(Lecaille et al., 2008). The receptor activator of NF-kB ligand (RANKL)
plays a crucial role in osteoclast differentiation and activation. RANKL
produced by osteoblasts and stromal cells, bind to its cytoplasmic receptor
RANK (receptor activator of NF-kB) (Yasuda et al., 1998, Shalhoub et al.,
1999). During osteoclast differentiation, transcription factors PU.1 and Mitf
can both regulate specific genes in response to colony stimulating factor 1

(CSF-1) and RANKL signalling. Pro-inflammatory cytokine, TNF-a which
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belongs to the same superfamily of ligands as RANKL also stimulates
cathepsin K mMRNA expression in pre-osteoclasts and rheumatoid
synoviocytes (Hsu et al., 1999, Hou et al., 2002). Cathepsin K synthesis
in macrophages and smooth muscle cells is stimulated by other pro-
inflammatory cytokines such as interferon gamma (IFNy) and interleukins
6 (IL-6) and 13 (IL-13) (Wang et al., 2000, Zheng et al., 2000, Ebisui et
al., 1995). Retinoic acid, vitamin D, prostaglandinE2, fibroblast growth
factor-2, insulin-like growth factor-1 and various hormones such as
parathyroid hormone, thyroid hormone and particularly oestrogen are also

indirect regulators of cathepsin K expression (Troen, 2006)

1.13.2 Activation and cellular distribution

Cathepsin K is synthesised as a 37kDa inactive zymogen, which is
transported from the endoplasmic reticulum to the lysosomal compartment
via the M6PR pathway (Rieman et al., 2001). Removal of the propeptide
and subsequent activation of cathepsin K can be catalysed by other
cathepsins such as cathepsin D (Nishimura et al., 1988) or in low pH
conditions and/or in the presence of glycosaminoglycans (McQueney et al.,
1997). A soluble protein, cathepsin K can be secreted from certain cells as
a glycosylated proform which can be activated extracellularly. Moreover,
heparin sulphate can anchor cathepsin K to the cell membrane thereby

increasing its activity at neutral pH (Almeida et al., 2001).

Human cathepsin K was predominantly thought to be expressed by

multinucleated osteoclasts where activation of this protease is best
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documented. Here, cathepsin K is activated at the ruffled border of the
cells where the pH is as low as 4.0 and is secreted into the extracellular
environment in the resorption lacunae enabling it to degrade type I
collagen which is essential for physiological bone remodelling (Everts et
al., 2006). It was only when fibroblasts treated with cathepsin K inhibitors
were found to contain large amounts of phagocytosed but undigested
collagen fibrils within their cytoplasm, the predominant role of cathepsin K
in collagen degradation became apparent (van Noorden and Everts, 1991,
Hou et al.). Cathepsin K is expressed in skin fibroblasts where it plays a
role in homeostasis of the dermal ECM during wound healing and
inflammation (Quintanilla-Dieck et al., 2009). Cartilage degradation
results from cathepsin K expressed by synovial fibroblasts and
chondrocytes (Kafienah et al., 1998). Cathepsin K also plays a role in lung
matrix homeostasis in cultures of pulmonary fibroblasts and adult lung
airway epithelium (Buhling et al., 2004b). Aortic smooth muscle cells
(Sukhova et al.,, 1998), macrophages (Punturieri et al., 2000),
bronchoalveolar lavage fluids (Serveau-Avesque et al., 2006) also express

cathepsin K and are proposed to play a role in extracellular remodelling.

1.13.3 Physiological role of cathepsin K

Cathepsin K is crucial for bone remodelling. Predominantly expressed in
osteoclasts, cathepsin K is responsible for 98% of total cysteine protease
and MMP collagenase activity required for bone remodelling (Bromme et

al., 1996, Shingleton et al., 1996). Cathepsin K is capable or degrading
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type I collagen in its non-collagenous termini (N- and C- telopeptide
regions) releasing cross-linked N- and C-telopeptides that can be detected
in urine and serum as a measure of bone resorption (Atley et al., 2000).
Cathepsin K is also involved in skeletal, heart, lung and intestinal
development. Respiratory and gastrointestinal mucosae of human
embryos are rich in cathepsin K. Here cathepsin K is believed to play a role
in extracellular remodelling itself or by releasing ECM tethered enzymes
(Buhling et al., 2004a, Haeckel et al., 1999). Cathepsin K is most potent
in cleaving mature insoluble elastin compared to cathepsins S and L
thereby playing an important role in remodelling the arterial wall
notoriously resistant to proteolysis. Found in Sertoli cells of adult rat
testes, cathepsin K has also been suggested to play a role in facilitating

germ cell movement and spermiation (Anway et al., 2004).

Besides playing an important role in normal physiological functions,
cathepsin K also plays a crucial role in the progression various diseases.
Pycnodysostosis is a rare genetic disorder caused due to genetic defects in
the cathepsin K gene. The disease is characterised by an impaired
osteoclast function causing them to accumulate undigested collagen fibrils.
This renders patients with brittle bones and results in osteosclerosis and
short stature of patients and although the disease is not a life-threatening
condition, frequent fractures, craniosynostosis, respiratory, sleep and
dental problems result in significant patient suffering (Everts et al., 2003,
Turan, 2014). Osteoporosis occurs when bone resorption exceeds bone
formation. Several studies have shown that cathepsin K is involved in the

pathogenesis of osteoporosis and Paget’s disease as elevated cathepsin K
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levels are found in the osteoclasts and serum from these patients. Thus
inhibiting cathepsin K is thus an attractive therapeutic target for

preventing of bone loss bone resorption disorders (Meier et al., 2006).

An imbalance between cathepsin K and its endogenous inhibitor leads to
an increase in collagen activity leading to the breakdown of fibrillar type II
collagen the major component of articular collagen. Osteoarthritis (OA)
and rheumatoid arthritis (RA) both characterised by the progressive
destruction of articular cartilage are caused by such an increase in
cathepsin K activity. Synovial fibroblast-mediated degradation of type II
collagen in cartilage has been linked to the increased activity of cathepsin

K in OA and RA patients (Hou et al., 2002).

Cathepsin K has been extensively studied for its role in various cancers
primarily for its role in tumour progression via ECM degradation as well as
for its diagnostic potential and prognostic impact. An interplay between
stromal cells such as fibroblasts and cancer cells aid tumour progression
via cathepsin K-mediated degradation. Tissue expression of cathepsin K
has been detected in bone sarcomas, breast, prostate, skin, thyroid
carcinomas, head and neck cancer and melanoma and has been associated
with aiding cancer progression via ECM degradation and enabling cancer
cell invasion. On the other hand, expression in various PEComas has been
useful in diagnosing them and distinguishing them from a majority of

human cancer types reviewed in (Verbovsek et al., 2015).
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1.13.4 Cathepsin K and lung diseases

Cathepsin K expression and activity has been reported in various lung
diseases. Depending on the pathogenesis of the disease, this protease can
have protective or destructive effects on disease progression. In diseases
characterised by fibrosis, cathepsin K-mediated lung ECM digestion serves
to protect against fibrosis by counteracting the increased matrix
deposition. Buhling et al have previously shown that activated pulmonary
fibroblasts express large amounts of cathepsin K. Elevated cathepsin K
expression was detected in a bleomycin-induced lung fibrosis mouse model
soon after bleomycin challenge. Moreover, cathepsin K driven, lung
fibroblast-mediated collagen degradation has also been associated with
pulmonary fibrosis and cathepsin K expression was upregulated in patients
with this condition suggesting that this enzyme played a pivotal role in
pulmonary fibrosis (Srivastava et al., 2008, Buhling et al., 2004b).
Homogenates of silicotic lungs show increased cathepsin K activity than
control lungs. Both proform and mature forms of cathepsin K have been in
bronchoalveolar lavage fluid of patients suffering from chronic silicosis or

sarcoidosis (Perdereau et al., 2006).

However, in lung diseases characterised by the destruction of matrix,
increased cathepsin K activity can play a crucial role in lung ECM
destruction and further progression of the disease. In the lungs, cathepsin
K expressed by fibroblasts, smooth muscle cells and macrophages can also
degrade elastin. Lungs of transgenic mice that mimic COPD, a chronic
inflammatory lung disease characterised by proteolytic destruction of the

lung ECM, have shown an increased production of not only MMPs but also
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cathepsin K among other cysteine cathepsins (Zheng et al., 2000).
Cysteine cathepsin K has been found to be extracellularly released from
macrophages which is detected in emphysematous bronchoalveolar lavage
fluids (Takeyabu et al., 1998). In guinea pigs exposed to cigarette smoke,
inflammation and emphysematous changes have been associated with a
decrease in collagen and elastin and a three-fold increase in cathepsin K
activity in the lungs (Golovatch et al., 2009). This suggested that cathepsin
K may contribute to the excessive degradation of collagen and elastin
associated with emphysema. Intracellular and extracellular stromal cell
proteolytic activity of cathepsin K also aids in cancer cell invasion in lung
adenocarcinomas, squamous cell carcinoma and non-small-cell lung

cancer (Naumnik et al., 2009, Rapa et al., 2006).

1.13.5 Inhibitors of cathepsin K

Natural endogenous inhibitors of cathepsin K are widely distributed in
humans and belong mainly to the cystatin family. The cystatin family
consists of three groups, stefins, cystatins and kininogens that are tight-
binding competitive inhibitors of cysteine proteases. Widely distributed in
almost all cells and tissues, stefin B protects cells against uncontrolled
proteolysis by cathepsins and an imbalance between this endogenous
inhibitor and cathepsins favours proteolysis. Resulting in intracellular
inhibition, stefin B can help regulate bone resorption by blocking cathepsin
K activity in osteoclasts (Laitala-Leinonen et al., 2006). Also, elevated

stefin A and B levels in patients suffering from non-small-cell lung cancer
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are associated with a higher chance of survival (Werle et al., 2006).
Probably the best known extracellular inhibitor of cathepsin K activity,
cystatin C is the tightest-binding inhibitor capable of inhibiting cathepsin K
activity in the picomolar range (Ki=4.1pM) (Bromme et al., 1991). Changes
in the balance between cystatin C and cathepsin K has been implicated in
numerous pathological conditions such as fibrosarcoma (Kopitz et al.,
2005), non-small-cell lung cancer (Werle et al., 2006) and atherosclerosis
(Liu et al., 2004). Other endogenous inhibitors of cathepsin K include

thyropins, serpins (serpin B3) and az2-macroglobulin.

Synthetic cathepsin K inhibitors were primarily designed as anti-resorptive
drugs. Previous strategies to synthesize lipophilic and basic reversible
synthetic inhibitors of cathepsin K led to off-target inhibition and
lysosmotropism. Therefore, safer non-basic inhibitors that were potent and
selective were synthesised. Several cathepsin K inhibitors are showing
promising results and are currently at various phases of clinical
development while a few others have been abandoned due to their side
effects (Lecaille et al., 2008). The potency profiles of the various cathepsin

K inhibitors are summarised in Table 1.9.
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Compound and Chemical Structure Potency
status profile
MIV-711, Phase ICs0 (NM)

IT (ongoing) CTSK=2.5

()

N

Odanacatib, ICso (NM)

/
Phase 111 F r CTSK=0.2
(suspended) R CTSB=1034
N CTSL=2995
o P CTSS=60
. O < CTSV=762
\ CTSF=795
\\\\Cl

(Gauthier et al.,
2008)
ONO-5334, g Ki (nM)

Phase III CTSK=0.10
(discontinued) CTSS=0.83

s/ s CTSL=1.7
H/\QH/“QH{ j CTSB=32
d /N "'I’///

(Ochi et al,
2014)

Balicatib, Phase 1/ \ 2 ICs0 (NM)
IT (discontinued) N . CTSK=2.7
HM C=N
N/ —
MH
e}

CTSB=4800
CTSL=503
CTSS=65,000
(Bromme and
Lecaille, 2009)

Relacatib, Phase Ki (nM)
I (discontinued) o CTSK=0.041
70 I CTSB=15
K N/ﬁ "N CTSL=0.068
N B CTSS=1.6
o \ = CTSv=0.053
(Kumar et al,,
2007)

Table 1.9 Inhibitors of cathepsin K with structures and their various stages of
development.
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1.14 Protease-mediated cystic lung destruction in LAM

LAM is characterised by an increased proliferation of abnormal smooth-
muscle like cells along with cystic lung degradation. Microscopic and
immunohistochemical analysis of open lung biopsies by Fukuda et al
revealed emphysema-like changes in the areas of cell accumulation that
showed degraded collagen and elastic fibres which were believed to be
caused by an imbalance of proteases such as elastases (Fukuda et al.,
1990). Changes in the organisation of elastin and collagen have been noted
in the LAM lung and it is believed that these changes result in defects in
lung function rather than just abnormal proliferating cells. The degradation
and loss of elastin also correlated with an increase in matrix
metalloproteinases (MMPs) particularly MMPs 2, 9, possessing an elastase
activity, and 14 an MMP2 activator (Hayashi et al., 1997).

Recent studies have indicated that thickening of interstitial connective
tissue is associated with alveolar wall destruction and ensuing
development of cysts. Studies by Merrilees et al showed that LAM lung
contained twice as much interstitial tissue as compared to normal lung with
actin positive smooth muscle-like cells making up less than 24% of
interstitial volume. The interstitium was strongly positive for matrix
proteoglycans, versican and biglycan but no evidence of elastic fibres
whereas the thickened areas of the interstitium contained disorganised
elastic fibres suggesting a disrupted elastin deposition. Evidence of
proteoglycan-induced shedding of elastin binding protein and inhibition of
elastin fibre formation is also observed. Moreover, alveolar walls in the

LAM lung show a strong versican staining but reduced elastin content
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(Merrilees et al., 2004). All of these findings strongly suggest that ECM
proteins play an important role in the remodelling seen in LAM lungs and
it is the subsequent loss of ECM and formation of cystic lesions that leads
to deterioration in lung function correlating to an impaired DLco (Sobonya

et al., 1985, Taveira-DaSilva et al., 2001).

Evidence of MMP overexpression, MMP inducer EMMPRIN and the
endogenous inhibitors TIMP in LAM is clear. MMP-1 and MMP-2 are highly
expressed in LAM lung tissue whereas MMP9 is elevated in serum from LAM
patients (Pimenta et al., 2011, Odajima et al., 2009, Hayashi et al., 1997).
Pro and active forms of MMP-9 but not MMP-2 were found in urine from
LAM patients (Chang et al., 2014). Increased levels of MMP-2 have also
been associated with loss of TSC2 in animal models for LAM (Lee et al.,
2010, Moir et al., 2011, Chang et al., 2010). Goncharova et al showed that
MMP expression was induced by TSC2 null lesions in @ mouse model
characterised by airspace enlargement and alveolar destruction. MMPs-2,
-3 and -9 were elevated in bronchoalveolar lavage fluid whereas MMPs-7,
-8, -9 and -12 showed increased tissue expression compared to controls
(Goncharova et al., 2012). Moderate to strong expression of MMP-14 is
mainly found in the spindle shaped cells in LAM nodules and an
immunohistochemical co-localisation of MMP-14 and MMP-2 expression is
observed in the nodules (Matsui et al., 2000a). Increased levels of serum
response factor (SRF) in mouse lung fibroblasts showed an upregulated
expression of MMPs-2 and -14 while the MMP inhibitor TIMP-3 was
downregulated (Zhe et al., 2003). Mild to moderate immunohistochemical

expression of TIMPs-1 and -2 has been found mainly in spindle-shaped
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cells in LAM nodules (Hayashi et al., 1997). Intense staining for EMMPRIN
was found in LAM nodules and the expression was found to be co-localised
with a smooth muscle actin and MMP-2 or MMP-9 in LAM nodules. EMMPRIN
was also detected in increased levels in bronchoalveolar lavage fluid from

LAM patients compared with controls (Odajima et al., 2010).

Elevated SRF in human lung fibroblasts also upregulated uPA while PAI-1
was downregulated. The same trend was observed in LAM lung tissue
where LAM lesions showed stronger immunoreaction for uPA and absence
of PAI-1 expression compared to surrounding normal lung parenchyma.
Ultimately this results in activation of MMPs via uPA-mediated cleavage of
plasminogen to plasmin (Zhe et al., 2005). Cathepsin K, a papain-like
cysteine protease with a highest known collagen-elastin degrading activity
(Bromme et al., 1996, Inaoka et al., 1995). This protease which is
downstream of mTOR in osteoclasts, is strongly expressed in spindle-
shaped and to a lesser extent epithelioid-shaped cells in LAM lesions
(Chilosi et al., 2009). Evidently increased levels of proteases with an
elastase and collagenase activity and decreased levels of the endogenous
inhibitors (anti-proteases) in LAM tissues correlates with lung degradation,
however, it is not entirely clear whether the degradation and subsequent
cyst formation is due to the secreted proteases alone. Moreover, although
the abovementioned studies have reported an upregulation of proteases in
LAM lung, there is a lack of evidence of an increased proteolytic activity.
Thus, investigating the transitory and durable expression of proteases

along with their activation will lead to a better understanding of cystic
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remodelling and will also lead to the discovery of novel therapeutic

strategies for targeting these mechanisms.
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1.15 Hypotheses
The lungs of LAM patients contain a clonal population of TSC27/- LAM cells.
These cells proliferate and recruit a larger population of wild type
fibroblasts. The two populations synergise within LAM nodules and
mutually support each other in the recruitment of other cell types and the
production and activation of matrix degrading proteases which contribute
to the destruction of the lung parenchyma. Further these processes are
dependent upon factors downstream of LAM cell mTOR which represent

targets for therapy.

By recapitulating these elements in a tissue culture system better models

than the current animal models of LAM lung destruction can be generated.

1.16 Aims

e To develop relevant 2D and 3D in vitro cell culture models
recapitulating in vivo LAM physiology.

e To determine the effect of LAM cell-fibroblast interactions on the
production and activation of proteases leading to lung matrix
destruction.

e To understand LAM cell and fibroblast crosstalk that leads to LAM
nodule formation and subsequent lung destruction.

e To identify the key players involved with a view to finding novel drug
targets for the treatment of cystic lung destruction associated with

LAM.
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2 CHAPTER 2: Materials and Methods
2.1 Materials

2.1.1 Plastic ware
Unless otherwise stated, all cell culture vessels and assay plates were

obtained from Corning® Costar® UK Ltd, High Wycombe, UK.

2.1.2 Cell Culture Reagents

Dulbecco’s Modified Eagle’s medium (DMEM), Dulbecco’s Modified Eagle’s
Medium 10x (10x DMEM), Antibiotic Antimycotic solution (100x), L-
Glutamine solution, Folic acid and Dulbecco’s Phosphate Buffered Saline
(DPBS) were obtained from Sigma, Dorset, UK. Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12), phenol red free medium and
foetal calf serum (FCS) were obtained from Gibco, Life Technologies,
Paisley, UK. Iscove’s Modified Dulbecco’s Medium (IMDM) with GlutaMAX™

was obtained from Fisher Scientific, Loughborough, UK.

2.1.3 Antibodies

Primary antibodies

Antigen Dilution and Monoclonal Host Isotype Supplier
application and
/Polyclonal product
code
Fibroblast 1:50 (IF, IHC, Monoclonal Mouse IgM Sigma,
Surface IHC-Fr) Dorset, UK
Protein (FSP) #F4771
Clone 1B10
Cluster 1:100 (IF) Monoclonal Rabbit IgG Abcam,
Differentiation Cambridge,
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90 (CD90) UK
Clone #ab133350
EPR3133
Fibroblast 1:100 (IF) Polyclonal Rabbit IgG Abcam,
Activation Cambridge,
Protein alpha UK
(FAPa) #ab28244
Vimentin 1:100 (IF) Polyclonal Rabbit IgG Proteintech,
Manchester,
UK #
10366-1-AP
Desmin 1:100 (IF) Polyclonal Rabbit IgG Proteintech,
Manchester,
UK # 1652-
1-AP
a Smooth 1:200 (IF) Monoclonal Mouse 1gG2a Sigma,
Muscle Actin Dorset, UK
- Cy3 (aSMA- #C6198
Cy3) Clone
1A4
Proliferating 1:500 Polyclonal Rabbit 1gG Abcam,
cell nuclear Cambridge,
antigen UK
(PCNA) #ab18197
Melanoma 1:50 (IHC) Monoclonal Mouse IgG1 Zytomed,
associated Berlin,
antigen Germany
(PNL2) #MSK082
Cathepsin K 1:2000 (IHC); Monoclonal Mouse I1gG Abcam,
Clone 3F9 1:100 (IF) Cambridge,
UK
#ab37259
Cathepsin K 1:1000 (IHC) Polyclonal Rabbit 1gG Proteintech,
Manchester,
1:500 (IHC- UK #
Fr) 11239-1-AP
aSMA Clone 1:10,000 Monoclonal Mouse IgG2a Sigma,
1A4 (IHC) Dorset, UK
#A2547
Carbonic 1:500 (IHC) Polyclonal Rabbit IgG Abcam,
anhydrase IX Cambridge,
(CAIX) UK
#ab15086
Sodium 1:2000 (IHC) Polyclonal Rabbit I1gG Abcam,
Bicarbonate Cambridge,
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Cotransporter UK
1 (SLC4A4) #ab187511
C-X-C motif 1:500 Polyclonal Rabbit 1gG Abcam,
ligand 1 Cambridge,
(CXCL1) UK
#ab8643
C-X-C motif 1:50 Polyclonal Rabbit Unknown Abcam,
ligand 5 Cambridge,
(CXCL5) UK
#ab9802
C-X-C motif 1:2000 Polyclonal Rabbit IgG Novus
ligand 6 Biological,
(CXCL6) Abingdon,
UK #NBP1-
33078s
C-X-C motif 1:25 Monoclonal Mouse IgG1 Abcam,
ligand 8 kappa Cambridge,
(CXCL8) UK
#ab1867
C-X-C motif 1:100 Monoclonal Mouse IgG2A R &D
receptor 2 Systems,
(CXCR2) Abingdon,
UK
#MAB331

Table 2.1 List of primary antibodies used for immunohistochemistry and
immunofluorescence which respective dilutions and suppliers.

Isotype controls

Antigen

Dilution

Monoclonal
/Polyclonal

Host

Isotype

Supplier and
product
code

Isotype

As required

Monoclonal

Mouse

IgM

Abcam,
Cambridge,
UK #ab18400

Isotype

As required

Polyclonal

Rabbit

I1gG

Invitrogen,
Life
Technologies,
Paisley, UK
#10500C

Isotype

As required

Monoclonal

Mouse

IgG

Vector Labs,
Peterborough,
UK #I-2000
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Isotype
(Alexa
Fluor® 488)

As required

Monoclonal

Mouse IgG2a

Abcam,
Cambridge,

UK
#ab171464

Table 2.2 List of isotype controls used

for

immunohistochemistry and

immunofluorescence which respective host species and suppliers.

Secondary antibodies

Primary Dilution and Conjugate Host Isotype Supplier and
antibody application product
code
Anti-rabbit Ready to use Horseradish | Horse I1gG Vector Labs,
(IHC) peroxidase Peterborough,
UK #MP-7401
Anti-mouse Ready to use Horseradish | Horse 1gG Vector Labs,
(IHC) peroxidase Peterborough,
UK #MP-7402
Anti-rabbit 2 drops/ml (IF, Alexa Goat 1gG Invitrogen,
IHC-Fr) Flour® 594 Life
Technologies,
Paisley, UK
#R37117
Anti-mouse 2 drops/ml (IF, Alexa Goat 1gG Invitrogen,
IHC-Fr) Flour® 488 Life
Technologies,
Paisley, UK
#R37120
Anti-mouse 1:250 (IHC) Horseradish Goat IgM Sigma,
peroxidase Dorset, UK
#A8786
Anti-mouse 1:100 (IF) FITC Goat IgM Sigma,
Dorset, UK
#F9259

Table 2.3 List of secondary antibodies used for immunohistochemistry and
immunofluorescence which respective dilutions and suppliers.

2.1.4 Inhibitors and drug compounds

Inhibitor Target Concentration Supplier and
used product code
L006235 Cathepsin K 100nM Tocris, Biotechne,

Bristol, UK #3066
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E64 Cysteine proteases 10uM Tocris, Biotechne,
Bristol, UK #5208
CHC Monocarboxylate 1mM Tocris, Biotechne,
transporters Bristol, UK #5029
S4 Carbonic 100uM Tocris, Biotechne,
anhydrases IX and Bristol, UK #5577
XII
Acetazolamide Carbonic 1mM Sigma, Dorset, UK
anhydrases #A6011
BIX Sodium H* 100nM Tocris, Biotechne,
exchanger 1 Bristol, UK #5512
S0859 Sodium bicarbonate 50uM Sigma, Dorset, UK
transporters #SML0638
Concanamycin A Vacuolar-type H*- 100nM SantaCruz Biotech,
ATPases Insight Biotech,
Wembley, UK #sc-
202111
Rapamycin mTOR 10nM Calbiochem, Merck,
Hertfordshire
#553211
B-Estradiol Oestrogen receptor 10nM Sigma, Dorset, UK
agonist #E2758
SB225002 CXCR2 100nM Selleck Chem,

Stratech Sci,
Suffolk, UK #
S7651

Table 2.4 List of inhibitors used listed with the working concentrations used.
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2.2 Mammalian cell and tissue culture techniques

2.2.1 Primary Cells and Cell Lines

Cell Type

Cell ID

Derivation

Human Airway Smooth
Muscle cells

HASM

(D0501)

Extracted from human tracheal
rings of non-asthmatic patients
and characterised by >95% actin
staining by immunofluorescence,
by Dr. Bo Liu (Division of
Respiratory Medicine, University Of
Nottingham, UK) according to a
previously described method
(Bellini and Mattoli, 2007)

Normal Human Lung
Fibroblasts

NHLF

(0000343490)

Commercially bought primary
fibroblasts isolated from normal
lungs of a female pre-menopausal
donor. Obtained from Lonza,
Slough UK.

Human Pulmonary
Fibroblasts

HPF

(9102601.5)

Commercially bought primary
fibroblasts isolated from normal
lungs of a female pre-menopausal
donor. Obtained from Promocell,
Heidelberg, Germany.

Human lung fibroblasts

RS11010

Derived by Nottingham University
Hospital, BRU from normal lung
regions of patient biopsies.

TSC27 cells

621-101

cells

Human TSC-null cells isolated from
an angiomyolipoma. Cells were
isolated characterised by the lack
of tuberin expression by Yu et al
(Yu et al., 2004). These cells were
a gift from Dr Elizabeth P. Henske
(Harvard Medical School)

Human Mast Cell line-1

HMC-1 cells

Human mast cell line-1 isolated
from a patient with mast cell
leukaemia were found to be

phenotypically similar to human

mast cells (Nilsson et al., 1994).

these cells were a gift from Prof
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Peter Bradding, University of
Leicester, UK

LAM Lung Derived NC0913 LAM lung derived fibroblasts were
Human Fibroblasts isolated during this study by the
author (Division of Respiratory
HFO114 Medicine, University of

Nottingham, UK). Cells were
isolated from transplant lung

NCO914 tissue, enzymatically digested and
were characterised as described
HF1014 further in this thesis.

Table 2.5 Primary cell and commercial cell types used in this study with their
method of derivation.

2.2.2 Patient cohort and tissue samples

Women with LAM receiving clinical care at the UK LAM Centre, were
enrolled in a comprehensive cohort study. Informed consent was obtained
for the use of tissue taken as part of clinical care, including diagnostic
biopsy or diseased LAM lung removed at the time of lung transplantation
to be used for cell and tissue culture. LAM lung tissue removed at the time
of transplantation was received from UK transplant centres and the
National Disease Research Interchange (USA). The study has approval
from the Nottingham research ethics committee (Ref. 13/EM/0264) and

written informed consent was obtained from all patients.

2.2.3 Primary cell isolation and culture
Fresh LAM lung tissue from four donors obtained at the time of transplant

was cut into approximately 1.2cm x 1.2cm pieces. Cut tissue was teased
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apart using a scalpel and needle making cuts in the tissue to aid
dissociation. A 2mg/ml Collagenase (Clostridium histolyticum, Typell)
(Sigma, Dorset, UK) solution was prepared using in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Life Technologies,
Paisley, UK) and tissue was submerged in medium and left in a standard
humidified incubator at 37°C and 5% CO: for an overnight period. Digested
tissue was then washed twice in media to get rid of debris. Dissociated
cells were pelleted, resuspended in fresh DMEM/F-12 supplemented with
10% v/v foetal calf serum (FCS, Life Technologies, Paisley, UK) and x1
Antibiotic Antimycotic solution (Sigma, Dorset, UK), plated in 75cm? flasks
and left to adhere overnight. Initial culture of the derived cell population
yielded both spindle shaped and epitheliod adherent cells. Cells were
subsequently sub-cultured which yielded a homogenous population of
adherent proliferative fibroblast-like cells (FLC) from all donors.

Commercially bought normal human lung fibroblasts (NHLF, Lonza,
Slough, UK) and human pulmonary fibroblasts (HPF, Promocell,
Heidelberg, Germany) were recovered from frozen cryovials and initially
seeded into 75cm? flasks containing Fibroblast Growth Medium (FGM)
supplemented with basic fibroblast growth factor and 5pg/ml insulin
(Promocell, Heidelberg, Germany). In order to wean fibroblasts off the FGM
a 1:1 mixture of FGM and DMEM/F-12 was used in the subsequent culture
after which media was replaced with DMEM/F-12 supplemented with 10%
v/v FCS and x1 Antibiotic Antimycotic solution. Both NHLFs and HPFs will

be collectively referred to as NHLFs from here on.
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Human mast cell line-1 (HMC-1) was a generous gift from Prof Peter
Bradding, University of Leicester, UK. These cells were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM) with GlutaMAX™ (Fisher Scientific,
Loughborough, UK) supplemented with 10% v/v FCS and x1 Antibiotic
Antimycotic solution in a standard humidified incubator at 37°C and 5%

CO2.

Human airway smooth muscle cells (HASM) were derived as described in
Table 2.5 and were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Sigma, Dorset, UK) supplemented with 10% v/v FCS and x1 Antibiotic
Antimycotic solution in a standard humidified incubator at 37°C and 5%

COa.

TSC2 null 621-101 cells were derived from a renal angiomyolipoma of a
patient with sporadic LAM in a method described by Yu et. al (Yu et al.,
2004) and were a gift from Prof Elizabeth P Henske (Harvard University)
These cells were also cultured in DMEM/F-12 supplemented with 10% v/v
FCS and x1 Antibiotic Antimycotic solution in a standard humidified

incubator at 37°C and 5% CO:..
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Figure 2.1 Collagenase digest of LAM lung tissue. Enzymatically digested LAM lung
tissue initially yielded a mixed population of cells consisting of epitheloid-shaped cells
(arrow) and spindle-shaped fibroblast-like cells (arrowhead). Subsequent culturing (P1 and
onwards) resulted in a uniform population of proliferative spindle-shaped fibroblast-like
cells.

2.2.4 Thawing and sub-culturing cells

Liquid nitrogen frozen cryovials containing FLCs, NHLFs, 621-101 cells and
HMC-1 cells were thawed by partial immersion in a water bath at 37°C.
Once thawed, the cells were transferred to a universal tube containing 5-
10 ml pre-warmed DMEM, DMEM/F-12 or IMDM supplemented with 10%
FCS and x1 antibiotic and antimycotic solution (from here on referred to
as complete medium) prior to being centrifuged. The supernatant was then
aspirated and the resultant cell pellet was resuspended in 1ml complete
medium and seeded in a 75cm? tissue culture flask containing 15ml
complete medium.

FLCs and NHLFs once 90-100% confluent and 621-101 cells when 70%
confluent were subjected to subculture. The latter do not contact inhibit
and hence can overgrow and die if left to full confluency. After removing
the existing medium the cell monolayer was detached by washing once

with pre-warmed x1 Trypsin-EDTA solution (Sigma, Dorset, UK) and then
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incubating for 2-5 minutes at 37°C and 5% CO.. Cells were urged to detach
with gentle tapping after which the cell suspension was transferred to a
universal tube containing 5-10ml complete medium to inhibit trypsin
activity. The cell were centrifuged, resultant supernatant aspirated and the
cell pellet resuspended in 1ml complete medium. In the case of FLCs and
NHLFs and the resultant cell solution was equally distributed between 4
75cm? tissue culture flasks whereas 621-101 cells were distributed

between 10 75cm? tissue culture flasks.

Suspension cell line HMC-1 were observed for cell clusters. If the clusters
increased in proportion to the area of the flask, the cell containing medium
was aspirated into a universal tube and centrifuged. Resultant supernatant
was discarded and the cell pellet was resuspended in 1ml complete
medium. The cells were then distributed between 10 75cm? tissue culture

flasks.

2.2.5 Cryopreservation of cells

Cells per 75cm? tissue culture flask were detached as described in section
2.2.4. The freezing medium consisting of 90% FCS and 10% dimethyl
sulphoxide (DMSO, Sigma, Dorset, UK) was prepared and the resultant cell
pellet was resuspended in it following which it was transferred to a cryovial.
The cryovials were placed in -80°C for 24-48 hours and then transferred

to liquid nitrogen for long term storage.
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2.2.6 Standard method for cell culture experiments

FLCs, NHLFs and 621-101 cells were thawed and subcultured as described
in section 2.2.4. Unless otherwise stated, prior to any experiments, cells
were serum starved for an overnight period following which they were
detached and counted using a Neubauer chamber haemocytometer. Cell
were mixed in a 1:1 ratio with 0.4% trypan blue solution (Sigma, Dorset,
UK) to account for dead cells prior to counting. Cells were counted as per
the experimental conditions and were used only between passages 3 and
6. All of the experiments per donor were performed in triplicate or as six

replicates and where necessary, the replicates were pooled.

2.2.7 Standard method for explant tissue culture

Whole lungs excised at the time of transplant were obtained from UK
transplant centres. LAM lung tissue was thoroughly washed in DPBS
followed by several washes of DMEM supplemented with x1 antibiotic and
antimycotic solution (Sigma, Dorset, UK). Tissue from two donors was
freshly cut into approximately 4mm x 4mm pieces from six different areas
of the lung parenchyma. Each of the tissue explants were placed in each
well of a 24-well tissue culture plate and three such plates were set up per
donor. The tissue explants were allowed to equilibrate overnight in serum-
free DMEM/F-12. The following day, tissue explants were treated with
either vehicle (DMSO), 10nM pB-estradiol, 10nM rapamycin or a

combination of 10nM B-estradiol and 10nM rapamycin for 48 hours.
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2.2.8 Labelling cells with CellTracker™ Dyes

CellTracker™ Dyes (Invitrogen, Life Technologies, Paisley, UK) were used
to label cells in culture used in co-culture models in order to distinguish
between two cell types. Medium was aspirated from cell monolayers
cultured in 75cm? flasks. The medium was replaced with serum free
DMEM/F-12 supplemented with 4nm CellTracker™ Green CMFDA dye
(Invitrogen, Life Technologies, Paisley, UK) for fibroblasts and 4nm
CellTracker™ Orange CMTMR dye (Invitrogen, Life Technologies, Paisley,
UK) for 621-101 cells. Cells were then placed in the incubator for 30
minutes at 37°C and 5% CO: until the dye was incorporated by the cells.
The dye containing medium was then aspirated and replaced with fresh
serum free DMEM/F-12 for another 30 minutes. Following this the cells

could be detached and used experimental procedures.

2.2.9 MTT Reduction assay

The 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide or MTT
colourimetric assay is used to evaluate cell viability. The conversion of
tetrazolium salt MTT to formazan crystals requires cellular mitochondrial
activity. As mitochondrial activity is constant for most viable cells, an
increase or decrease in this activity is indicative in an increase or decrease
in cells, hence the assay serves as a surrogate marker for cell number (van

Meerloo et al., 2011).

A 0.5mg/ml MTT (Sigma Aldrich, Dorset, UK) solution was prepared using
DMEM/F-12 phenol red free medium. On the designated experimental day,
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the existing overlaying media was aspirated, cell monolayer was briefly
washed with DPBS and depending on the culture vessel, replaced with 0.5
to 1ml of the freshly prepared MTT solution. The plate was returned to the
incubator at 37°C and 5% CO:2 for 2-6 hours protected from direct light.
The incubation time was determined depending on the cell density as
sparse cultures required longer incubation times (Sieuwerts et al., 1995).
Following incubation, MTT solution was gently aspirated and 0.5 to 1ml of
isopropyl alcohol (propan-2-ol) solution was added to each well to
solubilise the formazan crystals resulting in a purple coloured solution. The
solution was resuspended and each sample was transferred as 100yl
triplicates in a 96-well plate. A solvent only (isopropyl alcohol) blank was
also set up and the absorbance as measured at 570nm with a background
subtraction at 690nm using the Flexstation 3 Multi-Mode Microplate Reader

(Molecular Devices, Berkshire, UK).

2.2.10 AlamarBlue® assay

Another marker for cell viability and proliferation, AlamarBlue® monitors
the reducing environment of the living cell. Live cells maintain a reducing
environment in their cytosol. The active ingredient resazurin is cell
permeable which is converted to resorufin a pink coloured highly
fluorescent under reducing conditions in the cells. Thus an increase or
decrease in colour intensity or fluorescence is an indication of viable and

proliferative cells (Rampersad, 2012, ThermoFisherScientific, 2008).
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On the designated experimental day, 100ul of 10x alamarBlue solution
(Thermo Scientific, Life Technologies, Paisley, UK) was added to the
existing cell culture medium in each well resulting in a x1 final
concentration. Appropriate experimental controls were also set up. Culture
plates were then returned to the incubator at 37°C and 5% CO: for 4 hours
protected from direct light. Following incubation, the resultant AlamarBlue
sample and control solutions were transferred in triplicate to a black-walled
96-well plate and fluorescence was read using the Flexstation 3 Multi-Mode
Microplate Reader (Molecular Devices, Berkshire, UK) at an excitation

wavelength of 540nm and emission wavelength of 610nm.

2.3 Quantification of gene expression

2.3.1 Tissue homogenisation

Fresh LAM lung tissue obtained at the time of transplant was cut into 180
to 240mg pieces each from six different areas of the lung parenchyma and
snap frozen. Optimal cutting temperature (OCT) embedded donated LAM
lung tissue obtained from the National Disease Research Interchange
(NDRI) was cut into 180 to 240mg pieces. 250ul per 40mg of fresh frozen
and OCT embedded tissue of lysis buffer containing freshly added 2-
mercaptoethanol (2-ME, Sigma, Dorset, UK) was added and the tissue was
either manually homogenised using disposable polypropylene pestles
(Sigma, Dorset, UK) or mechanically homogenised using an IKA-ultra-
turrax® T25 (IKA, Oxford, UK) homogeniser. This was followed by

shearing using a 19-gauge needle (Becton Dickson, Oxford, UK),
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centrifuging for 10 minutes and filtering the supernatant using GenElute™
Filtration Columns (Sigma, Dorset, UK) to remove tissue debris. The flow

through was retained and taken further for total RNA extraction.

2.3.2 Total ribonucleic acid (RNA) extraction

Total RNA was extracted using GenElute™ Mammalian Total RNA Miniprep
Kit (Sigma, Dorset, UK) with an adapted protocol. A total of 250ul of lysis
buffer solution with freshly added 2-mercaptoethanol for up to 5x10° cells
was added and the resulting solution was resuspended before harvesting
with scraping followed by vortexing. The tissue lysate obtained after
filtering as described (section 2.3.1) and cell lysate was then mixed with
equal amount of 70% RNase-free ethanol which was mixed into the lysate
by inversion and then loaded onto a GenElute™ binding column. The
column was centrifuged at 14,000rpm for 1min at room temperature (RT)
to bind RNA. This was followed by an on-column DNase I enzyme digest
(Sigma, Dorset, UK) for the removal of contaminating genomic
deoxyribonucleic acid (DNA). Column bound RNA was treated with 80pl of
DNase I solution (10ul DNase I + 70ul DNase I buffer) for 15mins at RT
before washing with 250ul of wash solution 1 followed by centrifugation
(14,000rpm, 1min, RT). The column was washed a second time using
500ul of wash solution 2 followed by centrifugation (14,000rpm, 1min,
RT). The addition of wash solution 2 was repeated followed by
centrifugation at 14,000rpm for 2 mins at RT. The column was then

centrifuged without adding any solution at 14,000rpm for 1 min at RT.
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Lastly the binding column was transferred to a fresh tube, 30ul of elution
solution was added followed by centrifugation at 10,000rpm for 2 mins at

RT to yield RNA which was collected and immediately stored at -80°C.

2.3.3 Complementary DNA (cDNA) synthesis

cDNA synthesis was performed using the SuperScript® III First-Strand
Synthesis System (Invitrogen, Life Technologies, Paisley, UK) alongside
random hexamers (Invitrogen, Life Technologies, Paisley, UK). A modified
double reaction was set up using a mastermix (Table 2.6) for each
reaction. 500ng of RNA was used for each 26yl initial reaction. This was

incubated at 65°C for 5 minutes, cooled for 1 minute on ice and then placed

at RT.
Reagent Volume per reaction (pl)
Random hexamers (50ng/ml) 4
5mN dNTP mixture 4
RNA 500ng
DEPC water As required
Total 26ul
5x FS buffer 8
DTT(0.1M) 4

Table 2.6 cDNA mastermix

The next master mix of 5x First Strand buffer and 0.1M dithiothreitol (DTT)
was then added to the initial reaction. 2ul of SuperScript™ III Reverse

Transcriptase (RT) (Invitrogen, Life Technologies, Paisley, UK) was added
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to the +RT samples with 2ul of DEPC water added to the —RT samples. The
samples were then placed in a thermocycler and cDNA synthesised using

the program settings in Table 2.7.

Temperature (°C) Time (mins)

25 10
42 60
72 15
4 hold

Table 2.7 cDNA synthesis cycling conditions

2.3.4 Quantitative real-time polymerase chain reaction (qRT-PCR)

Quantitative RT-PCR was performed to assess the relative abundance of
gene transcripts using the Brilliant III Ultra-Fast SYBR® Green QPCR
Master Mix (Agilent Technologies, Cheshire, UK). cDNA synthesised as
described (section 2.3.3) was diluted 25-fold using DEPC water to account
for the sensitivity of the reaction. A mastermix excluding the cDNA was

then prepared as listed in Table 2.8 (a)
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Reagent Volume per rection (pl)
2x Brilliant III SYBR Green mastermix 12.5
Primer mix (5um) 1
cDNA 5
DEPC water 6.5
Total 25
B
Temperature (°C) Time
5
95 3mins ]_ a
<
o
95 10secs o
60 20secs
95 1min
55 30secs
95 30secs

Table 2.8 gRT-PCR mastermix (A) and cycling conditions (B)

20ul of mastermix per well and 5ul cDNA was added directly to each
reaction in a 96-well reaction plate followed by secure sealing and briefly
centrifuging before placing into a thermocycler. Reactions were run using
the Mx3005P gPCR System and analysed with the MxPro Software (Agilent
Technologies, Cheshire, UK). Predesigned and validated KiCq Start SYBR
Green Primers (Sigma, Dorset, UK) were used which were selected on the
basis of their rank and exon locations (Table 2.9)
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Rank Location

1 The middle of one primer overlaps an exon
splice site
2 The 5’ or 3’ end of one primer overlaps an

exon splice site

3 The amplicon, but neither primer, overlaps an
exon splice site

4 Primer overlap is not possible for various
reasons, e.g. the gene has only one exon

Table 2.9 Ranks and corresponding locations of predesigned KiCq Start primers

Reactions were performed in triplicate and PCR data was analysed using
the comparative CT (22°T) method (Livak and Schmittgen, 2001) which
provides normalisation to an endogenous reference in differing cDNA
added to the reaction mixture. As total copy number is not a goal of these
experiments, relative quantification is suitable as no standard curve is
needed. Internal controls were validated to show that there was little

variation of housekeeping gene expression with experimental protocols.
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2.4 Histology and Cytology

2.4.1 Haematoxylin and Eosin staining

Formalin-fixed paraffin embedded tissue sections were dewaxed for 5
minutes in Histoclear (R.A. Lamb, Fisher Scientific, Loughborough, UK) and
transferred to fresh Histoclear for a further 5 minutes. Slides were then
rehydrated through a series of graded alcohols; 3 minutes each in 100%,
95%, 70% ethanol, then taken to deionised water (dH20) and then
phosphate buffered saline (PBS). Slides were then transferred to a Coplin
jar containing Mayer’s Haematoxylin (Sigma, Dorset, UK) for 5 minutes to
allow nuclear staining. Slides were rinsed in running tap water for 5
minutes after which they were transferred to a coplin jar containing Eosin
(Sigma, Dorset, UK) for a further 5 minutes. Slides were then dehydrated
back through the series of graded alcohols (70%, 95%, 100%), through
to Histoclear and then mounted using VectaMount Permanent Mounting
Medium (Vector Laboratories, Peterborough, UK) placing a coverslip
lowered carefully over tissue, removing all air bubbles. Edges of the slide
were then wiped and left to set for 24 hours at room temperature. Slides
were imaged on Nikon Diaphot 300 Inverted Microscope (Nikon UK

Limited, UK).

2.4.2 Chromogenic Immunohistochemistry (IHC)
Immunohistochemistry was performed on sections cut from FFPE wax
blocks. Slides were dewaxed for 5 minutes in Histoclear followed by

rehydration through the series of graded alcohols (100%, 95%, 70%),
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through to dH20 and then PBS supplemented with 0.05% Tween 20
(Sigma, Dorset, UK) (PBST). Heat-induced epitope retrieval (HIER) was
then performed using sodium citrate buffer solution, pH 6.0. The slides
were then submerged in the buffer solution (pre-warmed in a microwave)
placed in a Breville ITP181 steamer, heated to 100°C and incubated for 20
minutes. The steamer was then turned off and slides were left to cool for
a further 20 minutes. Sections were then placed in PBST for a minute after
which they were incubated with 3% aqueous hydrogen peroxide solution
(Sigma, Dorset, UK) for 10 minutes to quench endogenous peroxidases.
Sections were then rinsed in PBST and incubated with 2.5% horse serum
(Vector Laboratories, Peterborough, UK) for 30 minutes at room
temperature to block non-specific binding sites. Following this sections
were incubated primary antibodies diluted in 2.5% horse serum and,
unless otherwise stated, incubated overnight at 4°C. Sections were then
washed 3 times in PBST for 10 minutes each followed by incubation with
horseradish peroxidase conjugated secondary antibodies for 1 hour at
room temperature. Washing was repeated as described above.
Chromogenic detection was carried out using ImmPact DAB
(diaminobenzidine) (Vector Laboratories, Peterborough, UK) prepared by
adding 30pl of ImmPact DAB chromogen concentrate to 1ml of ImmPact
DAB diluent. The resultant DAB working solution was applied on to tissue
sections at incubated at room temperature for 2-5 minutes as optimised
per antibody reaction. Sections were then rinsed in dH20 after which they
were counterstained using Mayer’s haematoxylin for 3 minutes at room

temperature following by bluing under running tap water for 1 minute.
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Slides were then taken to dH20 and subsequently dehydrated through the
series of graded alcohols; 3 minutes each in 70%, 95% and 100% ethanol.
Slides were then taken through to Histoclear, excess wiped carefully and
tissue sections were mounted in VectaMount permanent mounting media
(Vector Laboratories, Peterborough, UK) as described in section 2.4.1.
Immunostained section images were acquired using a Nikon Diaphot 300
Inverted Microscope (Nikon UK Limited, UK) or a NanoZoomer

(Hamamatsu Photonics, Hertfordshire, UK).

2.4.3 Fluorescent Immunohistochemistry (IHC-Fr)

Fluorescent immunohistochemistry was performed on FFPE tissue sections.
Sections were dewaxed and subjected to HIER as described in section
2.4.2. The peroxidase block was omitted and sections were incubated with
primary antibodies at 4°C overnight. The following day sections were
washed as described (section 2.4.2) and incubated with fluorophore-
conjugated secondary antibodies for 1 hour at room temperature. Sections
were washed in PBST as described (section 2.4.2) followed by
counterstaining with 4',6-diamidino-2-phenylindole (DAPI, Sigma, Dorset,
UK) diluted 1:5000 using PBS for 10 minutes at room temperature. Excess
PBS was carefully wiped off and sections were mounted using Fluorescent
Mounting Medium (Dako UK Ltd, Ely, UK). Immunostained images were
obtained using an Improvision spinning disc confocal microscope and

Volocity 3D image analysis software V6.3 (Perkin Elmer, MA, USA).
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2.4.4 Immunofluorescence

Immunofluorescence was performed on cells cultured in 8-well Nunc Lab-
Tek II Chamber Slide System (Fisher Scientific, Loughborough, UK).
Culture medium was aspirated, cells were washed 3 times for 5 minutes
each with DPBS and then fixed using 4% formaldehyde solution (Sigma,
Dorset, UK) overnight at 4°C. The following day, formaldehyde was
aspirated and each well was washed 3 times with PBS. Cells were then
permeabilised to expose the intracellular antigens by incubating with
0.15% Triton X-100 (Sigma, Dorset, UK) in PBS for 10 minutes followed
by aspiration and washing 3 times with PBS. Cells were blocked with 10%
goat serum (Sigma, Dorset, UK) in 1% bovine serum albumin (BSA) in PBS
for 30 minutes at room temperature. Blocking agent was aspirated and
fixed and permeabilised cells were then incubated with either primary
antibodies or isotype controls diluted in blocking solution overnight at 4°C,
unless otherwise stated (Table 2.1 and Table 2.2).

The following day primary antibodies were aspirated and wells were
washed 3 times with PBS. Cells were then incubated with fluorophore
conjugated secondary antibodies appropriately diluted (Table 2.3) with
blocking agent for 1 hour at RT on a platform rocker, protected from light.
The secondary antibodies were then aspirated and cells were washed 2
time with PBS. 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, Dorset, UK)
at a stock concentration of 1mg/ml in dH20 was added to the last PBS
wash at a working concentration of 0.2ug/ml to allow visualisation of the
nuclei for 10 minutes at room temperature before aspirating. Chamber

sections of the slides were removed, excess PBS was carefully wiped off
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and slides were mounted by carefully placing a cover slip on each slide
using Dako Fluorescent Mounting medium (Dako, Ely, UK). Images were
obtained using the Improvision spinning disc confocal microscope using

Volocity 3D image analysis software V6.3 (Perkin Elmer, MA, USA).

2.5 Protein determination

2.5.1 Bio-Plex® Multiplex Immunoassay

The Bio-Plex multiplex assay is a high-throughput multiplex bead array
assay that is capable of quantifying large number of analytes. Coupled
beads react with the analyte of interest within the samples and any
unbound protein thereafter was washed off. A biotinylated detection
antibody creates a sandwich complex and the final detection complex was
formed by the addition of streptavidin-phycoerythrin (SA-PE) conjugate.
Phycoerythrin fluoresces green and serves as a fluorescent indicator. The
reader passes a red (635nm) laser to illuminate the fluorescent dyes within
each bead to provide classification of beads and identification of the
analyte. Simultaneously, a green (532nm) laser excites phycoerythrin
generating a reporter signal. This is detected by a photomultiplier tube
(PMT) and the Bio-Plex Manager™ software presents data as concentration
(pg/ml) (Bio-Plex, 2017).

Bio-Plex Multiplex Immunoassay using a customised Bio-Plex® Pro Human
Chemokine assay panel (Bio-Rad Laboratories, Watford, UK) was carried
out as per manufacturer’s instructions. In brief, supernatant samples were

x2 diluted using DMEM/F-12 supplemented with 0.5% bovine serum
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albumin (BSA). The standard was reconstituted and a fourfold standard
dilution series was prepared with 9 standards named S1 to S9. DMEM/F-
12 supplemented with 0.5% BSA was used as blank. 50pl of diluted (1x)
coupled magnetic beads were added to each well of the 96-well assay
plate. The plate was then placed on a magnet holder for 1 minute allowing
the magnet to capture the magnetic beads and washed two times using
the wash buffer supplied before aspirating and discarding the wash
solution. Sample, standards, blanks and controls were vortexed and 50ul
was added to each well. The plate was covered, protected from light and
placed on a shaker at 850 rpm for 1 hour at room temperature. The plate
was washed three times again using the magnet holder to capture the
beads before discarding the wash solution. 25ul of diluted detection
antibodies were added to the plate after which the plate was incubated in
the dark for 30 minutes with shaking at 850 rpm at RT. This was followed
by washing three times, adding 50pul of SA-PE was added to each well after
which the plate was incubated in the dark for 10 minutes with shaking at
850 rpm at RT. The plate was washed thrice after which the beads were
resuspended in 125ul assay buffer, shaken briefly at 850 rpm and then
read using the Bio-Plex 100, 200 (Bio-Rad, Watford, UK) allowing for 50
reads per bead. The bead region and standard value for each analyte was

set prior to reading the plate.
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2.5.2 Proteome profiler™ Human Protease array

The Proteome profiler™ protease array (R and D Systems, Abingdon, UK)
was performed to assess extracellularly released proteases. In brief, each
pre-coated membrane was placed in each well of the 4-well multi dish
supplied. Membranes were blocked in 2ml Array buffer 6 for 1 hour at room
temperature on a rocking platform shaker. Samples were prepared and
final volume was adjusted to 1.5ml using Array Buffer 6. 15ul of the
detection antibody cocktail was added to each sample and incubated for 1
hour at room temperature. Following blocking samples were incubated
with each membrane for an overnight period at 4°C on a rocking platform
shaker.

The following day, membranes were washed 3 times for 10 minutes each
in 20ml of wash buffer. This was followed by incubation with streptavidin-
HRP (diluted 1:2000) for 30 minutes at RT on a rocking platform shaker
and then washing 3 times for 10 minutes each. Dabbing off excess wash
buffer, each membrane was placed on a flat plastic surface. 1ml of Chemi
reagent mix was pipetted onto each membrane for 1 minute making sure
the surface was coated evenly. Excess Chemi reagent mix was dabbed off
and membranes were placed on a plastic tray taking care that no air
bubbles were trapped underneath. The tray was placed in the LI-COR
Odyssey® Fc Imaging System (LI-COR Biosciences UK Ltd, Cambridge,

UK) for developing a dot blot image.
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2.6 Microscopy and Image analyses

2.6.1 Microscopy and imaging

Fluorescence microscopy was carried out using the Improvision spinning
disc confocal microscope and images were acquired using Volocity 3D
image analysis software V6.3 (Perkin Elmer, MA, USA). Images were
merged using Imagel (Rasband, 1997-2016). Histology and brightfield
images were acquired using the Nikon Diaphot 300 Inverted Microscope
(Nikon UK Limited, UK). Immunohistochemical images were also acquired
using the NanoZoomer and NDP.view.2 viewing software (Hamamatsu

Photonics, Hertfordshire, UK)

2.6.2 Densitometry analysis

Dot blot images acquired using LI-COR Odyssey® Fc Imaging System (LI-
COR Biosciences UK Ltd, Cambridge, UK). Images were imported into the
Image Studio™ Lite version 5.2 software (LI-COR Biosciences UK Ltd,
Cambridge, UK). Each duplicate dot on the blot represented a distinct
protein sample. Under the analysis tab, the ‘draw ellipse’ tool was selected
and an ellipse was drawn around each dot. The ‘local background’
subtraction was selected to eliminate background noise within the ellipse
drawn. Mean pixel density readings generated by the software were

exported to an Excel document and data was plotted.

113



2.7 Statistical Analyses
All data were processed using Microsoft Excel 2010 (Microsoft Corporation,
USA). Unless otherwise stated, n=3 experimental data were presented
with £ standard deviation (SD) and statistical analyses were performed for
datasets using the GraphPad PRISM version 7.01 software (GraphPad

Software Inc., La Jolla, CA, USA)

2.7.1 Analysis of variance

Tests were carried out to identify the variance occurring between groups
compared. When comparing two independent samples either a Student’s
t-test or Multiple t-tests using a Bonferroni-Dunn post-hoc analysis was
performed. When variance was investigated across 3 or more samples
either a one-way ANOVA or a two-way ANOVA was performed. Post-hoc
tests were carried out in order to confirm where the differences occurred
between groups. A post-hoc Bonferroni correction was performed which
takes into account the expected number of Type I errors and tests each
individual hypothesis at a lower significance level. A Dunnet’s post-hoc test
was performed when all samples were compared to a selected control
sample. All tests were carried out as two-tailed, where the null hypothesis

is rejected when the value of the test statistic was less than 0.05 (p<0.05).
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2.7.2 Linear regression and correlation analysis

Regression analysis was used to model the relationship between two or
more variables using a straight line. Linear regression fits a straight line
through the data to calculate the best fit value of the slope and intercept.
Correlation analysis was used to calculate a correlation coefficient (r) which
is @ measure of the strength and direction of a linear relationship between
two variables. Where x and y have a strong positive linear correlation (as
values for x increases, values for y also increase) r is close to +1. Where
r is close to -1 this indicates x and y have a strong negative correlation.
Correlations in this thesis are non-normal (non-parametric) datasets
therefore the non-parametric version of the statistical tool (Spearman’s

Correlation) was used.
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3 CHAPTER 3: In vitro Modelling of Lymphangioleiomyomatosis
3.1 Introduction

3.1.1 Background

Laboratory models are an invaluable tool to investigate disease
development in ways that are not possible in humans. The establishment
of the Eker rat model first paved the way for subsequently better,
genetically engineered mouse models and xenograft models to study LAM
(Kwiatkowski, 2010, Clements et al., 2010). Although these models
develop TSC”/tumours and are still widely used, they do not develop
pulmonary LAM (Kwiatkowski, 2010). In vitro models based on human cells

are therefore now being explored.

In vivo cells take cues from each other via the cell-cell contacts and
extracellular matrix (ECM). As opposed to a 2-dimentional (2D) culture
where cells grow in a monolayer, a true 3-dimensional (3D) conformation
and the ECM components are required for most cells to form relevant
physiological structures in vitro (Griffith and Swartz, 2006). The ECM
provides physical support to the tissues and cells enmeshed therein, which
is required for their normal functioning. The ECM in the lung plays an
important role in influencing cell behaviour in both health and disease The
pulmonary interstitium consists of non-cellular components, collagen
primarily, and elastin fibres interspersed with the most commonly
identified cellular component, fibroblasts, which are mainly responsible for
ECM turnover (Dunsmore and Rannels, 1996, White, 2015). The

parenchyma of a LAM lung consists of a heterogeneous population of cells
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that aggregate to form nodules, within which only an estimated 20% of
cells are associated with a bi-allelic inactivation of TSC2 (Pacheco-
Rodriguez et al., 2007, Clements et al., 2015). This suggests that the
remaining 80% of the cell population in a nodule is wild type with respect
to TSC2. Histological examination of a LAM nodule shows the existence of
at least two distinct populations of cells with a large number cells being
spindle-shaped (Henske and McCormack, 2012) that are known to express
mesenchymal cell markers such as vimentin, desmin and a-smooth muscle
actin (Zhe and Schuger, 2004). It is therefore possible that these cells are

of a fibroblastic phenotype.

The origin of these fibroblasts is unknown, however, it has been suggested
that bone-marrow derived mesenchymal progenitors known as fibrocytes
are the main contributors to new populations of fibroblasts and
myofibroblasts as part of a stromal reaction to tumour development (Bellini
and Mattoli, 2007). Another concept of fibroblast origin suggested a more
local generation of fibroblasts from organ epithelium via epithelial-
mesenchymal transition (EMT) (Iwano et al., 2002, Ogawa et al., 2006).
Studies using bone marrow chimera mice have been consistent with the
finding that pulmonary fibroblasts are derived from circulating fibrocytes
via cytokine/chemokine recruitment. However it is not clear what
phenotype of the fibroblast-like cell is recruited (Hashimoto et al., 2004,
Schmidt et al., 2003, Phillips et al., 2004). In vivo, fibroblasts are relatively
undifferentiated cells and, given the right stimulus, they are able to
embark onto a path of differentiation acquiring features of other

mesenchymal cells (Schmitt-Graff et al., 1994). For example fibroblasts
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can be activated by Transforming Growth Factor-beta (TGF-$3) to give rise
to the alpha-Smooth Muscle Actin (a-SMA) expressing fibroblast, known
as the myofibroblast (Ogawa et al., 2006, Phan, 2008). Distinguishing

between these two cell types, however is difficult.

Human lung fibroblasts have been known to be heterogeneous with respect
to surface marker expression, proliferation and collagen production. This
heterogeneity may arise from activation or differentiation processes taking
place in the cells (Koumas et al., 2003). Thy-1 or Cluster of Differentiation
90 (CD90) that has been known to identify and phenotypically characterise
fibroblasts into their distinct subsets (Baglole et al., 2005). This antibody
was selected as our commercially bought normal human lung fibroblasts

(NHLFs) have been characterised as CD90" cells (Promocell, 2015).

Fibroblast Activation Protein-alpha (FAP-a) has been shown to be
expressed by reactive stromal fibroblasts and also in fibroblasts from
Idiopathic Pulmonary Fibrosis (Acharya et al., 2006, Scanlan et al., 1994).
This antibody was selected to determine if there was a difference in FAP-a

expression between fibroblast-like cells isolated from LAM lung and NHLFs.

3.1.2 Aims & Objectives

The aims of this part of the study were to establish a working three-
dimensional co-culture model of LAM consisting of the two main cell types
identified in LAM nodules. This focused on the selection of the appropriate
model, ECM substrate, cell number and cell ratio. In parallel the model was

validated for markers of LAM, viability and proliferation.
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3.2 Methods

3.2.1 Embedding Cells in Extracellular Matrix (ECM Gel)

NHLFs and 621-101 cells were cultured in DMEM/F-12 supplemented with
10% FCS as described which was replaced with DMEM/F-12 without FCS
overnight. The cells were then labelled using CellTracker™ dyes as
described in section 2.2.8 after which the cells were detached, pelleted and
resuspended in DMEM/F-12. NHLFs, 621-101 cells or a 1:1, 5:1 and 10:1
mixture of NHLFs and 621-101 cells were counted to a total of 104, 5x10*
and 10° cells/well and were maintained at 4°C. The ECM gel (Sigma,
Dorset, UK) was thawed overnight at 4°C and the cold liquid ECM gel was
added to the cells in media at a concentration of 4 mg/ml (diluted from a
stock concentration of 10 mg/ml). 500pul of the resulting co-culture and
mono-culture solutions were added gently to each well of a pre-warmed
(1 hour at 37°C) 24-well plate and the plate was maintained at 37°C and
5% CO:2 for 1 hour for the gels to set after which gels were overlaid with
500ul media to prevent drying out and put back into the incubator. Three
NHLF donors were used and at least three wells per condition were set up.
Gels were monitored for 7 days with images of cells taken on days 1, 3
and 7 using the Improvision spinning disc confocal microscope using

Volocity 3D image analysis software V6.3 (Perkin Elmer, MA, USA).
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3.2.2 Embedding Cells in Culturex® Basement Membrane Extract (BME)
Gel
Fibroblasts (NHLFs and LAFs) and 621-101 cells were cultured, labelled,
detached and resuspended in DMEM/F-12 as described in sections 2.2.4
and 2.2.8. A total of 5x10*fibroblasts, 621-101 cells or a 10:1 mixture of
fibroblasts and 621-101 cells were counted and maintained at 4°C.
Culturex® BME gel (Trevigen, AMSBiotechnology, Abingdon UK) was
thawed overnight at 4°C and was initially diluted from a stock
concentration of 15.64mg/ml to 7.5mg/ml using DMEM/F-12 without FCS
and maintained at 4°C. The diluted BME gel solution was added to the co-
culture and mono-culture cell suspensions at a final concentration of
3.75mg/ml. For a 7.5mg/ml gel concentration, cells were added directly to
the stock. 400ul of the resulting gel solution were gently added to each
well of a pre-warmed 48-well plate (1 hour at 37°C) and the plate was
maintained at 37°C and 5% CO: for 1 hour for the gels to set after which
gels were overlaid with 400ul media to prevent drying out and put back
into the incubator. Three NHLF and four LAF donors were used and at least
three wells per condition were set up. Gels were monitored for 7 days with
images of cells taken on days 1, 3 and 7 using the Improvision spinning

disc confocal microscope using Volocity 3D image analysis software V6.3.

3.2.3 Spheroid (LAM Spheroid) Culture
Fibroblasts (NHLFs or LAFs) and 621-101 cells were cultured, labelled

using CellTracker dyes, detached and resuspended using DMEM/F-12 as
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described in section 2.3.4 and 2.2.8. Fibroblasts, 621-101 cells or a 10:1
mixture of fibroblasts and 621-101 cells were counted such that each
spheroid contained 2x103, 5x10° or 10* cells per spheroid. 100pl of this
cell suspension was expelled into each well of the Lipidure-COAT® ULA 96-
well U-bottomed plate (AMSBiotechnology, Abingdon, UK) and placed in
the incubator at 37°C and 5% CO2. Spheroids were formed spontaneously
within 48 to 72 hours. Spheroids were imaged on days 1, 4 and 7 using
the Improvision spinning disc confocal microscope using Volocity 3D image

analysis software V6.3.

3.2.4 Organoid (LAMosphere) Culture

Fresh LAM lung tissue removed at the time for transplantation was
obtained and cut into 1.2cm x 1.2cm pieces. Tissue was then teased apart
using a scalpel and needle making cuts in the tissue to aid dissociation. A
0.5mg/ml Collagenase (Clostridium histolyticum, type II, Sigma, Dorset,
UK) solution was prepared in DMEM/F-12, and tissue was submerged in
and put placed at 37°C and 5% CO: for 3 to 4 hours. Digested tissue was
then washed twice in DMEM/F-12 to get rid of tissue debris after which
remaining tissue pellet containing cells was suspended in DMEM/F-12
supplemented with 10% FCS and plated onto 100mm tissue culture-
treated culture dishes offering a low adhesive surface to cells.
LAMospheres were formed after 24 hours and images were taken using a

Nikon Diaphot 300 inverted microscope.
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3.2.5 Measuring Spheroid and Organoid Size

Images of spheroids and organoids acquired using either a Nikon Diaphot
Inverted microscope or an Improvision spinning-disc confocal microscope
using Volocity 3D image analysis software V6.3 were imported into the
Image] software (Rasband, 1997-2016). Here the scale of the images was
set based on the magnification and known pixels and distance in ym of
each objective. Once the scale was set, the line tool was selected and a
horizontal, vertical and diagonal line was drawn across the longest
diameter of the spheroid or organoids. The length of each line drawn was
measured and the average of the three diameters was taken to be the

diametric size of the spheroid or organoid.

3.2.6 Embedding Spheroids and Organoids

A 20mm x 25mm nylon mould consisting of 6 x 11 3mm diameter
paraboloid-shaped pegs was 3D printed and kindly gifted by Dr Delyan
Ivanov (Figure 3.2.1 (a)). The technique was adapted from (Ivanov and
Grabowska, 2017). To make the spheroid and organoid embedding casket,
2ml of a 2% agarose solution (Sigma, Dorset, UK) was expelled into a
30mm x 24mm base mould (Simport, SLS, Nottingham, UK). The nylon
mould was placed in the agarose solution and the base mould was kept at
room temperature for 2 minutes and then at -20°C for 2 minutes for the
agarose gel to set. Once set, the nylon mould was removed carefully which
had now formed 3mm diameter holes into which the spheroids and

organoids were expelled (Figure 3.2.1 (b)) and the base moulds were
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centrifuged to allow settling. 1ml of 2-hydroxyethylagarose, type VII
(Sigma, Dorset, UK), a low gelling temperature agarose was pipetted over
the spheroids to cover the embedded area and the base mould was kept
at room temperature for 1 minute and another minute at -20°C to set. This
formed an agarose gel plug containing spheroids and organoids embedded
within (Figure 3.2.1 (c)) which was then embedded in paraffin and formalin

fixed paraffin (FFPE) embedded block sectioned at 4um thickness.
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Figure 3.2.1 Spheroid mould and agarose embedding of spheroids. (A) Shows the
nylon mould consisting 66 paraboloid-shaped pegs on a single plane. (B) Agarose gel after
the mould-maker has been removed and spheroids are being cast. (C) Multiple spheroids
embedded in a single agarose array.
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3.3 Results

To establish the 3-D co-culture model several new techniques needed to
be established and optimised. The following sections demonstrate the

process of developing this model and the results obtained therein.
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3.3.1 Characterisation of Isolated Fibroblast-Like Cells

Immunofluorescent Detection of Fibroblast Markers

FSP FSP
CD90 CD90
FAP FAP
VIM VIM
DES DES

Normal Human LAM-Associated
Lung Fibroblasts Fibroblasts
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Figure 3.3.1 Images of NHLFs and fibroblast-like cells (FLCs) showing presence
of fibroblast markers. All cells were cultured in media with the absence of FCS and are
stained with DAPI (nuclei, blue). NHLFs and FLCs were stained with anti-fibroblast surface
protein (FSP, clone 1B10, green), anti-CD90 (Thy-1), anti-FAP-a (FAP), anti-vimentin (VIM)
and anti-desmin (DES) (red). Panels A, C, E, G and I show distinct expression patterns of
the selected fibroblast markers in NHLFs as compared to FLCs (panels B, D, F, H and J).
Images of cells taken at 20x using an Improvision spinning-disc confocal microscope.

Cells released from the enzymatic tissue digest were cultured in DMEM
supplemented with 10% FCS. Initial culture gave rise to a mixed
population of cells consisting of both spindle shaped and epithelioid cells.
Subsequent cell populations yielded homogeneous populations of
adherent, proliferative fibroblast-like cells from all four donors. These
fibroblast-like cells (FLCs) morphologically resembled primary human lung
fibroblasts and could not be distinguished from commercially available

normal human lung fibroblasts (NHLFs).

Immunocytochemistry was performed using an early passage of the
fibroblast-like cells isolated from LAM lung tissue to ascertain their
phenotype. Immunoreactivity of antibodies against established fibroblast
markers was compared in both NHLFs and the isolated fibroblast-like cells.
A similar staining pattern for FSP was observed in both the NHLFs and FLCs
with expression of the antigen centred around the nucleus of the cell in a

speckled pattern.

NHLFs exhibited extensive staining for Thy-1 or CD90 (Figure 3.3.1 (c))
showing strong immunoreactivity to anti-CD90 clearly along the cell
membrane. The isolated FLCs however showed a weaker immunoreactivity

with a few cells showing almost no membranous expression (Figure
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3.3.1(d)). The expression pattern of Thy-1 or CD90 was therefore found

to be consistent in the NHLFs but quite varied yet present among the FLCs.

Fibroblasts of a more reactive phenotype such as stromal fibroblasts or
cancer-associated fibroblasts are known to express FAP-a (Brennen et al.,
2012). A granular pattern of FAP-a staining was apparent in the fibroblast-
like cells (Figure 3.3.1(f)). The NHLFs on the other hand, showed weaker
staining for FAP-a (Figure 3.3.1(e)) suggesting that the derived fibroblast-

like cells might have a more reactive phenotype.

Vimentin and desmin are known to be expressed by spindle-shaped cells
in LAM nodules (Grzegorek et al., 2013) and the expression of
mesenchymal marker vimentin (VIM), also used routinely for the
identification of fibroblasts was visibly similar in both NHLFs and FLCs
(Figure 3.3.1 (g) and (h)). The expression of desmin (DES) however was
negligible in the NHLFs (Figure 3.3.1 (i)) with few FLCs (Figure 3.3.1 (g))
showing positive reaction to anti-desmin antibody again suggesting a more
activated phenotype. Isotype controls were performed per donor for each
antibody which were clean with little background staining. A representative

image is shown in Appendix I.

A further characterisation study of the derived fibroblast-like cells was
carried out to distinguish them from the other most abundantly found cells
in the lung, normal airway smooth muscle cells (normal ASM, HASM), using
a-SMA as the marker with cells cultured in the presence and absence of

10% FCS.
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Figure 3.3.2 Immunofluorescent images showing aSMA expression in NHLFs, FLCs
and normal airway smooth muscle (normal ASM) cells. Cells are immunostained with
anti a-SMA (red), fluorophore-conjugated isotype (Alexa Fluor 488, green) and DAPI,
(nuclei, blue). Panels A and D show NHLFs and FLCs respectively cultured in media
containing FCS showing aligned actin filaments. Panels B and E show NHLFs and FLCs
respectively cultured in media without FCS showing very few actin filaments. Panel G and
H show normal ASM cells cultured in media with and without FCS showing actin filaments
regardless of culturing condition. Panels C, F and I show isotypes for NHLFs, FLCs and ASM
cells respectively. Images of cells taken at x20 using an Improvision spinning-disc confocal
microscope.

Figure 3.3.2 shows immunocytochemical staining performed for a-SMA to
further characterise the fibroblast-like cells isolated from LAM lungs.
Normal ASM cells, whether cultured continually in media containing FCS or
serum starved for 48 hours showed stable expression of aSMA with the

actin filaments being organised along the polar axis (Figure 3.3.2 (g and
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h)). Similar expression of a-SMA was observed in the both the NHLFs and
fibroblast-like cells cultured in media containing FCS (Figure 3.3.2 (a and
d)) and both showed the presence of aligned actin filaments. The possible
presence of growth factors in FCS provides an appropriate stimulus to the
fibroblasts to acquire a more myofibroblastic phenotype displaying the
presence of aligned actin filaments. However, the fibroblasts showed a
more spindle-shaped morphology. On the other hand both types of
fibroblasts when serum starved for 48 hours showed the presence of a-
SMA showing positive red staining, but, exhibited very few to none actin
stress fibres within their cytoskeleton (Figure 3.3.2 (b and e)) suggesting
the presence of a large subset of an undifferentiated fibroblast population
possibly due to the lack of activating factors from FCS. Immunostaining
for all the selected fibroblast markers was performed in 3 LAF and 2 NHLF
donors showing the same results as described. Isotype controls were clean
with little background staining (Figure 3.3.2 (c, f and h)).

Using the markers selected, it can be concluded that the derived fibroblast-
like cells, all showing a spindle-shaped morphology, were more similar to
commercially bought control fibroblasts than to ASM cells. These
fibroblast-like cells will therefore from here be described as LAM-

Associated Fibroblasts or LAFs.
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3.3.2 Extracellular Matrix (ECM) Gel as a Three Dimensional Scaffold

ECM gel (Sigma) an Engelbreth-Holm Swarm (EHS) murine tumour derived
extracellular matrix offered a potentially useful biologically active scaffold
for 3D cell culture. The main components of this extracted matrix are type
IV collagen, laminin and a heparin sulphate-containing proteoglycan,
perlecan which are important components of extracellular matrix and are
required for proper adhesion of cells. The matrix solution which is liquid at
4°C forms a strong clear gel when warmed to 37°C. A growth factor

reduced variant of the ECM gel (Kleinman and Martin, 2005) was also used.

3.3.2.1 Determining Appropriate Cell Number and Ratio
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Figure 3.3.3 Optimisation of cell number and ratio for 3D co-culture model. Panels
B, C and D show MTT readings obtained from NHLFs and 621-101 cells in co-culture at
three different ratios 1:1, 5:1 and 10:1 respectively at three different cell densities. Panel
A (i), (ii) and (iii) shows images of co-culture model at 10,000 cells/well ina 1:1, 5:1 and
10:1 ratio respectively. Values are mean £SD (n=3 NHLF donors). Images of cells taken
at x10 magnification using an Improvision spinning-disc confocal microscope. Labelled
NHLFs and 621-101 cell images were merged using ImageJ software.
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For co-culture of fibroblasts with 621-101 cells, three different cell ratios
(1:1, 5:1 and 10:1) and three different cell numbers (10%, 5x10* and 10°
cells/well) were assessed for viability for 7 days in the 3D BME gel via MTT
reduction assay. NHLFs (n=3) were used to optimise culturing conditions
suitable for the 3D LAM model. Figure 3.3.3 (b) shows both cells types
cultured in a 1:1 ratio at different cell numbers. An initial increase in MTT
assay signal at all three cell numbers was noted at day 4, however, by day
7 the signal reduced drastically suggesting a possible decrease in viable
cells. This may be because cells in co-culture at a 1:1 ratio most likely
become overcrowded due to the high proliferative capacity of 621-101
cells. At a 5:1 co-culture ratio, MTT reduction signal measured from cells
at all three cell numbers showed a similar trend. Cells seeded at a 5x104
cells per well however, showed a relatively more gradual decrease in MTT
signal by day 7. This too could be attributed to overgrowth and a
subsequent lack of nutrients. Figure 3.3.3 (a (ii)) shows a representative
image of NHLFs and 621-101 cells in co-culture in a 5:1 ratio at a density

of 10° cells/well.

At a 10:1 co-culture ratio; 10 cells/well showed a decrease in MTT signal
at day 7. The MTT sighal showed a linear increase when cells were seeded
at 5x10* cells/well, however when seeded at 10° cells/well viability reached
a plateau by day 7. Co-culturing NHLFs and 621-101 cells at both 5x10*
and 10° cells/per well in a 10:1 ratio showed a steady MTT signal and
therefore stable viable population of cells to maintain the model for 7 days.
With an aim to have adequate number of viable cells, whilst avoiding

overgrowth of cells, an initial seeding density of 10° cells/well of a 24-well
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plate was selected. Figure 3.3.3 (a (iii)) shows a representative image of
NHLFs and 621-101 cells in co-culture in a 10:1 ratio at a density of 10°

cells/well.

Based on the MTT assay results a 10:1 co-culture ratio was selected for
the model. This was also suitable to avoid overgrowth and overcrowding
of cells due to the high proliferative capacity of the 621-101 cells compared
to NHLF. The 10:1 ratio consisting of a larger population of wild type
fibroblasts in our model also appeared to fit in with conditions in vivo as
within a LAM nodule only 20% of cells express CD9 and CD44v6, markers
that have been associated with bi-allelic inactivation of TSC2 (Pacheco-

Rodriguez et al., 2007).
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3.3.2.2 Selection of the Appropriate Type of ECM Gel for 3D LAM
Model Using Appropriate Cell Number and Cell Ratio

Cells were seeded in growth factor-reduced ECM gel (Sigma Aldrich, Cat

#E6909) and in ECM gel containing full growth factors and phenol red

(Sigma Aldrich, Cat #E1270) and were observed and imaged over a 7 day

period. Cells were seeded in a 500ul gel plug in a 24-well plate at a density

of 10° cells/well.

Full
Growth
factors

Reduced
Growth
factors

621-101
cells only

Co-culture

Figure 3.3.4 Cells in co-culture and mono-culture embedded in ECM gel. Images
taken at day 3 show the NHLFs and 621-101 cells in co-culture (C, D and G, H) and mono-
culture (A, Band E, F). Panels C (black and white) and D (coloured dye, NHLFs-green, 621-
101 cells-red) show cells aggregating in full growth factor ECM gel. Panels G (black and
white) and H (coloured dye, NHLFs-green, 621-101 cells-red) show reduced growth factor
ECM gels with no aggregates. Images are taken at a x10 magnification using a Nikon Diphot
Inverted microscope with epifluorescence.

Figure 3.3.4 shows 8 representative images of NHLFs and 621-101 cells
embedded in co-culture and mono-culture in ECM gel. Although 1x 10°
cells were seeded per well, the ECM gels with reduced growth factors
showed a sparse scattering of cells in mono-culture with the 621-101 cells
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only surviving on the edges of the well (Figure 3.3.4 (f)). In the full growth
factor containing gel however, the cells were more viable and were seen
in ample numbers. The two cell types in co-culture come together to
spontaneously aggregate forming clumps containing both cell types. This
phenomenon was not observed in the growth factor reduced gel condition

where most cells did not survive well and remained apart.

Although the ECM gel initially showed promising results for modelling LAM
in 3D, the results observed here were not reproducible as the gels did not
consistently set within the same batch. A lot of batch variation was
observed, as the exact concentration of the gelling components contained

per batch in the ECM gel was unknown.
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3.3.3 Culturex® Basement Membrane Extract (BME) Gel as a Three Dimensional Scaffold

NHLF Co-culture NHLF Mono-culture LAF Co-culture LAF Mono-culture 62&'101 cell Mono-
culture

Figure 3.3.5 NHLFs and LAFs in co-culture and mono-culture embedded in BME gel. Images taken at day 3 show NHLFs and LAFs in co-culture
and mono-culture. Panels A to E show x4 magnified images of gels in the in culture plate with co-culture showing formation of aggregates of both cell
types (arrows, black). Panels F to J show x10 magnified images of cells embedded in gels showing a well spread out morphology. Images are taken using

a Nikon Diaphot Inverted phase microscope.
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As the ECM gel was deemed unsuitable for use as a 3D scaffold due to its
erratic gelling nature, Culturex® BME1 gel, was trialled which like ECM gel
has been derived from the murine EHS tumour. The gel was diluted to
7.5mg/ml and 3mg/ml in which the cells were embedded. Gels formed
using a 7.5mg/ml concentration were stiff due to which cells embedded in
them did not survive beyond day 2. After initial optimisation using NHLFs,
LAFs were used in the 3D models. Both NHLFs and LAFs behaved in the
same manner when embedded within the 3mg/ml gel showing a well
spread out spindle-shaped morphology (Figure 3.3.5 (b, g and d, i)) and
in co-culture conditions are seen intertwined with 621-101 cells so as to
form aggregates by day 3 (Figure 3.3.5 (a and c)). 621-101 cells on the
other hand showed a more epithelioid-shaped morphology (Figure 3.3.5 (e
and j)). The gels were set in a 48-well plate giving them a smaller surface
area to set compared to a 24-well plate. The cell number was also therefore
reduced to 5x10% cells per well. The preferable features of this BME gel

over the ECM gel are enlisted in Table 3.3.1.
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Culturex® BME1
PathClear™ gel
Consistent gelling
within a batch of gel
Possibility to batch test

ECM gel

Does not require a two-
fold dilution before use

Total protein
Advantages concentration 12-
18mg/ml
Gels within 30 minutes
at 37°C
Requires testing each No consistent gelling
batch before use within a batch
Requires a two-fold Not possible to batch
dilution before use test
Disadvantages e Total protein
concentration 8-
12mg/ml

e Takes longer than 30
minutes to form a gel
Table 3.3.1 Advantages and disadvantages of Culturex® BME1 gel and ECM gel

Figure 3.3.6 LAFs in co-culture with 621-101 cells. Panels A and C show 10x images
of LAFs (green) and 621-101 cells (red) labelled with CellTracker™ dyes in co-culture. 621-
101 cells were clumped together with LAFs at day 3. Panel B shows a x20 magnified image
of a cell clump and Panel C show the 3D co-culture at day 7.

Figure 3.3.6 shows three representative images of LAFs and 621-101 cells
in co-culture embedded in Culturex® BME gel. LAFs and 621-101 cells
show a viable morphology in the 3D gel and within 3 days the two cell
types are aggregated forming clumps (Figure 3.3.6 (b)). All four LAF
donors used behaved in the same manner with 621-101 cells. The gels
were maintained for 7 days where the cells were still viable and identifiable

by the dye, albeit, faded (Figure 3.3.6 (c)).
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3.3.4 Assessment of Cellular Metabolic Activity via MTT Reduction Assay
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Figure 3.3.7 MTT reduction assay performed showing survival co-culture of model
over 7 days. Graph shows optical density readings obtained corresponding to number of
surviving cells in the model. Cells in the co-culture gels survive over 7 days. LAFs (n=4)
show a slight decrease at day 7 and 621-101 cells show a significant decrease in number
by day 7. MTT readings are mean *SD. Two-tailed Students t-test was performed,
*p<0.05.

The MTT reduction assay was performed which measures cell metabolic
activity reflecting the number of viable cells present in culture. This assay
is a reflection of cellular mitochondrial activity which is constant for most
viable cells. Therefore an increase or decrease in activity can be considered
as an indicative of increase or decrease in cells (Berridge et al., 2005, van
Meerloo et al., 2011). This assay was performed in order to assess the
viability and an increase or decrease in cells of the 3D LAM model using
Culturex® BME gel over a period of 7 days. Four LAF donors (n=4) were
cultured with 621-101 cells and the co-culture model consisting of both
cell types showed a non-significant (p>0.05) increase in the MTT signal

and therefore, the number of cells in 4 days. Cells in the model were
139



consistently viable over 7 days. The viability of LAFs in mono-culture was
comparable to that of cells in the co-culture model and is only slightly
reduced by day 7. The 621-101 cells in mono-culture, showed a significant
decrease (p=0.03) in MTT assay signal at day 7 suggesting that the 621-
101 cells may require the support of LAFs in order to survive in a 3D

environment.

3.3.5 Measuring Cell Viability Using Alamarblue® Viability Assay
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Figure 3.3.8 alamarBlue® assay performed showing survival co-culture of model
over 7 days. Graph shows relative fluorescence unit readings obtained corresponding to
number of surviving cells in the model. Cells in the co-culture gels and LAFs (n=4 donors)
in mono-culture gels survive over 7 days. 621-101 cells show a significant decrease in
number by day 7. Fluorescence readings are mean *SD. Two-tailed Student’s t-test
performed (*p<0.05)

The alamarBlue® assay was performed which measures the metabolic
mitochondrial activity of cells based on the reduction of resazaurin to

resorufin by mitochondrial enzymes. This assay was performed as another
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measure of viability of the 3D LAM co-culture model using Culturex® BME
gel and similar to MTT assay findings described in section 3.3.4, the 3D
co-culture model is viable over a 7 day period. Viability of LAFs (n=4) in
mono-culture was comparable to the cells in co-culture surviving well for
7 days, however, the 621-101 cells showed a significant decrease
(p=0.041) in the fluorescent signal from day 1 to day 7. These findings

were consistent with the MTT assay findings.

3.3.6 Gene Expression of Markers of A LAM Nodule and Fibroblast Specific
Markers in the 3D BME Model

The aim of development of the 3D BME model was to recapitulate a LAM

nodule in vitro, therefore the expression of melanocytic markers, hallmark

of a LAM nodule were verified in the model.

(a) (b)

Il LAFs

B NHLFs
0.17
621-101 cells

-

- LAF co-culture

0.1 NHLF co-culture
0.014 0.011%
0.001% 0.0014

0.0001 7 0.00014 T

-
-
0.000017
i i
0.000001" T T T

T
FAP S100A4 PMEL MLANA

0.000017 T

Relative Expression (Norm alised to '—Actln)

Relative Expression (Norm alised to ’-Actin)

0.000001"
FAP S100A4 PMEL MLANA

Figure 3.3.9 Expression of markers of fibroblasts and melanocytic cells in NHLF
and LAF 3D BME models. Quantitative gene expression of markers of fibroblasts and
melanocytic cells in three NHLF and four LAF donor 3D BME models, determined by
quantitative real time PCR. One way ANOVA performed corrected for multiple comparisons
using the Bonferroni correction method **p<0.01.
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The transcriptional expression of melanocytic cell markers glycoprotein
100 (PMEL) and melan-A (MLANA) was very low to negligible in LAFs and
NHLFs in mono-culture but was relatively high in 621-101 cell mono-
culture. The expression of fibroblast marker FAP-a was significantly higher
in LAFs (n=4, p=0.0018) as compared to its expression in 621-101 cells.
Fibroblast-specific protein 1 (S100A4) mRNA was detected in both LAFs
and NHLFs, however the expression was not significantly higher (p<0.05)

than that found in 621-101 cells (Figure 3.3.9 (b)).

The co-culture models consisting of either LAFs or NHLFs with 621-101
cells recapitulating the LAM nodule maintained the expression of both
markers of mesenchymal and melanocytic cells when analysed at day 4
(Figure 3.3.9 (a)). Expression for all four markers was detected in co-
culture models with both cell types with no statistical difference between

them.
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3.3.7 Protein Expression of Markers of a LAM Nodule and Fibroblast

Specific Markers in the 3D BME Model

(a) ()

aSMA aSMA
VIM VIM
DES DES
PCNA PCNA

Normal Human LAM-Associated
Lung Fibroblasts Fibroblasts

Figure 3.3.10 LAF and NHLF co-cultures showing presence of LAM nodule-specific
markers. Images show clumps formed at day 4 from fibroblasts (n=4) and 621-101 cells
in co-culture expressing markers of LAM nodules. Panels A-D show NHLF and E-H show LAF
co-cultures stained for a-smooth muscle actin (a-SMA, red), vimentin (VIM, red), desmin
(DES, red) and proliferating cell nuclear antigen (PCNA, red). Nuclei, blue (DAPI). Images
of cells taken at x20 magnification using an Improvision spinning-disc confocal microscope.
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Both NHLFs (n=3) and LAFs (n=4) when cultured with 621-101 cells
spontaneously formed clumps within 3 days that expressed markers
specific to cells within LAM nodules thereby representing nodules in vitro.
Figure 3.3.10 shows positive staining for a-SMA, vimentin and desmin in
NHLF (Figure 3.3.10(a-c)) and LAF (Figure 3.3.10 (f-h)) co-cultures
respectively. Positive nuclear staining for PCNA was also noted among

several cells within the clumps (magenta coloured nucleus) (Figure 3.3.10

(d) and (i)).

This analysis has shown that fibroblasts and 621-101 cells in 3D BME gels
form cell aggregates that express markers that identify a LAM nodule in
vivo. However, it was not possible to assess the presence of melanocytic
marker expression due to technical issues with the antibody. Although the
two cell types within the clump cannot be distinguished from each other
the analysis shows nonetheless that markers of a LAM nodule are present
in vitro. Isotype controls were performed per donor for each antibody
which were clean with little background staining. A representative image

is shown in Appendix I.
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3.3.8 Generation of Multicellular Co-Culture Spheroids - LAM Spheroids

A variety of features that are observed in vivo are absent in cell monolayers
(2-dimensional culture). Multicellular spheroids are a 3-dimensional (3D)
cell culture model that has become increasingly useful for the study of cell
function as they satisfy the requirement for a more physiologically relevant
model. Spheroids are capable of formation of a complex network of cell-
cell contacts and are capable of producing depositing advanced
extracellular matrix (ECM) (Froehlich et al., 2016, Jamieson et al., 2015).
Conventionally spheroids have been generated from single-cell
suspensions, co-culture multicellular spheroids (CMCS) were subsequently
generated using various tumour cells and fibroblast mimicking tumour
fibroblast interactions in order to study complex cell-to-cell and cell-to-
matrix interactions, tumour-induced alterations in the fibroblast-specific
ECM production and secretion and cancer cell to fibroblast cellular

orientation within spheroids (Kunz-Schughart et al., 2001).

3.3.8.1 Selection of Appropriate Technique for Spheroid Formation
A LAM nodule, although not a solid tumour, can be likened to a cancerous
lesion as it presents with several typical hallmarks of cancer. The aim was
to successfully generate co-culture multicellular spheroids using 621-101
cells and LAM-Associated fibroblasts to recapitulate their interactions
within a LAM nodule in vivo. In order to do this the liquid overlay technique
was incorporated by seeding cells in ultra-low attachment U-bottom plates

to generate spheroids.

145



(a)

Q Q0 .
00338350

00000/0/0/0/0/0,06
00000 0000 Day 1 2-
38558585555 ’ davs

OOOOOOOOOOOO Co-culture cell
@OOOOOOOOOOC) suspension

Lipidure®-COAT Ultra-low attachment
96-well U-bottom plate

(b) (c)

el e e e
[ |
AIOICIOICICICIOICIOICIO
Figure 3.3.11 Diagrammatic illustration of generation of spheroids using Lipidure-
COAT ultra-low attachment U-bottom plate. (a) Shows generation of spheroids using
Ultra-low attachment (ULA) 96-well U-bottomed plates producing reproducibly sized, single
spheroids in each well. (b) Spheroids were imaged at 10x magnification using a standard
brightfield microscope. (c) Representative image of a single spheroid produced from a co-
culture of NHLFs and 621-101 cells.
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Figure 3.3.11 shows an illustration of the method used to generate
spheroids. The liquid overlay technique involves growing cells in plates
with substrates that limit cell adhesion. The technique relies on the cell-
cell adhesion being stronger than the cell-substrate adhesion. Lipidure-
COAT® ULA plates are coated with a biocompatible polymer containing
Phosphorylcholine (AMSBiotechnology, 2013) which encouraged the cells
to aggregate and form spheroids enabling the formation of single CMCS of

reproducible size.
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Figure 3.3.12 Representative brightfield images of LAM spheroids generated
using Lipidure-COAT® ULA 96-well U-bottomed plates. Panels A-C show co-culture
and mono-culture spheroids generated from NHLFs (n=3) and 621-101 cells on day 3 in an
ULA plate. Panels D-F show the same spheroids on day 7 in the ULA plate. Panels G-I show
cells disseminating out of 7-day old spheroids transferred on to each well of a standard
tissue-culture treated (TC) 48-well culture plate. Images were taken at x20 magnification
using a Nikon Diaphot Inverted microscope.

In order to determine whether the Lipidure-COAT® ULA 96-well U-
bottomed plates provided the appropriate conditions for the generation of
LAM co-culture spheroids an initial seeding density of 10,000 cells per
spheroid was chosen. Based on previous findings with regards to the BME

co-culture model, a 10:1 cell ratio was maintained. As with earlier
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technique optimisation studies in this chapter and due to the easier

availability, NHLFs were used for this initial optimisation study.

Figure 3.3.12 shows single spheroids produced from NHLFs and 621-101
cells in suspension and the two cell types were able to aggregate to form
compact spheroids within 48 to 72 hours (Figure 3.3.12 (a)). These
spheroids were resistant to disruption by pipetting up and down. In mono-
culture conditions, the NHLFs formed compact aggregates (Figure 3.3.12
(b)) however; the 621-101 cells formed very loosely packed aggregates.
The spheroids were maintained in culture in the 96-well ULA plates for 7
days (Figure 3.3.12 (d-f)). The spheroids now showed the appearance of
a darkened inner, possibly necrotic core, which was not visible before, and
an outer layer of viable cells. When transferred to a standard tissue-culture
treated plate cells from the spheroids disseminated and adhered on to the
tissue culture plastic (Figure 3.3.12 (g-i)) suggesting that the cells from

within the spheroid are still viable and proliferative.

This showed that the well shape promoted the formation of single, centrally
located spheroids of reproducible size thereby showing that Lipidure-
COAT® ULA plates provide the right conditions for the formation of LAM

spheroids.
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3.3.8.2 Determining Optimum Cell Number for LAM Spheroids
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Figure 3.3.13 Determining appropriate cell density for LAM spheroids. Co-culture
(10:1 ratio) and mono-culture spheroids for densities of (a) 2000 cells/well, (b) 5000
cells/well and (c) 10,000 cells/well were seeded in Lipidure-COAT® ULA 96-well plates.
Viability was measured using MTT assay. Values are means £ SD, n=4 LAF donors.

Once established that NHLFs and 621-101 cells were capable of forming
compact spheroids, LAFs were then used to generate LAM spheroids. For
the generation of LAM spheroids three different cell numbers were tested.
The aim was to establish an optimal seeding density for both cell types in
a 10:1 co-culture ratio such that each LAM spheroid fell within an
appropriate diameter size range. Determining an optimum spheroid size
and diameter range was important for initiating experimental studies
without it being too necrotic in the centre (Vinci et al., 2012). Cultures

were maintained by replacing 50% of the medium on days 1, 4 and 7. Co-
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culture spheroids consisted of the LAFs and 621-101 cells seeded in a ratio
of 10:1, as this was the optimum ratio determined previously using the 3D

BME LAM model.

At a cell number of 2000 cells/well, both co-culture (LAM spheroids) and
mono-culture spheroids showed a slight increase in MTT signhal over 4 days
and thereafter plateau. This may have been due to the fact that there were
too few cells to form a compact spheroid leading the cells to die due to
anoikis (Figure 3.3.13 (a)). At 5000 cells/well, the LAM spheroids showed
an increase in MTT signal by day 4 after which a steady plateaued signal
was observed. 621-101 cells in mono-culture showed a steady increase in
MTT signal, on the other hand LAFs in mono-culture spheroids do not show
an increased MTT signal over 7 days (Figure 3.3.13 (b)). At 10,000
cells/well the LAM spheroids showed a linear increase in MTT signal
corresponding to cell viability or cell number over 7 days. 621-101 cells in
mono-culture also appear to show a rapid increase in MTT assay signal at
days 4 and 7 suggesting there may be an increase in number of cells. LAFs
in mono-culture spheroids however, showed a marginal increase in assay

signal at day 4 reaching a plateau thereafter (Figure 3.3.13 (c)).
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Panel C — 2000 cells/well
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Figure 3.3.14 Representative images of LAM spheroids at different cell numbers.
Image panel A, B and C show LAM spheroids generated from LAFs (green) and 621-101
cells (red) at 10,000, 5000 and 2000 cells/well respectively on days 1, 4 and 7. The left
half of each panel shows the individual cells within a LAM spheroid while the right half
shows the merged image (yellow). Scale bar 300um. images acquired at x10 magnification
using an Improvision spinning-disc confocal microscope. Image panel D shows the average
diameter of LAM spheroids measured over 7 days to access for change in size Spheroid
diameter was measured using ImageJ software. Values are means £SD, n=4 LAF donors.
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Figure 3.3.14 shows single spheroids generated from LAFs and 621-101
cells. LAM spheroids generated of all three cell humbers, were strictly
almost spherical in shape but became distorted by day 7. Initially showing
a spheroid dominated by LAFs (almost green coloured merged image,
Figure 3.3.14 Panels A, B and C, second to right image) at day 1, the 621-
101 cells appear to infiltrate with LAFs by day 4 at all cell numbers resulting
in yellow colouration (merged images). The perfectly spherical spheroids
now appeared misshaped possibly due to slight proliferation of cells within
the spheroids that appear faded as CellTracker dye gets diluted by cell
division (Figure 3.3.14 Panels A, B and C, bright field merge, rightmost

images).

By day 7 dye from all spheroids appeared faded. LAM spheroids consisting
of 2000 cells showed a large outgrowth of cells that have lost their dye
and only a few cells in the centre still containing the dye (Figure 3.3.14
Panel C, bright field merge, rightmost image). These spheroids however
did not seem to show an increase in diameter, a measure of increase in
cell number, from day 1 to 7 (Figure 3.3.14 Panel D). This suggested that
cell death may be compensated by slight increase in cell proliferation. LAM
spheroids of a 5000 cell density, despite forming perfectly shaped
spheroids initially, also showed similar results as the 2000 cell density

spheroids albeit, to a lesser extent.

LAM spheroids of a 10,000 cell density however, appeared to have far less
cellular outgrowth and resisted a change in diameter over 7 days.
Consisting of an average diameter of 900-1000um (Figure 3.3.14 Panel D)
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these spheroids were compact, had a well-rounded shape and were
resistant to disruption by pipetting. The optimum cell density for LAM
spheroids was therefore set at 10,000 cells/well as the both cell types in a
10:1 ratio formed compact, round spheroids that were resistant to

disintegration and were easy to visualise by the naked eye.
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3.3.9 Expression of Fibroblast and Melanocytic Markers in LAM Spheroids

Co-culture
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Figure 3.3.15 Histomorphology of LAM spheroids generated. Images show co-culture
(LAM spheroids) and mono-culture spheroids generated from LAFs and 621-101 cells.
Spheroids react with antibodies against fibroblast surface protein (FSP) and
premelanosome protein (PNL2). Images are x40 magnified taken using a Nikon Diaphot
Inverted microscope.

LAM spheroids generated from a total of 10,000 LAFs (n=4) and 621-101
cells (10:1 ratio) in culture and their respective mono-culture spheroids
were formalin fixed after 7 days in culture and embedded in paraffin. H
and E staining (Figure 3.3.15 (a-c)) and immunohistochemistry was

performed on resulting consecutive sections which were then assessed for
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cellular organisation within spheroids and expression of specific markers.
Figure 3.3.15 shows representative images of H and E and FSP (Figure
3.3.15 (d-f)) and PNL2 (Figure 3.3.15 (g-i)) stained spheroids. Expression
of PNL2 was very faint to none but observed only in the 621-101 cell mono-
culture spheroid and cells reacting to this antibody in the LAM spheroids
appeared to be mainly organised around the periphery. FSP expression
was exclusive to the LAF mono-culture spheroids and was present in 70%
of cells. It appeared that the cells reacting to FSP in LAM spheroids were
organised primarily in the centre. LAM nodules in vivo show the presence
of spindle-shaped cells in the centre with epithelioid-shaped cells in the
periphery. It appeared that in the LAM spheroids 621-101 cells had
organised themselves around FSP positive LAFs. However, a more
thorough analysis consisting of known LAM nodule markers as well as
further LAF donors would be required to confirm this cellular arrangement

in LAM spheroids.
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3.3.10 Generation of LAM Lung Organoids - Tissue Derived LAMospheres
Virtually the best model to recapitulate diseased tissue and its
microenvironment are tissue-derived tumourspheres (TDTS) as they are
known to represent the parent tissue in terms of histological features, gene
expression profiles and mutations (Kondo et al., 2011, Weiswald et al.,
2013). Used initially only in human colon cancer studies, TDTS are now
not only being used to study other types of cancers such as prostate, but
have also been used to study non-neoplastic lung diseases (Weiswald et
al., 2015, Young et al., 2013c, Henry et al., 2015). TDTS are generally
derived by partial mechanical or enzyme dissociation of tissue followed by
culture in non-adherent tissue culture-treated plastic in the presence of

FCS (Weiswald et al., 2013).

This technique was therefore applied to LAM lung tissue obtained at the
time of transplant and LAM tissue-derived LAMospheres were thereby

generated which represented LAM in a dish.
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Figure 3.3.16 Diagramatic representation of generation of LAM tissue-derived
LAMospheres from transplant lung tissue. (a) LAM lung tissue obtained at the time of
transplant is cut into smaller pieces and teased apart using a scalpel. (b) Partial enzymatic
dissociation of teased tissue using collagenase for 3-4 hours at 37°C and 5% CO,. (c)
LAMospheres fromed as a result are cultured in tissue culture-treated 100 mm petri dish.

Figure 3.3.16 shows an illustration of the generation of LAMospheres from
transplant lung tissue. Partial enzymatic digestion yielded a partially
digested suspension of dead cells, tissue debris and tiny pieces of tissue
representing the parent tissue which were the initial beginnings of

organoids.
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Figure 3.3.17 Representative brightfield images of LAMospheres generated. Panel
A and B show initially isolated organoids on day 3. Panels C-E show cells disseminating out
of 14 day old organoids transferred to each well of a standard tissue culture-treated 6-well
plate. Scale bar 300um. Images taken at x20 magnification using a Nikon Diaphot Inverted
microscope.

Figure 3.3.17 shows LAMospheres generated from partial enzymatic
digestion of LAM lung which enables the maintenance of cell-cell contact
between diseased cells. The resulting LAMospheres had an average
diameter of between 100-600pm and when cultured in 100mm culture
dishes, formation of LAMospheres occurred between days 1-3. These
LAMospheres could be maintained in culture in growth media with FCS for
more than 2 weeks. Some LAMospheres were transferred to standard
adhesive tissue culture-treated 6-well plates and after 3 days in culture, a
mixed cell population, largely consisting of proliferative spindle-shaped

cells had emerged.
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3.3.11 Expression of LAM-Specific Markers in LAMospheres
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- LAMosphere 2

0.001

0.0001

Relative Expression (Normalised to P-Actin)

0.00001
PMEL VEGF-D FAP

LAMosphere 1

LAMosphere 2

Haematoxylin and FSP PNL2
Eosin (H and E)

Figure 3.3.18 Expression of LAM specific markers in LAMospheres. Panel A shows
gene expression of PMEL, VEGF-D and FAP in the cells dissemanated from LAMospheres.
Panel B shows images of LAMospheres reacting positively to antibodies against FSP and
premelanosome protein.
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To validate that LAMospheres were representative of a LAM nodule,
expression of LAM specific markers were assessed via RT-PCR and
immunohistochemistry. Figure 3.3.18 (a) shows the expression of gp100
(PMEL), VEGF-D and fibroblast specific markers FAP in two representative
donor LAMospheres. As it was not possible to isolate enough RNA from the
LAMospheres themselves, the LAMospheres were seeded onto standard
tissue culture plastic 6-well plates, allowed to disseminate cells for four
days in culture after which RNA was extracted and subjected to qRT-PCR
as described in section 2.3.4. Comparable PMEL and VEGF-D expression
was seen in both donors. Expression of FAP however was 175-fold and
288-fold more than VEGF-D and PMEL respectively. This suggested that
the majority of proliferative cells contained within a LAMospheres were
possibly fibroblasts. Immunohistochemical evaluation of LAMospheres
showed a few but marked presence of FSP and PNL2 positive cells (Figure
3.3.18 (b)) Due to the initial lack of availability of embedding and
processing LAMospheres, the organoids were in storage for long and had
therefore slightly deteriorated. It was therefore difficult to assess whether
the cellular arrangement was like that seen in vivo. However, the
expression of LAM specific markers suggested that LAMospheres were
indeed representative of LAM nodules in a dish expressing LAM specific
markers. However, a more thorough analysis using more donors and other

LAM nodule specific markers would be required to fully confirm this.
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3.4 Discussion

This chapter describes the isolation and characterisation of fibroblasts from
LAM lung tissue and their use thereafter in building in vitro 3-dimensional
co-culture models to represent LAM. It was hypothesised that a large wild-
type mesenchymal cell population exists within LAM nodules and Clements
et al have previously shown that fibroblast-like cells isolated from LAM
lung tissue morphologically resembled commercially bought normal
fibroblasts and expressed fibroblast markers including anti-fibroblast
marker, TE-7 and S100A4 (Clements et al., 2015). Positive identification
of fibroblasts has been difficult to date; therefore, a panel of well-
established fibroblast markers was required to confirm the presence of
fibroblasts.

Comparable expression of well-established fibroblast markers FSP (1B10)
and vimentin in both NHLFs and LAFs implied that the isolated cells were
of mesenchymal lineage, specifically fibroblasts. Singer et al first reported
that the anti-FSP, 1B10 antibody was fibroblast-specific and has been used
since to identify quiescent dermal fibroblasts and lung fibroblasts (Singer
et al., 1989, Goodpaster et al., 2008). Human lung fibroblasts consist of a
mixed population of CD90*" and CD90" subsets and the presence and
absence of CD90 expression determines differentiation to a specific
phenotype (Koumas et al., 2003). Varied expression of CD90 in LAFs
suggests the presence of two distinct subsets of CD90 expression. Desmin
expressed essentially in smooth muscle cells has been known to be

expressed mostly by dermal fibroblasts (Goldring et al., 2002). Very low
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to negligible expression of desmin in the isolated population of LAFs

suggests a pure population of fibroblasts exists.

Fibroblasts can become ‘activated’ and activation can be induced by
transforming growth factor-f during wound healing and fibrosis (Zeisberg
et al., 2000). Similarly fibroblasts within the tumour stroma acquire a
modified phenotype and such activated fibroblasts now known as cancer-
associated fibroblasts (CAFs) are highly proliferative, secrete increased
levels of ECM-degrading proteases and express a-SMA and FAP-a (Kalluri
and Zeisberg, 2006). FAP-a expression in LAFs was therefore evidence that
an activated fibroblast phenotype existed. The a-SMA-expressing
fibroblasts are known as myofibroblasts and TGF-$ is one of the main
inducers of this phenotype. Myofibroblasts can lose their stress fibres and
switch back into fibroblasts on withdrawal of stimulus and, work with
animal models has given evidence of such phenotypic switching in vivo
(Phan, 2008, Wicks et al., 2006). The expression of a-SMA and acquiring
of aligned actin stress fibres in NHLFs and LAFs in the presence of FCS and
the loss of these features when FCS was absent indicated a switch between
phenotypes possibly due to the presence of TGF-B in FCS (Oida and
Weiner, 2010). Thus, using the markers selected it can be concluded that
the cells isolated from LAM lung are in fact fibroblasts that have an
activated phenotype. These fibroblasts can exist as myofibroblasts in
culture given the right stimulus, however they are highly unlikely to be

smooth muscle cells.
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Possessing very similar properties to Matrigel™ (BD Biosciences), the
Culturex® BME gel is rich in several ECM proteins and growth factors and
is one of the most commonly used ECMs for the study of non-malignant
and malignant cells (Kleinman and Martin, 2005, Weigelt et al., 2014). The
Culturex BME gel had a high protein concentration compared to ECM gel
thereby enabling the final concentration to be adjusted based on the
stiffness required. The average elastic modulus of Matrigel measured by
atomic force microscopy (in Pascals, Pa) is 443+285 Pa (Soofi et al., 2009)
whereas that of a normal human lung is between 1000-5000 Pa (Hinz,
2012). Taking into consideration that elasticity in a LAM lung is reduced
due to the degradation of tissue matrix, the degree of stiffness provided

by the Culturex® BME gel could be appropriate for the 3D BME model.

The Culturex® BME gel human cell model is physiologically relevant and
eliminates species specific differences. The model shows that the two cell
types can co-exist in a 3D conformation and subsequently clump akin to a
LAM nodule. Cell clumping in the 3D model suggests that the two cell types
are attracted to each other and aggregation subsequently supports cell
growth. This was evidenced when cell viability was assessed using MTT
reduction and alamarBlue® assays. LAFs and 621-101 cells in co-culture
were viable for 7 days whereas 621-101 cells in mono-culture showed

reduced cell viability by day 7.

In order to model a LAM nodule in vitro, another type of 3D model, co-
culture multicellular spheroids (CMCS) were set up. Unlike the 3D BME gel
model the CMCS model took advantage of the fact that no external ECM
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was required to generate 3D spheroids thereby making it easier and less
time consuming to set up. CMCS model can only be generated if the
adhesive forces between the cells are greater than for the substrate they
are plated on. The liquid-overlay technique prevents matrix deposition
(Weiswald et al., 2015) and by using Lipidure®-COAT Ultra-low
attachment 96-well U-bottom plates, ‘LAM spheroids’ were successfully
generated using this technique. Cells subjected to the liquid-overlay
technique can also form ‘aggregates’ which are often loose packages of
cells that easily detach and disintegrate. However, compact spherical
cultures or ‘spheroids’ are only formed when cell-cell adhesive forces are
strong and can be easily manipulated or transferred without disintegrating
(Mayer et al., 2001, Weiswald et al., 2015). LAM spheroids generated from
all the LAF donors co-cultured with 621-101 cells formed compact spheres
that could be easily transferred and manipulated. LAM spheroids consisting
of 10,000 cells showed better viability over 7 days and were easy to
visualise by naked eye. This suggested that strong attractive forces exist
between LAFs and 621-101 cells. Our group has previously shown that
LAFs migrate towards 621-101 cells and that this migration is reduced by
56% when treated with the CXCR4 receptor antagonist AMD3100
(Clements et al., 2015). Therefore, it is quite possible the two cell types
spherically organise due to signalling via the CXCR4/CXCL12 axis and other

adhesion mechanisms that may exist.

An appropriate spheroid diameter is important as spheroid cultures

between diameters 200um and 500um begin to develop chemical
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gradients (e.g. oxygen, nutrients and catabolites) and those that are
>500um begin to have a very hypoxic core (Hirschhaeuser et al., 2010).
There is evidence to suggest that hypoxia-induced erythropoietin signalling
exists within LAM lung lesions and Ikeda et al have also found the presence
of hypoxia-inducible factor-2a (HIF-2a) in LAM lung nodules which is one
of the transcription factors that plays a role in hypoxic response (Ikeda et
al., 2011). These hypoxic regions may offer a selective advantage for
abnormal LAM cells to grow similar to that seen in tumours (LaGory and
Giaccia, 2016). Moreover by varying the size of spheroids for treatment,
spheroid cultures are thus responsive to therapy-related studies with
different emphasis focusing either on 3D cellular interactions and structure
only or in combination with authentic pathophysiological environment
conditions (Weiswald et al., 2015). Therefore, recapitulating this in vivo
milieu in spheroid culture may be more representative of a LAM nodule in

Vivo.

Predictably the most relevant 3D in vitro LAM model was the tissue-derived
LAMosphere model generated from parent tissue. Referred to as tissue-
derived tumourspheres (TDTS) and primarily used in cancer studies, the
TDTS model has now been used to successfully generate organotypic
spheroids from both neoplastic and non-neoplastic tissue of colon, lung,
bladder, prostate and melanoma (Morales and Alpaugh, 2009, Ham et al.,
2016, Weiswald et al., 2013). The LAMospheres from LAM lung were
formed by tissue remodelling and compaction after partial dissociation of

tissue and remained compact and intact possibly due to strong cell-cell
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interactions. These strong cell-cell interactions in colospheres, MARY-X
spheroids and cancer-tissue derived spheroids enable them to escape
anoikis and remain viable for several weeks. Similarly, the LAMospheres
generated were able to survive for more than 2 weeks in culture and
showed very slight volume of growth even after 15 days in culture. A
potential reason for this could be that active cell proliferation is
counterbalanced by extensive cell death and/or cell shedding (Kondo et

al., 2011, Weiswald et al., 2015).

LAMospheres just like TDTS represent the parent tissue in terms of gene
expression profiles and histological features. Organoids generated in this
manner pave the way for individualised and patient-specific therapy.
LAMospheres can therefore be generated from patient biopsies that contain
a diverse population of cells such as those seen in a LAM nodule specific to
the patient and the disease can thereon be tracked in real-time as it
progresses in the patient. However, one of the challenge that this approach

presents is preserving and sub-culturing LAMospheres successfully.

Three distinct 3D models were thus set up to best recapitulate LAM in vitro.
However, each model had its own positive and negative features with
regards to ease of use, relevance and reproducibility. Listed in Table 3.4.1

are the advantages and disadvantages of the three LAM models.

Advantages Disadvantages
e Provides a Dbiological e Requires time batch
ECM to cells testing to set up each
3D BME model e Can be used to study time
influence of ECM on cell e Variable physical
phenotype properties
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LAM spheroid
model

Tissue-derived
LAMosphere model

Provides right amount of
stiffness as opposed to
2D plastic

Can add other matrix
components lacking in
BME

LAFs and 621-101 cells
spontaneously

aggregate together
forming a clump akin to
a LAM nodule

Cells within the ECM can
be visualised and
distinguished

IF can be performed

Does not require
external addition of ECM
Very easy to set up and
single spherical
spheroids are obtained
using ULA 96-well U-
bottomed plates

LAFs and 621-101 cells
are strongly attracted to
from compact spheroids
that can be easily
manipulated and
transferred

LAFs and 621-101 cells
spontaneously arranged
themselves as in vivo
Unlike on 2D plastic

spheroid models
develop gradients
similar to conditions

seen in vivo
Size of spheroids can be

manipulated for
appropriate therapeutic
response

If required external

matrix can be provided
Exact features of parent
tissue

Easy to generate once
tissue is available

Cells remain in their own
3D ECM right from the
start thereby
disallowing phenotypical
changes
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Risks associated with
biological material

Gel formation not
always reproducible
resulting in cell death
due to inappropriate
matrix stiffness

Difficult to manipulate
as cell recovery is very
low and the BME has to

be taken into
consideration during
assays
Number of cells required
is high

Imaging only possible
using long focal length
confocal microscopy
Imaging at a cellular
level is difficult and
requires more advanced
forms of microscopy
such as light sheet
(Jamieson et al., 2015)
Expression of cell
distinguishing markers
and proteins need to be
assessed only via IHC
which requires fixing
and paraffin embedding
of spheroids

Exact responses of two
cell types to drugs or
stimuli cannot be
distinguished

A large necrotic core can
develop within larger
spheroids

Very hard to obtain
especially for a rare
disease like LAM due to
lack of availability of
diseased tissue
Sub-culturing and
preservation may not be
easy



LAMospheres can be
maintained for weeks
and do not grow
substantially in size

Can be used for
individualised therapy
and progress of disease
can be tracked per
patient
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LAMospheres are not
consistent in size and
may contain varying cell
population and numbers
resulting in disparity in
responses
Characterisation of each
patient-specific
LAMosphere is needed
every time

Table 3.4.1 Advantages and disadvantages of three 3D LAM models designed.



3.5 Conclusion

This chapter describes the isolation and characterisation of fibroblasts from
LAM lung tissue and their use thereafter in building an in vitro 3-
dimensional co-culture models to represent LAM. Although all of the
models were desighed and validated to resemble LAM nodules in vivo, each
model had its own distinct applications and one particular model could not
be used for all subsequent experimental manipulations. The LAM spheroid
and LAMosphere models are fairly novel and are still a work in progress.
Moreover, due to the additional consideration of a third dimension, the
BME gel, assays normally designed for two dimensional (2D) cultures could
not be applied to the 3D models. Therefore, although the use of the 3D
models has been made further in this thesis, majority of the work was

carried out using 2D co-culture models.
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4 CHAPTER 4: Protease Profile for LAM: The Expression and
Activity of Cathepsin K

4.1 Introduction

4.1.1 Background

Fibrillar collagens and elastins, proteins of the ECM, are the major
contributors of tensile strength, viscoelasticity and structure to lung tissue.
Other ECM proteins such as fibronectin, laminin and nidogen act as linking
proteins (Vakonakis and Campbell, 2007). Remodelling of the ECM occurs
effectively by the removal or breakdown of one or more of such
components (Dunsmore and Rannels, 1996). Proteases are enzymes that
play an essential role in many biological and pathological processes and
whose main function is to perform proteolysis of the ECM which is an
irreversible process that causes the catalytic cleavage of specific ECM
substrates (Choi et al., 2012). In the healthy, lung proteases regulate
processes such as regeneration and repair. However in disease conditions
an imbalance between pulmonary proteases and anti-proteases often
results in increased protease activity followed by extensive breakdown of

ECM tissue substrates (Greene and McElvaney, 2009).

Human proteases consist of five broad classes, the largest class being
matrix metalloproteinases (MMPs) followed by serine, cysteine, threonine
and aspartic proteases. All 23 members of the MMP family of zinc
dependent endopeptidases share a self-inhibitory pro-domain which needs
to be removed by other proteases to render them enzymatically active

(Page-McCaw et al., 2007). Capable of targeting a wide range of ECM
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proteins MMPs-1, -8, -13 selectively degrade collagen, MMPs-2 and -9
degrade gelatin and MMP-12 prefers elastin (Cawston and Young, 2010).
The MMPs are extremely pleotropic and are also involved in many biological
processes including extra-cellular matrix turnover, inflammation,
angiogenesis, metastasis, regulation of growth factor and chemokine
activity (Ivanov and Grabowska, 2017). Serine proteases as the name
suggests contain a serine moiety in catalytic site (Di Cera, 2009) and
included under this class, proteases such as plasmin and urokinase-type
plasminogen activator (uPA) are not only involved in tissue remodelling
events themselves but also activate MMP precursors such as pro-MMP-3,
MMP-9 and MMP-13 (Lijnen, 2001). Mammalian cysteine proteases mainly
consist of 11 lysosomal cathepsins, namely cathepsins B, H, L, S, C, K, O,
F, V, X and W, which are also synthesised inactive as proenzymes
(McGrath, 1999, Van Noorden et al., 1997). Activation of these proteases
requires an acidic environment and they are capable of degrading
intracellular as well as extracellular ECM proteins (Green and Lund, 2005).
In normal lung cysteine cathepsins not only play a role in matrix
remodelling but also in antigen presenting and processing of surfactant
proteins. However, overexpression of one or more members of this class
of proteases has been implicated in asthma, bronchopulmonary dysplasia,

COPD cystic fibrosis sarcoidosis and lung cancer (Sabeh et al., 2004).

Protease - Anti-protease imbalance in LAM

The mechanism of cyst formation in LAM is not well understood, although

lung cysts are thought to arise as a result of LAM nodule derived matrix
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degrading proteases (van Meerloo et al., 2011). Microscopic and
immunohistochemical analysis of open lung biopsies by Fukuda et al
revealed emphysema-like changes in the areas of cell accumulation that
showed degraded collagen and elastic fibres which were believed to be
caused by an imbalance of proteases such as collagenases and elastases
(Fukuda et al., 1990). The expression of various abovementioned protease
families has been described in LAM. LAM lung nodules express MMP-1, -2
and -14 (Hayashi et al., 1997, Matsui et al., 2000a, Ferri et al., 2004),
MMP-2 is over expressed by TSC2 knockout cells (Lee et al., 2009), and
previous reports have shown that women with LAM have higher levels of
MMP-2 and -9 in serum and MMP-9 in urine than healthy women (Chang
et al., 2012, Odajima et al., 2009, Chang et al., 2013). However a recent
study of MMP inhibition using doxycycline did not reduce decline in lung
function despite suppression of MMP-9, suggesting other proteases could
also be responsible for lung destruction (Chang et al., 2013). The serine
proteases, uPA and plasmin are increased in LAM lung whilst the inhibitor,
plasminogen activator inhibitor (PAI-1), is reduced suggesting activation
of this protease axis (Zhe et al., 2005). Expression of cysteine protease
cathepsin K was noted in LAM lung nodules and other PEC neoplasms
(Martignoni et al., 2010, Chilosi et al., 2009). Cathepsin K is not present
in normal lung tissue , but is classically expressed by osteoclasts as a bone
remodelling protease (Zhao et al., 2009b) and by tumour stromal

fibroblasts (Montgomery et al., 2012).

Identifying specific proteases overexpressed in LAM lung by screening

candidate proteases from various protease families could provide a
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reasonable initiation point to elucidate the functional role of the proteases
involved. This would then shed light on and help confirm the main
hypothesis that TSC2 null LAM cells and LAM lung fibroblasts synergistically

cause lung destruction associated with LAM.

4.1.2 Aims & Objectives

The aims of this part of the study were to identify key proteases elevated
in LAM known to play a role in the destruction of tissue with a view to
identifying potentially novel drug targets. This was focused on the global
screening of proteases in cell and tissue models and identification
thereafter of a key potent protease expected to play a role in LAM lung
destruction. In parallel the evidence of protease activity and crucial
microenvironmental elements required for activation of the protease were

also established.
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4.2 Methods

4.2.1 Proteome Profiler - Protease Array

Expression of proteases in LAF/621-101 cell co-cultures and mono-cultures
was assessed by the Proteome Profiler™ Array Human Protease Array Kkit.
6-well Boyden chamber Transwell cultures were set up. Polycarbonate
membrane Transwell inserts (0.4um pore size, Corning Life Sciences, SLS,
Nottingham UK) were equilibrated for one hour at 37°C and 5% CO: prior
to adding cells. Maintaining a 10:1 cell ratio, LAFs were seeded at 5x10°
cells per ml in the lower chamber and 5x10* 621-101 cells (500ul) in the
upper chamber. Mono-cultures of both cell types maintained the same cell
number as co-cultures. Each condition per donor was set up as a duplicate,
cultures were maintained for 96 hours after which supernatants were
collected and clarified and assay was performed as described in section
2.5.2. After blocking the membranes, 500pul of supernatant samples were
added to 1ml of Array buffer 6 making the final volume to 1.5ml.
Membrane dot blot images were acquired using LI-COR Odyssey® Fc
Imaging System. Densitometry performed on the dot blot image using the
Image Studio™ Lite software. Each duplicate dot on the blot represented
a distinct protease. An average of the six reference spots was calculated.
Mean pixel density of the two dots was calculated by background

subtraction and normalising to reference spots.
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4.2.2 Double Chromogenic and Fluorescent Immunohistochemistry

For double chromogenic IHC, following first antibody staining and ImmPact
DAB incubation, sections were blocked in 2.5% horse serum for 1 hour at
room temperature followed by incubation with the second primary
antibody for 1 hour at room temperature. Slides were then washed and
incubated with secondary antibody for 1 hour at RT. Chromogenic
detection for second antibody was performed using Vector Blue Alkaline
Phosphatase Substrate (Vector Laboratories, Peterborough, UK).
Levamisole (Vector Laboratories, Peterborough, UK) was added to block
endogenous alkaline phosphatases. Sections were counterstained using
Mayer’s haematoxylin dehydrated through a series of graded alcohols
through to Histoclear and then mounted using VectaMount permanent
mounting medium. LAM lung tissue (x10) and LAM spheroids (x40) were

imaged using the Nikon Diaphot 300 Inverted Microscope.

Double fluorescent IHC was performed on deparaffinised and hydrated
sections which were epitope retrieved and blocked for non-specific binding
as described in section 2.4.2. Sections were then sequentially incubated
with primary antibodies against both antigens at 4°C overnight. The
following day, sections were washed as described (section 2.4.2) after
which they were incubated with both fluorophore conjugated secondary
antibodies (pre-adsorbed against the other species) for 1 hour at RT.
Sections were then washed, counterstained using DAPI (0.2ug/ml) for 10
minutes at room temperature and mounted using Fluorescent Mounting

Medium.
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4.2.3 Measurement of pH

A total of 5x10* 621-101 cells were seeded onto 24-well standard tissue
culture plastic in DMEM/F-12 for an overnight period to allow cells to
adhere following which medium was replaced by unbuffered DMEM. Cells
were maintained for 24 hours and pH was measured every 4 hours. Direct
contact cultures were maintained in unbuffered DMEM for 48 hours. pH
was measured every 4 hours until 24 hours and then once at the end of
48 hours.

Unbuffered medium was prepared by mixing 1 volume of 10x DMEM
(Sigma, Dorset, UK) with 9 volumes of sterile deionised water and was
supplemented with 0.584 gm/L L-glutamine and 0.004 gm/L folic acid
(Sigma, Dorset, UK). As required, pH was adjusted using 2M sodium
hydroxide solution and measured using an Oakton Waterproof pH Spear

Pocket pH Tester (Cole-Parmer, London, UK) over 24 or 48 hours.

4.2.4 Intracellular Cathepsin K Activity - Magic Red®

Intracellular Cathepsin K activity was recorded in live cells using the Magic
Red® substrate (ImmunoChemistry Technologies, 2B Scientific, Bicester,
UK). Cultured LAFs and 621-101 cells were grown on 8-well chamber slides
in DMEM/F-12 without serum for 24 hours at 37°C and 5% CO.. Cells were
then treated with unbuffered DMEM supplemented with 0.584 gm/L L-
glutamine and 0.004 gm/L folic acid at pH 6.5 for 2 hours after which Magic
Red substrate was added to the media at a 1:26 ratio in the presence and

absence of Cathepsin K inhibitor LO06235 (100nM), and cysteine protease
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inhibitor E64 (10uM) (Tocris, Abingdon, UK). Each condition per donor was
set up in triplicate. The cells were then incubated for 16 hours at 37°C and
5% CO2. Cells were washed in PBS and labelled using 0.5% v/v Hoechst
stain for 10 minutes at 37°C and 5% CO.. Samples were then mounted

using PBS.

4.2.5 Extracellular Cathepsin K activity assay

Extracellular cathepsin K activity assay was measured using a Fluorometric
Cathepsin K Activity Assay Kit (Abcam, Cambridge, UK). 12-well Boyden
chamber Transwell cultures were set up. Polycarbonate membrane
Transwell inserts (0.4um pore size) were equilibrated for one hour at 37°C
and 5% CO: prior to adding cells. Maintaining a 10:1 cell ratio, LAFs were
seeded at 5x10° cells per ml in the lower chamber and 5x10% 621-101 cells
(500ul) in the upper chamber. Mono-cultures of both cell types maintained
the same cell number as co-cultures. To assess the effect of inhibition of
acid extruders on cathepsin K activity, in a 48-well standard tissue culture
plate, 5x10% LAFs, 621-101 cells or a mixture of 1:1 LAFs and 621-101
cells were cultured in direct contact cultures for 48 hours at 37°C and 5%
COs2. Cells were maintained in unbuffered DMEM supplemented with 0.584
gm/L L-glutamine and 0.004 gm/L folic acid at pH 6.0, 7.0 and 7.5 for 96
or 48 hours at 37°C and 5% CO2. Each condition per donor was set up in
triplicate. Media were then harvested, triplicates pooled, clarified and
concentrated five-fold using Vivaspin 2 Centrifugal Concentrators

(Sartorius, SLS, Nottingham, UK). 50pl of concentrated medium was
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expelled into three wells each of a black-walled, clear-bottom 96-well
assay plate and 50pl of kit supplied cathepsin K reaction buffer was added
to the wells. 2l of the cathepsin K substrate Ac-LR-AFC was added to each
well of 96-well plate resulting in a final 200pM concentration. A substrate
blank (no sample) and a buffer blank (no sample and substrate) were also
set up. 2ul of cathepsin K inhibitor was added to inhibitor treated wells
resulting in a final 20pM concentration. Samples were incubated for 16-18
hours protected from light at 37°C after which fluorescence was read at

400-nm excitation and 505-nm emission.

4.2.6 Cathepsin K ELISA

Cell supernatants collected from 48-well direct contact cultures after 48
hours of inhibition of proton pumps and membrane transporters were used
to measure total cathepsin K. Media from donor replicates was pooled,
clarified and concentrated five-fold wusing Vivaspin 2 Centrifugal
Concentrators. Following this Human cathepsin K ELISA (LSBio, Source
BioScience, Nottingham, UK) was performed as per manufacturer’s
instructions. In brief, 100ul of standards, substrate blank or concentrated
supernatant samples were added per well of the pre-coated 96-well assay
plate and incubated for 2 hours at 37°C. This was followed by incubation
with Detection Reagent A for 1 hour at 37°C. The plate was washed 3 times
adding approximately 350ul wash buffer per well for 2 minutes each time
and then dried by tapping against absorbent paper. 100ul of Detection
Reagent B was then added to each well and incubated for 60 minutes at

37°C. The plate was then washed 5 times as described above. Protected
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from light, 90ul of TMB Substrate solution was then added to each well and
incubated for 30 minutes at 37°C until blue colour develops. Finally, to
stop the reaction, 50pul of Stop Solution was added to each well and optical
density (OD value) for each well was determined at 450 nm using
Flexstation 3. The standard curve set ranging from 300pmol/l to
1.172pmol/l and sample concentrations were back calculated using the

SoftMax Pro version 5.4 software (Molecular devices, USA).
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4.3 Results

To determine the protease profile for LAM several relevant proteases
needed to be examined in ex vivo tissue and in vitro cellular models. The
following sections demonstrate the process applied to screen various
proteases and select relevant targets with a potential to be novel

therapeutic avenues.
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4.3.1 Literature Search and g RT-PCR Screen for Proteases Overexpressed

in LAM

Proteases

Matrix
metalloproteinase-
1 (MMP-1)

Matrix
metalloproteinase-
2 (MMP-2)

Matrix
metalloproteinase-
3 (MMP-3)

Matrix
metalloproteinase-
7 (MMP-7)

Matrix
metalloproteinase-
9 (MMP-9)

Matrix
metalloproteinase-
12 (MMP-12)

Matrix
metalloproteinase-
13 (MMP-13)

Matrix
metalloproteinase-
14 (MMP-14)

Matrix
metalloproteinase-
15 (MMP-15)
Tissue inhibitor of
metalloproteinases
-1 (TIMP-1)
Tissue inhibitor of
metalloproteinases
-2 (TIMP-2)

Gene

symbol

MMP1

MMP2

MMP3

MMP7

MMP9

MMP12

MMP13

MMP14

MMP15

TIMP1

TIMP2

Protease family

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinases

Metalloproteinase
inhibitor

Metalloproteinase
inhibitor
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Disease elevated
or expressed in

LAM

LAM serum

LAM lung tissue,
Mouse model of
pulmonary LAM

LAM serum, Mouse
model of
pulmonary LAM

LAM serum and
urine

Mouse model of
pulmonary LAM,
Pulmonary
sarcoidosis (PS)
Bleomycin-
induced IPF
mouse model,
Pulmonary
sarcoidosis

LAM tissue,
spindle-shaped
LAM cells

LAM lung tissue

LAM lung tissue

LAM lung tissue

Reference

(Hayashi et al.,
1997)

(Hayashi et al.,
1997), (Matsui et
al., 2000a),
(Chang et al.,
2012), (Odajima
et al., 2009)
(Hayashi et al.,
1997),
(Goncharova et
al., 2012),
(Atochina-
Vasserman et al.,
2014)
(Barnes et al.,
2010),
(Clements,
2009),
(Goncharova et
al., 2012),
(Atochina-
Vasserman et al.,
2014)
(Hayashi et al.,
1997), (Chang et
al., 2012),
(Odajima et al.,
2009), (Pimenta
et al., 2011)
(Goncharova et
al., 2012),
(Crouser et al.,
2009)

(Henry et al.,
2002),
(Nkyimbeng et
al., 2013)

(Matsui et al.,
2000a),
(Glassberg et al.,
2008)

(Matsui et al.,
2000a)

(Hayashi et al.,
1997)

(Hayashi et al.,
1997)



Tissue inhibitor of
metalloproteinases
-3 (TIMP-3)

Extracellular
matrix
metalloproteinase
inducer; Basigin
(EMMPRIN)

Cathepsin B

Cathepsin D

Cathepsin E

Cathepsin H

Cathepsin K

Cathepsin L

Cathepsin S

Urokinase-type
plasminogen
activator (uPA)
Plasminogen
activator inhibitor-
1 (PAI-1)

Urokinase
receptor (uPAR)

ADAM
metallopeptidase
domain 17
ADAM like decysin
1

Chymase

TIMP3

BSG

CTSB

CTSD

CTSE

CTSH

CTSK

CTSL

CTSS

PLAU

SERPIN
El

PLAUR

ADAM1
7

ADAMD
EC1

CMA1

Metalloproteinase
inhibitor

Metalloproteinase
inducer

Cysteine protease

Aspartic protease

Aspartic protease

Cysteine protease

Cysteine protease

Cysteine protease

Cysteine protease

Serine protease

Serine protease
inhibitor

Serine protease
receptor

Disintegrin
metalloproteinase

Disintegrin
metalloproteinase

Serine protease
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LAM lung tisse
(absent),
Interstitial lung
diseases

LAM lung tisse,
BAL from LAM
patients

Bleomycin-
induced IPF
mouse model,
Airway smooth
muscle cells, Lung
fibroblasts
Asthmatic
airways,
Langerhans cell
histiocytosis,
Cigarette smoke-
induced COPD
mouse
Langerhans cell
histiocytosis

Asthmatic airways

LAM lung tissue,
Angiomyolipomas,
PEComas
BAL fluid from
emphysema
patients, Airway
smooth muscle
cells, lung
fibroblasts,
bronchial epithelial
cells
Mouse model of
sarcoidosis,
ovalbumin-
sensitised mice

LAM lung tisse

LAM lung tissue

Serum from
asthma and COPD
patients,
Asthamatic
bronchial tissue
Several interstitial
lung diseases
including LAM
Pulmonary
sarcoidosis

LAM lung tissue,
Interstitial lung

(Zhe et al.,
2003), (Edwards
et al., 2005)

(Odajima et al.,
2009, Odajima et
al., 2010)

(Dong et al.,
2016), (Faiz et
al., 2013)

(Faiz et al.,
2013), (Bracke
et al., 2005),
(Paulli et al.,
1994)

(Paulli et al.,
1994)
(Faiz et al.,
2013)
(Chilosi et al.,
2009, Martignoni
et al., 2012)

(Takeyabu et al.,
1998), (Buhling
et al., 2004c),

(Faiz et al.,
2013)

(Fajardo et al.,
2004),
(Samokhin et al.,
2011)

(Zhe et al.,
2005)

(Zhe et al.,
2005)

(Portelli et al.,
2017, Portelli et
al., 2014)

(Edwards et al.,
2005)

(Crouser et al.,
2009)
(Valencia et al.,
2006), (Edwards
et al., 2005)



Renin

Calpain-1

Calpain-2

Lipocalin 2 (NGAL)

Angiotensinogenas

REN
e
CAPN1 Non.-lysosomal
cysteine protease
CAPN2 Non.-lysosomal
cysteine protease
LCN2 Transport protein

diseases including
LAM

LAM lung tissue

Associated with
Akt/mTOR
signaling pathway
in mouse asthma
model, bleomycin-
induced
pulmonary fibrosis
mouse model
Associated with
Akt/mTOR
signaling pathway
and apoptosis

LAM patient urine

(Valencia et al.,
2006)

(Rao et al.,
2017), (Li et al.,
2015)

(Abeyrathna et
al., 2016)

(Chang et al.,
2014), (Moses et
al., 2006)

Table 4.3.1 List of 30 proteases elevated in or expressed in LAM, other interstitial

and airway lung diseases selected for screening in LAM lung tissue.

A thorough literature search was conducted to identify key proteases that

play a role in various respiratory conditions, mainly interstitial lung

diseases. The search yielded a list of 30 candidate proteases comprising of

various protease families. Endogenous protease inhibitors such as TIMPs

and MMP inducer EMMPRIN were also included in the list. This identified

list of proteases was then screened in LAM lung tissue using qRT-PCR.

However, to determine whether the method applied was sensitive enough,

the expression of the LAM markers was first compared.
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Figure 4.3.1 Relative gene expression for LAM specific markers in human LAM and
control lung tissue. Figure shows expression markers of LAM (mean, =standard
deviation) analysed by g RT-PCR determined relative to B-actin using the 24T method.
Two-tailed Student’s t-test performed, *p<0.05.

LAM lung tissue obtained at the time of diagnostic biopsy or lung transplant
was received from UK transplant centres and the National Disease
Research Interchange (NDRI). 200mg of fresh or OCT frozen tissue was
homogenised following which RNA was isolated as described in section
2.3.1. Normal human total lung RNA was obtained from Ambion®
(ThermoFisher Scientific) making sure that none of the donors had a
history of any lung disease.

Figure 4.3.1 shows the expression of LAM markers Melan A (MLANA),
premelanosome protein (PMEL), vascular endothelial growth factor D
(VEGF-D) in LAM (n=6) and control (n=3) lung tissue. The transcriptional
expression of PMEL was found to be significantly elevated in LAM lung
(p=0.033) compared to control lung. Expression of MLANA and VEGF-D

was found to be 267 and 2.47 fold respectively more abundant in LAM than
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control lung tissue, however, these comparisons were not found to be

statistically significant (p>0.05).
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Figure 4.3.2 Relative protease gene expression in human LAM and control lungs.
Whole lung RNA was extracted from 6 patients with LAM and 3 control patients without
LAM. Protease gene expression was analysed by quantitative real time PCR. Figure shows
mean (* standard deviation) protease gene expression determined relative to S-actin using
the 2-¢T method. Multiple t-tests performed corrected for multiple comparisons using the
Bonferroni-Dunn correction method. *p<0.05, **p<0.01, ***p<0.001.

mRNA for all proteases examined was detected in varying levels in LAM
lung tissue. Transcript expression was variable between individual donors.
Select members from different protease families namely matrix
metalloproteinases (Figure 4.3.2 (a and e)) and their inhibitors (Figure
4.3.2 (b)) cysteine and aspartic proteases (Figure 4.3.2 (b and e)) and
serine proteases (Figure 4.3.2 (d and f)). Transcripts for all 9 MMPs
examined were detected in LAM lung tissue. Expression of MMP-2 (1.5-
fold), MMP-3 (2.3-fold), MMP-7 (4.5-fold), MMP-9 (1.8-fold) and MMP-13
(3.5-fold) was found to be elevated in LAM lung compared to control tissue
while expression of others was unchanged. However, these comparisons
were not found to be statistically significant (p>0.05). On the other hand,
the endogenous MMP inhibitor TIMP-3 was significantly reduced (p=0.005)
and the expression of TIMP-2 was 2.5-fold reduced in LAM lung tissue.
Expression of MMP inducer EMMPRIN (BSG) was significantly (p=0.019)
elevated in LAM lung compared to control lung tissue.

The most strongly expressed protease transcript in LAM lung was CTSK
which was significantly increased 40-fold compared with normal tissue
(p<0.0001). CTSB (p<0.0001) and CTSD (p=0.0003) were statistically
significantly reduced in LAM. CTSH expression was 1.4-fold elevated
whereas all other cysteine proteases were reduced in LAM lung tissue.

These comparisons were not found to be statistically significant (p>0.05).
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Transcriptional expression of serine protease uPA was slightly reduced in
LAM tissue whereas that of its receptor, uPAR was slightly elevated (both,

1.7-fold) and expression of the inhibitor PAI-1 was unchanged.

The mast cell serine protease chymase was 4.3-fold elevated while
transport protein lipocalin 2 was 2.0-fold elevated in LAM lung compared
to control lung tissue. The rest of the comparisons were however, not

found to be statistically significant (p>0.05).

188



4.3.2 Expression of Proteases in 2-Dimensional and 3-Dimensional Cell
Cultures
Results from section 4.3.1 identified that four main groups, matrix
metalloproteinases and their endogenous inhibitors and inducer,
cathepsins, and serine proteases involved in plasmin-plasminogen
protease axis showed variable expression in LAM lung and control tissue.
Proteases belonging to these four groups were therefore examined in the
3D BME model. The ECM provides signalling cues to the cells enmeshed
within that have an influence on the expression of ECM proteases. Gene

expression of proteases in 2D and 3D models was therefore compared.
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Figure 4.3.3 Relative protease gene expression in LAF and 621-101 cell 2D and
3D cultures. Total RNA was extracted from LAFs, 621-101 cells or a 10:1 mixture of LAFs
and 621-101 cells cultured in 2D (standard tissue culture plastic) or 3D (BME gel cultures)

189



and protease gene expression was analysed by quantitative real-time PCR. Figure shows
mean (* standard deviation) protease gene expression determined relative to B-actin using
the 24T method. Two-way ANOVA performed corrected for multiple comparisons using
Bonferroni corection method.

Varying expression of most proteases selected was detected in both 2D
and 3D cultures (Figure 4.3.3). With the exception of the endogenous MMP
inhibitors (TIMPSs), the expression of most proteases was elevated in the
3D BME gel LAM co-culture model as opposed to 2D cultures. Significant

comparisons were as follows:

Protease Comparison p value
type

MMP-1 Co-culture 3D vs. Co-culture 2D p<0.001
MMP-2 Co-culture 3D vs. Co-culture 2D p<0.001
MMP-3 Co-culture 3D vs. Co-culture 2D p=0.003
TIMP-1 Co-culture 3D vs. Co-culture 2D p=0.0066
EI\EIQ/ISPCF;{)IN Co-culture 3D vs. Co-culture 2D p<0.001
CTSD Co-culture 3D vs. Co-culture 2D p<0.001
Co-culture 3D vs. LAF mono-culture p=0.0024

CTSK Co-culture 3D vs. 621-101 cell mono-
p<0.001

culture 3D

uPA Co-culture 3D vs. Co-culture 2D p<0.001
uPAR Co-culture 3D vs. Co-culture 2D p<0.001
PAI-1 Co-culture 3D vs. Co-culture 2D p<0.001

Table 4.3.2 Significant protease gene expression comparisons between 2D and
3D cultures.

Significantly elevated proteases in 3D co-cultures compared to 2D were
MMP-1, -2 and -3, TIMP-1, EMMPRIN, CTSD, u PA, u PAR and PAI-1. On
the other hand, CTSK was elevated in both 3D and 2D cultures. Elevated
CTSK expression was also detected in both 2D and 3D LAF mono-cultures.
Expression of most proteases examined was detected in 621-101 cell
mono-cultures, however, negligible expression of CTSK was detected in

both 3D and 2D 621-101 cell mono-cultures.
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4.3.3 Protein expression of proteases in non-contact Boyden chamber LAF and 621-101 cell cultures
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Figure 4.3.4 Protein expression of proteases in LAF and 621-101 cell co-cultures and mono-cultures. Expression of candidate proteases in
LAF/621-101 cell co-cultures (n=3), LAF mono-cultures (n=3) and 621-101 cell mono-cultures. Figure shows the expression of (a) matrix
metalloproteinases; (b) cathepsins; (c) ADAMS, neprilysin, presenilin, proprotein convertase 9, proteinase 3, urokinase-type plasminogen activator; (d)
kallikreins and dipeptidy! peptidase-4. Expression was determined using the Proteome Profiler Human Protease Array Kit as mean pixel density (+ standard
deviation) compared to the reference standard and was plotted on the Y-axis. One-way ANOVA performed corrected for multiple comparisons using the
Bonferroni correction method. *p<0.05, **p<0.01, ***p<0.001.
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Following gene expression, protein expression of proteases was measured
in the co-culture model using a pre-determined panel part of a protease
array. Results obtained showed positive expression of matrix
metalloproteinases (MMPs) (Figure 4.3.4 (a)); ADAM metalloproteinases
(ADAMs 8 and 9), ADAM with thrombospondin motifs (ADAMTS 1 and 13),
neprilysin, presenilin, proprotein convertase 9, proteinase 3, urokinase-
type plasminogen activator (uPA) (Figure 4.3.4 (b)); cathepsins (CTS)
(Figure 4.3.4 (c)) and kallikreins and dipeptidyl peptidase-4 (DPPIV/CD26)
(Figure 4.3.4 (d)) in LAF/621-101 cell co-cultures and 621-101 cell mono-
cultures. Protease expression was variable in the LAF donors. Both
LAF/621-101 co-cultures and 621-101 cell mono-cultures showed
significantly elevated MMP-2 protein compared to LAF mono-cultures
(p<0.0001) and MMP-3 was significantly elevated in co-cultures (p=0.013)
compared to LAF mono-cultures. MMPs-13, -1, -12, -7, -8, -10 and -9 were
increasingly elevated in LAF/621-101 cell co-cultures compared to LAF
mono-cultures, however, these comparisons were not found to be

statistically significant (p>0.05).

Expression of ADAM with thrombospondin motifs 1 (ADAMTS1) was
significantly elevated (p=0.0068) in LAF/621-101 cell co-cultures
compared to LAFs alone whereas serine protease, urokinase-type
plasminogen activator (uPA) was elevated significantly elevated in LAF
mono-cultures compared to 621-101 mono-cultures (p=0.0012). LAF/621-
101 cell co-cultures showed elevated expression of ADAM
metalloproteinases 8 (ADAM8) and 9 (ADAM9), ADAMTS13, neprilysin,

presenilin, proprotein convertase 9 and proteinase 3 all of which were
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negatively expressed in LAF mono-cultures. 621-101 cell mono-cultures

showed more than 50% less expression of these proteases.

Expression of the kallikreins was elevated in co-culture however this was
not found to be statistically significant compared to LAF and 621-101 cell
mono-culture. Most kallikreins were negatively expressed in LAF mono-
cultures. Again, 621-101 cell mono-cultures showed more than 30% less
expression of most kallikreins compared to co-cultures. The 621-101 cell
mono-cultures however, had significantly elevated levels of dipeptidyl
peptidase-4 (DPPIV/CD26) compared to both co-culture and LAF mono-

culture (p<0.0001).

The expression of the panel of cathepsins however, was positively detected
in all three conditions with the exception of cathepsin E (CTSE) being
negatively expressed in LAF mono-cultures. Cathepsins A, B, D and X/Z/P
were all significantly elevated in 621-101 mono-cultures compared to co-
cultures and LAF mono-cultures (p<0.0001). Expression of cathepsin V
(CTSV) was however, significantly elevated in LAF/621-101 cell co-cultures
compared to LAF mono-cultures (p=0.0001). Expression of cathepsins C,
E, L and S was also elevated in co-cultures and 621-101 mono-cultures to

a similar extent compared to LAF mono-cultures.

The above data suggested that although most proteases examined were
elevated in LAF/621-101 co-cultures representing two key cell types in
LAM nodule, in vitro, the most highly elevated were MMPs, mainly MMPs-

2 and -3, uPA and the panel of 10 cathepsins. This suggested that the
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cathepsins may be an important class of proteases involved in the

destruction of the lung.
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4.3.4 Cathepsin K Expression in Ex Vivo LAM Lung Tissue

On initial screening for elevated protease gene expression in LAM lung
tissue, cathepsin K was identified as the most strongly expressed protease.
Subsequent screening of gene and protein expression in LAF/621-101 co-
cultures and mono-cultures identified that cathepsins were major group of
proteases elevated in co-culture and that cathepsin K was almost
exclusively expressed by the LAFs. Immunohistochemical expression of
cathepsin K has previously been detected in LAM nodules (Chilosi et al.,
2009). Cathepsin K expression was therefore assessed in the LAM lung

tissue donors and was compared to fibroblast marker FSP.
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LAM1

LAM 2

Normal

Figure 4.3.5 Cathepsin K expression within LAM lung nodules. Image shows
immunohistochemical staining for cathepsin K (CTSK) a smooth muscle actin (a-SMA),
fibroblast specific protein (FSP) and melanoma marker antibody (PNL2) in the nodules of
two representative patients with LAM and normal lung tissue. x10 magnified images were
taken using a Nikon Diphot Inverted microscope.

Expression of cathepsin K was examined using immunohistochemistry in
LAM lung tissue. Figure 4.3.5 shows comparative immunohistochemical
staining in two representative LAM tissue donors and normal lung tissue.

Cells within LAM nodules a showed strong immunoreactivity to the
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cathepsin K antibody. Expression was particularly strong in the spindle-
shaped cells within the nodules. These cells also strongly immunoreacted
with a-SMA and fibroblast marker FSP expressed within the nodules.
Punctate PNL2 expression was observed in rounded or epithelioid-shaped
cells within the nodules which were distinct from the spindle-shaped areas

within the nodules. Isotype controls were clean (Appendix I).
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4.3.5 Cathepsin K Expression is Associated with LAM Nodules

As cathepsin K expression was found to be associated with LAM nodules,

a further analysis was done to assess whether the nodular expression was

associated with cystic destruction
CTSK aSMA

BRIy § I RN

£

LAM 1

LAM 2

LAM 3

thepsin K in LAM. Immunohistochemical images of three
representative LAM lung tissues. a-SMA identifies LAM nodules (black arrowhead) adjacent
to cysts which have positive staining for cathepsin K. Magnification x2.5, scale bar 1mm.
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Six lung biopsy and seven transplant tissues from women with LAM were
immunostained for cathepsin K. Nodules formed generally appear adjacent
to cysts and immunostaining for a-SMA identified the nodules (black
arrowhead) in three representative LAM donors presented. Cathepsin K
staining was mainly localised to these nodules adjacent to cysts and was

absent in the surrounding uninvolved lung tissue.

200



4.3.6 Effect of B-Estradiol (E2) and Rapamycin on CTSK Expression

Cathepsin K gene expression was then assessed in ex vivo LAM lung tissue.
To determine whether expression in LAM lung was downstream of mTOR
or oestrogen signalling, fresh LAM lung tissue pieces were treated with
mTOR inhibitor rapamycin and B-estradiol. Due to the lack of availability
of fresh LAM lung tissue, the experiment could be performed on two LAM

donors only.

0.071 .

T

Relative gene expression ('-actin)

Vehicle Rapamycin Oestrogen Oest+Rapa

Treatment

Figure 4.3.7 Cathepsin K gene expression in ex vivo LAM lung tissue. Lung tissue
was incubated for 48 hours with rapamycin (10nM), oestrogen (10nM), oestrogen and
rapamycin or vehicle and gene expression measured by gRT-PCR. Figure shows mean (%
standard deviation) CTSK gene expression determined relative to B-actin using the 24¢T
method. One-way ANOVA performed corrected for multiple comparisons using a post-hoc
Dunnett’s multiple comparisons test. **p<0.01, n=12.

Fresh pieces of LAM lung tissue were excised from six distinct areas of the
lung parenchyma from two transplant lung donors. which showed variable
expression possibly due to the variability of cells in each explant. Each of

the six explants from both donors was treated with E2 and rapamycin
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following which cathepsin K expression was measured making the humber
of replicates 12 (n=12). Therefore, a one-way ANOVA was performed to

generate statistical differences.

CTSK gene expression was detected in all tissue explants. rapamycin
(10nM) treatment reduced CTSK gene expression to around one quarter
of vehicle control treated levels (p=0.0026). Treatment with E2 (10nM)
had no significant effect upon CTSK levels. Additive treatment of E2 (10nM)
and rapamycin (10nM) also resulted in signification reduction in CTSK gene

levels (p=0.0077).
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4.3.7 Expression of Cathepsin K (CTSK) in Cultured Cells

LAM nodules are heterogeneous structures with a complex mixture of cell
types. To determine which cell types are responsible for cathepsin K
expression the expression of the CTSK transcript was examined by gRT-

PCR in LAFs, NHLFs and 621-101 cells.
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0.31

0.27

0.11
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0.0-

LAF NHLF 621-101 cells

Figure 4.3.8 Cathepsin K expression in fibroblasts and 621-101 cells. Quantitative
real-time PCR for cathepsin K in LAM associated fibroblasts (LAF, n=4), normal human lung
fibroblasts (NHLF, n=3) and 621-101 cells. Figure shows mean (* standard deviation) CTSK
gene expression determined relative to B-actin using the 2-2<T method. Two-tailed Students
t-test was performed, *p<0.05.

CTSK transcript was present in both NHLFs and LAFs and was significantly
elevated (p=0.045 and p=0.045 respectively) compared to 621-101 cells
(Figure 4.3.8). Immunofluorescent expression of cathepsin K was then
assessed in the LAFs, NHLFs and 621-101 cells detecting protein

expression of this protease.
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(a) LAF1

(c) NHLF (d) Isotype

(e) 621-101 (f) Isotype

Figure 4.3.9 Immunofluorescent detection of cathepsin K. Image shows two LAF (A
and B), NHLF (C) and 621-101 cells (E) stained using anti-CTSK antibody. Isotypes for
fibroblasts (D) and 621-101 cells (F) were devoid of CTSK. Images taken at x20 using an
Improvision spinning-disc confocal microscope.

Two representative LAF donors (Figure 4.3.9 (a and b)) and one NHLF
donor (Figure 4.3.9 (c)) are shown in the image above. Strong
immunoreactivity to anti-CTSK was seen in both LAFs and NHLFs. All cells
in culture showed an intra-cytoplasmic staining pattern and speckled
granules suggested lysosomal presence of CTSK. However, the 621-101
cells (Figure 4.3.9 (e)) did not react with the CTSK antibody and were

devoid of cathepsin K protein. Isotype controls for both fibroblasts and
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621-101 cells were clean with little to no background staining (Figure 4.3.9

(d and f)).
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4.3.8 Cathepsin K Expression in LAM Spheroids and LAMospheres

Co-culture LAF mono-culture 621-101 cell mono-culture

Cathepsin K

LAMosphere 1 LAMosphere 2

\_",‘

L}
Figure 4.3.10 Immunohistochemical expression of cathepsin K in LAM spheroids
and LAMospheres. Figure shows expression of cathepsin K in LAM spheroids and LAF and
621-101 cell mono-culture spheroids (panels A, B and C respectively) and LAMospheres
obtained from two donors (panels D and E respectively). Images taken using Nikon Diaphot
Inverted microscope at x40 magnification.

Cathepsin K expression was found in both LAM spheroids and LAF mono-
culture spheroids. Four independent LAF donors were examined all of
which showed similar expression. LAF mono-culture spheroids showed
strong immunoreactivity to the cathepsin K antibody (Figure 4.3.10 (b)).
621-101 cell mono-culture spheroid showed marginal expression of
cathepsin K. Spheroids were imaged at x40 magnification however at the

end of 7 days the loosely packed 621-101 cell mono-culture spheroids had
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increased in size, did not fit in the area of focus and only 5-10% of the
total cells expressed cathepsin K (Figure 4.3.10 (c)). Cathepsin K
expression in the LAM spheroids however, was mainly observed in the
centre of the spheroid (Figure 4.3.10 (a)). Cells in the periphery showed
lower immunoreactivity to cathepsin K than those in the centre. This
suggested that the positively reactive cells in the centre were LAFs
surrounded by 621-101 cells in the periphery. LAMospheres from both LAM
donors showed strong immunoreactivity to cathepsin K. Again, strong
immunoreactivity was noted mainly in the centre of the LAMosphere

surrounded by few negative cells in the periphery (Figure 4.3.10 (d and

e)).
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4.3.9 Magic Red® - Intracellular Cathepsin K Activity

Gene and protein expression of CTSK was detected in both LAFs and NHLFs
(sections 4.3.2 and 4.3.7). However, since this study was based on the
hypothesis that LAM cells recruit fibroblasts and possibly modify their
phenotype all further experiments were carried out using LAFs alone.
Although it was evident that LAFs expressed cathepsin K, activation of this
protease is required to elicit its matrix degrading potential. The

intracellular cathepsin K activity was therefore initially assessed in LAFs.

LAF 1 LAF 2
LAF 3 LAF 4
LAF  + LAF  +
CTSK inh CTSK inh
LAF + LAF +

E64 E64

Figure 4.3.11 Intracellular activity of cathepsin K measured using the Magic Red®
substrate. Intracellular cathepsin k activity is visible as red fluorescence in four LAF
cultures (panels A-D) at pH 6.5. Fluorescence is reduced by the cathepsin K specific
inhibitor LO06235 (100nM) (panels E and F) and completely abrogated by the cysteine
protease inhibitor E64 (10uM) (panels G and H). Magnification x20. Images acquired using
Improvision spinning disc confocal microscope.
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To determine the presence of intracellular cathepsin K activity a synthetic
substrate for cathepsin K was used. Magic Red makes use of a photo stable
red fluorophore, cresyl violet that is bi-substituted via an amide linkage to
two cathepsin k target peptide sequences such as (leucine-arginine)2 (MR-
(LR)2). On enzymatic cleavage, the bi-substitution changes to a mono or
non-substitution which causes cresyl violet to fluoresce and generate a red

fluorescence when excited at 550-590nm (Van Noorden et al., 1997).

Fluorescence emitted by the cleaved cresyl violet substrate was imaged
using a TRITC filter set on an Improvision spinning-disc confocal
microscope. All four donors showed extensive intracellular CTSK activity
(Figure 4.3.11 (a-d)) evidenced by the presence of red fluorescence. This
activity was partially inhibited by highly specific and potent CTSK inhibitor,
L006235 (Figure 4.3.11 (e and f)) and completely inhibited by the broad

spectrum cysteine protease inhibitor E64 (Figure 4.3.11 (g and h)).
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4.3.10 Association of Cathepsin K with Fibroblast-like Spindle-shaped cells in LAM nodules

Cathepsin K

LAM 1

LAM 2

LAM 3

Figure 4.3.12 Immunofluorescent (IHC-Fr) co-localisation of Fibroblast specific protein (FSP) and Cathepsin K in LAM Iung nodules. Image
shows fluorescent immunohistochemical staining of LAM lung tissue from three donors. Individual panels show DAPI staining of nuclei (blue), fibroblast
specific protein (FSP, green), cathepsin K (CTSK, red) and the overlay with co-localisation of FSP and CTSK (yellow). Cathepsin K and FSP are strongly co-
localised, with only modest cathepsin K expression outside of LAM associated fibroblasts. Images x20 magnification.
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Clements et al. have previously shown the abundant presence of
fibroblasts in LAM nodules (Clements et al., 2015). It is a well-known fact
that fibroblasts express several proteolytic enzymes including several
MMPs that have been known to participate in for tissue degradation (Sabeh
et al., 2004, Sabeh et al., 2009). Therefore, to determine if the spindle-
shaped cells, presumed to be LAFs, within the LAM nodules are the
predominant source of cathepsin K, three LAM lung tissue donors were co-
immunostained using fluorescently labelled antibodies against the
fibroblast marker FSP and cathepsin K. Strong co-localisation of both
cathepsin K and FSP expression was observed in the spindle-shaped cells
in LAM nodules. The merging of green (FSP) and red (CTSK) fluorescent
labels showed the appearance of yellow (merge) fluorescence in cells
expressing both proteins (Figure 4.3.12) This was consistent with the
expression of cathepsin K by LAM lung fibroblasts. A less intense cathepsin
K staining could also be detected by immunofluorescence in FSP negative
cells. Isotypes for both antibodies were clean with little or no background

staining (Appendix I)
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LAM 3

P X X

Figure 4.3.13 Chromogenic immunohistochemical co-localisation of Fibroblast
specific protein (FSP) and Cathepsin K in LAM lung nodules. Dual chromogenic
immunohistochemistry showing LAM nodules reacting with antibodies against both
cathepsin K (blue) and fibroblast surface protein (brown). Left panels are x4 magnification
and right are inset area at x40 taken from the same three representative donors. All donors
showed spindle-shaped cells within nodules reacting with both antibodies.

Dual chromogenic immunohistochemistry (IHC) was also performed to
confirm the expression of cathepsin K in the spindle-shaped FSP-positive
cells in LAM nodules. Cathepsin K (blue) was detected using Vector Blue
alkaline phosphatase substrate and FSP (brown) detected using the
ImmPact diaminobenzidine (DAB) substrate. Spindle-shaped cells within
the nodules from all three donors reacted with both antibodies which was

consistent with the IHC-Fr staining pattern. Cells expressing both proteins
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appeared dark brown to black in colour (Figure 4.3.13). This was again
consistent with the expression of cathepsin K by LAFs. Expression of

cathepsin K was also noted in few surrounding FSP negative cells.

4.3.11 Extracellular Cathepsin K Activity

As it was established from section 4.3.10 that the FSP positive LAM-
associated fibroblasts showed positive CTSK staining it was imperative to
ascertain whether the CTSK expressed by LAFs in vitro was active
extracellularly. Cathepsin K like most proteases requires activation from
an inactive pro-form to elicit its potent matrix degrading activity
(McQueney et al., 1997). This activation occurs in an acidic
microenvironment therefore the extracellular activity of cathepsin K was
measured at physiological and acidic pH. The fluorescent-based cathepsin
K activity assay the preferred cathepsin K peptide substrate sequence
leucine-arginine (LR) labelled with amino-4-trifluoromethyl coumarin
(AFC). On cleavage of the peptide substrate the free released AFC can be
measured at 400nm excitation and 505nm emission reflecting CTSK

activity in samples.
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Figure 4.3.14 Extracellular cathepsin K activity is pH dependant. LAFs (n=4), 621-
101 cells and LAF/621-101 cell co-cultures in a 10:1 ratio were grown in culture for 96
hours at a range of pH values. Cathepsin K activity was measured in in four LAF donors the
presence and absence of CTSK inhibitor using the Cathepsin K activity assay (Abcam).
Fluorescence was measured at 400nm excitation and 505nm emission and data were
plotted as a mean (£standard deviation) of relative fluorescence units obtained from four
donors per condition. Two-way ANOVA performed corrected for multiple comparisons using
the Bonferroni correction method. *p<0.05, ***p<0.0001.

Figure 4.3.14 shows in vitro cathepsin K activity examined using four
separate LAF primary cultures (n=4) and 621-101 cells both separately as
mono-cultures and combined in co-cultures (n=4). At physiological pH,
cathepsin K activity was not significantly elevated above baseline values
in any cell type or culture condition. However, at pH 7.0 and 6.0 LAF
cathepsin K activity was 1.7 and 2.2-fold higher (p=0.044 and 0.0017
respectively) than at pH 7.5, and almost 3 fold higher (p<0.0001) in co-
cultures. Cathepsin K activity in 621-101 cell supernatants was low at all
pH values.

Treatment with 20uM kit supplied CTSK inhibitor significantly reduced
cathepsin K activity in LAFs at pH 6.0 (p<0.0001) and 7.0 (p=0.0064).

Activity was also significantly reduced in LAF/621-101 cell co-cultures
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(p<0.0001) when treated with the inhibitor. Baseline cathepsin K activity
was seen at physiological pH which remained unchanged despite inhibitor

treatment.

4.3.12 Cell viability at low pH
Cell viability was assessed as a measure of MTT reduction as cells normally

cultured at physiological pH were now treated with low pH medium.
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Figure 4.3.15 LAFs and 621-101 cells survive at low pH. Figure shows MTT (3-(4,5-
Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide) reduction by LAFs and 621-101
cells cultured for 24 hours in unbuffered DMEM at pH 4.0 - 8.0.

Mitochondrial activity which reflected the number of viable cells measured
after 96 hours in culture is seen in Figure 4.3.15. Both LAFs and 621-101
cells did not survive at pH 4.0 and 5.0. However, LAF viability increased
more than 25-fold and 621-101 cell viability increased more than 125-fold
when cultured at pH 6.0. Cell viability was increasingly higher at pH 7.0

and 8.0. Any resulting cell death was also confirmed by observation in
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parallel with the MTT reduction assay. This suggested that cell viability was

unimpaired at the low pH used for the activation of cathepsin K in vitro.

4.3.13 Acidification of Tissue Culture Medium by 621-101 Cells

Activation of cathepsin K requires an acidic pH. In the osteoclast where
activation of this protease is best documented acidic conditions are
provided by the microenvironment in the bone resorption pit (Everts et al.,
2006). Therefore, to assess whether the TSC27- 621-101 cells could
provide an environment conducive to LAF-derived cathepsin K activity their
capability of lowering the pH of the culture medium was assessed over 24

hours in vitro.
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Figure 4.3.16 Extracellular pH reduction by 621-101 cells. (a) 621-101 cells and (b)
LAFs (n=4) were cultured in unbuffered media for 24 hours at pH 7.5, 7.0 and 6.0 in the
presence and absence of 10nM rapamycin. Culture medium pH was measured at the end
of 24 hours using an Oakton Waterproof pH Spear Pocket pH tester.

To establish this, TSC27- 621-101 cells and LAFs (n=4) were grown
separately in unbuffered DMEM, adjusted to initial pH values of 7.5, 7.0

and 6.0. Both cell types were also treated with 10nM mTOR inhibitor
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rapamycin and were maintained in culture for a period of 24 hours. All four
LAF donors had no significant effect on culture medium pH over 24 hours
and treatment with rapamycin did not alter their ability to maintain cell
culture pH (Figure 4.3.16 (b)). Rapamycin treated 621-101 cells appeared
to show no change in culture medium pH and could resist a change in pH
over 24 hours. However, untreated 621-101 cells resulted in the

acidification of culture medium pH which was independent of the starting

pH.
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Figure 4.3.17 621-101 cells rapidly reduced cell culture medium pH. Figure shows
the effect of rapamycin treatment on 621-101 cells in the absence of which, the cells rapidly
reduced cell culture medium pH over 24 hours independent of starting pH. Two-tailed paired
t-test performed, **p<0.01, ***p<0.001.
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Figure 4.3.17 shows 621-101 cell culture medium pH significantly reduced
by 0.52 pH units from a starting pH of 7.5 (p=0.0023) and by 0.6 pH units
from a starting pH of 7.0 (p<0.0001) and 6.0 (p=0.0008). The culture
medium pH was initially noted to have reduced after 8 hours in culture and
by the end of 24 hours, pH was 0.5 unit reduced independent of starting
pH. All four LAF donors did not exhibit the ability to reduce extracellular
pH whereas, in contrast, 621-101 cell culture resulted in a rapid decline in
extracellular pH. This phenomenon was completely abrogated by the
addition of mTOR inhibitor, rapamycin which suggested that the ability of
621-101 cells to acidify the extracellular environment was downstream of

mTOR.

4.3.14 Expression of Membrane Proton Pumps and Transporters in 621-

101 Cells

It was now established that TSC27/- 621-101 cells were capable of
acidifying the extracellular environment which was possibly a result of
dysregulation of m TOR in these cells. Under normal circumstances, cells
are capable of maintaining a physiological intracellular and extracellular
pH by controlling the expression and activity of membrane proton pumps
and transporters. An altered metabolism in tumour cells changes the
normal regulation of such pumps and transporters resulting in an efflux of
protons (H*) to maintain an intracellular alkaline pH (pHi) thus rendering
the extracellular environment acidic (pHe) (Damaghi et al., 2013, Huber et

al., 2010). To determine the mechanism of extracellular acidification by
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621-101 cells, expression of candidate membrane pumps and transporters

was assessed in the 621-101 cells using qRT-PCR.
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Figure 4.3.18 Expression of membrane pumps and transporters in 621-101 cells.
Expression of carbonic anhydrase (CA) 1I, IX, XII, monocarboxylate transporter (MCT) 1,
4, sodium bicarbonate (Na 7HCO3 ) co-transporters (NBC) 1 / SLC4A4, 3 / SLC4A7, sodium
H* (Na/H*) exchanger (NHE) 1 / SLC9A1 and vacuolar-type H™-ATPases (V-ATPases)
ATP6V1B2 and ATP6VOA4 in 621-101 cells treated for 24 hours with either vehicle,
rapamycin (10nM), oestrogen (10nM) or LAF conditioned medium (LAF CM) assessed via
gRT-PCR. Figure shows mean (* standard deviation) gene expression determined relative
to B-actin using the 24T method.

Figure 4.3.18 shows the expression of carbonic anhydrases (CA), II, IX
and XII, monocarboxylate transporters (MCT) 1 and 4, sodium bicarbonate
(Na*/HCOs3") co-transporters, members of the NBC family (NBC) 1 /
SLC4A4 and 3 / SLC4A7, sodium H* (Na*/H*) exchanger, member of the
NHE family (NHE) 1 / SLC9A1 and vacuolar-type H*-ATPases (V-ATPases)
ATP6V1B2 and ATP6V0A4 that were all found to be expressed in 621-101
cells. Incubation of 621-101 cells with rapamycin, oestrogen or LAF

conditioned medium (LAF CM) did not significantly change the expression
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of the candidate membrane pumps and transporters profiled (p>0.05).
Gene expression of CAIX, CAXII and MCT1 however, was reduced in the
presence of rapamycin by 12.5-fold, 2.4-fold and 1.3-fold respectively
suggesting that the expression of these targets might be regulated by

mTOR.

4.3.15 Expression of Membrane Pumps and Transporters in LAM Lung
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Figure 4.3.19 Expression of H* ion transporters in LAM lung tissue. Expression of
CA II, IX, XII, MCT 1, 4, Na*/H* exchanger, NHE1, Na*/HCOs co-transporters SLC4A4,
SLC4A7 and V-ATPases ATP6V1B2 and ATP6VOA4 in six LAM and three control patient
derived lung tissues assessed via q RT-PCR. Figure shows mean (* standard deviation)
gene expression determined relative to B-actin using the 24T method.
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The expression of the candidate H* ion transporters was then measured in
LAM and control lung tissue. Varying expression of all candidate membrane
pumps and transporters was detected in six LAM and three control tissue
donors. No significant changes were observed in the gene expression
between LAM and control lung tissue (p>0.05). However, it is interesting
to note that expression of CAIX was 283-fold upregulated in LAM lung
tissue and was almost negligible in control tissue. Expression of all
membrane pumps and transporters was elevated 2-fold or more in LAM
lung tissue with the exception of CAII being expressed more in control

tissue.

From the above results, it was evident that CAIX was the most highly
expressed membrane transporter in LAM lung. CAIX and bicarbonate
transporters such as SLC4A4 are known to form a metabolon which serves
to enhance the hydration of CO:2 outside the cell and subsequent shuttling
of HCOs™ ions into the cytosol. Therefore, the expression of these two
candidate membrane transporters was assessed immunohistochemically in

LAM lung tissue.
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Figure 4.3.20 Expression of CAIX and SLC4A4 in ex vivo LAM lung tissue.
Immunohistochemical staining of two representative LAM lung tissues showing positive
staining in serial sections for CAIX and SLC4A4 within LAM nodules. Panels A and C show
x4 images and B and D show x40 images of LAM and normal lung donors. Normal lung
showed positive staining for SLC4A4 but not CA IX. Images taken using a standard
brightfield Nikon Diaphot Inverted microscope.

Figure 4.3.20 shows the expression of membrane transporter proteins
CAIX and the Na*/HCOs" co-transporter SLC4A4 / NBC1 in two LAM lung
and normal donor tissue. Both LAM donors showed strong
immunoreactivity to CAIX and SLC4A4 antibodies. Expression of both CAIX
and SLC4A4 was mainly observed in LAM nodules and it was interesting to
note that expression was strong in the centre of the nodules. Slight
expression of SLC4A4 was observed in normal lung tissue however, CAIX

expression was completely absent.
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4.3.16 Inhibition of Membrane Pumps and Transporters in 621-101 Cells

The expression of membrane pumps and transporters in 621-101 cells was
established in section 4.3.14. All of these pumps and transporters are
known H* ion transporters and net acid extruders (Damaghi et al., 2013).
Therefore, in order to determine whether inhibition of these membrane
pumps and transporters could inhibit extracellular acidification caused by

621-101 cells pharmacological inhibitors of these transporters were used.

As it has been postulated that similar to cancer cells a Warburg metabolism
exists in LAM cells, one of the interesting targets for this study were
monocarboxylate transporters (MCT) which are responsible for lactate
shuttling. However, the universal MCT pharmacological inhibitor CHC (2-
Cyano-3-(4-hydroxyphenyl)-2-propenoic acid) is itself an acid and when
added to the pH adjusted unbuffered medium, rendered the medium
acidic. Readjusting the medium pH did not help as the efficacy of the drug
would be compromised and therefore due to these technical issues any
results obtained using this inhibitor would be compromised and could not

be considered.
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Figure 4.3.21 Membrane pump and transporter inhibition in 621-101 cells.
Pharmacological inhibition of membrane pumps and transporters or mTOR inhibits extra-
cellular acidification in 621-101 cell cultures. CHC (monocarboxylate transporter inhibitor)
S4 and Acetazolamide (carbonic anhydrase inhibitors), BIX (Na*/H* exchanger inhibitor),
S0895 (Na*/HCOs co-transporter inhibitor) and Concanamycin A (Vacuolar-type H*-
ATPase inhibitor).

621-101 cells were cultured in unbuffered medium adjusted to pH 7.5 and
were treated either with vehicle control or with the inhibitors of candidate
net acid extruders described in section 2.1.4. Figure 4.3.21 shows 621-
101 cells treated with vehicle control reduced extracellular pH by 0.75 pH
units over 24 hours. Inhibition of CAs, Na*/H* exchanger and V-ATPases

blocked the extracellular acidification increasingly strongly and the least
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resistant, inhibition of V-ATPases allowed reduction in pH by only 0.34

units.
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Figure 4.3.22 24 hour inhibition of membrane pumps and transporters in 621-101
cells. Figure shows the resulting culture medium pH after 24 hours of inhibition of
membrane pumps and transporters in 621-101 cells. One-way ANOVA performed corrected
for multiple comparisons using Dunnett’s multiple comparisons test. ***p<0.001

However, inhibition of the Na*/HCOs™ co-transporter significantly inhibited
the reduction in culture medium pH (p=0.0003) over 24 hours (Figure
4.3.22). Interestingly the mTOR inhibitor rapamycin was more potent than
any of the membrane transporter inhibitors and significantly abolished

extracellular acidification (p=0.00019).

225



4.3.17 Effect of Inhibition of Membrane Pumps and Transporters on
Cathepsin K Activity
It was established that optimum cathepsin K activity required a low pH
environment (section 4.3.11). TSC27- 621-101 cells were capable of
providing a low pH environment via the expression of membrane pumps
and transporters. Inhibition of these candidate membrane pumps and
transporters, mainly sodium bicarbonate co-transporters and carbonic
anhydrases reduced the change in culture medium pH to an acidic pH by
the 621-101 cells. Therefore, in order to recapitulate the LAM nodule
environment it was important to examine whether the 621-101 cells were
capable of acidifying their environment in the presence of LAF and whether

this resulted in the inhibition of LAF-derived cathepsin K activity.
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Figure 4.3.23 Inhibition of membrane pumps and transporters and their effect on
CTSK activity in LAFs and 621-101 cells. LAFs (n=4) and 621-101 cells were grown as
mono-cultures in unbuffered media in the presence of either vehicle control (DMSQO) or CHC
(MCT inhibitor), S4 (CAIX and CAXII inhibitor), acetazolamide (non-specific carbonic
anhydrase inhibitor), BIX (Na*/H* exchanger inhibitor), SO859 (Na*/HCO3 co-transporter
inhibitor), concanamycin A (V-ATPase inhibitor) or rapamycin (mTOR inhibitor). Panels A
and B show the measurement of pH after 48 hours of inhibitor treatment in LAFs and 621 -
101 cells respectively. Panels C and D show the cathepsin K activity measured after 48
hour inhibition of membrane transporters. One-way ANOVA performed corrected for
multiple comparisons using the post-hoc Dunnett’s test. **p<0.01, ***p<0.001.

Vehicle and mTOR inhibitor treated LAFs (n=4) resisted pH change and did
not result in a decrease in culture medium pH. Inhibition of membrane
pumps and transporters in LAFs however, over 48 hours, caused a minimal
reduction in extracellular pH (Figure 4.3.23 (a)). Inhibition of Na*/H*
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exchanger, V-ATPases, carbonic anhydrases and Na*/HCOs" co-transporter
caused reduced culture medium pH increasingly weakly. Again, on
inhibition of MCT culture medium pH appeared reduced however this was
due to the acidic properties of the inhibitor itself. The cathepsin K activity
measured thereafter was complementary to the changes in pH obtained
after 48 hours (Figure 4.3.23 (c)). As a decrease in pH was observed on
inhibition of the Na*/H* exchanger, cathepsin K activity was significantly

high in LAFs treated with BIX compared to vehicle treated LAFs (p=0.004).

Inhibition of mTOR in 621-101 cells maintained a physiological
extracellular pH which reduced by only 0.2 pH units at the end of 48 hours.
Compared to rapamycin, vehicle treated 621-101 cells showed a significant
reduction in pH (p=0.0004) over 48 hours of culture. Again, inhibition of
Na*/HCOs™ co-transporter significantly inhibited reduction in extracellular
pH (p=0.002) (Figure 4.3.23 (b)). Inhibition of Na*/H* exchanger, V-
ATPases and carbonic anhydrases inhibited pH change increasingly
strongly. It was interesting to note that despite a reduction in extracellular
medium pH cathepsin K activity was very low to negligible (Figure 4.3.23
(d)). This was in keeping with the 621-101 cell activity measured in section

4.3.11.
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Figure 4.3.24 Inhibition of membrane pumps and transporters and their effect on
CTSK activity in LAF/621-101 co-cultures. LAF/621-101 cell (n=4) co-cultures were
grown in unbuffered media in the presence of either vehicle control (DMSO) or CHC (MCT
inhibitor), S4 (CAIX and CAXII inhibitor), acetazolamide (non-specific carbonic anhydrase
inhibitor), BIX (Na+/H+ exchanger inhibitor), SO859 (Na+/HCO3- co-transporter inhibitor),
concanamycin A (V-ATPase inhibitor) or rapamycin (mTOR inhibitor). Panels A shows the
measurement of pH after 48 hours of inhibitor treatment and panel B shows the cathepsin
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K activity measured after 48 hour inhibition of membrane transporters in co-cultures. One-
way ANOVA performed corrected for multiple comparisons using the Bonferroni correction
method. **p<0.01, ***p<0.001.

621-101 / LAF co-cultures acidified the extra-cellular space, which was
associated with cathepsin K activity in the co-cultures (Figure 4.3.24 (a)).
Vehicle treated 621-101 cells reduced the extracellular pH by almost 0.9
pH units over 48 hours. Membrane transporter inhibitors blocked extra-
cellular acidification to the same degree as seen in 621-101 monocultures.
Inhibition of both mTOR and Na*/HCOs co-transporters significantly
inhibited pH change compared to vehicle (p=0.007 and p=0.008
respectively). Inhibition of Na*/H* exchanger, V-ATPases and carbonic
anhydrases blocked extra-cellular acidification increasingly strongly.
Again, inhibition of MCT showed a reduction in pH similar to vehicle treated
621-101 cells, however, this was possibly due to the acidic nature of the

inhibitor itself.

Inhibition of pH change was also associated with reduced cathepsin K
activity (Figure 4.3.24 (b)). Vehicle treated co-cultures showed the highest
cathepsin K activity which was significantly reduced by the inhibition of
carbonic anhydrases IX and XII (p=0.0021). Importantly, the Na*/HCO3"
co-transporter inhibitor was the strongest inhibitor of both acidification and
cathepsin K activity, significantly reducing activity by almost 75%
(p=0.0001). Inhibitors with more modest effects on acidification had had
lesser effects on cathepsin K activity. Again rapamycin was the strongest
inhibitor of acidification and significantly reduced cathepsin K activity by

around 50% (p=0.0001).
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4.3.18 Effect of Inhibition of Membrane Pumps and Transporters on Cell
Viability

To ensure that LAF and 621-101 cell viability was not affected by the

inhibition of membrane pumps and transporters, an MTT reduction assay

was carried out to asses these parameters.
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Figure 4.3.25 Cell viability measured after inhibition of membrane pumps and
transporters in LAFs and 621-101 cells. Figure shows MTT reduction by LAFs (n=4)
and 621-101 cells cultured for 48 hours in unbuffered media in the presence of either
vehicle control or CHC (monocarboxylate transporter inhibitor), S4 (carbonic anhydrase IX,
XII inhibitor), acetazolamide (universal carbonic anhydrase inhibitor), BIX (Na¥/H*
exchanger inhibitor), S0859 (Na/HCOs co-transporter inhibitor), concanamycin A (V-
ATPase inhibitor) or rapamycin (mTOR inhibitor).

Cell viability was assessed as a measure of MTT reduction in LAFs and 621-
101 cells treated with membrane pumps and transporters. Mitochondrial
activity which reflected the number of viable cells measured after 48 hours
in culture is seen in Figure 4.3.25. Both LAFs and 621-101 cells showed
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similar viability over 48 hours regardless of inhibitor treatment. Inhibition
of Na*/HCOs3  co-transporters in the 621-101 cells resulted in a 1.3-fold
increase in MTT signal compared to LAFs. This suggested that inhibition of
membrane pumps and transporters did not reduce cell viability and that
an increase in MTT signal by the 621-101 cells on inhibition of Na*/HCOs"
co-transporters possibly increased 621-101 cell number reflected by an

increase in mitochondrial activity.
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4.3.19 Cathepsin K Activity Relates To Total Cathepsin K Expression in
Cultured Cells
An elevated cathepsin K activity was detected in LAF/621-101 cell co-
culture compared to their respective mono-cultures as a result of the
activation mechanisms described above. Activity was inhibited to differing
levels on the inhibition of membrane pumps and transporters. However, it
was necessary to assess how this activity related to the total cathepsin K
protein in LAFs and 621-101 cells. To quantify total cathepsin K in LAF/621-
101 cell co-culture and LAF and 621-101 cell mono-cultures an ELISA was

performed.
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Figure 4.3.26 Total cathepsin K protein measured in LAFs and 621-101 cells after
inhibition of membrane pumps and transporters. Panel A shows total cathepsin K
protein simultaneously measured in LAFs (n=4), 621-101 cells or a 10:1 mixture of LAFs
and 621-101 cells. Panel B shows cathepsin K activity per pmol/L in LAF/621-101 cell co-
cultures. Activity and total protein were measured in culture supernatants collected after
48 hours of inhibition of membrane pumps and transporters. One-way ANOVA performed
corrected for multiple corrections using Dunnett’s multiple comparisons test. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4.3.26 (a) shows total cathepsin K protein measured in co-culture
and mono-culture supernatants. Cathepsin K protein was significantly
elevated in co-culture supernatants treated with S0859 compared to
vehicle (p=0.003) and rapamycin (p=0.0016). Cathepsin K activity
measured in co-cultures was compared to the total protein to assess the
proportion of total protein that was active after inhibition of membrane
pumps and transporters. Figure 4.3.26 (b) showed a significantly reduced
activity per pmol/L of cathepsin K on inhibition of Na*/HCOs" co-transporter
(p=0.0002) and carbonic anhydrases (p=0.038). mTOR inhibition by
rapamycin resulted in an almost 2-fold decrease in activity per pmol/L
however, this comparison was not found to be statistically significant
(p>0.05). This suggested that while elevated protein levels were observed
in co-cultures only a small proportion of this was active after treatment

with S0859, acetazolamide and rapamycin.
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4.4 Discussion

This chapter describes the screening of LAM tissue for elevated protease
expression and selection of a key protease, cathepsin K, proposed to play
a role in the lung destruction associated with LAM. This chapter has
established the presence of cathepsin K in ex vivo tissue, cells in vitro and
has also shown the intracellular and extracellular activation of cathepsin
K. A plausible mechanism of activation of cathepsin K has then been
illustrated in this chapter strengthening the hypothesis that fibroblasts and
TSC27/- LAM cells can synergistically cause destruction of the LAM lung.

Proteases not only mediate terminal protein degradation and ECM
remodelling but also play a role in tumour cell invasion, angiogenesis,
metastasis and can also activate other proteases and/or signalling
molecules through cleavage of pro-peptides (Joyce and Pollard, 2009,
Mason and Joyce, 2011). The elevated presence or absence of several
MMPs, their endogenous inhibitors and inducer has been previously
reported in LAM. The existence of the plasminogen protease axis, the
presence of renin-angiotensin system along with the presence of mast cell
chymases have all been briefly touched upon in LAM (see Table 4.3.1 for
references). Thus, these proteases along with a few others associated with
similar conditions and a new class of cathepsins were screened. From a
panel of 30, the most strongly expressed protease transcript in LAM lung

was cathepsin K.

Cathepsin K belongs to a class of cysteine proteases and is a potent
collagenase and elastase. Primarily this protease has been known to play

an important role in bone remodelling and is mainly expressed in
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osteoclasts (Bromme et al., 1996). Expression of cathepsin K in LAM and
other perivascular epithelioid tumours (PEComas) was first described by
Chilosi and colleagues who also suggested cathepsin k expression may be
mMTOR dependent (Martignoni et al., 2012, Chilosi et al., 2009). A possible
explanation for the significantly elevated protease expression in the 621-
101 cells could probably be attributed to their genotype. The mTOR
complex is a major regulator of cell metabolism including protein
translation. Dysregulation of this regulator protein complex could possibly
result in increased protein production suggesting that the elevated

proteases could be downstream of m TOR signalling.

A large class of globular proteases that were initially described as
intracellular peptide hydrolases are also now known to have several
extracellular functions. The cysteine cathepsins have been known to play
a role in the development of various pathological conditions, such as
neurological disorders, cardiovascular diseases, obesity, inflammatory
diseases, such as rheumatoid arthritis, and cancer, among others (Tan et
al., 2013). Cysteine cathepsins B, L, K and S have been known to be
expressed by various fibroblasts (Lemaire et al., 1997, Hou et al., 2002,
Kasabova et al., 2014, Quintanilla-Dieck et al., 2009). In fact, genome-
wide array analyses of invasive human melanomas showed an
upregulation of cathepsins B and L in the stromal fibroblasts which aided
enhanced melanoma cell invasion (Yin et al., 2012). An aspartic protease
cathepsin D is overexpressed by human epithelial breast cancer cells and
is closely correlated with poor prognosis in breast cancer. Studies have

found that this overexpressed protease can be captured by the tumour-
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fibroblasts resulting in increased ECM digestion, fibroblast motility and
invasion (Masson et al.,, 2011, Heylen et al., 2002). Therefore, an
upregulation of these proteases in co-culture suggests that the 621-101
cells confer upon the fibroblasts or the two cell types symbiotically produce

and elevated protease phenotype in order to aid ECM digestion.

Nodular expression of cathepsin K which was found to be in the same areas
as fibroblast marker FSP which suggested that cathepsin K was
predominantly present in LAM nodules and was possibly expressed by
fibroblasts indicating a role for cathepsin K in LAM lung tissue remodelling.
To confirm that it was indeed the fibroblasts within LAM nodules that were
responsible for majority of the cathepsin K expression, double fluorescent
and chromogenic IHC was conducted. Well established marker for
fibroblasts, fibroblast surface protein (FSP) was used which has been to
show the presence of fibroblasts in LAM nodules (Clements et al., 2015)
and been used to characterise LAFs obtained from LAM lung. Expression of
cathepsin Kin LAM nodules was almost exclusively associated with spindle-
shaped cells within the nodule. Staining pattern obtained from both
fluorescent and chromogenic IHC were consistent with the fact that FSP-
positive fibroblasts were the major contributors of cathepsin K expression

in LAM nodules.

Supressing mTOR with rapamycin in LAM Ilung tissue significantly
supressed cathepsin K gene expression. In the osteoclast, cathepsin K
expression is dependent on MITF, a helix-loop-helix transcription factor

which regulates melanocyte development, cyclin dependent kinase and
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anti-apoptotic gene expression (Levy et al., 2006). MITF binds three
consensus sites in the cathepsin K promoter as a heterodimer with various
partners including TFE3. In the osteoclast, cathepsin K mRNA and protein
levels decreased after inhibition of mMTOR and animal models demonstrated
that inhibition of the mTOR pathway partially decreased bone resorption
(Glantschnig et al., 2003, Kneissel et al., 2004). This raises the possibility
that inhibition of mTOR and cathepsin K may have synergistic effects on
inhibition of lung destruction in LAM. 48-hour treatment of LAM lung tissue
explants with E2 did not significantly affect CTSK gene expression.
However, prolonged treatment with oestrogen has been known to supress
cathepsin K mRNA levels in osteoclasts and partially attenuate osteoporotic

bone loss (Furuyama and Fujisawa, 2000).

Presence of cathepsin K expression has been found in various fibroblast
types including dermal (Quintanilla-Dieck et al., 2009), synovial (Hou et
al., 2002) and gingival (Beklen et al., 2015). Fibroblasts express several
proteases including MMPs and cathepsins that are responsible for tissue
degradation via collagenolytic and elastinolytic activity (as discussed
previously). Cathepsin K expression can be regulated by or is downstream
of various signalling molecules such as receptor activator of NF-kB (RANK)
and its ligand, RANKL, nuclear factor of activated T-cells (NFAT), Mitf and
p38/MAPK/AP-1 (mitogen-activated protein kinases/activator protein 1)
(Troen, 2006, Matsumoto et al., 2004). The increased expression of
cathepsin K in the fibroblasts and negligible expression at both mRNA and
protein levels in 621-101 cells further supported the possibility that

cathepsin K may be regulated by one or more of the abovementioned
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factors and may not be downstream of mTOR signalling in the mTOR

dysregulated 621-101 cells.

Cathepsin K has an optimum acidic pH within which it is most stable and
displays limited stability in the mature (active) form at neutral pH
(Bromme et al., 1996). In most mammalian cells, cysteine proteases are
synthesized as precursors and are either secreted as a proenzyme or are
transported via the mannose-6-phosphatase receptors to lysosomal
compartments where they are processed into the mature active enzyme.
In osteoclasts processing of the proenzyme form of cathepsin K to its
mature form occurs just at the ruffled border where the pH is
approximately 4.0 (Bossard et al., 1996). Thus, by providing an acidic
environment intracellular lysosomal activity of cathepsin K was detected
strongly in LAFs but not in 621-101 cells using the synthetic Magic Red®
substrate. Although the LAFs were treated with a specific cathepsin K
inhibitor, faint fluorescence was still observed since constitutively
synthesized cysteine cathepsins besides cathepsin K, such as cathepsin B
and L can target analogous amino acid sequences for proteolysis
(Boonacker and Van Noorden, 2001). However, treatment with universal
cysteine cathepsin inhibitor E64 completely abrogated the fluorescence

confirming that it was indeed the work of cysteine cathepsins.

To elicit its matrix degrading activity, pro-cathepsin K requires activation
and needs to remain in its active form. The requirement for low pH to
activate cathepsin K is well described and although activation of cathepsin

K in osteoclasts occurs at the ruffled border at pH 4.0, the site of cathepsin
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K activity within the bone lacunae was found to have neutral pH (Dodds et
al., 2001). This suggests that activation requires a low pH but the mature
active form is stable enough to withstand neutral pH in order to exert its
matrix degrading activity. Elevated cathepsin K activity was observed in
LAF mono-cultures at pH 7.0 and below and activity is further elevated in
LAF/621-101 cell co-cultures. As negligible cathepsin K activity was noted
in 621-101 cell mono-cultures, elevated co-culture activity only suggested
that the 621-101 cells elevated LAF-derived cathepsin K activity via some
mechanism. It was clear that the activity was not a result of cell death as
MTT readings showed both LAFs and 621-101 cells survive equally well at
pH 6.0 above. In addition, 621-101 cells were capable of drastically
lowering the extracellular pH (pHe) in 24 hours regardless of starting pH a
phenomenon which was completely abrogated by the treatment of these
cells with m TOR inhibitor, rapamycin. Although the use of the TSC2*/*
621-103 cells was not possible for this study due to the culturing difficulties
associated with these cells, Dongre et al have shown that Tsc2*/* mouse
embryonic fibroblasts (MEFs) do not result in a change in extracellular pH,
similar to rapamycin treated 621-101 cells, compared to Tsc2”/- MEFs which
result in a drastic reduction in extracellular pH much like the TSC27- 621-
101 cells (Dongre et al., 2017). This suggests that acidification of the pHe
was a consequence of loss of TSC2 gene function and a subsequent

dysregulation of mTOR.

Cancer cells contained within solid tumours can become increasingly
distant from the basement membrane thereby encountering an oxygen

poor environment due to which they undergo a metabolic switch towards
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a more glycolytic phenotype (Gatenby and Gillies, 2004). Highly
proliferative cancer cells produce a large number of protons (H*) generated
by increased glycolysis, glucose utilisation, lactic acid production and
proton efflux. The cells continue to exhibit a glycolytic phenotype even in
the presence of oxygen, resulting in an acidic extracellular environment.
This phenomenon was proposed by Otto Warburg and is now known as the
Warburg effect (Warburg, 1956, Potter et al., 2016). It has been proposed
that while the acidic microenvironment can be toxic to normal cells, cancer
cells by themselves being proton extruders have a selective advantage for
survival. This way they maintain a slightly alkaline intracellular pH (pHi)

while the pHe is acidic.

Members of the well-known proton flux regulators, carbonic anhydrases,
V-ATPases and the Na*/H* exchangers that are known for their role in
proton extrusion were all found to be expressed in varying levels in the
621-101 cells. In fact, in hypoxic conditions, carbonic anhydrases IX and
XII have been known to be employed in cancers to maintain an
extracellular acidic environment and an alkaline intracellular pH (Swinson
et al., 2003). Although not responsible for direct proton extrusion, the
Na*/HCOs™ co-transporters facilitate movement of HCOs™ ions across the
plasma membrane and can either acidify or alkalinise the pHe. SLC4A4, the
electrogenic co-transporter and SLC4A7, the electroneutral co-transporter,
both expressed in the 621-101 cells are responsible for acid extrusion,
proliferation and migration in colon and breast carcinoma cells and tissue
(Boedtkjer et al., 2013, Parks and Pouyssegur, 2015). The acidic by-

product of glycolysis, lactic acid, is shuttled in and out of cells by members
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of the monocarboxylate transporters, MCT1 and MCT4 which were highly
expressed in 621-101 cells. Overexpression of MCT1 and MCT4 has been
reported in many tumours and has been linked to poor prognosis and
disease progression in colorectal, ovarian, gastric and breast cancers
(Chen et al., 2010, Pinheiro et al., 2010, Pinheiro et al., 2009). Gene
expression of the acid extruders was also detected in LAM lung tissue most
of which were upregulated in LAM and tissue expression of CAIX confirmed

exclusive expression in LAM lung tissue.

Pharmacological inhibition of the proton pumps and membrane
transporters inhibited a change in pH caused by the 621-101 cells.
Inhibition of carbonic anhydrases, using both acetazolamide and S4, and
Na*/HCOs™ co-transporters, using high-affinity generic NBC inhibitor (Ch'en
et al., 2008) was most potent in inhibiting a change from physiologic to
acidic pH. One of the most well studied carbonic anhydrases, CAIX
hydrolyses carbon dioxide to bicarbonate and a free proton that is released
into the extracellular space. Researchers have hypothesised that the
bicarbonate ion (HCOs3") at the cell surface is then recaptured by the
Na*/HCOs™ co-transporters in order to maintain an alkaline pHi (Swietach
et al., 2009). Moreover, CAII enhances the transport capacity of SLCA4A
by possibly forming a transport metabolon with the latter (Becker and
Deitmer, 2007). This suggested that the two transporter groups work
together and inhibiting either carbonic anhydrases or Na*/HCOs  co-
transporters could alter the cellular metabolism from a more proton

extruding phenotype thereby reducing the extracellular pH.
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Strikingly, rapamycin completely and rapidly, abrogated acidification in
culture despite only suppressing the transcription of CAIX, suggesting that
the part of the effect may have been on 621-101 cell metabolism rather
than exclusively on the transporters themselves. Constitutive activation of
the mTOR pathway leads to an increase cell growth and division in turn
leading to the activation of Warburg metabolism (Potter et al., 2016) and
inhibiting the mTOR pathway has been shown to reduce lactic acid
production in glioblastoma cell lines (Venkatesh et al., 2012). Therefore,
it is possible that the mTOR inhibitor rapamycin indirectly inhibits general

metabolism, supressing extracellular acidification.

There is evidence to suggest that extracellular acidity per se can intensify
extracellular proteolytic activities and expression of pro-angiogenic
factors. Extracellular acidification plays an important role in in digestion
and remodelling of the ECM by not only facilitating the activity but also the
release of secreted acidic proteases such as uPA (Kindzelskii et al., 2004),
CTSD (Liaudet-Coopman et al., 2006), CTSB (Szpaderska and Frankfater,
2001) and CTSL (Mohamed and Sloane, 2006). Studies conducted by
Punturieri et al showed that monocyte-derived macrophages acidify their
pericellular milieu via V-ATPases thus enabling them to secrete cathepsin
K and maintain the enzyme in its active form (Punturieri et al., 2000).
Moreover, in osteoclasts cathepsin K activation occurs in the
microenvironment of the bone resorbing lacunae at a low pH generated by

membrane pumps and transporters such as carbonic anhydrases, V-
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ATPases, Na*/H*™ exchangers and chloride bicarbonate exchangers (CI

/HCOs3™ exchanger) (Zhao et al., 2009a, Riihonen et al., 2007).

In LAF/621-101 cell co-cultures, the transporters acidified the extracellular
space, whilst their inhibition, particularly the Na*/HCOs™ co-transporters,
blocked both extra-cellular acidification and protease activation. Also,
when compared to the total CTSK protein levels measured, cathepsin K
activity was significantly low in LAF/621-101 cell co-cultures treated with
Na*/HCOs" inhibitor. Small molecule inhibitors of carbonic anhydrases and
sodium bicarbonate co-transporters have been successfully used in several
pre-clinical models of cancer (Kant et al., 2014, Lou et al., 2011) and to
treat metabolic acidosis in the treatment of COPD (Heming et al., 2012).
Again, inhibition of mTOR activity in LAF/621-101 cell co-cultures
abrogated pH change and significantly decreased cathepsin K activity.
Treatment of mantle cell lymphoma xenograft model with an mTOR
inhibitor significantly increased pHe one day after administration similar
to the effect observed in 24 hours in the TSC27/- 621-101 cells however
subsequent measurement showed a decrease in pHe (Akhenblit et al.,
2016). This suggested that while an instant and rapid decrease in pHe

was observed due to rapamycin treatment, further maintenance of neutral
pH could be possible by inhibiting overexpressed membrane transporters.
Thus, a combined therapy using both m TOR inhibitor rapamycin and a
membrane transporter inhibitor could be most efficient in maintaining
physiological pH and therefore inhibiting cathepsin K activity. Moreover,

mTOR inhibitors which reduce lung function decline in LAM (McCormack et
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al., 2011, Goldberg et al., 2015, Bee et al., 2015), may exert some of their
protective action in the lung upon LAM cell related extracellular pH,
cathepsin K activation and expression. The expression of transporters
including the Na*/HCOs  co-transporter are downstream of mTORC1 /
hypoxia inducible factor 1a (Kaluz et al., 2009, Mclntyre et al., 2016).
Further studies are required to understand, how mTOR activation and the
expression of membrane transporters are related and whether inhibition
of these transporters or cathepsin K activity will be of benefit in addition

to mTOR inhibitors for LAM.
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4.5 Conclusion
Taken together, the findings suggest that interactions between LAM cells
and LAFs within LAM nodules could promote disease progression by
protease activation in a similar manner to tumour cell and cancer
associated fibroblast interactions in cancer. Although the 621-101 cells and
LAFs in culture may not completely recapitulate the LAM nodule
environment, this chapter describes that in addition to in vitro studies, the
elements necessary to synthesise and activate cathepsin K are present in
human lung tissue. Although there isn’t direct evidence of an acidic
environment in human LAM Ilung nodules, the presence of these
components and the existence of an analogous situation in human cancers,
suggest this is likely to be the case. These similarities are consistent with
the idea that LAM is a low grade neoplastic disease, with a stroma similar

to cancer(McCormack et al., 2012).
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5 CHAPTER 5: Comparative transcriptional profiling of LAFs and
NHLFs
5.1 Introduction

5.1.1 Background

Understanding cell-cell communication is a key to comprehending early
signalling mechanisms that lead to aberrant cellular interactions and
subsequent disease progression. These communications often involve
soluble factors such as cytokines, chemokines and growth factors and
recognition of these factors by their specific cell-surface receptors
(Mittelbrunn and Sanchez-Madrid, 2012). Often abnormal or diseased cells
such as malignant cells in within tumours or damaged alveolar epithelial
cells in IPF, signal to fibroblasts via such paracrine signalling thereby
recruiting them to the diseased area (Prasad et al., 2014). There is
evidence to suggest that recruitment of fibroblasts in both IPF and LAM
and in many cancers often takes place via the CXCR4/CXCL12 axis
(Andersson-Sjoland et al., 2008, Clements et al., 2015, Teng et al., 2016,
Orimo et al., 2005). These recruited fibroblasts undergo a phenotypic shift
under the influence of diseased cells and become ‘activated’. The activated
fibroblasts can acquire a pro-inflalmmatory gene signature thereby
broadcasting signals that can attract resident and non-resident immune
cells (Kendall and Feghali-Bostwick, 2014). Interestingly, normal
fibroblasts can be ‘educated’ by cancer cells to express pro-inflammatory

genes and this ‘education”’ seems to be reversible (Orimo et al., 2005).

In vitro, these cell-cell communications can only be studied if cells are

cultured together in the right environment. Co-culturing normal lung
248



(NHLFs) or activated lung fibroblasts with diseased cells can result in
fibroblasts showing altered responses. For example, NHLF and IPF
fibroblasts when co-cultured with epithelial cells stimulate a differential
epithelial repair response, and IPF fibroblasts show increased levels of
bFGF and PDGF and faster wound healing rates (Prasad et al., 2014).
Cancer-associated fibroblasts (CAFs), when cultured together with NCI-
H358 cells induce EMT through direct contact, show an upregulated
expression of a-SMA, TGF- and FAP-a and are more potent in inducing
collagen gel contraction compared to NHLFs (Choe et al., 2013, Horie et
al., 2012). Fibroblasts co-cultured with CD4* T lymphocytes show a
significant increase in CD25*, IL-10 and TGF-B (Conte et al., 2013) and
human bronchial fibroblasts from asthmatic patients when co-cultured with
CD4* T cells show significantly elevated levels of IL-6, IL-17, IL-22, IL-1P,
TGF-B and IL-23 (Loubaki et al., 2013). A wide range of signalling

responses are therefore evoked in fibroblasts by different cells.

The microarray assay is a powerful tool that allows the simultaneous study
of expression of several thousands of genes or their RNA products, thereby
painting an accurate picture of gene expression in the cell at a particular
point in time (Russo et al., 2003). A gene expression profile of a cell
obtained in such a manner gives an insight into its function, phenotype
and response to external stimuli. Such a global expression profile that can
help elucidate cellular functions, biochemical pathways and regulatory
mechanisms now termed as the ‘transcriptome’ (Su et al., 2002, Russo et

al., 2003).
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Microarray analyses are largely used to characterise diseased cells in
comparison to healthy cells and to further characterise biological disease
systems. There are few different types of microarray techniques of which
oligonucleotide microarrays are increasingly the method of choice for many
modern DNA microarray applications as they provide higher target
specificity because they make use of shorter probe lengths (Jaluria et al.,
2007). GeneChips® (Affymetrix, High Wycombe, UK) are the most widely
used in situ-synthesised oligonucleotide arrays in which the oligonucleotide
probes are synthesised directly on the surface of the microarray and
consist of short (20 to 25 base pairs), multiple probes per target to improve

sensitivity, specificity and statistical accuracy (Miller and Tang, 2009).

A lot is still unknown about the exact origin and lineage of LAM cells. The
hypothesis was that LAM cells recruit fibroblasts, in doing so, the LAM cells
could have an effect on their phenotype leading to altered signalling
responses. Therefore co-culturing 621-101 cells with NHLFs or LAFs would
help shed light onto a communication pattern between the cells and would
also help expose any differences or similarities between NHLFs and LAFs.
Comprised of more than 54,000 probe sets and capable of analysing the
relative expression levels of more than 47,000 transcripts, the GeneChip®
Human Genome U133 Plus 2.0 Array (Affymetrix, High Wycombe, UK)
(Affymetrix, 2007) was selected for performing a microarray assay using
RNA isolated from NHLFs and LAFs. Understanding these early mechanisms
of cell-cell communication can give an idea of further cascading events

leading to disease progression.
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5.1.2 Aims and Objectives

The aims of this part of the study were to understand the early
transcriptional consequences of 621-101 cells on the fibroblasts with a
view to identifying a global gene signature for LAFs and NHLFs. This study
set forth to find out how similar or different are the LAFs from the NHLFs
with respect to the influence of LAM cells. This was focused on the
microarray analyses to identify target genes showing changes in
fibroblasts, validating the identified targets in vitro and in ex vivo samples
and in parallel establishing a functional basis for the identified gene

targets.
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5.2 Methods

5.2.1 Boyden Chamber Transwell® Culture

Fibroblasts (LAFs and NHLFs) and 621-101 cells were cultured in DMEM/F-
12 supplemented with 10% FCS, detached and resuspended in medium as
described in section 2.2.4. Fibroblasts and 621-101 cells were counted
using a haemocytometer and 5x10* LAFs or NHLFs were seeded into each
well of a standard tissue culture-treated 24-well plate with 5x103 621-101
cells seeded onto each 0.4um pore size Transwell® insert, pre-coated with
10pg/ml Culturex® BME gel thus making up the lower and upper chambers
respectively of a Boyden chamber. The cells were allowed to adhere
overnight in the separate chambers after which the Transwell inserts were
placed in the 24-well plates replacing the existing medium with fresh
DMEM/F-12 without FCS. A LAF or NHLF mono-culture condition consisting
of an empty pre-coated Transwell insert as the upper chamber was also
set up. 10nM B-oestradiol (E2) was added to cells in both co-culture and
mono-culture at the start of the experiment and cells were cultured for 96
hours with a fresh change of media containing 10nM B-estradiol every 48
hours. To assess the effect of E2, a second similar Boyden chamber
Transwell culture was set up consisting of additional untreated LAF or NHLF
co-cultures and mono-cultures. Three NHLF and LAF donors were used and
each condition was tested either in triplicate or sets of six wells. Medium
was replaced with fresh serum free DMEM/F-12 supplemented with 10nM
E2 at the end of 48 hours. At the end of 96 hours, cell supernatants were

collected and stored at -80°C. LAFs, NHLFs and 621-101 cells were washed
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twice in PBS and cells were lysed using 250ul lysis buffer containing freshly

added 2-mercaptoethanol. Lysates were stored at -80°C.

5.2.2 Chemotactic Mast Cell Migration Assay

Mast cell migration was examined using a 24-well microchemotaxis Boyden
chamber assay. LAFs, 621-101 cells or a 5:1 mixture of LAFs and 621-101
cells were counted such that each well of 24-well (lower chamber)
contained a total of 5x10* cells per well cultured using IMDM. Prior to
seeding, cells were conditioned using a 1:1 mixture of DMEM/F-12 and
IMDM supplemented with 10% FCS. HMC-1 cells, were counted and 1x10°
cells were seeded onto each 5um pore size Transwell® inserts (upper
chamber) pre-coated with 10ug/ml fibronectin from human plasma and
were cultured in IMDM. A CXCR2 inhibitor-treated (100nM SB225002,) tri-
culture condition (LAFs and 621-101 cells in lower chamber and HMC-1
cells in upper chamber) and medium only control with HMC-1 cells alone
were also setup. Cells were left to adhere in the separate chambers
overnight after which the Transwell® inserts were placed in the 24-well
plate. The chambers were incubated for 8 hours at 37°C and 5% CO2. Non-
migrated cells remaining in the upper chamber were then wiped off using
a cotton bud and the migrated cells adhered to the bottom of the Transwell
membrane were fixed using 4% formaldehyde (diluted from 37%) in PBS
for 20 minutes at room temperature after which cell nuclei were stained
using DAPI. Cell migration was measured by counting the number of cells
attached to the lower surface of the Transwell membrane at a x10

magnification using a Nikon Diaphot 300 Inverted microscope with
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epifluorescence. Each condition per donor was tested in triplicate and

migration assay was carried out using three LAF donors. The results were

expressed as the average number of migrating cells per three wells (£SD).

The number of migrated cells obtained was normalised to the number of

HMC-1 cells under the influence of gravity attached to the bottom of the

Transwell® membrane.

5.2.3 Assessment of RNA Integrity Number (RIN)

RNA extracted from LAFs and NHLFs was adjusted to a concentration of

100ng/ul using elution solution, named as follows in Table 5.2.1 and was

sent to Nottingham Arabidopsis Stock Centre (NASC) (Craigon et al., 2004)

for quality assessment and generation of RIN.

Samples were designated as listed in Table 5.2.1.

Condition

LAF donor 1 (NC0914) + LAM cells
Co-culture
LAF donor 1 (NC0914) + empty Transwell
Mono-culture
LAF donor 2 (HF1014) + LAM cells
Co-culture
LAF donor 2 (HF1014) + empty Transwell
Mono-culture
LAF donor 3 (NC0913) + LAM cells
Co-culture
LAF donor 3 (NC0913) + empty Transwell
Mono-culture
NHLF donor 1 (HPF) + LAM cells
Co-culture
NHLF donor 1 (HPF) + empty Transwell
Mono-culture
NHLF donor 2 (RS11010) + LAM cells
Co-culture
NHLF donor 2 (RS11010) + empty
Transwell
Mono-culture
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Sample name

LAMFB 1
LAM FB 1C

LAM FB 2
LAM FB 2C

LAM FB 3
LAM FB 3C
NORM FB 1
NORM FB 1C

NORM FB 2

NORM FB 2C



NHLF donor 3 (NHLF34) + LAM cells

NORM FB 3
Co-culture
NHLF donor 3 (NHLF34) + empty
Transwell NORM FB 3C

Mono-culture

Table 5.2.1 Extracted LAF and NHLF RNA designated with sample names for ease
of use in further analyses.

Assessment of RIN for extracted RNA samples was carried out using the
Agilent 2100 Bioanalyzer instrument (Agilent Technologies, Stockport,
UK). RIN was generated using the Agilent RNA 6000 Nano Kit (Agilent
Technologies, Stockport, UK) by following the instructions provided by the
manufacturer. The RNA chip was then run in the Agilent 2100 Bioanalyzer

instrument to obtain the RIN score.

5.2.4 Labelling, Hybridisation and Generation of Transcriptional

Expression Array using the Affymetrix U 133 Plus 2.0 GeneChip™
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Total RNA Sample
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Figure 5.2.1 Diagrammatic representation of assay workflow for amplification and
labelling process. Image shows 3’ IVT PLUS amplification and labelling process for
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generation of GeneChip® Expression Arrays. Time taken per step in the protocol is denoted
in red on the right hand side. Diagram adapted from GeneChip™ 3' Expression Arrays User
Guide available at www.affymetrix.com (Affymetrix, 2017).

Figure 5.2.1 shows a diagrammatic illustration of labelling, hybridisation
and generation of the transcriptional expression which was performed as

per standardised protocol available at (Affymetrix, 2017).

5.2.5 Measurement of Chemokine Protein Expression Using Bio-Plex®
Multiplex Immunoassay

5x10* LAFs and 5x103 621-101 cells were seeded in the lower and upper
chambers (pre-coated with 10ug/ml BME) respectively of a 24-well Boyden
chamber. Respective LAF and 621-101 cell mono-cultures were also setup.
Prior to seeding, 621-101 cells were treated with 10nM rapamycin for 24
hours following which existing media was removed and cells were washed
thoroughly in several washes of medium to prevent any rapamycin carry
over. At the start of the experiment appropriate 621-101 cell wells were
treated with 10n M E2 which was replaced, at the end of 48 hours. Co-
cultures and mono-cultures for each condition per donor were tested in
triplicate and were maintained for 96 hours after which supernatants were
collected and triplicates per condition were pooled. Supernatants
generated from treating ex vivo tissue explants, LAM spheroids and mono-
culture spheroids were collected and pooled.

Six replicates per donor per condition were set up. Bio-Plex Multiplex
Immunoassay using a customised Bio-Plex® Pro Human Chemokine assay
panel was carried out as described in section 2.5.1. Pooled supernatants

were x2 diluted using DMEM/F-12 supplemented with 0.5% bovine serum
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albumin (BSA). The bead region and standard value for each chemokine
assessed was set as depicted in Table 5.2.2. The concentration of each

chemokine in the pooled supernatants was calculated in pg/ml.

Analyte Bead region Value for first standard (S1) pg/ml
CXCL1 61 55,942
CXCL2 78 19,564
CXCL5 73 195,500
CXCL6 15 12,783
CXCL8 54 8,332
CXCL10 48 20,375
CXCL12 22 160,868
CCL2 53 4,172

Table 5.2.2 Bead regions and first standard values (pg/ml) for chemokine
analytes set for Bio-Plex 100,200 machine.

5.2.6 Immune Cell Detection and Cell Counts
Immunohistochemical analysis to identify immune cells in LAM lung tissue
was performed at the Histopathology department in Queens Medical Centre
using the BenchMark ULTRA Automated IHC/ISH slide staining system
(Ventana Medical Systems, Roche, Tuscon, AZ, USA). Heat-induced
epitope retrieval was performed at pH 8.0-8.5 using tris-borate-EDTA
buffer (Ultra CC1 buffer, Ventana Medical Systems, Roche, Tuscon, AZ,
USA) and enzymatic retrieval was carried out using Protease 1 (Ventana
Medical Systems, Roche, Tuscon, AZ, USA) an endopeptidase of the serine
protease family. Finally, HRP-linked secondary antibody and chromogenic
detection was carried out using either ultaView Universal DAB Detection
Kit or OptiView DAB IHC Detection Kit (Ventana Medical Systems, Roche,
Tuscon, AZ, USA). The primary antibody concentrations used and the

specific conditions used were listed in Table 5.2.3.

Primary Dilution Antigen Duration of Host Supplier
antibody retrieval primary species and
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antibody and product
incubation Isotype code
Cb4 Ready to Ultra CC1 32 minutes at Rabbit Roche
use buffer for 37°C monoclonal = #790-4423
64 minutes I1gG
CD10 Ready to Ultra CC1 12 minutes at Rabbit Roche
use buffer for 37°C monoclonal = #790-4506
40 minutes 1gG
CD68 1:2000 Ultra CC1 32 minutes at Mouse Dako, clone
buffer for 37°C monoclonal KP1
64 minutes IgG1, #M081401-
kappa 2
Mast cell 1:500 Protease 1 32 minutes at Mouse Dako, clone
tryptase for 4 37°C monoclonal AAl #
minutes 1gG1, M705229-2
kappa

Table 5.2.3 Primary antibodies used to identify immune cells in LAM lung nodules

Early and late LAM lung tissue stained for antibodies against CD4, CD10,
CD68 and mast cell tryptase were imaged using the Hamamatsu
Nanozoomer (Hamamatsu Photonics UK, Hertfordshire, UK). At least 3
nodules per donor were identified and tissue images, x5 magnified were
used to draw a 1mm? free-hand shape. Cells contained within this shape
were counted per nodule and cell counts for early and late LAM donors

were plotted.
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5.3 Results

To understand the crosstalk between the TSC27/- 621-101 cells and
fibroblasts a global transcriptional array was performed. The following

sections illustrate the process of gene expression analysis and selection

and validation of chosen targets.
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5.3.1 Experimental Design and Assessment of RNA Quality

Communication between the 621-101 cells and LAFs / NHLFs could be
deciphered through soluble factors exchanged between cells. The LAFs or
NHLFs were cultured with or without the 621-101 cells in a Boyden
chamber Transwell to understand whether there were any similarities or
differences between the LAFs and NHLFs and also whether the 621-101

cells evoked similar reactions in both type of fibroblasts.

(a)

DME-
Transwell insert
F12
with E2 Upper compartment
LAM ) SE SN 0.4ym  Microporous
cells
mbran
LAFs / ——— — E‘oewe?rgon%partment
NHLFs
(b FUl | B
® czsepspzgesed
'ﬂ:r-r:r-r:r-rEEEEEE
- 2853535232232 232 L5 -
s 1:1:* -
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1 1 v % & 5 & 7 & &% Imm MW o132 Fragmenttable forsamplel: LAN FBL

Mame Start Time[s] EndTime[s]Area % oftotal Area
185 42 32 4491 17 191

285 50.20 53.48 28 319

Figure 5.3.1 Diagrammatic representation of experimental design and quality
assessment of isolated RNA. (a) Experimental setup illustration showing Boyden
chamber culture of cells in each well of a 24-well plate. 621-101 cells were cultured in the
upper compartment and LAFs or NHLFs in the lower compartment. (b) Electrophoresis gel
showing the 18S and 28S bands for 3 LAM donors and their controls LAM FB1, LAM FB1C,
LAM FB2, LAM FB2C, LAM FB3, LAM FB3C and 3 normal donors and their controls NORM
FB1, NORM FB1C, NORM FB2, NORM FB2C, NORM FB3, NORM FB3C. Gel image is followed
by representative individual graph for each sample showing 18S and 28S peaks with
individual RNA integrity number (RIN, in bold).
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Figure 5.3.1 (a) shows the experimental design setup to understand and
study cellular communication between 621-101 cells and LAFs or NHLFs.
Cells were maintained in a 10:1 ratio and set up as a Boyden chamber
culture as described in section 5.2.1. At the end of the time point, RNA
from both fibroblasts in co-culture and mono-culture was isolated as

described in 5.2.3.

Figure 5.3.1 (b) shows the QC report obtained from a representative RNA
samples. The gel electrophoresis image (left hand side) showed all 12
samples displayed two ribosomal RNA (rRNA) bands, the 28S band, above
and the 18S band, below. All 12 samples had a 285/18S ratio of 1.6 to 1.8
which is known to result in excellent amplification results. Further, all the
samples showed high peaks for 18S and 28S as is seen in the graphical
data suggesting RNA was of very high quality which is proven by a high
RIN of 9.3 to 10.0. After thorough QC analysis the high quality RNA was
subjected to microarray analysis using a GeneChip® Human Genome U133
Plus 2.0 Array (Affymerix) analysed using the Affymetrix® GeneChip®

Command Console®.
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5.3.2 Normalisation of Data and Post-Import Quality Assessment / Quality
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Figure 5.3.2 Schematic representation of normalisation parameters applied and
post-import QA/QC report. Panel A shows a schematic representation of the
normalisation parameters applied to the dataset which includes adjusting for GC content,
RMA background correction, quantile normalisation, log2 transformation and mean
probeset summarisation. Panels B, C and D show quality control parameters applied to the
data including hybridisation controls, labelling controls and 3’/5’ ratio metrics respectively.

The analysis conducted using the Affymetrix® GeneChip® Command

Console® and software yielded data in the form of CEL files which

contained raw expression measurements. The data in the CEL format was
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imported into the Partek software and a normalisation using a well-known
technique, Robust Multi-Array Average (RMA), was used (Irizarry et al.,
2003). The parameters included in this type of normalisation are shown in

Figure 5.3.2 (a).

After normalisation, data was subjected to certain quality controls. These
included hybridisation controls expected to be in an order from high to low:
AFFX-rs-Pl-cre-avg > AFFX-r2-Ec-bioD-avg > AFFX-r2-EcbioC-avg >
AFFX-r2-Ec-bioB-avg. All 12 samples are on X axis in same order and the
y-axis represents log2 values of the normalized spike in control probesets
(Figure 5.3.2 (b)). The Ilabelling controls should show increasing
concentrations of four unlabelled polyA controls as, Lys<Phe<Thr<Dap.
Again all 12 samples show the same order as predicted with the y-axis
showing log2 values of the normalized spike in control probesets (Figure
5.3.2 (¢)). PGS 6.6 calculates and plots the 3’/5’ ratio of GAPDH, B-actin
and all labelling controls used and displays under the 3’/5’ tab after import
of the arrays. The 3'/5’ ratio compares the abundance of the signal at the
3" end over the abundance at the 5’ end and a ratio of 3 or less is
acceptable. As expected all samples showed a ratio of 3 or less for the

housekeeping GAPDH and B-actin genes (Figure 5.3.2 (d)).
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5.3.3 Assigning Sample Attributes and Principal Component Analysis

Identifying Outliers and Overlapping Variables

LAF co-culture Vs
NHLF co-culture

Diseases Vs
Normal

LAF mono-culture Vs

NHLF mono-culture
Sample
Attributes
LAF co-culture Vs LAF

mono-culture

Culture Condition

Analysis

NHLF co-culture Vs
NHLF mono-culture

Figure 5.3.3 Schematic representation of attributes assigned to samples. Flow
chart shows the attributes assigned to the samples to group them for comparative analyses.

The 12 samples were assigned sample attributes to group them into
specific lists for comparison of differentially expressed transcripts. This was
done as depicted in Figure 5.3.3 and the exact sample assigned to each

list is shown in Table 5.3.1.

Sample Attribute Lists included Samples included
LAM FB 1, LAM FB 2, LAM
LAF co-culture vs. NHLF FB 3 vs.
co-culture NORM FB 1, NORM FB 2,
Disease vs. Normal NORM FB 3
LAM FB 1C, LAM FB 2C,
LAF mono-culture vs. NHLF LAM FB 3C vs.
mono-culture NORM FB 1C, NORM FB 2C,
NORM FB 3C
LAM FB 1, LAM FB 2, LAM
LAF co-culture vs. LAF FB 3 vs.
Culture condition mono-culture LAM FB 1C, LAM FB 2C,
LAM FB 3C
NHLF co-culture vs. NHLF NORM FB 1, NORM FB 2,
mono-culture NORM FB 3 vs.
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NORM FB 1C, NORM FB 2C,
NORM FB 3C
Table 5.3.1 Samples included in each comparison list with appropriate attribute.

The two main attributes or experimental factors were considered as
disease (LAF) or normal (NHLF) and culturing conditions (co-culture vs.
mono-culture). Further comparison lists based on these experimental
factors were set up to decipher whether the 621-101 cells change the NHLF
phenotype making them comparable to LAFs (disease) (LAF co-culture vs.
NHLF co-culture) and to determine how similar or different diseased LAFs
are to NHLFs without the influence of 621-101 cells (LAF mono-culture vs.
NHLF mono-culture). The other comparison was made to understand the
effect of culturing conditions on LAFs and NHLFs to determine cellular

communications driving their phenotype.
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Figure 5.3.4 Principal component analysis (PCA). Panels A-D show four scatter plots
with the PCA plot for each comparison. Each differently coloured dot in the PCA represents
a donor clustered together based on the sample attribute.

PCA plots were generated from each comparison list in the next step of

exploratory data analysis to identify unexpected trends, outliers and batch

effects that may influence this experiment. The PCA plots are a global
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genome analysis and not an analysis of any gene in particular (Downey,
2006). PCA plot for LAF co-culture vs NHLF co-culture (Figure 5.3.4 (a))
showed a very tight clustering of the LAF donors grouped as ‘disease’
(yellow ellipsoid) whereas the NHLF donors were more spread out, grouped
as ‘normal’ (pink ellipsoid). The total variation explained by PCs 1, 2 and
3 was 69.9%. In the LAF mono-culture vs. NHLF mono-culture comparison
(Figure 5.3.4 (b)) however, both LAF and NHLF donors were clustered far
apart suggesting that both groups have variable gene expression. The tota
variation explained by PCs 1, 2 and 3 was 70.9%. Clustering of all the
donors was more spread out and comparable in the other two comparisons,
LAF co-culture vs LAF mono-culture (Figure 5.3.4 (c)) and NHLF co-culture
vs. NHLF mono-culture (Figure 5.3.4 (d)). This again suggested a variable
expression was expected from both LAF and NHLF donors. The total
variation explained by PCs 1, 2 and 3 was 71.2% and 72.7% respectively.
None of the separate experimental factors or attributes, overlapped one
another confirming that these factors were exclusive and independent of

each other.
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5.3.4 Differentially Expressed Genes and Sources of Variation

Differentially expressed genes for each comparison were generated by
attributing an experimental factor as an analysis of variance (ANOVA)
factor. The ANOVA is a powerful tool in identifying differentially expressed
genes in a multi factor experiment. An initial ANOVA of differentially
expressed genes for each was generated based on the ANOVA factors
denoted in Table 5.3.2. This gave rise to a list of more than 54,000
differentially expressed genes along with their significance (p-value) and

fold changes.

Experimental

Comparison list ANOVA factors Contrast
factors
e Disease
LAF co-culture vs e Culture
Di LAM vs. NORMAL
NHLF co-culture condition ° Isease vs. NO
e Donor
LAF mono-culture : gjfjrs:
vs. NHLF mono- . e Disease LAM vs. NORMAL
condition
culture
e Donor
LAF co-culture vs. * Cultu_r_e * Cultu_r_e LAM co-culture vs.
condition condition
LAF mono-culture LAM mono-culture
e Donor e Donor
Culture e Culture NORM co-culture
NHLF co-culture vs. s e
condition condition vs. NORM mono-
NHLF mono-culture
Donor e Donor culture

Table 5.3.2 ANOVA factors designated for each comparison list to generate initial
list of transcripts.

In the first two comparison lists, namely LAF co-culture vs. NHLF co-culture
and LAF mono-culture vs. NHLF mono-culture, the ANOVA factors
considered were disease and an interaction disease*culture condition. This
way, a two-way ANOVA could be performed. The following two
comparisons took into account culturing conditions and donor effect and

therefore again, a two-way ANOVA could be computed. The ANOVA
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computation in PGS 6.6 only outputs a p-value and F ratio for each factor.
Therefore, in order to get a fold change and a ratio between disease and
normal or co-culture and mono-culture contrasts were set up as shown in

Table 5.3.2.

After an initial expansive 54,000 plus transcript list, a further list was then
generated by applying parameters for fold change and p-value. Transcript
lists were generated by selecting targets that had a fold change of >2 or

<-2 with an unadjusted p-value of 0.05 or less.

Within the realms of this study, the comparisons between Co-culture and
Mono-culture (LAF and NHLF co-culture vs. LAF and NHLF mono-culture
respectively) were analysed further. The results obtained from these
comparisons were compelling enough to warrant a thorough analyses and

therefore in the next sections only those will be presented and discussed.

5.3.4.1 LAF Co-Culture vs. LAF Mono-Culture

p-value CII‘:I(;I:-e Fold-Change
Gene . (LAF co 9 (LAF co vs. LAF
Gene Title (LAF co
Symbol vs. LAF vs. LAF mono)
mono) mono) (Description)
chemokine (C-X-C motif)
ligand 1 (melanoma 0.0093 36.98 LAF co up vs LAF
CXCL1 . .
growth stimulating mono

activity, alpha)

chemokine (C-X-C motif)
CXCL6 ligand 6 (granulocyte
chemotactic protein 2)

0.0093 33.21 LAF co up vs LAF
mono

IFI44L interferon-induced protein 0.0099 32.81 LAF co up vs LAF

44-like mono
solute carrier family 39
SLC39A8 (zinc transporter), 0.0047 21.71 LAF co up vs LAF

mono
member 8
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chemokine (C-X-C motif)

CXCL2 ligand 2
chemokine (C-X-C motif)
CXCL8/1L8 ligand 8 (interleukin 8)
IFI6 interferon, alpha-inducible

protein 6

cytidine monophosphate
CMPK2 (UMP-CMP) kinase 2,
mitochondrial

solute carrier family 39

SLC39A8 (zinc transporter),
member 8
CFB complement factor B

interferon-induced protein
IFIT1 with tetratricopeptide
repeats 1

superoxide dismutase 2,

SODb2 mitochondrial
CXCL5 chemokir!e (C-X-C motif)
ligand 5
GCH1 GTP cyclohydrolase 1
CXCL3 chemokin_e (C-X-C motif)
ligand 3
ISG15 ISG15 ubiql_Jitin—Iike
modifier
HERC6 hect domain and RLD 6
IF127 interferon, alpha—inducible
protein 27
2'-5'-oligoadenylate
OAS3 synthetase 3, 100kDa
epithelial stromal
EPSTI1 interaction 1 (breast)
IL6 interleukin 6 (interferon,
beta 2)
nicotinamide
NAMPT phosphoribosyltransferase
interferon-induced protein
IFIT3 with tetratricopeptide
repeats 3
CLDN1 claudin 1
tumor necrosis factor,
TNFAIP3 alpha-induced protein 3
TNFAIP6 tumor necrosis factor,

alpha-induced protein 6

0.0188

0.0354

0.0125

0.0296

0.0044

0.0130

0.0478

0.0037

0.0333

0.0336

0.0336

0.0101

0.0133

0.0155

0.0073

0.0251

0.0280

0.0040

0.0134

0.0113

0.0035

0.0288
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21.34

18.55

17.28

15.75

15.50

15.17

12.55

11.82

11.30

11.05

10.44

10.38

9.96

9.06

9.01

8.83

8.44

8.28

7.89

7.47

7.16

6.53

LAF co up vs LAF
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LAF co up vs LAF
mono

LAF co up vs LAF
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LAF co up vs LAF
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LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono

LAF co up vs LAF
mono



ICAM1 intercellular adhesion 0.0008 5.25 LAF co up vs LAF

molecule 1 mono
VCAM1 vascular cell adhesion 0.0500 4.64 LAF co up vs LAF
molecule 1 mono
chemokine (C-C motif) 0.0323 3.81 LAF co up vs LAF
CCL2 .
ligand 2 mono
CXCL10 chemokipe (C-X-C motif) 0.0289 2.45 LAF co up vs LAF
ligand 10 mono
DEPDC6 DEP domain containing 6 0.0197 -2.58 LAF co down vs
LAF mono
AK5 adenylate kinase 5 0.0438 -2.55 LAI:LXI? down vs
mono
Ras association
RASSF2  (RalGDS/AF-6) domain 00115~ -2.26  LAFcodownvs
. LAF mono
family member 2
COL21A1 collagen, type XXI, alpha 0.0309 -2.17 LAF co down vs
1 LAF mono
ANO3 anoctamin 3 0.0076 -2.15 LAF co down vs
LAF mono
GDF10 growth differentiation 0.0252 -2.15 LAF co down vs
factor 10 LAF mono
0.0442 -2.13 LAF co down vs
COL5A3 collagen, type V, alpha 3 LAF mono
HTR2B 5-hydroxytryptamine 0.0486 -2.01 LAF co down vs
(serotonin) receptor 2B LAF mono
solute carrier family 6
SLC6A6 (neurotransmitter 0.0209 -2.01 LAF co down vs
transporter, taurine), LAF mono
member 6
STOX2 storkhead box 2 0.0032 -2.00 LAF co down vs
LAF mono

Table 5.3.3 Top 41 differentially expressed transcripts between LAF co-culture
and LAF mono-culture. Selected based on fold change >2 or <-2 with an unadjusted p-
value of 0.05 or less.

LAF co-culture when compared to LAF mono-culture yielded a list of 242
differentially expressed transcripts of which 11 were downregulated in LAF
co-culture. Table 5.3.3 shows top 30 wupregulated and top 11
downregulated transcripts in this list sorted by descending order of fold
change. Interestingly, significantly upregulated in LAF co-culture were C-
X-C motif type chemokines namely CXCL1, 2, 3, 5, 6, 8, 10. CXCL1 was
the most upregulated transcript showing a 36.9-fold change (p=0.0092)

whereas DEPDC6 was most downregulated, -2.5-fold (p=0.019) in LAF co-
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culture when compared to LAF mono-culture. Adhesion molecules ICAM1

and VCAM1 were also significantly upregulated (5.2-fold, p=0.0008 and

4.6-fold, p=0.049 respectively) in LAF co-culture.

5.3.4.2 NHLF Co-Culture vs. NHLF Mono-Culture

Gene
Symbol

CXCL1

CXCL8/IL8

CXCL2

CXCL6

IFI44L
C3

CXCL3

SLC39A8

IFI6
CXCL5

IFI27

CMPK2

TDO2

CFB

IFIT1

GCH1

Gene Title

chemokine (C-X-C motif)
ligand 1 (melanoma
growth stimulating
activity, alpha)
chemokine (C-X-C motif)
ligand 8 (interleukin 8)
chemokine (C-X-C motif)
ligand 2
chemokine (C-X-C motif)
ligand 6 (granulocyte
chemotactic protein 2)
interferon-induced protein
44-like

complement component 3

chemokine (C-X-C motif)
ligand 3
solute carrier family 39
(zinc transporter),
member 8
interferon, alpha-inducible
protein 6
chemokine (C-X-C motif)
ligand 5
interferon, alpha-inducible
protein 27
cytidine monophosphate
(UMP-CMP) kinase 2,
mitochondrial
tryptophan 2,3-
dioxygenase

complement factor B

interferon-induced protein
with tetratricopeptide
repeats 1

GTP cyclohydrolase 1

p-value
(NHLF
COo VS.
NHLF
mono)

0.0034

0.0022

0.0002

0.0230

0.0120
0.0038

0.0079

0.0060

0.0052
0.0025

0.0088

0.0473

0.0111

0.0007

0.0118

0.0011
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Fold-
Change
(NHLF
CO VS.
NHLF
mono)

50.32

39.53

36.28

32.99

25.39
24.70

22.17

19.51

18.34
17.01

16.69

16.55

15.13

14.18

13.04

11.21

Fold-Change
(NHLF co vs.
NHLF mono)
(Description)

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono



SOD2

ISG15

NAMPT

IFIT3

NAMPT

CLDN1

TNFAIP6

TNFAIP3

ICAM1

CCL7

CXCL10

CCL8

CCL2

GDF10

ANO1

ALDH1A1

IGF1

SLC6A6

DEPDC6

RASSF2

FGF18

PALMD

IGF1

superoxide dismutase 2,
mitochondrial
ISG15 ubiquitin-like
modifier

Nicotinamide
phosphoribosyltransferase

interferon-induced protein
with tetratricopeptide
repeats 3

nicotinamide
phosphoribosyltransferase

claudin 1

tumor necrosis factor,
alpha-induced protein 6
tumor necrosis factor,
alpha-induced protein 3
intercellular adhesion
molecule 1
chemokine (C-C motif)
ligand 7
chemokine (C-X-C motif)
ligand 10
chemokine (C-C motif)
ligand 8
chemokine (C-C motif)
ligand 2
growth differentiation
factor 10
anoctamin 1, calcium
activated chloride channel
aldehyde dehydrogenase 1
family, member A1l
insulin-like growth factor 1
(somatomedin C)

solute carrier family 6
(neurotransmitter
transporter, taurine),
member 6

DEP domain containing 6

Ras association
(RalGDS/AF-6) domain
family member 2

fibroblast growth factor 18

palmdelphin

insulin-like growth factor 1
(somatomedin C)

0.0092

0.0267

0.0007

0.0216

0.0036

0.0027
0.0062
0.0047
0.0015
0.0039
0.0021
0.0125
0.0014
0.0449
0.0287
0.0087

0.0232

0.0253

0.0024

0.0354

0.0342
0.0222

0.0317
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9.62

9.35

8.89

8.58

8.27

8.08

6.42

5.72

4.74

4.20

3.70

3.62

3.36

-3.16

-3.05

-3.02

-3.00

-2.88

-2.82

-2.76

-2.68

-2.64

-2.61

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono

NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co up vs
NHLF mono
NHLF co down vs
NHLF mono
NHLF co down vs
NHLF mono
NHLF co down vs
NHLF mono
NHLF co down vs
NHLF mono

NHLF co down vs
NHLF mono

NHLF co down vs
NHLF mono

NHLF co down vs
NHLF mono

NHLF co down vs
NHLF mono
NHLF co down vs
NHLF mono
NHLF co down vs
NHLF mono



sodium channel, voltage- 0.0114 -2.42 NHLF co down vs

SCN7A gated, type VII, alpha NHLF mono
IL17RD  interleukin 17 receptor 0 0-002° ~2.40 NHLF co down vs
NHLF mono

Table 5.3.4 Top 41 differentially expressed transcripts between NHLF co-culture
and NHLF mono-culture. Selected based on fold change >2 or <-2 with an unadjusted
p-value of 0.05 or less.

A similar transcript signature to the LAF co-cultures was observed in the
NHLF co-cultures. NHLF co-culture vs. NHLF mono-culture yielded a list of
219 transcripts of which 29 transcripts were downregulated in NHLF co-
cultures. Table 5.3.4 shows top 30 upregulated and top 11 downregulated
transcripts in this list sorted by descending order of fold change. The same
C-X-C motif chemokines were upregulated in NHLF co-cultures along with
a few C-C motif chemokines, namely CCL2, 7 and 8. Again CXCL1 was the
most upregulated transcript with a fold-change of 50.3 (p=0.0034) and
GDF10 the most downregulated transcript (-3.1-fold, p=0.044) in NHLF
co-cultures. Although ICAM1 was 4.7-fold (p=0.0015) upregulated in NHLF

co-cultures, VCAM1 was not significantly changed in this comparative list.

5.3.5 Visualising Differentially Expressed Genes by Hierarchical Clustering

Agglomerative hierarchical clustering is a tool used to group similar objects
into ‘clusters’. Two most similar groups are combined into clusters and
continue to combine until all objects form the same cluster thereby
producing a tree (dendrogram) showing hierarchy of the clusters. This type
of tool enables visualisation of how the microarrays group together based
on similarity of features (Partek, 2017b, D'Haeseleer, 2005). Hierarchical

clustering was therefore conducted on the transcript lists generated from
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the comparative ANOVA applying the same parameters of p-value <0.05

and a fold difference of >2 or <-2.
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(a) LAF co-culture (LAM co) Vs LAF mono-culture (LAF mono)

Hierarchical Clustering

3.80
2.96
211

|
1 m 1.27
I27l‘1~.‘:l> [16I'29I I8'I14I2'I71I 0.00

(b) NHLF co-culture (NORM co) Vs NHLF mono-culture (NORM mono)

Hierarchical Clustering

3.69
287
2.05
1.23

25 153 145,25, ﬁmmmmﬁ%mmﬁﬁ 000
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B T ——_,
174

-1.74 0.00

Figure 5.3.5 Hierarchical clustering of all differentially expressed transcripts in
co-culture vs. mono-culture comparison. Panel A shows hierarchical clustering of all
candidate differentially expressed transcripts in LAF co-culture vs. LAF mono-culture. Panel
B shows hierarchical clustering of all candidate differentially expressed transcripts in NHLF
co-culture vs. NHLF mono-culture. Each column represents a single probe and each row
represents each different donor. Title legend for hierarchical tree is on the left of the cluster
diagram. Red colour indicates high-level expression or upregulation, green indicates low-
level expression or downregulation and grey areas are no change in expression.
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Unsupervised hierarchical clustering of all 242 and 219 differentially
expressed transcripts in LAF co-culture vs LAF mono-culture and NHLF co-
culture vs NHLF mono-culture respectively was undertaken (Figure 5.3.5).
The default setting in the PGS 6.6 software set the gene expression
standardised to mean 0 and standard deviation of 1. Unchanged genes
were displayed as a value of 0 coloured grey. Upregulated genes had
positive values displayed as red and downregulated genes had negative
values displayed as green. The cluster analyses vyielded differential
expression patterns exhibited by the LAF and NHLF donors. Cluster
analysis of the list comparing LAF co-culture to LAF mono-culture showed
that again LAF donors NC0913 and NC0914 had comparable expression
patterns and clustered together. However, clustering the NHLF co-culture
vs mono-culture transcript list revealed that all 3 donors showed quite
different red and green expression patterns. Although PGS 6.6 has
clustered NHLF donors HPF and RS11010 together it was evident from the
heat map that the 3 donors were quite different in terms of their gene
expression. It was interesting to note however, that in both comparisons

only 5%-10% of transcripts were significantly downregulated in co-culture.
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5.3.6 Comparing Gene Lists Using Venn Diagrams

Venn diagrams enable comparison of two lists resulting similarities and
differences between the lists. To understand the effect of 621-101 cells on
both fibroblasts in culture the two lists obtained after an ANOVA were
compared. The intersecting region between two comparative lists thus
yielded a list of transcripts that changed in both fibroblasts when cultured

with 621-101 cells.

71 148 94
NHLF co-culture vs LAF co-culture vs
NHLF mono-culture LAF mono-culture
(219 candidates) (242 candidates)

Figure 5.3.6 Venn diagram comparing individual lists; LAF co-culture vs LAF
mono-culture and NHLF co-culture vs NHLF mono-culture. Each circle depicts each
list. Green circle shows NHLF co-culture vs NHLF mono-culture (219 candidates) and pink
circle shows LAF co-culture vs LAF mono-culture (242 candidates). The intersecting region
between both circles identifies 148 transcripts that are differentially expressed among all
group comparisons.

Comparison of candidate transcript lists obtained from LAF co-culture vs
LAF mono-culture and NHLF co-culture vs NHLF mono-culture visualised
using a Venn diagram is shown in Figure 5.3.6. The Venn diagram
illustrated significant differences specific to each set of individual

comparisons (within a circle) versus those shared in more than one of the
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statistical comparisons (intersecting region between circles). Comparing
the two lists gave rise to 71 significantly altered transcripts in NHLFs
(green circle) and 94 significantly different candidates exclusive to LAFs
(pink circle). The intersecting region however, yielded a list of 148
transcripts that were common to both lists and were significantly different
in both LAFs and NHLFs when cultured with 621-101 cells. Some of the
significantly changed transcripts obtained from the intersecting list are
listed in Table 5.3.5.

NHLF co-culture

LAF co-culture vs vs NHLF mono-

LAF mono-culture

culture
Fold-
p-value Fold- p-value Change
Change (NHLF
Gene . (LAF co (NHLF
Gene Title (LAF co Co Vs.
Symbol vs. LAF CO VS.
vs. LAF NHLF
mono) NHLF
mono) mono)
mono)
chemokine (C-X-C motif)
ligand 1 (melanoma 0.0093 36.98 0.0034 50.32
CXCL1 . .
growth stimulating
activity, alpha)
chemokine (C-X-C motif)
CXCL6 ligand 6 (granulocyte 0.0093 33.21 0.0230 32.99
chemotactic protein 2)
CXCL2 chemokir!e (C-X-C motif) 0.0188 21.34 0.0002 36.28
ligand 2
IL8 interleukin 8 0.0354 18.55 0.0022 39.53
superoxide dismutase 2, 0.0037 11.82 0.0092 9.62
SOD2 . !
mitochondrial
CXCL5 chemokir!e (C-X-C motif) 0.0333 11.30 0.0025 17.01
ligand 5
CXCL3 chemokir!e (C-X-C motif) 0.0336 10.44 0.0079 22.17
ligand 3
interleukin 6 (interferon, 0.0280 8.44 0.0134 7.29
IL6
beta 2)
TNFAIP3 tumorj necrosis factpr, 0.0035 7.16 0.0047 5.72
alpha-induced protein 3
TNFAIP6 tumor necrosis factpr, 0.0288 6.53 0.0062 6.42
alpha-induced protein 6
intercellular adhesion 0.0008 5.25 0.0015 4.74
ICAMI molecule 1
TNFAIP2 tumor necrosis factor, 0.0146 4.09 0.0261 2.83

alpha-induced protein 2
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CCL2

PTGFR

TNFSF10

SERPINB
2

CXCL10

PARP14

PARP9

MMP1

SLC2A6

RASSF2

GDF10

SLC6A6

Table 5.3.5 24 out of the 148 differentially expressed in both fibroblasts when co-

cultured

A list of top 24 differentially expressed transcripts from a list of 148
commonly shared transcripts is listed in Table 5.3.5. This list obtained from
the intersecting region of the Venn diagram (Figure 5.3.6) comparison
generated a list of transcripts that were common to both comparisons and
significantly change in both LAFs and NHLFs when cultured together with
621-101 cells. Contained in this list were several C-X-C motif chemokine
ligands namely CXCL1 (GRO-a), CXCL2 (GRO-B), CXCL3 (GRO-y), CXCL5

(ENA-78), CXCL6 (GCP-2), CXCL8 (IL-8) and CXCL10 (IP-10). IL-6 and a

chemokine (C-C motif)
ligand 2
prostaglandin F receptor
(FP)

tumor necrosis factor
(ligand) superfamily,
member 10

serpin peptidase
inhibitor, clade B
(ovalbumin), member 2

chemokine (C-X-C motif)
ligand 10

poly (ADP-ribose)
polymerase family,
member 14
poly (ADP-ribose)
polymerase family,
member 9

matrix metallopeptidase
1 (interstitial
collagenase)
solute carrier family 2
(facilitated glucose
transporter), member 6
Ras association
(RalGDS/AF-6) domain
family member 2

growth differentiation
factor 10

solute carrier family 6
(neurotransmitter
transporter, taurine),
member 6

0.0323

0.0182

0.0343

0.0039

0.0289

0.0003

0.0027

0.0370

0.0132

0.0115

0.0252

0.0209
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3.81

3.18

2.67

2.45

2.45

2.44

2.21

2.09

2.09

-2.26

-2.15

-2.01

0.0014

0.0028

0.0455

0.0163

0.0021

0.0368

0.0367

0.0183

0.0376

0.0354

0.0449

0.0095

3.36

3.29

2.50

2.98

3.70

2.44

2.24

2.00

2.05

-2.76

-3.16

-2.79



C-C motif chemokine, CCL2 were also upregulated more than 7-fold and

3-fold respectively in a co-culture condition.

As our study was to determine what cellular communication exists between
621-101 cells and fibroblasts and also to identify whether LAFs were
different to NHLFs the intersecting region lists from both comparisons were

focused on and all further analyses were performed using these lists.
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5.3.7 Analysis of Genetic Networks within the Acquired Lists Using Gene
Ontology Enrichment Analysis
Genes that are known and studied are defined and annotated by gene
ontology (GO). A specific annotation (term) is assighed to each gene in a
GO structure within three independent domains: molecular function,
biological process and cellular component. With an aim to identify
statistically significant biological processes or pathways, transcripts
obtained within a microarray analysis are routinely annotated using GO
(Ashburner et al., 2000). A gene ontology analysis was therefore
performed on the list of targets obtained from the intersect regions of the
Venn diagram comparison lists in order to annotate a function for the

genes.
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(LAF co-culture vs. LAF mono-culture) VS. (NHLF co-culture vs. NHLF mono-culture)

Biological process

Enrichment Score

Immune system process

Enrichmeant Score

localization (o,oz)'

behavior (O D4)|

metabolic process (o.os)l

growth (0.11 )]

biclogical adhesion (0.46)
reproductive process (0.65)
detoxification (0.85)

developmental process (1.07)
multicellular arganismal process (1.77)
rhythmic process (2.40)

cellular process (3.11)

cellular component organization or biogenesis (3.63)
single-organism process (3.63)
signaling (3.65)

biological regulation (8.43)

lecamation (10.75)

response to stimulus (31.58)

multi-organism process (52.26)
immune system process (72.51)

leukoeyte homeostasis (1.50)

antigen processing and presentation (2 18)

lymphoocyte costimulation (3. 84)

leukocyte activation (6.30)

leukocyte migration (12.02)

activation of immune response (17 .02)

talerance induction (28.23)

immune response (53 24)

immune effector process (88 71)

Molecular function

Enrichment Score

vity (O oz)'

molecular function regulator (0.30)
signal transducer activity (0.40)

structural molecule activity (0 58)

molecular tranaducer activity (0.62)

transcription facter activity, protein binding (0.90)
binding (0.965)

antioxidant activity (1.02)

transporter activity (1.76)

catalytic activity (3.55)

protein tag (11.26)

Cellular component

call junction (0.10)
synapse (0.41)
organalle (0.85)
membrane part (1,413
call part (1.71)

r complex (1.81)

1 2

Enrichment Score

B a 5 &

@

Figure 5.3.7 GO Enrichment analysis performed on the list obtained from the Venn diagram comparison of LAF co-culture vs. LAF mono-
culture VS. NHLF co-culture vs. NHLF mono-culture. Image shows the biological process, molecular function and cellular component of the enriched
gene targets in the comparative list, arranged in increasing order of their enrichment score. GO Enrichment analysis was performed on the list of transcripts
obtained from the intersecting Venn diagram region comparing the two comparative lists. A Chi-squared test was applied to the transcript list and analysis
was restricted to functional groups with more than 2 genes. Library file obtained from geneontology.org.
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The enrichment score reflects the degree to which a set of genes, which
consist of a biological process, is abnormally overrepresented at the
extremes (upregulated or downregulated) in the entire transcript list
(Subramanian et al., 2005). Thus, a high enrichment score in the GO
analysis meant that there was an increased likelihood that the gene
function, defined by the group of elevated transcripts was involved in the

phenomena under study.

Figure 5.3.7 shows annotated independent domains obtained from the GO
analysis arranged in ascending order of their enrichment score. In this
analysis, immune system process showed the highest enrichment score
(72.51) under the biological process component. Expanding the immune
system process function showed the type of functions involved under this
annotation which included immune effector process (88.71) and leukocyte
migration (12.02). Most enriched molecular functions were protein tag
(11.26) and catalytic activity (3.56) which include protein sequestration,
transport or degradation and enzyme-substrate binding reactions
respectively (Carbon et al., 2008). Lastly, the most enriched cellular
component was again extracellular region (9.24). These highly-enriched
gene ontologies suggested that in a co-culture condition, LAFs and NHLFs

acquired a pro-inflammatory phenotype.

%

#
genes
in genes
. Enrichment Enrichment in
Function Type group -
Score p-value list,
that in
are rou
present g P
’pre I interferon biological 335.18 2. 71E-146 25.81 16
signalling pathway process
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CXCR chemokine molecular 253.52 43.75

L ) 7.88E-111 7
receptor binding function
2'-5'-oligoadenylate molecular 189.01 ) 75.00
synthetase activity function 8.24E-83 3
cytokine-mediated biological 156.38 1.22E-68 6.89 31
signalling pathway process
~ response to biological 148.28 4.01E-65 30.00 6
interferon-alpha process
defence response to biological 142.11 1.92E-62 10.83 17
virus process
negative regulation . .
of viral genome biological 139.08 3.95E-61 19.15 9
LI process
replication
response to virus biological 134.90 2.60E-59 8.54 21
process
response to external biological 127.10 ) 5.07
biotic stimulus process 6.36E-56 36
response to biotic biological 121.30 2.09E-53 4.88 36
stimulus process

Table 5.3.6 Top 10 enriched GO functions annotated to transcripts on comparison
of LAF co-culture vs. LAF mono-culture VS NHLF co-culture vs. NHLF mono-
culture.

GO enrichment analysis yielded 2752 annotated gene functions of the 148
transcripts obtained from this comparison. Table 5.3.6 shows the top 10
highly enriched gene functions arranged by descending order of
enrichment score. The most enriched molecular function was CXCR
chemokine receptor binding (253.52) followed by chemokine activity
(109.52). Highly enriched biological processes also included type 1
interferon signalling pathway (335.17) and cytokine-mediated signalling
pathway (156.38). These data suggested that majority of the upregulated
genes in LAFs and NHLFs as a result of co-culture cause an immune

response.

5.3.8 Pathway Analysis Using Partek Pathway™
Unlike GO analysis, pathway analysis is more specific and detailed which
associates a pathway, which comprises of a set of functionally related

genes to a disease phenotype (Curtis et al., 2005). The Partek Pathway™
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software is able to analyse an aggregation of genes that are clustered
together functionally with the help of a predetermined biological
knowledge database such as Kyoto Encyclopaedia of Genes and Genomes

(KEGG) available at http://www.genome.jp/kega/ (Partek, 2017c).

Pathway analysis of intersect list obtained from comparing LAF co-culture

vs. LAF mono-culture VS. NHLF co-culture vs. NHLF mono-culture

Culture

Enrichment Enrichment conditi .# genes

Pathway Name Score -value on in list, in

P pathway

score
Cytoklne_—cytoknje receptor 20.15 1.77E-09 14.33 19
interaction
TNF signalling pathway 27.65 9.84E-13 10.53 16
NOD-like receptor signalling pathway 21.27 5.79E-10 3.22 16
Influenza A 16.29 8.46E-08 3.41 14
Herpes simplex infection 12.03 5.98E-06 3.91 12
Chemokine signalling pathway 11.86 7.08E-06 11.82 12
Metabolic pathways 0.07 0.932619 14.02 12
Measles 13.16 1.93E-06 3.88 11
NF-kappa B signalling pathway 14.61 4.51E-07 6.06 10
Rheumatoid arthritis 12.54 3.58E-06 5.93 9
Hepatitis C 9.70 6.11E-05 4.07 9
Pathways in cancer 2.39 0.0918417 15.67 9
Legionellosis 14.24 6.57E-07 5.14 8
Toll-like receptor signalling pathway 7.50 0.0006 5.60 7
RIG-I-like receptor signalling 0.0004 1.92
7.92 6
pathway

Table 5.3.7 Pathway analysis of 148 commonly shared transcripts between LAF
co-culture vs. LAF mono-culture and NHLF co-culture vs. NHLF mono-culture. Top
15 pathways enlisted arranged in descending order of number of genes in list, in pathway.
The enrichment score is the negative natural log of the enrichment p-value derived from
the contingency table, Fisher’s exact test. The culture condition score is a separate score
calculated for the initially considered ANOVA factor and is derived from the negative log
(base 10) of the average p-value for the genes within the pathway for each factor
respectively (Partek, 2017c).

Pathway analysis conducted on the Venn diagram intersect yielded a list
of 161 pathways. The Partek Pathway™ software with the help of the KEGG

database clustered the transcripts from the list into functionally related
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genes to a disease phenotype. The top 15 pathways are enlisted in Table
5.3.7 and are arranged in descending order for number of genes in list in
pathway. The higher the culture condition score, the lower the p-value for
the transcripts that fall into the pathway i.e., they display a greater degree
of differential expression. The cytokine-cytokine receptor interaction
pathway showed the highest culture condition score of 14.32 and consisted
of the highest number of genes from list. The most enriched pathway was
the TNF signalling pathway with an enrichment score of 27.64 (p<0.0001).
This was followed by NOD-like receptor pathway, 21.27 (p<0.0001) and
chemokine signalling pathway, 11.85 (p<0.0001). Other pathways such
as NF-kappa B signalling pathway, Pathways in cancer, Toll-like receptor
signalling pathway and RIG-I-like receptor signalling pathway were also

highly enriched and consisted of at least 6-10 genes from the list.
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Figure 5.3.8 Diagrammatic illustration of the top 2 most enriched pathways from the comparison list generated by Partek Pathway™.
Illustrations of pathways generated using Partek Pathway™ sorted by fold change >2 or <-2. Genes are denoted by gene symbol. Red colour depicts
upregulated targets and green colour denotes downregulated targets. Genes in black or white were not present in the list of transcripts obtained. Panel A
shows cytokine-cytokine receptor interaction pathway, panel B shows NF-kappa B signalling pathway.
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Figure 5.3.8 shows diagrammatic representations of most enriched
pathways from the list. Several chemokines including CXCL1, CXCLZ2,
CXCL3, CXCL5, CXCL6, CXCL8 (IL8), CXCL10 and CCL2 were upregulated
in the cytokine-cytokine receptor interaction pathway (Figure 5.3.8 (a))
whereas none of the genes from the list were downregulated in this
pathway. Upregulated in the NF-kappa B signalling pathway (Figure 5.3.8
(b)) were ICAM1, NFKBIA and TNFSF13b. All of these top pathways
contained almost no downregulated genes from the lists which was in
keeping with the heat maps discussed in section 5.3.5 showing several

upregulated genes in a co-culture condition and very few downregulated

genes.
Gene Symbol Gene name Pathway Name
Cytokine-cytokine receptor
ccL2 chemokine (C-C motif) interaction / Chemokine signalling
ligand 2 pathway / TNF signalling pathway /

NOD-like receptor signalling pathway

Cytokine-cytokine receptor
interaction / Chemokine signalling
pathway / TNF signalling pathway /

NOD-like receptor signalling pathway

chemokine (C-X-C motif)
CXCL1 ligand 1 (melanoma growth
stimulating activity, alpha)

Cytokine-cytokine receptor

CXCL2 chemokine (C-X-C motif) interaction / Chemokine signalling
ligand 2 pathway / TNF signalling pathway /
NOD-like receptor signalling pathway
Cytokine-cytokine receptor
CXCL3 chemokine (C-X-C motif) interaction / Chemokine signalling
ligand 3 pathway / TNF signalling pathway /
NOD-like receptor signalling pathway
. v . Cytokine-cytokine receptor
CXCL5 chemokul'}ea(r(]:dxs C motif) interaction / Chemokine signalling
9 pathway / TNF signalling pathway
. v . Cytokine-cytokine receptor
CXCL6 chemokine (C-X-C motif) interaction / Chemokine signalling

ligand 6 pathway
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chemokine (C-X-C motif)

Cytokine-cytokine receptor
interaction / Chemokine signalling

CXCL8 ligand 8 pathway / TNF signalling pathway /
NOD-like receptor signalling pathway
. v . Cytokine-cytokine receptor
CXCL10 chemoka?eaﬁ(é )1(0C motif) interaction / Chemokine signalling
9 pathway / TNF signalling pathway
Cytokine-cytokine receptor
IL6 interleukin 6 interaction / TNF signalling pathway /
NOD-like receptor signalling pathway
tumour necrosis factor Cytokine-cytokine receptor
TNFSF10 (ligand) superfamily, Y intéraction P
member 10
tumour necrosis factor Cytokine-cytokine receptor
TNFSF13B (ligand) superfamily, interaction / NF-kappa B signalling
member 13b pathway
tumour necrosis factor Cytokine-cytokine receptor
TNFSF15 (ligand) superfamily, Y intZ:raction P
member 15
intercellular adhesion TNF signalling pathway / NF-kappa B
ICAM1 . .
molecule 1 signalling pathway
mitogen-activated protein TNF signalling pathway / MAPK
MAP3KS8 . . ;
kinase 8 signalling pathway
nuclear factor of kappa light . . )
NFKBIA polypeptide gene enhancer TNF 5|gnaslillnnga|;|)ianthw:tyh(N§F kappa B
in B-cells inhibitor, alpha 9 gp y
. TNF signalling pathway / NF-kappa B
TNFAIP3 tumour necrosis factor, signalling pathway / NOD-like

alpha-induced protein 3

receptor signalling pathway

Table 5.3.8 Specific genes from list involved in different highly enriched
pathways.

Functional pathways such as cytokine-cytokine receptor interaction, TNF
signalling pathway, NOD-like receptor pathway, chemokine signalling
pathway, NF-kappa B signalling pathway, and few others all suggested the
existence of a pro-inflammatory disease phenotype. Several upregulated
C-X-C chemokines from the comparative gene list, listed in Table 5.3.8
were involved in various inflammatory signalling pathways. As there was
such a strong involvement of these chemokines, most of which signalled
through the same C-X-C receptor, they were thus chosen to further

validate in in vitro and ex vivo systems.
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5.3.9 Visualisation of Distribution of Selected Gene Intensities Using Dot Plots and Box and Whiskers Plots
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Figure 5.3.9 Dot and box and whiskers plots showing distribution of genes intensities of selected targets in LAFs. Dot and box plots were
generated using Partek Genomics Suite™ 6.6. Plots show differential probe (set) / gene intensities of selected chemokines in LAF co-culture (LAF co) and
LAF mono-culture (LAF mono). Panels A to H show the intensities of CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL10 and CCL2 respectively. Probe
set intensities are plotted on the Y-axis. Each different colour dot denotes a different LAF donor. Brown box shows LAF co-culture and pink box shows LAF
mono-culture.
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Figure 5.3.9 (a to h) shows the differential gene intensities of CXCL1,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL10 and CCL2 respectively in
LAF co-culture and LAF mono-culture. It was evident from the intensities
that in a mono-culture condition, all LAF donors were clustered close
together and showed minimal intensity for the selected chemokine targets
(pink ellipsoids and pink box plot). However, on co-culturing with 621-101
cells, the donors were more spread out in their intensities (yellow ellipsoids
and brown box plot) and one donor in particular, NC0913 (green dot)
showed the highest probe intensity for most chemokines. The other two
donors, HF1014 (red dot) and NC0914 (purple dot) showed similar yet

increased gene intensities.
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Figure 5.3.10 Dot and box and whiskers plots showing distribution of genes intensities of selected targets in NHLFs. Dot and box plots were
generated using Partek Genomics Suite™ 6.6. Plots show differential probe (set) / gene intensities of selected chemokines in NHLF co-culture (NHLF co)
and NHLF mono-culture (NHLF mono). Panels A to H show the intensities of CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL10 and CCL2
respectively. Probe set intensities are plotted on the Y-axis. Each different colour dot denotes a different LAF donor. Grey box shows NHLF co-culture and

green box shows NHLF mono-culture.
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Figure 5.3.10 (a to h) shows the differential gene intensities of CXCL1,
CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL10 and CCL2 respectively in
NHLF co-culture and NHLF mono-culture. Unlike the LAFs, all the NHLF
donors showed a degree of variation in the mono-culture condition (pink
ellipsoids and green box plots). Although close clustering in a mono-culture
condition of the donors was observed in the intensities of CXCL3, CXCL5
and CCL2, the other chemokines showed variable intensities. NHLFs
showed very close clustering in both co-culture and mono-culture gene
intensities for CCL2. The mono-culture gene intensities for CXCL1, CXCL2,
CXCL6, CXCL8 and CXCL10 however were different in all donors. Donor
RS11010 (light blue dot) showed highest intensities for most chemokines
while the other two, HPF (dark blue dot) and NHFL34 (orange dot) were

mostly similar to each other.
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5.3.10 Quantitative Real-Time PCR (gRT-PCR) Validation of Selected Gene
Targets in LAFs and NHLFs
There is no single best way to validate microarray data, however, qRT-PCR
is generally considered the ‘gold standard’ assay for measuring gene
expression and is used by most biologists to confirm microarray data
findings (Qin et al., 2006). gqRT-PCR analysis was therefore performed
using the same RNA sample set for LAFs and NHLFs and using an
independent experimental RNA sample set for the same to evaluate

consistency between the techniques.
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Figure 5.3.11 Initial qRT-PCR validation of selected chemokine targets in LAFs
and NHLFs. Quantative gene expression for selected chemokine targets in (a) LAFs (n=3)
and (b) NHLFs (n=3). Logarithmic (logio) values of expression of target genes were
determined relative to B-actin using the 2-2¢T method and plotted on Y-axis (mean + SD).
Two-tailed Students t-test was performed. *p<0.05, **p<0.001.

Gene expression data from each replicate was combined from both sets of

experiments and plotted as shown in Figure 5.3.11. Expression of all the
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chemokines was elevated in both LAFs (Figure 5.3.11 (a)) and NHLFs
(Figure 5.3.11 (b)) when they were co-cultured with 621-101 cells. This
was consistent with the results obtained from the microarray data and also
reflected the same trend as that shown by the dot plots discussed in the
previous section. CXCL6 and CCL2 gene expression was significantly
upregulated in both LAFs (p=0.049 and p=0.009 respectively) and NHLFs
(p=0.0396 and p=0.0067 respectively) in co-culture. Expression of all
other chemokines, although elevated in co-culture, did not show a
statistically significant change in co-culture compared to mono-culture
(p>0.05). Expression of C-X-C chemokines in LAF and NHLF mono-culture
was found to be marginal compared to their respective co-cultures. All of
the upregulated chemokines analysed via gRT-PCR had fold changes

greater than 2, consistent with the microarray data. These are denoted in

Table 5.3.9.
Gene name Fold change increase in Fold change increase in
LAF co-culture NHLF co-culture
CXCL1 93.14 189.33
CXCL2 35.11 35.34
CXCL3 42.65 59.82
CXCL5 33.10 42.03
CXCL6 48.42 110.08
CXCL8 21.90 65.89
CXCL10 6.11 6.99
CCL2 4.91 4.66

Table 5.3.9 Fold change increase of chemokine expression in LAF and NHLF co-
culture compared to mono-culture. Table shows fold increase of chemokine expression
calculated using the 24T method.
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Figure 5.3.12 Spearmans’s correlations between fold-change obtained for gene of
interest assessed by RMA and qRT-PCR. Graphs show Spearman’s correlations between
average gene expression levels for (a) LAFs and (b) NHLFs between subsets of interest
assessed by RMA and q RT-PCR for the 8 chemokines of interest.

Figure 5.3.12 shows a Spearman’s correlation analysis conducted between
the mean fold changes obtained using both the RMA (microarray analysis)
and gRT-PCR expression analyses. A significant and strong positive
correlation was found between the fold-changes obtained by RMA and gRT-
PCR for selected chemokines in LAFs (r=0.81, p=0.021) and NHLFs
(r=0.82, p=0.013). Fold change values recorded by q RT-PCR were
significantly higher than those obtained from the microarray analysis for
the chemokines.

Therefore, based on the fact that each chemokine selected was expressed
by LAFs and NHLFs, showed the exact trend as depicted in the microarray
data (elevated in co-culture) and showed a fold change of greater than 2,
the gene expression changes of the selected targets were considered

validated.
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5.3.11 Effect of B-estradiol (E2) on Gene Expression of Chemokines
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Figure 5.3.13 Second gene expression analysis: Effect of pB-estradiol on
expression of chemokines in LAFs and NHLFs. Quantitative gene expression of
selected chemokines in (a) LAFs (n=3) and (b) NHLFs (n=3) in the presence and absence
of E2. Logarithmic (logio) values of expression of chemokines were determined relative to
B-actin using the 24T method and plotted on Y-axis (mean + SD). Two-tailed Students t-
test was performed, no comparisons were found to be significant (p>0.05).
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The initial co-culture experiment was set up with B-estradiol (E2). The
subsequent microarray data and initial gene expression analyses were
done in the presence of this hormone as the aim was to mimic the in vivo
environment for LAM. Therefore, in order to assess the effect of E2 on the
gene expression of chemokines another similar Boyden chamber

experiment was performed.

Expression of selected chemokines in both LAFs (Figure 5.3.13 (a)) and
NHLFs (Figure 5.3.13 (b)) did not change in the presence or absence of
E2. Chemokine expression remained elevated in co-culture even in the
absence of E2 suggesting that the gene expression of selected chemokines
was independent of E2. Expression of CXCL6 was 2.3-fold and 1.5-fold
respectively and CXCL8 was 3.2-fold and 3-fold elevated in LAF and NHLF
co-cultures treated with E2 compared to untreated co-cultures. However,
none of these comparisons was significant (p>0.05). Again, expression of
most C-X-C chemokines in LAF and NHLF mono-culture was found to be
quite low. Expression of CXCL1 (5-6.5 fold), CXCL6 (2.5-3.5 fold) and
CXCL8 (2.6-12 fold) was slightly elevated in E2-treated LAF and NHLF

mono-cultures compared to untreated mono-cultures.
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5.3.12Validation of Protein Expression of Selected Chemokines in LAFs

From the microarray and gRT-PCR analyses described in the previous
sections, it was evident that the LAFs and NHLFs were very similar in their
phenotype and responses to 621-101 cells. It was therefore important to
ascertain whether chemokine protein expression followed the same trend
as gene expression. This was measured only in the LAFs (n=3) using the

Bio-Plex® Pro Human Chemokine Immunoassay system.

Hl L AF coculture + E2
LAF monoculture + E2

Bl LAF coculture
350001 * ok
LAF monoculture
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Figure 5.3.14 Protein expression of selected chemokines assessed by Bio-Plex®
Multiplex Immunoassay System. Graphical image shows the level of CXCL1, CXCL2,
CXCL5, CXCL6, CXCL8, CXCL10, CXCL12 and CCL2 protein expression in LAF culture
supernatants. LAF co-culture and LAF mono-culture in the presence and absence of B-
estradiol (E2) were assessed and protein levels recorded in pg/ml were plotted on Y-axis
(mean x SD). Two-tailed Students t-test was performed. n=3, *p<0.05, ***p<0.001.

Figure 5.3.14 shows the level of protein expression of chemokines CXCL1,
CXCL2, CXCL5, CXCL6, CXCL8, CXCL10, CXCL12 and CCL2 in LAFs.
Consistent with gene expression, the expression of all chemokines

measured was highly elevated in LAF co-culture compared with LAF mono-
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culture. Again, E2 did not show any additive effect on the expression of
chemokines reflecting gene expression data. Expression of CXCL1 was
elevated more than 500-fold in LAF co-cultures with and without E2
treatment compared their respective mono-cultures. Expression of CXCL2
and CXCL6 was undetectable within the sensitivity of immunoassay.
Expression of CXCL5 was significantly elevated (p=0.011) in LAF co-
cultures without E2 compared to LAF co-cultures treated with E2.
Expression of CXCL8 was significantly increased in both LAF co-cultures
with (p=0.0008) and without (p<0.0001) E2 compared to the
corresponding LAF mono-cultures. Although CXCL12 was not part of the
Venn diagram intersect lists and had appeared only expressed by LAF co-
culture, the expression of this chemokine was assessed as it has been
suggested that in vivo, fibroblasts may be recruited via the CXCR4/CXCL12
axis (Clements et al., 2015, Clements et al., 2010). Again, similar to the
other chemokines, CXCL12 expression was 5.5-fold elevated in LAF co-
culture with E2 and almost 15-fold upregulated in LAF co-culture without
E2 when compared to their corresponding mono-cultures. This increase in
CXCL12 however, was not statistically significant (p>0.05). Expression of
all other chemokines although elevated in both E2 and non-E2 co-culture
conditions, did not show a statistically significant change when compared
to mono-culture (p>0.05). Expression of most C-X-C chemokines was

found to be very low.

The expression pattern described in sections 5.3.10 and 5.3.11 where
elevated chemokine gene expression was observed in LAFs and NHLFs

when co-cultured with 621-101 cells and the analogous protein expression
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pattern observed both suggested that the 621-101 cells induce a
chemokine signature in LAFs and NHLFs at both gene and protein level.
Therefore, in the next section 621-101 cells and the effect of E2 on
Rapamycin on their chemokine expression was assessed via the multiplex

immunoassay.
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5.3.13 Effect of E2 and Rapamycin on 621-101 Cell Chemokine Expression
It was evident that 621-101 cells induced chemokine gene and protein
expression in the LAFs and NHLFs. Therefore, in order to determine
whether this was due to their lack of TSC2 and therefore dysregulation of
mTOR or the effect of oestrogen signalling due to the fact that 621-101
cells like LAM cells express oestrogen receptor a (ERa) (Yu et al., 2004),

621-101 cells were pre-treated with 10nM rapamycin or 10nM B-estradiol
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Figure 5.3.15 Expression of chemokines in LAF co-culture, LAF mono-culture and
621-101 cell mono-culture assessed by Bio-Plex® Multiplex Immunoassay
System. Graphical image shows the level of CXCL1, CXCL2, CXCL5, CXCL6, CXCLS8,
CXCL10, CXCL12 and CCL2 protein expression culture supernatants. Chemokine expression
levels in LAF co-culture, LAFs co-cultured with 621-101 pre-treated with rapamycin, LAF
mono-culture and 621-101 cells treated with E2 and rapamycin were measured and protein
levels (pg/ml) were plotted on the Y-axis (mean + SD). Two-way ANOVA performed
corrected for multiple comparisons using the Bonferroni correction method. n=3,
***p<0.001.

Figure 5.3.15It was evident that 621-101 cells induced chemokine gene and

protein expression in the LAFs and NHLFs. Therefore, in order to determine
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whether this was due to their lack of TSC2 and therefore dysregulation of
mTOR or the effect of oestrogen signalling due to the fact that 621-101
cells like LAM cells express oestrogen receptor a (ERa) (Yu et al., 2004),
621-101 cells were pre-treated with 10nM rapamycin or 10nM B-estradiol
Figure 5.3.15 shows the expression of selected chemokines in LAF co-
cultures, LAF co-cultures + rapamycin (LAFs + rapamycin pre-treated 621-
101 cells), LAF mono-cultures, 621-101 cells + E2, rapamycin pre-treated
621-101 cell mono-cultures and untreated 621-101 cells. Chemokine
responses measured (pg/ml) from the 621-101 cells in mono-culture were
therefore normalised to their ratio within the co-culture, i.e., each
response was divided by 10 after which data were plotted as seen.
Expression of CXCL1, CXCL5, CXCL8 and CCL2 were significantly elevated
(p<0.0001, n=3) in LAF co-cultures compared to 621-101 cell mono-
cultures untreated and treated with E2 and rapamycin. Expression of
CXCL6, CXCL10 and CXCL12 was more than 6-fold, 1.5-fold and 26-fold
respectively elevated in LAF co-cultures compared to 621-101 cell mono-
cultures. However, this was not found to be a statistically significant
change (p>0.05). Unlike the expression of other chemokines, CXCL2
expression was 1.8 and 2.8-fold higher in 621-101 cell mono-cultures
treated with E2 and rapamycin respectively compared to LAF co-cultures.
Compared to LAF co-cultures expression CXCL1, CXCL5 and CXCL8 was
significantly reduced (p<0.0001, n=3) in LAF and rapamycin pre-treated
621-101 cell co-cultures. Expression of CXCL2 and CXCL10 was almost
completely abrogated in LAFs co-cultured with rapamycin pre-treated 621-

101 cells whereas CCL2 expression remained unaffected by rapamycin pre-
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treatment in co-cultures. Except for the expression of CXCL8 and CXCL12
expression of all other chemokines reduces by at least 20% in 621-101
cell mono-cultures pre-treated with rapamycin. Again, similar to LAF co-
cultures and mono-cultures, E2 did show any added effect on chemokine

expression in 621-101 cells.

All of the above data suggested that chemokine expression in LAFs was
induced by 621-101 cells and this expression was possibly mTOR
dependant but not downstream of oestrogen signalling, as pre-treatment
of 621-101 cells with rapamycin reduced the expression of selected

chemokines in LAF co-cultures.
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5.3.14 Measuring Protein Expression of Selected Chemokines in Ex Vivo
LAM Lung Tissue via Bio-Plex® Multiplex Immunoassay System and

Immunohistochemistry
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Figure 5.3.16 Expression of selected chemokines in treated LAM lung tissue
assessed by Bio-Plex® Multiplex Immunoassay System. Protein levels of selected
chemokines measured in culture supernatants obtained from LAM lung tissue treated with
vehicle (DMSO), 10nM B-estradiol (E2), 10nM Rapamycin and a combination of 10nM E2
and Rapamycin. Two-way ANOVA performed corrected for multiple comparisons using the
Dunnett’s multiple comparisons method. ***p<0.001, n=12.

LAM lung tissue explants were generated from transplant lung tissue from
two donors as described in section 2.2.7. Tissue supernatants were
collected and expression of chemokines was measured using the Bio-Plex®
Pro Human Chemokine assay panel. Expression of CXCL5 was found to be
significantly elevated (p=0.0003) in all parenchymal areas in both donors
(Figure 5.3.16) when treated with E2 compared to vehicle treated tissue.

CXCL5 expression was significantly decreased when tissue was treated
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with rapamycin (p=0.0004) and a combination of E2 and rapamycin
(p=0.0009). On the contrary, expression of CXCL1 however, increased
significantly when tissue was treated with rapamycin and with a
combination of E2 and rapamycin (both p<0.0001). Like CXCLS5,
expression of CXCL2 was almost 19-fold elevated in vehicle and E2 treated
tissue compared to rapamycin treated and combination of E2 and
rapamycin, however the increase in expression was not statistically
significant (p>0.05). CXCL6 expression pattern was like that of CXCL1, 30-
fold elevated in rapamycin and combination of E2 and rapamycin treated
tissue. Expression of all other chemokines in tissue was unaffected by

either E2 or rapamycin or a combination of both.
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Figure 5.3.17 Chemokine expression in LAM nodules. Image shows nodules from
three LAM lung tissue donors (n=3) reacting positively with antibodies against CXCL1 (a-
c), CXCL5 (d-f), CXCL6 (g-i) and CXCL8 (j-1). Images are x10 magnified taken using a
Nikon Diaphot 300 Inverted Phase microscope.
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To investigate whether chemokines were expressed in LAM nodules
immunohistochemistry was used with antibodies against the selected
chemokines concentrations of which are detailed in Table 2.1.3. Figure
5.3.17 shows the expression of these chemokines in LAM nodules present
in tissue from three transplant LAM donors. Expression of CXCL1 was
mainly seen in and around the spindle-shaped cells within the nodules in
all three donors. Strong immunoreactivity to CXCL1 antibody (Figure
5.3.17 (a-c)) was also seen in the cells lining the nodules, possibly type II
pneumocytes. Similar to the expression of CXCL1, CXCL5 (Figure 5.3.17
(d-f)), CXCL6 (Figure 5.3.17 (g-h)) and CXCL8 (Figure 5.3.17 (j-I)) was
mainly observed in and around the spindle-shaped cells within the nodules.
Like CXCL1, CXCL6 was also expressed by the type II pneumocytes lining
the nodules. Expression of CXCL8 was faint in the LAM donors, possibly
attributed to low antibody affinity. However, strong immunoreactivity to
the CXCL8 antibody was also detected in the cells lining possibly the

lymphatic vessels within the nodules.

All of the above observations suggested that the expression of selected
chemokines was detected in LAM nodules and these chemokines are likely
to be expressed mainly by spindle-shaped cells within the nodules. A
shortcoming of this study however, was the lack of availability of normal
matched donors and the lack of a normal equivalent of a LAM nodule for

comparison of chemokine expression.
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5.3.15 Expression of Selected Chemokines in 3D Culture Model - LAM
Spheroids

In order to further validate the LAM spheroid model generated, chemokine

protein expression was measured in the resulting LAM spheroids and co-

culture supernatants to assess whether cells in both 2D and 3D cultures

behaved in the same manner with regards to chemokine protein

expression.
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Figure 5.3.18 Expression of selected chemokines in 3D LAM spheroid model
assessed by Bio-Plex® Multiplex Immunoassay System. Graph shows protein levels
of chemokines measured in culture supernatants obtained from co-culture and mono-
culture LAM spheroids (n=3) (mean £ SD). Two-way ANOVA performed corrected for
multiple comparisons using the Dunnett’s multiple comparisons method. n=3, *p<0.05,
***p<0.001.

Six spheroids per donor per condition were set up and the spheroids were
maintained in culture for 4 days after which supernatants were collected
and chemokine expression was measured. Chemokine responses

measured (pg/ml) from the 621-101 cells in mono-culture were normalised
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to their ratio within the co-culture, i.e., each response was divided by 10

after which data were plotted.

Figure 5.3.18 shows the expression of selected panel of chemokines in LAM
spheroids. Similar to 2-dimensional (tissue culture plastic) culture (Figure
5.3.14 and Figure 5.3.15), the expression of most chemokines was
elevated in co-culture compared to LAF mono-culture. Expression of
CXCL1, CXCL5 and CXCL8 was significantly elevated in LAF+621 co-culture
spheroids (LAM spheroids, p<0.0001). CXCL2 expression was also
significantly increased in LAM spheroids (p=0.05), however, 621-101
mono-culture spheroids showed a 10-fold increase in CXCL2 compared to
LAM spheroids. This pattern was reflective of that seen in 2D culture
(Figure 5.3.15) where CXCL2 expression was 2.8-fold higher in 621-101
cell mono-culture. Expression of CCL2 was also significantly increased in
LAM spheroids compared to LAF mono-culture and 621-101 cell mono-
culture spheroids (p=0.0002). CXCL12 expression on the other hand was
negligible in 621-101 mono-culture spheroids but 3.3-fold increased in LAF
mono-culture spheroids when compared to LAM spheroids. The expression
of CXCL6 and CXCL10 although elevated in LAM spheroids was not found

to be statistically significant.
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LAM spheroid LAF mono-culture 621-101 cell mono-
(co-culture) spheroid culture spheroid

)

assessed via
immunohistochemistry. Image shows LAM spheroids and mono-culture spheroids
showing a positive reaction to antibodies against chemokines CXCL1 (panels A-C), CXCL5
(panels D-F), CXCL6 (panels G-I) and CXCL8 (panels J-L). Images are x20 magnified and
taken using a Nikon Diaphot 300 Inverted Phase microscope.
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LAM spheroids and LAF and 621-101 cell mono-culture spheroids
consisting of a total of 10° cells were fixed, embedded and sectioned as
described in section 3.2.8. Spheroid sections were then immunostained
with antibodies against CXCL1, CXCL5, CXCL6 and CXCL8, concentrations

of which are detailed in Table 2.1.3.

Figure 5.3.19 shows the expression of CXCL1 (a-c), CXCL5 (d-f), CXCL6
(g-i) and CXCL8 (j-1) in LAM spheroids and LAF and 621-101 cell mono-
culture spheroids generated from 4 LAF donors. LAM spheroids showed
expression of all C-X-C chemokines. Although CXCL1 was present in the
cells in the centre of the LAM spheroid (Figure 5.3.19 (a)), it was seen
more in the periphery of the spheroid. This may be attributed to the angle
at which the spheroids were embedded. LAF and 621-101 cell mono-
culture spheroids (Figure 5.3.19 (b and c)) both showed moderate level of

CXCL1 expression.

Like CXCL1, expression of CXCL5 was seen in few centrally located cells
and was stronger immunoreactivity was seen in the cells located in the
periphery of the LAM spheroids (Figure 5.3.19 (d)). LAF mono-culture
spheroids showed negligible to no expression of this chemokine whereas
moderate expression of CXCL5 was seen in the 621-101 cell mono-culture
spheroids (Figure 5.3.19 (e and f)). Cells within the LAM spheroids (Figure
5.3.19 (g)) reacted strongly to the CXCL6 antibody showing a positive
reaction in both centrally and peripherally located cells. LAFs in the mono-
culture spheroids did not react positively with CXCL6 antibody, whereas,

621-101 cell mono-culture spheroids showed a strong positive reaction to
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the CXCL6 antibody (Figure 5.3.19 (h and i)). This expression pattern was
also detected by the Bio-Plex® Pro Human Chemokine assay panel where
in fact, 2-D 621-101 mono-culture showed 1.5-fold increase in CXCL6

expression than LAM spheroids.

CXCLS8 (Figure 5.3.19 (d)) was expressed in 70-80% of the cells within the
LAM spheroid and was seen mainly in the cells within the centre of the
spheroid. LAF mono-culture spheroids (Figure 5.3.19 (e)) showed very
faint presence of CXCL8 with very few cells expressing this ligand. This
was reflective of the immunoassay results obtained CXCL8 where
expression was very low in LAF mono-culture. CXCL8 was highly expressed
in 621-101 mono-culture spheroids (Figure 5.3.19 (f)). High CXCL8
expression in 621-101 cell mono-culture was also detected by the Bio-

Plex® Pro Human Chemokine assay panel.
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5.3.16 Expression of C-X-C Motif Chemokine Receptor 2 (CXCR2) in LAM
From the panel of chemokine ligands selected, the C-X-C motif ligands,
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and CXCLS8 all had the same binding
receptor, CXCR2 (Lazennec and Richmond, 2010). It was therefore
essential to discern whether the LAFs themselves expressed this receptor
giving rise to an autocrine signalling loop or the 621-101 cells expressed
this receptor leading to paracrine signalling between these cells. Another
important point to consider was whether the 621-101 cells show elevated
expression of this receptor when co-cultured with LAFs. Data from the
transcriptomic analysis had already shed light upon the fact that the LAFs
did not show elevated expression of CXCR2 when co-cultured with 621-
101 cells. Therefore, RNA isolated from LAFs (n=4) and 621-101 cells in
mono-culture and 621-101 cells when co-cultured with LAFs (n=4 donors)
was analysed via qRT-PCR.
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Figure 5.3.20 gRT-PCR analysis for the expression of CXCR2 in LAFs and 621-101
cells. Expression of CXCR2 analysed in LAFs (n=4), 621-101 cells and in 621-101 cells co-

320



cultured with LAFs (n=4) (mean x SD). Expression levels of CXCR2 was determined relative
to a housekeeping gene B-actin using the comparative Cr (24¢r) method.

As was evident from Figure 5.3.20, expression of CXCR2 was extremely
low in both LAFs and 621-101 cells. Cr values obtained for both cell types
were high suggesting very low to negligible expression of CXCR2. The
expression of CXCR2 did not appear elevated in 621-101 cells co-cultured
with LAFs and also showed high Cr values similar to LAFs and 621-101 cells

in mono-culture.
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Figure 5.3.21 Immunohistochemical detection of CXCR2 in LAM lung tissue. Image
shows the presence of CXCR2 protein in cells within the LAM nodules. Panels A, C, and E
depict a LAM nodule magnified x10 and panels B, D and F show a x40 maghnification of the
cells within the nodule expressing CXCR2. Images were taken using a standard brightfield
microscope Nikon Diaphot 300 Inverted Phase microscope.

From Figure 5.3.20 it was clear that neither of the cells in question
expressed the CXCR2 receptor. However, a significant upregulation of the

abovementioned chemokines in the LAFs meant there could be other cell
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types within the LAM nodule expressing this receptor. An
immunohistochemical analysis was therefore performed using three LAM
tissue donors to assess the presence of this receptor. Sub-populations of
cells within the LAM nodules reacted with anti-CXCR2 antibody (Figure
5.3.21 (a, c and e)). It was interesting to note that the CXCR2 expressing
cells had a more rounded appearance and were mostly seen centred near

spindle-shaped cells (Figure 5.3.21 (b, d and f)).

5.3.17 Presence of Immune Cells in LAM Lung

Although the elevated expression C-X-C chemokine ligands was noted in
LAFs in co-culture, an elevated expression of their receptor CXCR2 was not
observed in either the LAFs or 621-101 cells. However, the presence of a
sub-population of CXCR2 expressing cells in LAM nodules gave rise to the
notion that other CXCR2 expressing cell types such as immune cells may
be recruited to the LAM nodule via a chemokine signalling mechanism. The
chemokine receptor CXCR2 is expressed by various immune cells,
including, T cells (Lippert et al., 2004), neutrophils (Hu et al., 2011),
macrophages (Patterson et al., 2002) and mast cells (Juremalm and
Nilsson, 2005). An immunohistochemical analysis was therefore carried
out using marker antibodies against surface antigens expressed by these

cells to identify their presence in LAM nodules.
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Figure 5.3.22 Expression of markers of immune cells in LAM nodules in early and
late LAM patients. Image shows the immunohistochemical expression of markers
identifying immune cells in nodules of early (top panel) and late (bottom panel) LAM
patients. Cells expressing CD4 (helper T cells, panels a-c and m-o0), CD10 (neutrophils,
panels (d-f and p-r), CD68 (macrophages, panels (g-i) and (s-u) and mast cell tryptase
(mast cells, panels (j-1) and (v-x) were identified in LAM nodules. Images were taken using
the Hamamatsu Nanozoomer x10 magnified.

Expression of markers of immune cells, namely, helper T cells, neutrophils,
macrophages and mast cells were assessed in both early and late LAM
donors. LAM lung tissue obtained at the time of a diagnostic biopsy was
considered as early LAM while tissue obtained at the time of lung transplant
was considered as late LAM. Four early and four late LAM donors, three of
which are discussed here, were assessed using established immune cell
markers cluster of differentiation 4 (CD4), cluster of differentiation 10
(CD10), cluster of differentiation 68 (CD68) and mast cell tryptase (MCT)

as described in section 5.2.8.

Both early and late LAM donors showed immune cell infiltration within
nodules Figure 5.3.22. Presence of helper T cells (CD4) within the nodules
was evident in both early and late LAM donors (Figure 5.3.22(a-c) and (m-
0)). The CD4 positive T cells were mainly seen accumulated within the
nodules and few were also seen in the periphery lining the nodule. It was
interesting to note that in the late LAM donors, these CD4 positive cells
were mainly seen in areas adjacent to spindle-shaped cells within the
nodule. Comparatively fewer cells were seen in the alveolar walls

surrounding the LAM nodules.

The presence of neutrophils was also seen in both early and late LAM

donors. All the early LAM donors (Figure 5.3.22(d-f)) showed similar CD10
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expression but expression in late LAM donors (Figure 5.3.22(p-r)) was very
variable. Late LAM donor 1 showed higher infiltration of CD10 positive
neutrophils compared to donors 2 and 3. Neutrophils were mainly seen in
the periphery of the nodules and a reasonable presence of neutrophils was

seen in the alveolar walls.

Presence of CD68 positive macrophages was very low to none in the LAM
nodules of both early (Figure 5.3.22(g-i)) and late LAM donors (Figure
5.3.22(s-u)). Macrophages were seen more in the surrounding tissue than
within the nodules. However, late LAM donors did show a marginal
presence of macrophages within the nodules, these cells were almost

absent in the early donor nodules.

Abundant presence of mast cells was seen in both early (Figure 5.3.22(j-
)) and late donors (Figure 5.3.22(v-x)). Tryptase positive mast cells
showed large infiltration of nodules and were diffuse throughout the
nodule. Few mast cells were also seen in the alveolar walls surrounding
the nodules. To determine the amount of immune cell infiltration within
the LAM nodules, number of cells per milimeter? (mm?) per nodule were

counted in all four the early and late LAM donors.
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Figure 5.3.23 Number of immune cells per mm? identified by specific markers.
Number of immune cells counted per mm? per nodule in early and late LAM donors (n=4)
plotted on the Y-axis (mean = SD). The cells counted were neutrophils, T cells,
macrophages and mast cells.

Figure 5.3.23 shows the number of CD4, CD10, CD68 and MCT positive
cells counted per mm? per nodule. Three different nodules were counted
in all the early and late donors. The number of cells per mm? was then
plotted on the Y-axis. The number of CD4 positive T cells were 1.3-fold
higher in late LAM donor nodules compared to early LAM donors. Similarly,
CD10 positive neutrophils were 1.1-fold higher in late LAM. Macrophage
infiltration (CD68 positive) in both early and late LAM donors was
negligible. However, tryptase positive mast cells, unlike other immune
cells infiltrations, were 1.2-fold higher in early LAM donors than late LAM
donors. However, none of these comparisons were statistically significant
(p>0.05) and several more LAM donors will be required in each group to

drawn any confirmed conclusions.
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5.3.18 Chemotactic Directional Migration of Mast Cells — Boyden Chamber
Transwell® Migration Assay
Judging from the number of mast cells counted that infiltrate the nodules,
it was postulated that in vivo, the TSC2 null cells invoke an elevated
expression of C-X-C chemokines ligands. These chemokines, all of which
signal through the same receptor, recruit CXCR2 expressing mast cells to
the nodules. Although normal matched normal lung controls were not
assessed for presence of mast cells in this study, it is a well-known fact
that in normal lung the number of mast cells is low. To test this theory,
the HMC-1 cell line, derived from a patient with mast cell leukaemia which
exhibits a phenotype similar to that of human mast cells (Nilsson et al.,
1994) was used. The HMC-1 cells, placed in the upper compartment of a
Boyden chamber were allowed to migrate towards LAFs and 621-101 cells

in co-culture and mono-culture.
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Figure 5.3.24 Chemotactic migration of HMC-1 cells towards LAFs and 621-101
cells in co-culture and mono-culture. Graphical image shows the number of migrated
HMC-1 cells migrated towards LAF+621-101 cell co-cultures, Co-cultures treated with
100nM CXCR2 inhibitor (5B225002) and LAF (n=4) (mean £ SD) and 621-101 cell mono-
cultures normalised number of cells under gravitational influence normalised to media only
control. One-way ANOVA performed corrected for multiple comparisons using the Dunnett’s
multiple comparisons method. n=4, *p<0.05.

Figure 5.3.24 shows the number of HMC-1 cells migrated via a chemotactic
gradient. More than 1600 HMC-1 cells migrated towards LAF and 621-101
cell co-cultures over a period of 8 hours. Directional migration was
significantly reduced (p=0.035) on treatment of cells with 100nM CXCR2
inhibitor, SB225002. A 50% reduction in HMC-1 cell migration was seen
towards LAF mono-cultures and migration significantly reduced (p=0.05)
towards 621-101 cell mono-cultures. These data suggested that HMC-1
cells selectively migrated towards C-X-C chemokines released by cells in

co-culture via their expression of the CXCR2 receptor.
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5.4 Discussion

This chapter describes distinct profiles obtained from the LAF and NHLF
transcriptomes, selection of the most significant and relevant gene targets
obtained thereof and the successful validation of these targets in 2D and
3D LAM models along with ex vivo LAM lung tissue. The initial hypothesis
that a large mesenchymal cell population exists within LAM nodules and
that these cells are wild-type could only be confirmed if LAFs and NHLFs
were compared. A comparative transcriptomic analysis thus performed
was able to answer two main questions:

e Were LAFs and NHLFs similar or different to each other (essentially

the same cell type) and if similar, how similar?
e Does the presence of TSC2 null 621-101 cells have phenotypic

implications on LAFs and NHLFs?

The Boyden chamber experimental design was chosen to perform the
analyses as this setup took advantage in the fact that both LAFs and NHLFs
could communicate with the 621-101 cells via soluble factors and when
required could be separated from each other to perform distinct analyses,

and B-estradiol was added to mimic the cellular environment in vivo.

In the GeneChip® Human Genome U133 Plus 2.0 Array (Affymetrix) each
gene is represented by one or more probe sets, each composed of 11-20
pairs of 25 base pairs long. Each of these pairs consists of a perfect match
(PM) and a mismatch (MM), the mismatch created by changing the middle
(13™") base of the perfect match sequence. The mismatch is aimed at

controlling experimental variation and nonspecific binding of other mRNA
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with the probe (Affymetrix, 2007, Irizarry et al., 2003). The Partek
Genomics Suite™ 6.6 (PGS 6.6) software offered quick and easy data
normalisation options at the click of a button (Partek, 2017a). After
adjusting for GC content to remove the effects of GC content on probe-
level intensities the Robust Multi-Array Average (RMA) background
correction was used on the dataset. An increasingly widely used method,
this is a pre-processing procedure which exclusively makes use of the PM
probes and ignores the MM probes and is among the best methods with
respect to precision (Irizarry et al., 2003, Heber and Sick, 2006). In most
principal component analysis comparisons, the LAF donors clustered close
together compared to NHLF donors. This was possibly due to the fact that,
while all the LAF donors were isolated and characterised in the same
manner, the NHLF donors were commercially bought from two different
suppliers and the third donor obtained from another department.
Therefore, it would be possible that their global gene probe set intensities
were quite different from each other. LAF donors in mono-culture however
were more spread out in their probe intensities. This suggested that it is
possibly the effect 621-101 cells that imparts a more analogous global

expression to the LAFs.

To identify the differentially expressed genes the categorical sample
attributes assigned to the dataset were considered as ANOVA factors. Fixed
effects were understandably assigned to disease or normal condition as
this aspect of donor cells was unchangeable. Culture condition also was a
fixed effect because if the experiment was to be repeated, the cells would

be cultured in the same manner. However, the donor category was
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assighed a random effect because on repeating the experiment, different
donors could be used. The ANOVA model thus contained both fixed and

random effects making it a ‘mixed model ANOVA'.

Historically, differential gene expression was judged purely in terms of
fold-change with a typical 2-fold change cut off (DeRisi et al., 1996, Schena
et al., 1996). However, considering only fold-change cut-offs did not take
into account variability nor did it guarantee reproducibility. Therefore, it
has now become common practice to only consider differentially expressed
genes that satisfy both a p-value and fold-change criteria simultaneously
and where possible the false discovery rate (FDR) is controlled in the
analyses (McCarthy and Smyth, 2009). Most researchers consider a
statistical significance of p<0.01 or p<0.05 and then rank significant genes
by fold-change with a cut-off of 1.3, 1.5 or 2 (Patterson et al., 2006,
Huggins et al., 2008). Filtered gene lists were created from the initial two-
way ANOVAs by considering a statistical significance of p<0.05 and ranking
the significant genes by fold-change with a cut-off of >2 and <-2. The FDR
could not be applied as this reduced the list of differentially expressed gene
to zero. However, good quality Affymetrix GeneChips® that pass the
QA/QC parameters could increase the number of differentially expressed
genes while automatically reducing the expected false discovery rate in the

identified candidate list (Heber et al., 2006).

To find significant genes commonly shared between two comparative lists
Venn diagram comparisons were carried out. The genes that fell into the

intersecting region of the two comparative lists were then considered. The
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comparison of two lists LAF co-culture vs. LAF mono-culture and NHLF co-
culture vs. NHLF mono-culture consisted of genes that changed in both
LAFs and NHLFs when cultured as a co-culture with 621-101 cells. The list
of top 22 genes showed a majority of upregulated chemokines mainly of
the C-X-C motif type. All of these chemokines except CXCL10 contained
three amino acid residues (Glutamine-Leucine-Arginine) at the NH2-
terminus which confers upon them their chemotactic activity and
proangiogenic activities (Clark-Lewis et al., 1993, Strieter et al., 2005).
Interestingly the chemokines CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and
CXCL8 are located in a short region (360KB) of chromosome 4 (4q21).
Bieche et al. reported that all of these chemokines are upregulated in
breast cancer due to them being co-regulated. This type of upregulation
was observed in breast cancer cells and intratumoural fibroblasts and was
found to be a consequence of increased transcriptional activity
downstream of nuclear factor kappa-light-chain-enhancer of activated B
cells (NFkB) signalling. These genes were also induced by TNFa and
correlated with poor prognosis outcomes for breast cancer patients
possibly due to increased chemoattractant activity. (Bieche et al., 2007).
Therefore, it is possible that this kind of transcriptional activity is at play
in this transcriptional analysis resulting in the co-upregulation of the

related chemokines.

CCL2 or monocyte chemoattractant protein 1 (MCP-1) is another pro-
fibrogenic cytokine that can recruit monocytes, memory T cells and
dendritic cells (Carr et al., 1994, Xu et al., 1996). Chen et al. showed that

by knocking out IL-17RA expression in mice exposed to cigarette smoke
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reduced the induction of CCL2 related macrophage recruitment, MMP12
expression crucial to development of emphysema (Chen et al., 2011).
CCL2 expression is elevated in serum starved IPF and normal lung
fibroblasts treated with thrombin in a dose-dependent manner and is
mediated by transcriptional factors NFkB and AP-1 (Deng et al., 2013).
Moreover, CCL2 was found to partially block staurosporin-induced
apoptosis of lung fibroblasts through the IL-6/STAT3 pathway thereby

promoting fibrosis through anti-apoptotic mechanisms (Liu et al., 2007).

CXCL10 has been known to be significantly upregulated in patients with
asthma and COPD and is a potent chemoattractant for activated T cells,
natural killer cells and eosinophils (Saetta et al., 2002). Mast cell migration
in asthmatic airways is mediated via CXCL10 and its cognate receptor
CXCR3 (Brightling et al., 2005). In human lung fibroblasts, CXCL10 gene
and protein expression is synergistically elevated by IL-27 and TNF-a
which is mediated via NFkB signalling pathways (Dong et al., 2013). MMP1
also known as collagenase-1 is an interstitial collagenase capable of
cleaving a broad range of matrix proteins. This protease is also
transcriptionally activated by AP-1 (Vincenti et al., 1996). Increased MMP1
expression has been reported in LAM, IPF, asthma and COPD (Hayashi et
al., 1997, Rogers et al., 2014, Ramos et al., 2001, Kim et al., 2004). Liu
et al. found that co-culturing lung cancer cells with lung fibroblasts in 3D
collagen gels significantly increased MMP1 protein levels which were

almost undetectable in fibroblast mono-cultures gels (Liu et al., 2016).
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The upregulation of all of the described genes majority of which were pro-
inflammatory chemokine and cytokines elevated in several lung diseases
and cancers suggested that both LAFs and NHLFs had acquired a pro-
inflammatory phenotype when co-cultured with 621-101 cells. Such a
change in phenotype has been reported in various diseases characterised
by a large presence of fibroblasts capable of modulating various immune
cells including stromal fibroblasts isolated from cancerous tumours,
fibroblasts in fibrotic lung diseases and synovial fibroblasts in rheumatoid
arthritis and osteoarthritis (Neumann et al., 2010, Madar et al., 2013,
Kendall and Feghali-Bostwick, 2014). As described, fibroblasts either
switch on or significantly elevate expression of pro-inflammatory genes
upon activation of transcription factors requiring certain stimuli. In this
study, therefore, the fact that a co-culture condition exhibits this profile it
is quite likely that the 621-101 cells have provided a stimulus to invoke
this reaction. Although not all of the abovementioned targets could be
validated within the realms of this thesis, they nonetheless paint a
comprehensive picture of the effect of 621-101 cells on the fibroblast

phenotype.

List of GO annotations showed CXCR chemokine binding as the most
enriched molecular function with more than 43% gene in group that were
present in the comparative list. This was expected as a large group of C-
X-C chemokine ligands that bind to C-X-C receptors were upregulated in
LAF and NHLF co-culture. Most other biological processes annotated by GO
were of an immune response type. Therefore, when the list of differently

expressed genes were assigned functions by a well complied and widely
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trusted database it was evident that the LAFs and NHLFs had acquired pro-

inflammatory functions and responses as a result of co-culture.

The comparative list, LAF co-culture vs. LAF mono-culture VS NHLF co-
culture vs. NHLF mono-culture gave rise to several highly-enriched
pathways. A significantly enriched pathway consisting of several genes
from the list was again cytokine-cytokine receptor interaction. It was clear
that the TNF signalling pathway and the NFkB signalling pathway, both of
which were known stimuli for elevated chemokine expression, were
upregulated in LAF and NHLF co-culture. The 621-101 cells were therefore,
through a soluble stimulus, capable of activating these pathways in LAFs

and NHLFs which could in turn lead to expression of chemokines.

The pathway analysis thus clarified the transcriptomic analysis and
narrowed it down to a set of gene candidates that could be crucial to LAM.
Elevation of such a group of genes that were an important part of relevant
biological processes could not be ignored and therefore as part of this study
the chemokines CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, CXCL10

and CCL2 were further analysed.

Quantitative real-time PCR, to date, had been the method of choice for
validating microarray data mainly because it is rapid, sensitive and is a
high throughput process that requires minimal quantities of test material
(Dallas et al., 2005). Various studies have reported wide range of
correlations between microarray and gqRT-PCR data ranging from r=-0.48
to 0.94 (Etienne et al., 2004, Dallas et al., 2005). Due to such a large
correlation variability Rajeevan et al. only considered a valid result if the
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fold change measured by both techniques were > 2 (Rajeevan et al.,
2001). Selected chemokines assessed via qRT-PCR using the same RNA
sample set use to conduct the microarray analysis further confirmed the
results from the analysis. All of the selected chemokines were elevated in
LAF and NHLF co-culture whereas mono-cultures showed negligible levels.
These data corroborated with dot plot visualisations generated by PGS 6.6
for each individual gene. Gene intensities for all the C-X-C chemokines and
CCL2 showed the same trend where both LAF and NHLF co-cultures
showed high intensities and mono-cultures very low intensities for all
chemokines. Fold-change differences obtained via gqRT-PCR analysis were
not the same as those seen in the microarray. Few studies have reported
observing differences in fold-change between those obtained from a
microarray analysis and a gqRT-PCR analysis and consistent with the results
of Dallas et al. and Yuen et al. fold-change results determined by qRT-PCR
were significantly higher than those assessed for the same genes by
microarray analysis in both LAFs and NHLFs (Dallas et al., 2005, Yuen et

al., 2002).

Oestrogen has been implicated to play a role in the development and
progression of LAM and immunohistochemical findings from isolated LAM
tissue and AML tissue from women with LAM have shown that they express
oestrogen and progesterone receptors (Matsui et al., 2000b, Logginidou et
al., 2000). Oestrogen signalling is complex and involved two main
receptors oestrogen receptor a (ERa) and B (ERB). Moreover, the 621-101
cells express both ERa and ERB (Yu et al., 2004) which also could have an

indirect effect on LAFs and NHLFs in co-culture. Chemokine ligand
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expression showed the same trend as the first g RT-PCR confirmation in
the second experimental setup. This confirmed that gene expression of the
selected chemokines had been validated. It was however clear from the
gRT-PCR data obtained that E2 had no added effect on LAFs and NHLFs in
either co-culture or mono-culture conditions. Moreover, nothing of
prognhostic value was found in the expression of chemokines CXCL2, CXCL5
and CXCL6 when 48 ERa positive breast cancer tumours were tested
(Bieche et al., 2007). Both the LAF and NHLF did not express ERa and
expressed very low levels of ERB, therefore it is possible that elevation of
chemokine expression was due to other signalling mechanisms
independent of oestrogen receptor signalling. The pro-inflammatory
chemokine profile also seemed to be independent of any indirect oestrogen

signalling via the 621-101 cells as well.

Protein levels of the chemokine ligands also followed the same trend. LAFs
and NHLFs had shown very similar responses as was evident in the
microarray data analyses. A second similar independent experimental
setup included the 621-101 cells in mono-culture to measure the
contribution of these cells to the secreted chemokine protein levels. The
second protein expression validation also showed the same trend.
However, 621-101 cell mono-cultures also showed increased chemokine
secretion levels of which only slightly reduced for most chemokines on
treatment with rapamycin. Cells deficient in TSC2, when treated with
rapamycin can continue to have a pro-inflammatory profile due to the
suppression of IL-10 (Weichhart et al., 2008). Moreover, although

rapamycin selective binds and inhibits the mTORC1 complex, only
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prolonged exposure to Rapamycin can inhibit mTORC2 (Wullschleger et al.,
2006). Therefore, it was possible that 621-101 cells continued to have
elevated chemokine secretion through this mechanism. However, when
LAFs were co-cultured with rapamycin pre-treated 621-101 secreted
chemokine levels significantly reduced compared to those seen in
untreated co-cultures. The induction of elevated levels of chemokines in
LAFs by the 621-101 cells was possibly a result of one or more soluble
factors capable of activating chemokines either via transcription factors
such as NFkB and AP-1 or via other cytokines and chemokines. Pro-
inflammatory cytokines IL-1B, IL-6 and TNFa can promote a pro-
inflammatory environment either directly or indirectly leading to the
activation of several other chemokines. Moreover TNFa signalling is also a
known regulator of NFkB activation (Zhang and An, 2007). Thus, inhibition
of rapamycin could lead to suppression of downstream signalling and

therefore a decrease in chemokine secretion.

Expression of chemokines measured in ex vivo transplant lung tissue
however was slightly different to that seen in cell cultures. Secreted levels
of CXCL1, CXCL6, CXCL8 and CCL2 were actually elevated due to
rapamycin treatment. mTOR inhibitors like rapamycin have been reported
to show an immunnostimulatory effect in human transplant recipients. In
fact studies have shown that rapamycin-treated transplant recipients
showed activation of IL-12-induced signalling and increased inflammatory
responses by blood leukocytes (Brouard et al., 2010, Gallon et al., 2015).

Moreover, the whole human lung tissue explants consisted of different cell
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types that might show different inflammatory profiles and may respond

differently to rapamycin treatment in explant cultures.

Immunohistochemical expression of CXCL1, CXCL5, CXCL6 and CXCLS8 in
LAM lung tissue confirmed the tissue validation of selected chemokine
targets. Strong immunoreactivity to antibodies against CXCL1, 5, 6 and 8
was found mainly around spindle-shaped cell bundles within the LAM
nodules in all donors. This suggested that the spindle-shaped cells most
likely to be fibroblasts showed strong immunoreactivity to the antibodies
against the selected chemokines. Pacheco-Rodriguez et al. have reported
elevated levels of CXCL1 and CXCLS5 in bronchoalveolar lavage fluid from
LAM patients and only weak staining of C-C chemokines in LAM cells within
the nodules with antibodies against CCL2, CCL27 and CCL28 (Pacheco-
Rodriguez et al., 2009). Therefore, expression of the selected panel of
chemokines in the spindle-shaped cells within LAM nodules has been
reported for the first time in the study and had confirmed the in vitro

finding in ex vivo LAM lung tissue.

Further validation in 3D LAM spheroid model showed the same trend in
chemokine expression as the Boyden chamber 2D cultures. All the
previously reported findings were the result of paracrine signalling
between fibroblasts and 621-101 cells. Establishing direct contact co-
cultures such as the LAM spheroid model would give an idea of the effect
of juxtacrine signalling on the expression of chemokines. Studies have
shown that during tumour formation and growth, cancer cells come into

contact with the stroma providing the perfect microenvironment. This
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leads to a sudden increase in pro-inflammatory factors and angiogenesis
(Rowe and Weiss, 2009). Moreover, heterotypic cell-cell contacts are
formed through adhesion molecules which in turn can promote a pro-
inflammatory environment (Etzioni, 1996). Considering the fact LAM
spheroids contained 5-fold fewer cells chemokine expression was elevated
in LAM spheroids compared to LAF and 621-101 cell Boyden chamber.
Juxtacrine signalling therefore might promote a more elevated
inflammatory signature not only through soluble factors and signalling
molecules, but also through direct contact adhesion molecules and intra-

spheroid gradients.

Reflection of multiplex immunoassay system results in the
immunohistochemical analysis of the LAM spheroids confirmed that the
paracrine and juxtacrine signalling was in sync with each other. It was
interesting to note that barring slight expression of CXCL1, no other
chemokine expression was found in the LAF mono-culture spheroids which
was also in keeping with the results obtained from the multiplex
immunoassay in both 2D and 3D culture systems. This suggested that
elevated chemokine expression in LAM spheroids was almost exclusively
due to the presence of 621-101 cells. CXCL1 and CXCL5 immunoreactivity
to what appears to be extracellular matrix possibly deposited by the
fibroblasts was possibly due to the fact that both CXCL1 and CXCL5 when
secreted, besides binding to their cognate receptor are also able to bind
extracellular matrix glycosaminoglycans (GAGs) (Sepuru et al., 2014,
Poluri et al., 2013). Strong reactivity of the 621-101 cell mono-culture

spheroids to antibodies against CXCL6 and CXCL8 was possibly due to
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different epitopes recognised by different antibodies used for the multiplex
assay and IHC or a high accumulation of protein due to the cells being in

a close conglomeration.

It was apparent that no autocrine (between the LAFs) or paracrine
(between LAFs and 621-101 cells) CXCR2 signalling was at play in LAF and
621-101 cell co-cultures. Immunohistochemical staining with antibodies
against several chemokine receptors including CXCR2 showed that more
than 50% of smooth-muscle-like LAM cells were immunoreactive to CXCR2
(Pacheco-Rodriguez et al., 2009). Punctate expression of CXCR2 in the
LAM nodules however, showed otherwise. Strong immunoreactivity was
noted in the cytoplasm of specific sub-populations of cells within the
nodules which interestingly were found near spindle-shaped cells in the
nodules, presumably, fibroblasts in all three donors. In the lung, CXCR2
expression has been found in leukocytes, monocytes, bronchial epithelial
cells, primary ASM cells, vascular endothelial cells and mast cells
(Tomankova et al., 2015) and has been implicated in the recruitment of
neutrophils and mast cells to the site of inflammation via one of its ligands
(Sawant et al., 2015, Lippert et al., 1998). Therefore, detection of immune
cell infiltration in LAM nodules and predominantly a large population of
mast cells suggested that a CXCR2-dependent recruitment mechanism

might be at play.

Mast cells are classified by the major proteins they store and secrete,
namely tryptases and chymases. Cells can either contain tryptic enzymes

making them tryptase positive or chymotryptic enzymes making them
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chymase positive cells with a few mast cells consisting of both chymase
and tryptase. The tryptase positive mast cells, recognised by the mast cell
tryptase antibody, are the most abundant type in the lung and it is this
tryptic enzyme that confers upon them their pro-inflammatory property
(Caughey, 2007). Moreover, abundant presence of tryptase positive
activated mast cells was also detected in LAM lung compared to chymase
positive cells (Edwards et al., 2005). Slightly elevated nodular infiltration
of mast cells in the early LAM donors could suggest that the mast cells may
be recruited to the nodules when the disease first sets in. However, none
of the data were significant and a larger study with several more LAM

donors would be required to confirm the inferences.

Potent, competitive and highly selective (>150-fold) CXCR2 receptor
antagonist, SB225002 has been shown to selectively inhibit CXCL1 and
CXCL8 mediated chemotaxis of CXCR2 expressing neutrophils both in vitro
and in vivo (White et al., 1998, Costa et al., 2014). The ability of LAFs and
621-101 cells in co-culture to stimulate directional migration (chemotaxis)
rather than random migration (chemokinesis) of the HMC-1 cells which
was significantly reduced by blocking CXCR2, was evident from the results
of the Boyden chamber migration assay. CXCR2 dependent migration of
HMC-1 cells towards a secreted chemokine gradient generated by the LAFs
and 621-101 cells in co-culture reduced by 73% on treatment with 100nM
SB225002. This clearly implied that the HMC-1 migration towards cells in

co-culture was mediated via CXCLS.
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5.5 Conclusion
This chapter describes the transcriptomic characterisation of LAFs and
NHLFs and phenotypic effects of TSC2 null 621-101 cells on their
transcriptional profile. It was concluded that though the LAFs and NHLFs
showed transcriptional differences, they were in fact similar in their
responses to 621-101 cells. These TSC2 null cells had conferred upon both
LAFs and NHLFs a pro-inflammatory profile and although the 621-101 cells
were not a true '‘LAM lung cell’ they were the closest to a model human cell
line. Moreover, a thorough literature search has proven that the gene
expression signature seen in the LAFs and NHLFs was extremely consistent
with other transcriptomic and proteomic expression analyses conducted

using fibroblasts from the abovementioned disease conditions.

6 CHAPTER 6: General Discussion

6.1 General Overview
This thesis has described a multitude of aspects and novel mechanisms
encompassing LAM. The mainstay hypothesis of this study was that there
exists a synergy between TSC27- LAM cells and fibroblasts and together
these cells contribute to the destruction of lung parenchyma. The overall
aim of therefore was to identify key mechanisms that directly or indirectly
lead to lung destruction associated with LAM. The means to do this was by
designing suitable in vitro 2D and 3D models which could recapitulate a

LAM nodule in a culture dish.
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The present study is the first to have described the design and validation
of various in vitro models 2D and 3D which are versatile and can be used
with differing outcomes. Although LAM nodules consist of a heterotypic
population of cells only two studies conducted have used co-culture
models, both of which were based on lymphatic endothelial cells
(Kumasaka et al., 2015, Ikeda et al., 2003). The 2D and 3D in vitro co-
culture models designed in this study thus shed light on the fact that LAM
is a heterocellular disease and it takes more than one cell type to fully
understand the complex mechanisms involved in LAM. The co-culture
models therefore not only represented LAM nodules but could also be used

successfully in the further aspects of this study.

Cathepsin K expression has been detected previously in LAM nodules and
has since been speculated to be involved in destruction of the lung matrix
mainly due to its potent proteolytic activity (Chilosi et al., 2009, van
Meerloo et al., 2011). The exact mechanism of activation of this protease
was still an unknown. However, the present study has been the first to
show that cathepsin K expression in LAM is mainly dependent on the
presence of fibroblasts within LAM nodules. The findings thus showed that
cell-cell interactions within the LAM nodule stroma can generate conditions

in which proteolytic lung damage may occur.

The present study has described a novel microarray analysis that led to
the finding that TSC27- 621-101 cells altered the fibroblast phenotype
towards a pro-inflammatory one. The expression of a few C-X-C and C-C
motif type chemokines has been detected in LAM nodules and BAL fluid
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and the presence of mast cells has been found in LAM nodules (Pacheco-
Rodriguez et al., 2009, Coussens and Werb, 2002). However, the
mechanisms involved in mast cell recruitment had not yet been explored.
The models thus designed have provided a strong functional basis of the
synergism between TSC27/- 621-101 cells and LAFs in mechanisms

examined, to be involved in the pathogenesis of LAM.

6.2 In Vitro Models
The 2D and 3D models incorporated two main cell types present in the LAM
nodule hypothesised to be the key players in the pathogenesis of LAM. The
present study has drawn from the hypothesis that fibroblasts may be
recruited by TSC2”- LAM cells to the nodule, akin to cancer cell recruitment
of the stroma. In vitro co-culture models using cancer and stromal cells
are now being increasingly used as unlike relying only on a cell line, the
former approach takes into account the stroma and non-neoplastic cells
involved. Similarly, in LAM research, most researchers have relied on the
use of human or animal derived cell lines alone. It is now evident that a
varying cell population exists within a LAM nodule and only a small
percentage of cells is TSC27- therefore using a multicellular in vitro model
can provide a clearer picture. This was evident when Transwell co-cultures
showed elevated levels of chemokines. Moreover, expression of several
MMPs and cathepsins was elevated in the 3D BME gel model supporting

the fact that the ECM influences cellular responses.
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6.3 Activated Fibroblast Phenotype in LAM
An important finding in this thesis was the presence and the level of
involvement of fibroblasts in disease progression. The presence of
fibroblasts in LAM lung has previously been showing a study conducted by
Inoue et al which described the presence of a-SMA expressing
myofibroblast-like cells within the LAM nodules. These cells were suspected
to be myofibroblast-like as they expressed fibroblast growth factor
receptors 1 and 2, however expression of these receptors was also found
in other cells such as epithelial cells within the nodules (Ingram et al.,
1997). On the other hand this thesis has described the isolation and
characterisation of early passage LAM associated fibroblasts and Clements
et al were the first to use fibroblast-specific markers to identify fibroblasts
present in LAM nodules (Clements et al., 2015). Moreover, expression of
FAP-a and the dynamic expression of aSMA suggested that the LAFs can
acquire an activated phenotype given the right stimulus. Evidence of
fibroblast activation was further confirmed by the elevated expression of
pro-inflammatory chemokines and other factors in LAFs/621-101 cell co-
cultures compared to respective mono-cultures. Cancer cells serve to
modify the properties of fibroblasts recruited to the stroma resulting in the
latter being known as cancer associated fibroblasts (CAFs) (Kalluri and
Zeisberg, 2006). The term LAM associated fibroblasts has therefore been
coined as a namesake as data from this thesis has made it evident that
the LAFs are the stromal fibroblasts associated with this low-grade

neoplasm.
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Expression of several C-X-C and C-C motif pro-inflammatory chemokines
has been documented in CAFs and activated fibroblasts. Such an
expression signature is induced by the neighbouring cancer cells and has
been attributed to be under the transcriptional control of NF-kB and
cyclooxygenase 2 (COX-2) (Sasaki et al., 1984). Undoubtedly the presence
of an extensive number of chemotactic chemokines enables the fibroblasts
to assist in the activation and migration of resident and circulating immune
cells such as macrophages, neutrophils and mast cells (Kendall and
Feghali-Bostwick, 2014). Results within this thesis have shown the
evidence of such a mechanism orchestrated by the 621-101 cell-induced
activation of LAFs and have subsequently provided the basis of mast cell

recruitment to the LAM nodules.

6.4 Recruitment of Mast cells
Mast cells originate from their progenitors which are few in number in
normal lung physiology. Their numbers significantly increase during
pulmonary inflammation and they are actively recruited to the site of
infllammation (Watz* et al., 2007). Mast cells can be recruited through few
mechanisms however, chemotactic recruitment occurs primarily through
the CXCR2 receptor. The existence of a CXCR2-mediated recruitment
mechanism which is the result of crosstalk between 621-101 cells and LAFs
in LAM nodules has been eloquently described as part of this thesis. The
presence of mast cells in LAM nodules has been previously reported

(Edwards et al., 2005, Ingram et al., 1997) however, their role in the
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pathogenesis of LAM is yet to be elucidated. It is not known whether
recruitment of mast cells is beneficial or detrimental to disease
progression, however, the pro-inflammatory activities of recruited mast
cells have been shown to sustain tumour microenvironment. Recruited
mast cells can synthesize and secrete several cysteine proteases, MMPs,
various cytokines (IL-6 and TNF-a) and several mitogens (platelet derived
growth factor, PDGF, vascular endothelial growth factor, VEGF and TGF-3)
(Kelm et al., 2003) which can provide favourable conditions for recruitment
of other immune cells, invasion and cell proliferation. In,
neurofibromatosis, a similar disease characterised multiple neufibromas
(tumours) and by a Knudson two-hit LOH of the Nfl gene, mast cells
selectively migrate into the tumours in a stem cell factor (SCF)-mediated
manner. Here via the secretion of TGF-B, a mitogen for fibroblasts, mast
cells are able to activate and cause proliferation of the resident fibroblasts.
This also causes further migration of fibroblasts and increased fibroblast-
mediated ECM remodelling thereby promoting disease progression (Staser
et al., 2012). Moreover a growing body of evidence suggests the mast cell
plays a role in the pathogenesis of diseases characterised by fibrosis such
as sarcoidosis (Dangles et al., 1997), hypersensitivity pneumonitis and IPF
(Dangles-Marie et al., 2007). In fact, mast cells secrete several pro-fibrotic
factors including tryptase itself which increases IPF fibroblast proliferation.
Furthermore, IPF fibroblasts when co-cultured with mast cells serve to
enhance their survival and are pro-proliferative (Majety et al., 2015).

Therefore, based on this evidence, fibroblasts and mast cells could have a
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supportive relationship towards each other and may also be involved in

the recruitment of one another in the LAM nodule.

6.5 Acidification of the LAM Nodule Microenvironment
Activated fibroblasts and CAFs are also known to secrete increased potent
ECM degrading proteases such as MMPs and cathepsins. These proteases
become activated in the tumour or disease microenvironment where
proteases such as cathepsins are activated in an acidic environment
thereby aiding invasion and disease progression (Yin et al., 2012, Konur
et al., 1996). The finding that cathepsin K was the most highly
transcriptionally expressed protease in both LAFs and LAM tissue donors,
the activity of which was elevated in LAF/621-101 cell co-cultures
compared to mono-cultures lead the present study to the finding that an
acidic environment could exist within the LAM nodules. Induced by low
oxygen levels, the transcription factor hypoxia-inducible factor 1a (HIF1la)
drives Warburg metabolism which can persist in cancer cells even in the
presence of oxygen. Similarly in LAM despite aerobic conditions,
constitutively active mTOR pathway elevates HIF1a transcription (Duvel et
al., 2010) which provides a basis for the existence of the Warburg
metabolism, a distinctive feature of neoplastic growth. Although the
inhibition of monocarboxylate transporters, responsible for membranous
lactate shuttling, was not possible due to technical issues, the expression

of hypoxia driven MCT1 and MCT4 (Weiswald et al., 2009) in both TSC27-
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621-101 cells and LAM lung tissue support the existence of such a

metabolism in LAM.

The other metabolic pathways parallel to glycolysis can significantly
contribute to microenvironment acidification via the indirect release of H*
protons. Oestrogen driven pentose phosphate pathway (PPP) resulting in
enhanced glucose transport via GLUT1 and GLUT4 and uptake has been
shown to exist in the TSC27- LAM cells (Sun et al., 2014). CO:z a highly
significant contributor to acidity is also a major by-product of the PPP. CO:
can then be hydrated to produce H* and bicarbonate (HCOs3") by the
combined activities of carbonic anhydrases (II, IX and XII) and Na*/HCOs3"
co-transporters with the latter shuttling HCO3™ back into the cell resulting
in net acid export into the extracellular milieu (Ye et al., 2013, Uhlen et
al., 2005). The finding that this very mechanism exists in the 621-101 cells
suggests that the TSC2”/- LAM cells, akin to cancer cells, have undergone
a metabolic shift that render the nodular microenvironment acidic aiding
in the activation of proteases such as cathepsin K. Chapter 4 has therefore
described that inhibition of the Na*/HCOs co-transporters and to a lesser
extent, the carbonic anhydrases resulted in significant reduction of

cathepsin K activity in LAF/621-101 cell co-cultures.

6.6 Cathepsin K and Inflammation
Tissue-specific activated fibroblast derived expression of active cathepsin
K has been described in various diseases where the main role of this potent
collagen-elastin degrading protease has been proteolytic destruction of
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tissue (van den Brule et al., 2005, Neumann et al., 2010, Beklen et al.,
2015). As described in the introduction to this thesis (section 1.14),
cathepsin K activity in cells is tightly regulated and an elevated activity of
this protease can primarily mean proteolytic destruction of ECM. Therefore,
although the present study has not elucidated active cathepsin K-mediated
destruction of LAM lung tissue all of the elements necessary for this ‘perfect
storm’ are present within the LAM nodule. Pro-inflammatory stimuli related
to Toll-like receptor signalling (TLR) has been known to induce production
of cytokines such as TNF-a and interleukin-18 (IL-18) which in turn
upregulate RANKL, a direct regulator of cathepsin K expression (Ferri et
al., 2004, Lee et al., 2009). Moreover, cathepsin K deficient animal models
for rheumatoid arthritis and periodontitis (both diseases believed to also
show active fibroblast-derived cathepsin K activity) showed a radical
reduction in bone erosion and TLR-4, 5 and 9-medaited inflammation
(Beklen et al., 2015, Chang et al., 2013, Hou et al., Montgomery et al.,
2012). Cathepsin K was therefore proposed to have an osteoimmune
function which also suggested the presence of a feedback loop between
cathepsin K and TLR signhalling-mediated inflammation. Moreover, pathway
analysis performed in chapter 5 (section 5.3.8) has also highlighted
upregulated TLR-signalling in cells in co-culture. Finally, a recent study by
Repnik et al, showed that cysteine cathepsins such as cathepsin K can
proteolytically = process ELR (glutamate-leucine-arginine) C-X-C
chemokines such as CXCL1, 2, 3, 5 and 8 thereby elevating chemokine
activity and regulating immune cell recruitment. In fact, in the presence of

GAGs compared to cathepsins L and S, cathepsin K increasingly processed
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the abovementioned chemokines N terminally to the ELR motif thus
suggesting another pro-inflammatory role for this protease (Issaka et al.,

20009).

6.7 Clinical applications of findings

This study has designed three distinct 3D models that can be used
depending on the phenomena at study and the level of quantitation
required. For example, the LAM spheroid model would be particularly
useful for drug testing studies and can be used in high-throughput studies
providing a high level of quantification. The LAM spheroid model can be
tailored to be patient-specific where a patient’s own cells derived from
biopsy tissue can be used to generate LAM spheroids. The LAMosphere
model is a direct donor representative which consists of the multiple cell
types found in the LAM lung and may best represent LAM. Due to the rarity
of LAM a very small number of patients can be recruited in clinical studies.
Moreover, LAM patients are quite variable and respond differently to
therapy. The LAM spheroids and LAMosphere models therefore can be used
to bridge this gap by using them as a means of personalised therapy in
drug studies and studying the responses of each patient individually.

Initially trialled mainly as anti-osteoporotic drugs, cathepsin K inhibitors
have now been trialled in prostate cancer and breast cancer to prevent
bone metastasis (ClinicalTrials.gov). Therefore, an already established
drug target inhibitors targeting cathepsin K activity described in section

1.14.5 have reached Phase III trials in humans making cathepsin K a very
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druggable target. Following successful preclinical studies, a clinical trial to
assess the efficacy of cathepsin K inhibitors in reducing proteolytic lung

destruction and decreasing airspace enlargement.

Another avenue targeting protease-mediated lung destruction described in
the present study was the inhibition of net acid extruders responsible for
the acidification of the nodular microenvironment. Carbonic anhydrase
inhibitors acetazolamide and metazolamide have been trialled in the
treatment of pulmonary hypoxia and to decrease tumour
microenvironment pH in cervical cancer (ClinicalTrials.gov) and small
molecule inhibitors of both carbonic anhydrase IX and sodium bicarbonate
inhibitors have been used in preclinical cancer models (Kant et al., 2014,
Lou et al., 2011). Therefore, acid extruder inhibitors alone or in

combination with cathepsin K inhibitors warrant a potential clinical trial.

The role of mast cell infiltration in LAM lung nodules is still an unknown
and it could be seen as benevolent or malevolent. However, in
neurofibromas, treatment with tyrosine-kinase inhibitor Imatinib disrupts
stem cell factor (SCF)/c-Kit-mediated mast cell cytopoesis and
inflammation (Staser et al., 2012). Therefore, if mast cell infiltration is
detrimental to LAM patients inhibiting their migration can also be achieved
by CXCR2 inhibition. In fact, GlaxoSmithKline has just begun a Phase II
trial using Danirixin, a selective CXCR2 antagonist as an anti-inflammatory
for the treatment of COPD (ClinicalTrials.gov). Therefore, as another
already druggable target, CXCR2 inhibition could reduce mast cell

infiltration and thereby inhibit any downstream adverse events.
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6.8 Strengths and weaknesses
This study has successfully isolated and characterised LAM associated
fibroblasts from LAM lung donors using a wide panel of established
fibroblast markers. Further these fibroblasts have been successfully used
with 621-101 cells to design and build 2D and 3D co-culture models in
order to represent LAM nodules in vitro. Although the 3D BME model was
thoroughly validated for the expression of markers of a LAM nodule, due
to the fact that the tools for generation and embedding were only
developed towards the end of the study the exact histomorphometry and
a full validation of the LAM spheroids and LAMospheres was not possible.
Moreover, due to the lack of donors, any confirmed conclusions could not
be drawn regarding the cellular arrangement of LAFs and 621-101 cells in
LAM spheroids. Also, the level of disintegration of the LAMospheres made
it difficult to assess for further LAM markers. In most studies 3 NHLF and

4 LAF donors were used.

The has also shown that LAFs are almost exclusively responsible for
cathepsin K expression in vitro and that expression in ex vivo LAM lung
tissue has been associated with FSP expression confirming that fibroblasts
are responsible for nodular cathepsin K expression. The findings in chapter
4 have also shown the existence of an altered metabolism in the 621-101
cells which directly results in the activation of acidophilic proteases such
as cathepsin K in vitro. Although it has been shown that ability of 621-101

cells to acidify the microenvironment could be partially downstream of
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mTOR, it was not possible to use the 621-103 TSC2+/+ cells as a control
due to culturing difficulties associated with these cells. However, a
rapamycin treated control has been shown to behave similar to Tsc2+/+
MEFs. Also, it was not possible to prove the existence of Warburg effect in

the 621-101 cells due to technical issues with the inhibition of MCTs.

This study has described a first of its kind transcriptomic analysis and has
identified a distinct pro-inflammatory signature acquired by the LAFs
influenced by the 621-101 cells. All of the chemokine targets identified in
the analysis were validated on gene and protein level in 2D and 3D in vitro
LAM models and also in ex vivo LAM lung tissue. Further, a potential
mechanism for the recruitment of immune cells via a chemokine signalling
axis was established when infiltration of mast cells was found in LAM
nodules and finally functional studies done showed the recruitment of mast

cells by LAF/621-101 cell co-culture via the CXCL8/CXCR2 axis.

Microarray analysis performed could not take into consideration false
discovery rate when generating the ANOVA lists as none of the targets
passed through this parameter. Despite this, all of the chosen gene targets
were successfully validated making the analysis biologically relevant. Also,
due to LAM being a rare disease this study could only use a small sample
size of n=3 or 4 and for this reason deviation from the mean was used

instead of standard error of the mean to plot variability from mean.
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6.9 Final conclusion
Taken together the findings within this thesis suggest that a symbiotic
relationship exists between the LAFs and LAM cells which results in the
interplay of several mechanisms that are pro-fibrotic, pro-inflammatory
and pro-proteolytic thereby promoting disease progression in a manner
similar to cancer cell and CAF interactions in cancer. These similarities are
consistent with the idea that LAM is indeed a low grade malignant

neoplasm.
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7 CHAPTER 7: Future work

7.1 Preclinical in vivo studies
Results obtained from 2D and 3D in vitro models are relevant and
compelling. For the next stage, preclinical in vivo studies using the relevant
animal model representing LAM could shed light on proteolytic airspace
enlargement and immune cell recruitment in vivo. The use of a homograft
model would be suitable for this purpose as it would allow the injection of
cultured spheroids and genetically modified labelled cells. The animals
treated with appropriate protease and pro-inflammatory inhibitors can be
immunohistochemically assessed for tissue histology to assess immune
cell infiltration into LAM nodules, measurement of enlarged airspace which
can be related to nodular expression of cathepsin K and whether inhibition
of cathepsin K decreases cyst formation. In vivo fluorescent pH indicators
such as 5-(and-6)-Carboxy SNARF™-1 (Invitrogen) could give an idea of
the in vivo lung pH and whether inhibition of net acid extruders results in

increase in pH thereby preventing activation of proteases.

7.2 Establishing the proteolytic role of cathepsin K and the
Warburg effect using in vitro models

A current field of great interest, especially in regenerative medicine, is that

of tissue scaffold-based models. Further utilisation of the 3D disease

models would be to decellularise lung tissue and subsequently seed the

ECM scaffold with 621-101 cells and LAFs from LAM donor patients,

creating a nodular microenvironment. The cells in co-culture would be
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allowed to acidify the pH and activate cathepsin K as described in sections
4.3.10 and 4.3.12 followed by assessment of breakdown products of
collagen such as C-terminal telopeptide (CTX) a result of cathepsin K-

mediated proteolytic destruction.

To confirm the presence of the Warburg metabolism in 621-101 cells siRNA
mediated knockdown of MCT4 gene, one of the main lactate shuttling
membrane bound transporter and subsequent measurement of lactate
increase in culture. CRISPR-Cas9 deletion of MCT4 can also be performed.
Further to assess whether the altered metabolism is a consequence of a
hypoxic environment, hypoxic and normoxic culture of 621-101 cells would
allow assessment of constitutively active and hypoxia-sensitive

downstream signals.

7.3 Tailoring 2D and 3D in vitro models to LAM
The 2D and 3D models described in this thesis can be considered as a
constant work in progress. With further knowledge about the different cell
types found within a LAM nodule, these models can be further modified. A
parallel study is being currently conducted in which immunohistochemical
staining for various carefully selected LAM biomarkers is being correlated
with lung function. This will enable our group to identify which cell types
within the LAM nodules contribute to disease progression. Once identified,
the models designed can be modified to incorporate these cells enabling

recreation of an entire LAM nodule in vitro.
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7.4 Identifying mechanisms of cell recruitment
The BME gel model and the LAM spheroid model described in sections 3.3.4
and 3.3.8 respectively both describe attractive forces between LAFs and
621-101 cells visualised by cell clumping and the formation of compact
spheroids. These attractive forces could be the driving force of cell
recruitment and although the CXCL12/CXCR4 recruitment has been partly
implicated in cell recruitment, other chemotactic or adhesive forces have
not been explored. Microarray studies performed described in chapter 5
have highlighted the upregulation of cellular adhesion molecules in
LAF/621-101 cell co-cultures which could be involved in recruitment. These
recruitment mechanisms can be studied in the LAM spheroid model by
combining immunocytochemistry and light sheet fluorescence microscopy
a technique which provides excellent optical sectioning capabilities at high
speed. This would allow for visualisation at a single cell level correct spatial
visualisation of adhesive forces as the cells would be in a 3D conformation.
This technique could be extended to LAMospheres as well which would be
more representative of the in vivo situation. Identifying and targeting the
recruitment mechanisms between LAM cells and LAFs would reduce

fibroblast infiltration thereby reducing proteolytic destruction in LAM.

360



8 Appendix
8.1 Appendix I: Isotype controls

Isotype controls for immunofluorescence

(a) Mouse IgG (b) Mouse IgM (c) Rabbit IgG

Figure 1 shows the isotype controls for immunofluorescent staining

Isotype controls for double IHC-Fr

Figure 2 shows the isotype controls for double fluorescent immunohistochemistry
on three LAM donors. Sections were incubated with mouse IgM and rabbit IgG isotypes
sequentially.
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Isotype controls for double IHC

LAM 1

LAM 2

LAM 3

Figure 3 shows isotype controls for IHC LAM donors for (A-C) mouse IgG (D-F)
Mouse IgM and (G-I) Rabbit IgG
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