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UNIT.

by Fabio Bucchieri

Rationale: A key factor involved with the progressive decline in lung function in severe
asthma is airway remodelling. This involves collagen deposition within the lamina reticularis, matrix
deposition in the submucosa, smooth muscle hyperplasia, and microvascular and neuronal
proliferation.

Aims: The main aim of this thesis was to test the hypothesis that epithelial susceptibility to
environmental injury and a prolonged tissue repair response result in activation of the epithelial
mesenchymal trophic unit (EMTU) that in turn promotes airway wall remodelling.

Methods: Investigation of epithelial mesenchymal signalling involved use of cells derived
from normal or asthmatic volunteers and cultured in vitro. These were tested in simple monocultures
and then a ‘tissue engineered’ construct was developed to enable assessment of responses in a
complex cell model that closely mimics the human bronchial mucosa.

Results: Infection of asthmatic bronchial epithelial cells (AS PBEC) with RV-16 caused
significantly less apoptosis when compared to infection of bronchial epithelial cells obtained from
healthy controls (HC PBEC). As a consequence of this RV replicated more in AS PBEC; this defect
may explain the higher susceptibility of the lower airways to RV infection in asthmatic subjects.
Using primary bronchial fibroblast cultures, collagen type | and fibronectin significantly increased
adhesion rates, while laminin reduced differentiation of fibroblasts into myofibroblasts. None of the
ECM components that were evaluated affected fibroblast survival. Although asthmatic fibroblasts
expressed more aSMA than normal fibroblasts, no significant difference in terms of fibroblast
differentiation was found when different ECM components, of relevance to asthma pathogenesis, were
studied. When bronchial fibroblasts were exposed to conditioned media obtained from PBEC infected
with RV16, there was no effect on markers of remodelling but there was a marked amplification of the
epithelial inflammatory response, mainly due to increased release of 1L8, IL6, RANTES and IP-10,
suggesting that during a virus-induced exacerbation the fibroblasts promote inflammation. To
investigate susceptibility to oxidant stress, PBEC were treated with 20% cigarette smoke extract
(CSE). AS PBECs were more susceptible to CSE with a significant increase of early apoptotic (EA)
cells compared to HS PBEC. Reduced glutathione protected both HS and AS PBEC from CSE-
induced cell death causing a significant increase in cell viability, with a concomitant decrease in
apoptosis. Oxidative stress-induced apoptosis in PBECs did not follow the canonical caspase
pathways, but rather depended on a more direct mitochondrial damage pathway. The ECM also
appeared to play a role in oxidative stress-induced cell death, with collagen IV being most effective in
reducing H,0,-induced apoptosis. Finally, we developed and characterised a novel 3D in vitro model
of human bronchial mucosa that proved to be very similar to the normal in vivo counterpart with a
well differentiated epithelial layer composed of ciliated and goblet cells producing mucus and
supported by a functional basement membrane which separated the epithelium from a mesenchymal
layer containing fibroblasts dispersed in a well organised ECM. This model allowed investigation of
the long term effects of CSE exposure which showed that CSE caused many characteristic signs of
remodelling such as thickening of the basement membrane, disarray of the ECM, loss of ciliated cells
and hyperproduction of mucus. These effects occurred in the absence of inflammatory or immune
cells.

Conclusions:The finding that epithelial cells from asthmatic donors have increased
susceptibility to viral and oxidative stress emphasises the importance of tissue susceptibility in
asthma. These findings, together with the observations that there is substantial cross talk between
epithelial cells and fibroblasts supports the concept that abnormal function of the EMTU is an
important contributory factor for asthma pathogenesis.
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Figure 4.3 Dose-response curve for CSE treatment. p.127
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Figure 4.4 Cell viability and early apoptosis after treatment with CSE  p.128
20%.

Figure 4.5 Cell viability and early apoptosis after treatment with H,O, p.130
and antioxidants.

Figure 4.6 Cell viability and early apoptosis after treatment with CSE  p.131
20% and antioxidants.

Figure 4.7 Effects of caspase3 inhibition on H,O,- and CSE-induced p.133
apoptosis.

Figure 4.8 Effects of caspase9 inhibition on H,O,- and CSE-induced p.134
apoptosis.

Figure 4.9 AIF staining in PBEC treated with H,O, 400uM. p.136

Figure 4.10  Morphological features of PBEC cultured on different p.143
ECMs — 24 hrs.

Figure 4.11 Morphological features of PBEC cultured on different p.144
ECMs — 96 hrs.

Figure 4.12  Changes in viability after 24 hrs treatment with H,0.. p.145

Figure 4.13  Changes in early apoptosis after 24 hrs treatment with p.146
H,0..

Figure 5.1 Schematic representation of the 3D human bronchial p.155
outgrowth model.

Figure 5.2 Phase contrast observation of an outgrowth. p.156

Figure 5.3 SEM screening during the first 30 days in culture. p.158

Figure 5.4 SEM analysis of the outgrowths. p.159

Figure 5.5 Overview by TEM of a 3D outgrowth after 30 days of p.161
culture.

Figure 5.6 Epithelial elements with different apical structures. p.162

Figure 5.7 Particular of two fibroblasts from the mesenchymal layer.  p.163

Figure 5.8 Immunofluorescence staining of the outgrowths. p.165

Figure 5.9 Effects of CSE treatment on outgrowths’ ultrastructure. p.168
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Definitions and abbreviations

AACT
15-HETE
HCI

2D

3D
3-NT
TAAD
AA

Ab
Ac-DEVD-CHO
AlF
AM

AP

AS

As

AxV
BAL
BCECF
BDP
BEBM
BEGM
BHR
BSA
C3l
Ca2+
CAMP
CBA
CCL5
CD

CK
CM-RV
CM-SFM
CcO2
COL1A1
COPD
CPE

CS

CSE
CTGF
Cu,Zn-SOD
DCVC
DEP
DMEM
DMSO
DNase
dNTP
EA
ECM
EDTA
EEM
EGFR
EMTU
ET-1
ETS
FACS

Delta Delta Cycle Treshold
5-hydroxy-5, 8, 11, 13-eicosatetraenoate
Hydrochloric Acid

Bi-dimensional

Three-dimensional

3-Nitrotyrosine

7-amino-actimycin D

Ascorbic Acid

Antibody
Acetyl-aspartyl-glutamyl-valyl-aspartal (a caspase-3 inhibitor)
Apoptosis-Inducing Factor
Acetoxethylester

Activator Protein

Asthmatic Subject

Arsenic

Annexin V

Bronchoalveolar Lavage
Bis-carboxymethyl-carboxyfluorescein
Beclomethasone

Bronchial Epithelial Basal Medium
Bronchial Epithelial Growth Medium
Bronchial Hyperresponsiveness

Bovine Serum Albumin

Caspase-3 Inhibitor

Calcium

Childhood Asthma Management Program
Cytometric Bead Array

Chemokine (C-C motif) Ligand 5
Cluster of Differentiation

Cytokeratin

Conditioned Medium-Rhinovirus
Conditioned Medium-Serum Free Medium
Carbon Dioxide

Collagen Type I, Alpha 1

Chronic Obstructive Pulmonary Disease
Cytopathic Effect

Cigarette Smoke

Cigarette Smoke Extract

Connective Tissue Growth Factor
Cu,Zn Superoxide Dismutase
Dichlorovinylcysteine

Diesel Exhaust Particles

Dulbecco’s Modified Minimum Essential Medium
Dimethyl Sulphoxide
Deoxyribonuclease

Deoxynucleoside 5°-Triphospate

Early Apoptosis

Extracellular Matrix
Ethylendiaminetetraacetic Acid

Epon Embedding Media

Epidermal Growth Factor Receptor
Epithelial-Mesenchymal Trophic Unit
Endothelin-1

Environmental Tobacco Smoke
Fluorescence Activated Cell Sorter
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FAK
FAM
FBS
FEV1
FGF
FITC
FU
GM-CSF
GSH
GSSG
GTPase
H202
HBSS
HC
HEPES
ICAM-1
ICS
IFN
IGF
1gG

IL

ITS
LDH
MCP-1
MFI
Mgt
MgCI2
MIT
MMP
MOI
MPO
MSMB
NaOH
NO
p21lwaf
Pb
PBEC
PBS
PCNA
pCO2
PCR
PDGF
PE

PG
PhaCo
Pl

PM

PO
pO2
RANTES
RhoA
RNS
ROS
RT-PCR
RV
SCID
SEM
SFM
SOD
SRF

Focal Adhesion Kinase
6-carboxyfluorescein

Fetal Bovine Serum

Forced Espiratory Volume in One Second
Fibroblast Growth Factor

Fluorescein Isothiocyanate

Fluorescent Unit

Granulocyte Macrophage Colony —Stimulating Factor
Glutathione

Glutathione Disulfide

Guanosine 5’-Triphosphatase

Hydrogen Peroxide

Hank’s Balanced Salt Solution

Healthy Controls
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid
Intercellular Adhesion Molecule-1
Inhaled Corticosteroids

Interferon

Insulin Growth Factor

Immunoglobulin G

Interleukin

Insulin, Transferrin and Sodium Selenite Supplement
Lactate Dehydrogenase

Monocyte Chemoattractant Protein 1
Mean Fluorescence Intensity

Magnesium

Magnesium Chloride
Methylisothiazolinone

Matrix Metalloproteinase

Multiplicity of Infection
Myeloperoxidase

Microseminoprotein Beta

Sodium Hydroxide

Nitric Oxide

Cyclin-Dependent Protein Kinase Inhibitor
Lead

Primary Bronchial Epithelial Cells
Phosphate-Buffered Saline

Proliferating Cell Nuclear Antigen
Carbon Dioxide Partial Pressure
Polymerase Chain Reaction
Platelet-Derived Growth Factor
Phycoerythrin

Prostaglandin

Phase Contrast Microscopy

Propidium lodide

Particulate Matter

Propylene Oxide

Oxygen Partial Pressure

Regulated on Activation, Normal T Expressed and Secreted
Ras homolog gene family, member A
Reactive Nitrogen Species

Reactive Oxygen Species

Real Time Polymerase Chain Reaction
Rhinovirus

Severe Combined Immunodeficiency
Scanning Electron Microscope

Serum Free Medium

Superoxide Dismutase

Serum Response Factor
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STAT-1
TAMRA
TCID
TEM
TGF

TH

TLR
TRITC
UBC
VEGF
Z-LEHD-FMK
oa SMA

Signal Tranducer, Activation of Transcription-1
6-carboxy- N,N,N9,N9-tetramethyl-rhodamine
Tissue Culture Infectious Dose

Transmission Electron Microscope
Transforming Growth Factor

T Helper

Toll-like Receptor

Tetramethylrhodamine Isothiocyanate
Ubiquitin C

Vascular Endothelial Growth Factor
Z-Leu-Glu(OMe)-His-Asp(OMe)-FMK TFA (a caspase-9 inhibitor)
Alpha Smooth Muscle Actin
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1. INTRODUCTION

1.1 Historical background.

Asthma was described for the first time in 1859 by Henry Hide Salter, as a
“disease of reversible airway obstruction”; in 1960, the bronchial
hyperresponsiveness (BHR) was to be added to the description. By 1997, the
National Heart, Lung, and Blood Institute defined asthma as “a chronic inflammatory
disorder of the airways in which many cells play a role, in particular mast cells,
eosinophils, and T lymphocytes. In susceptible individuals this inflammation causes
recurrent episodes of wheezing, breathlessness, chest tightness, and cough
particularly at night and/or in the early morning. These symptoms are usually
associated with widespread but variable airflow limitation that is at least partially
reversible, either spontaneously or with treatment. The inflammation also causes an
associated increase in airway responsiveness to a variety of stimuli.”

This development in the description of asthma over the last 40 years
illustrates the rapid progress made in understanding this complex disease. To a
certain extent, this is due to advances in the techniques used to study the disease.
Initially, the limited methods used for investigating asthma only included the
measurement of airway obstruction and inflammatory cell numbers in peripheral
blood, whereas much of the early pathologic work relied on the use of post-mortem
samples. The introduction of the fiberoptic bronchoscope finally allowed the detailed
pathology of asthma to be examined in a systematic manner. Currently, fiberoptic
bronchoscopy is a technique commonly utilized in the field of respiratory disease
research, as it allows the collection of biopsy specimens, bronchial brushing samples,
and bronchoalveolar lavage fluid for immunochemical or molecular analysis and,
more recently, for the establishment of in vitro models, enabling functional studies

intended for defining underlying disease mechanisms.
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1.2. The role of inflammation and remodeling in asthma.

Immunohistochemical analysis of bronchial biopsy specimens has contributed
to a detailed description of the inflammatory cells of asthmatic airways. These
infiltrates are characterized by the presence of mast cells, basophils, eosinophils,
monocytes, and T lymphocytes of a TH inflammatory profile (Howarth et al., 1991).
Subsequently, treatments have been developed to suppress this inflammatory
response for therapeutic benefit (Djukanovic, 2002). Some success has been
achieved with the use of corticosteroids, leukotriene receptor antagonists, and mast
cell stabilizers (The Global Initiative for Asthma, 2002). However, there are still
many asthmatic patients with chronic symptoms for whom anti-inflammatory therapy
is inadequate and who account for up to 50% of the health costs of this disease (Van
Ganse, 2002). Although inflammation undoubtedly plays a central role in asthma, it
does not explain many of the characteristic features of this chronic and recurrent
disease (Holgate, 2002). Eosinophils have been considered to have a pivotal role in
the pathogenesis of this disease for a long time; however, studies with recombinant
human IL-12 (Bryan et al., 2000) or an anti—IL-5 blocking mAb (Leckie et al. 2000;
Flood-Page et al., 2002) have so far been unsuccessful in terms of proving the
efficacy of these agents, despite the fact that the results show an evident reduction in
circulating (by approximately 90%), sputum (by approximately 60%-80%), and
tissue (by approximately 55%) eosinophil numbers in the case of anti—IL-5. Thus,
even though atopy and airway eosinophilia are clearly associated with asthma,
having been linked to asthma severity and exacerbations, they cannot be considered
as explicit requirements for disease expression. Atopy and BHR have also been
shown to have different genetic inheritance patterns (Skadhuage et al., 1999),
suggesting that locally operating factors may be responsible for predisposing
individuals to asthma (Holgate, 1999); these findings could also help understand the
epidemiologic evidence identifying several environmental factors, including
pollutant exposure (Rahman and Macnee, 2000; COMEAP, 1995), diet (Soutar et al.,

1997) and respiratory virus infection (Message and Johnston, 2002), all of which are
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considered key risk factors in this disease due to their ability to increase oxidant
stress in the airways.

The relevance of airway remodeling, the other main histologic characteristic
of asthma, in the disease pathogenesis is still controversial, since traditionally
inflammation was thought to be the sole cause of asthma, causing airway remodeling
to receive considerably less attention. Yet changes involving epithelial goblet cell
hyperplasia and metaplasia, collagen deposition and thickening of the lamina
reticularis, smooth muscle hyperplasia, as well as proliferation of airway blood
vessels and nerves are all common hallmarks of chronic asthma, also frequently
found in postmortem asthmatic airways (Dunnill, 1971; Carroll et al., 1993).
Morphometric studies have revealed that mucosal and adventitial thickening of
asthmatic airways is theoretically able to explain a large component of BHR and
excessive airway narrowing, both of which are commonly observed in established
disease (Wiggs et al., 1992). These structural changes in established asthma are
poorly responsive to corticosteroids.

Airway remodeling also provides an explanation for corticosteroid-resistant
BHR (Sont et al., 1999) and the accelerated decline in lung function observed over
time in adult asthma (Lange et al., 1998). If BHR and bronchial inflammation
respond fairly well to conventional therapy such as bronchodilators and anti-
inflammatory drugs, airways smooth muscle remodelling remains insensitive to these
treatments (Girodet et al., 2011).

According to the Childhood Asthma Management Program study on children
aged 5 to 11 years old, the initial beneficial effect, seen during the first year of
treatment, of inhaled corticosteroids on the postbronchodilator improvement in
airway function, did not last beyond the first three years of treatment (The Childhood
Asthma Management Program Research Group, 2000). The fact that airway
remodeling is insensitive to corticosteroids may best explain this observation. In a
biopsy study, collagen deposition in the lamina reticularis and underlying fibroblast
proliferation, rather than eosinophil infiltration, have been described as diagnostic
features of asthma (Cokugras et al., 2001); this finding highlights the significance of
tissue remodeling as an early and consistent element of childhood asthma. Although
long-term inflammation has been thought to cause airway tissue remodeling, biopsy

studies in young children have revealed that tissue restructuring can be present up to
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4 years prior to the onset of symptoms (Pohunek et al., 2000), implying that this
process begins in the early stages of the development of asthma, and might occur in
parallel with inflammation or even be required for the establishment of persistent
inflammation. While pathologic abnormalities are scarcely found in bronchial
biopsies from infants with virus—associated wheezing, epithelial injury and
thickening of the lamina reticularis is evident by the time these subjects reach three
years of age (Saglani et al., 2005 and 2007). Due to the fact that the thickening of the
lamina reticularis, very common in asthma, does not relate to asthma duration, it still
remains to be verified whether this has a strong impact on airwall remodeling (Kim
et al., 2007). However, it has been shown that the degree of thickening follows
disease severity (Bourdin et al., 2007), and can be observed in subjects with both
atopic and non-allergic asthma. The deposition of new extracellular matrix in the
lamina reticularis could prove to be another marker of chronic epithelial damage,
given its distinctive occurrence in the airways of asthmatic as well as lung transplant
patients (Law et al., 2005).

1.3. Surfacing of new theories for asthma pathogenesis.

During the last three decades, the prevalence of asthma has increased
dramatically, and although the disease has been shown to have a strong genetic basis,
this period has been much too short for recent genetic changes to be responsible for
the increase. Considering this notion, it has been hypothesised that environmental
changes could have exposed a pre-existing susceptibility within the population.
Environmental noxae affect the bronchial epithelium, the protective layer of cells
that lines the airways, thus any difference in the ability of the asthmatic epithelium to
withstand environmental insults would provide a plausible, local gene-environment
interface.

A new paradigm, called the “epithelial-mesenchymal trophic unit” (EMTU),
in which exaggerated inflammation and remodeling in the airways result from
abnormal injury and repair responses caused by the bronchial epithelium’s
susceptibility to components of the inhaled environment, has been proposed to
explain the pathogenesis of asthma (Holgate et al., 2009). The changes involved
affect the correct functioning of the epithelium, as well as its ability to communicate
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with the underlying mesenchymal cells necessary to achieve an appropriate
microenvironment for promoting tissue remodeling and for sustaining the persistent
inflammatory responses characteristic of chronic asthma. This theory positions atopy
or TH2-mediated inflammation in parallel with the altered tissue response rather than
sequential to it, thus explaining why asthma does not develop in a significant
proportion of atopic individuals, and why some asthmatic subjects respond to steroid
therapy (inflammation dominating) and others are more resistant to it (remodeling

dominating).

Figure 1.1 Hlustration of normal human bronchial epithelium.
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1.4. The modulating role of the airway epithelium in
inflammation and remodelling.

The normal differentiated bronchial epithelium is a pseudo-stratified structure
that incorporates a columnar layer composed of ciliated and secretory cells supported
by basal cells (Figure 1.1). The most important role of this polarised structure is to
act as a material barrier to guard the internal milieu of the lungs from inhaled
pollutants, infectious agents and other particulate matter. The bronchial epithelium
actively protects the airways by secreting mucus and cytoprotective molecules that
trap and inactivate inhaled substances, which are subsequently removed by means of
ciliary beat activity. The bronchial epithelium also responds to environmental stimuli
by signalling to, and interacting with, cells of the innate and adaptive immune
systems through secretion of cytokines and chemokines, as well as through
expression of adhesion molecules such as ICAM-1 and CD40 (Chung and Barnes,
1999; Merendino et al., 2006). As a result of these interactions, the epithelium and
the immune system act together when the natural epithelial barrier is compromised,
allowing extra protection to be employed. Tissue repair can be facilitated by the
immune and inflammatory cells, once activated, which can remove cell debris and
provide a transient supply of locally acting growth factors.

The asthmatic epithelium displays evidence of activation associated with
structural damage and goblet cell metaplasia. Signs of epithelial stress can include
extensive activation of the transcription factors nuclear factor-kB (NF-kB), activator
proteins (e.g. AP-1) and signal transducer, activation of transcription-1 (STAT-1)
and increase in the expression of heat shock proteins and the cyclin-dependent kinase
inhibitor, p21waf. Compatibly with an injured phenotype, the asthmatic epithelium is
an important source of autacoid mediators, chemokines and growth factors (Chung
and Barnes, 1999), which sustain ongoing inflammation.

It has been hypothesised that the epithelial damage seen in asthma is
artefactual. However, research carried out in Southampton shows enhanced
expression of the epidermal growth factor receptor (EGFR, HER1, c-erbBl)
(Puddicombe et al., 2000) and the epithelial isoform of CD44 (Lackie et al., 1997),
indicating that injury has occurred in vivo, as it is unlikely that these proteins are up-

regulated sufficiently rapidly (within minutes) prior to fixation, following tissue
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disruption occurring as a consequence of bronchoscopic biopsy (Holgate and Davies,
2001). It has also been shown that EGFR expression in asthma increases depending
on severity of the disease, being evident throughout the epithelium that in turn
suggests that the stress and damage is widespread (Lackie et al., 1997).

While the extent of injury may imply that the damage is caused by immune
cell products, the fact that EGFR expression levels remain high even after
corticosteroid treatment suggests the presence of corticosteroid-resistant epithelial

pathways, linked to stress and injury, that may contribute to disease chronicity.

More recently, Xiao and colleagues have shown that bronchial biopsies
obtained from asthmatic subjects have disruptions in their tight junctions, concluding
that bronchial epithelial barrier in asthma is defective and this could facilitate the
passage of allergens and/or other agents in the lamina propria determining immune
activation (Xiao et al., 2011).

These structural modifications seem to imply the presence of a chronic
wound scenario, characteristic not only of adulthood asthma, but also found in
asthmatic children’s airways (Fedorov et al., 2005). Recently, it has been
demonstrated that airway epithelial cells of atopic children with asthma have an
inherently impaired injury repair ability, compared to that of cells of normal atopic
children; this could be due to the presence of a defect linked to a marked up-
regulation of plasminogen activator inhibitor-1 (Stevens et al.,, 2008). A
dysfunctional epithelial repair process can also stimulate the release of profibrogenic
growth factors, as recently shown in a murin model of naphthalene-induced epithelial
injury (Snyder et al., 2009).

Even though it is difficult to experimentally determine, in vivo, whether there
are any intrinsic differences in the susceptibility of the asthmatic bronchial
epithelium to environmental noxae, back in 2002 | showed that cultures of asthmatic
bronchial epithelial cells grown in vitro were more susceptible to oxidant-induced
apoptosis than normal (Bucchieri et al.,, 2002), while Bayram et al. have
demonstrated that bronchial epithelial cells from mild atopic asthmatics release more
IL-8 and GM-CSF than those from non-asthmatic individuals, when stimulated with
Diesel Exhaust Particles (DEPs) (Bayram et al., 1998). Given that these alterations

remain unchanged through several in vitro generations, it is unlikely they are a
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secondary effect of airway inflammation. The theory that the effects of
environmental stimuli may provide a triggering mechanism for the induction of
epithelial activation and damage in asthma could be plausible given the results of
epidemiological studies, identifying multiple, interacting risk factors for asthma,
such as diet low in anti-oxidants and inhalant pollutants (e.g. particulate matter
(PM10) and ozone. The initiation of this proposed triggering mechanism is thought
to result in inflammatory cell influx, causing secondary damage through production
of endogenous reactive oxygen; this has led to the formulation of a new theory,
according to which a susceptible asthmatic epithelium creates a microenvironment
capable of supporting chronic cycles of injury and inflammation after exposure to the

relevant environmental trigger(s) (Swindle et al., 2009; Holgate et al., 2009).

1.5. Phenotypic heterogeneity of airway (myo)fibroblasts and
smooth muscle cells.

Fibroblasts are a particularly diverse family of cells, comprehensively present
in all tissues. These cells exhibit several essential differences in their structure,
physiology, replicative behaviour, type of biosynthetic products and surface antigens
(Sappino et al., 1990; Spanakis et al., 1995; Spanakis et al., 1997). The presence of
fibroblastic subpopulations, characterised by different phenotypes and functions,
even among lung fibroblasts, has been reported in mice (Derdak et al., 1991; Phipps
et al., 1989). Lung fibroblasts, cultured in vitro, should be considered as permanently
activated cells. In fact, the specific phenotypic features observed, in vivo, in
activated myofibroblasts are present even in resting post-confluent fibroblasts
(Schmitt-Graff et al., 1994). One of the fundamental steps in wound repair is the
infiltration of fibroblasts from surrounding tissue to an extracellular matrix (ECM) of
fibronectin, collagens, laminins, vitronectin and fibrin. Within the ECM, fibroblasts
proliferate and differentiate into cells called myofibroblasts, which possess
phenotypic and behavioural characteristics resembling those of fibroblasts and
smooth muscle cells (Serini and Gabbiani, 1999). Under normal conditions,
myofibroblasts play a decisive role in ECM deposition and the following wound

contraction, subsequently disappearing as the fibrotic response diminishes and
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normal structure and function is regained (Gailit and Clark, 1994; Welch et al., 1990;
Phan, 1996).

In diseases like asthma, the consequences of repeated inflammation include
structural remodelling of the airway wall, which is in part characterized by
exaggerated ECM deposition and excessive subepithelial collagen deposition (Roche
et al., 1989; Brewster et al., 1990; Johnson et al., 2004; Westergren-Thorsson et al.,
2010).

Further evidence suggest that myofibroblasts play a key role in the EMTU, by
propagating and amplifying signals from the bronchial epithelium into the deeper
layers of the submucosa through release of soluble mediators (Richter et al., 2001).
Myofibroblasts, being more contractile than fibroblasts, are likely to contribute to the
alignment and stiffening of the airway ECM by secretion of collagens (Pepe et al.,
2005; Kelly et al., 2005; Westergren-Thorsson et al., 2010).

Supporting these observations, immunohistochemistry and electron
microscopy clearly show that airway myofibroblasts and smooth muscle bundles lie
in close physical proximity in asthma (Jeffery, 1998). There is also an increase in the
number of myofibroblast-like cells in the lamina reticularis of asthmatic subjects
after allergen challenge (Gizycki et al., 1997). This seems to imply that when the
epithelium is exposed to allergens, myofibroblasts migrate toward the smooth
muscle, or smooth muscle cells migrate from the muscle bundles toward the lamina
reticularis, in response to myofibroblast-derived chemoattractants and this
determines activation of T lymphocytes (Ramos-Barbon et al., 2010). Because the
phenotype of myofibroblasts is essentially an intermediate between that of a
fibroblast and a smooth muscle cell, it could be hypothesised that myofibroblasts
contribute directly to the increased smooth muscle mass due to their phenotypic
plasticity (Gabbiani, 2003; Johnson et al., 2004)

Microscopic analysis shows that myofibroblasts are elongated cells
containing intracellular filaments, abundant rough endoplasmic reticulum, and
irregularly shaped nuclei (Gizycki et al., 1997). While there are no known markers
specific for fibroblasts, myofibroblasts are generally characterized by the presence of
filaments of asmooth muscle actin (o SMA). Nonetheless, the definition of
myofibroblast is more complex than this. In several in vivo situations, myofibroblasts
do not express aSMA (Hinz et al., 2001; Tomasek et al.,, 2002), whilst still
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expressing stress fibers containing non-muscle actins and myosins. Therefore, two
subclasses have been proposed to categorise different myofibroblast phenotypes:
proto-myofibroblasts (characterised by the presence of stress fibers, containing
cytoplasmic actins) and differentiated myofibroblasts (characterised by the presence
of stress fibers containing aSMA) (Tomasek et al., 2002). Additionally,
myofibroblasts can express other smooth muscle proteins, such as heavy-chain
myosin and calponin. Smooth muscle cells express further muscle-associated
proteins, such as smooth muscle a-actin (Quian et al., 1996), muscarinic M3 receptor
(Billington and Penn, 2002), and desmin (Sappino et al., 1990).

The origin of the myofibroblast in vivo is not fully understood. In granulation
tissue, the most likely progenitor cells are local fibroblasts, since myofibroblasts
have been shown to revert back to a fibroblast phenotype after wound closure (Darby
et al., 1990). Other in vitro studies have reported smooth muscle cells acquiring
morphologic and functional characteristics of the myofibroblast (Chamley et al.,
1977), including collagen gene expression. Research carried out on obstructed rabbit
bladders has shown that myofibroblasts can, under certain conditions, express
aSMA, heavy-chain myosin and desmin, suggesting that it is possible for
myofibroblasts to differentiate into a bona fide smooth muscle phenotype (Buoro et
al., 1993). These examples display the plastic nature of the myofibroblast phenotype,
which appears to shift toward a fibroblastic or smooth muscular phenotype
depending on the microenvironment.

Factors affecting fibroblast phenotype that can be reliably used to manipulate
the fibroblast phenotype in vitro have been subject of numerous studies. For instance,
airways smooth muscle cells can release biologically active TGF-B, which is
involved in various structural alterations such as epithelial changes, subepithelial
fibrosis, mucus hypersecretion, goblet cell hyperplasia, and angiogenesis (Halwani et
al., 2011). Members of the TGF-p family are indeed the most potent mediators of
fibroblast-myofibroblast transformation (Boxall et al., 2006), and TGF-  has been
reported to prolong the longevity of myofibroblasts by blocking IL-1 B —induced
apoptosis (Zhang and Phan, 1999). It has been suggested that IL-4 can induce aSMA
expression in fibroblasts, although other studies have revealed these cytokines to be

poor differentiation factors when compared with TGF-B (Richter et al., 2001), whose
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levels are increased in asthmatic bronchoalveolar lavage fluid (Redington et al.,
1997; Larsen et al., 2006).

Mast cell histamine and tryptase also up-regulate aSMA expression in human
foreskin fibroblasts. Mechanical influences would appear to have a considerable
effect on the regulation of the myofibroblast phenotype as well. For instance, in
splinted wounds, where the fibroblast population is under mechanical tension,
myofibroblastic features have been show to appear earlier than in control wounds
(Hinz et al., 2001). This observation has been confirmed in vitro with free-floating
and tethered collagen lattices (Mochitate et al., 1991). In a similar study, Yang and
colleagues grew undifferentiated mesenchymal cells on a collagen-coated silicon
membrane, which was stretched once the cells had reached the desired confluency
(Yang et al., 2000).

Sustained stretching induced the expression of smooth muscle proteins and
accelerated smooth muscle myogenesis. This stretch-induced myogenesis was shown
to be due to alternative splicing of serum response factor (SRF). SRF is a
transcription factor known to be critical for the induction of muscle-specific gene
expression. An alternatively spliced variant, SRF 5, was found to down-regulate
bronchial myogenesis, whereas the full transcript was observed to promote
myogenesis. When undifferentiated smooth muscle cells are starved of serum for 7
days, approximately 15% of the cells return to a contractile phenotype. This variation
has been attributed to SRF cellular location, since responses were seen only when
SRF was located in the nucleus (Camoretti-Mercado et al., 2000). Therefore, the
fibroblast phenotype may potentially be influenced by the continuous expansion and
contraction of the airways; the possible implications of this observation could be
particularly valuable in the ongoing research on BHR and asthma (Swartz et al.,
2001; Tschumperlin and Drazen, 2001). More recently, using microtubules formation
inhibitors, it has been demonstrated that in airways smooth muscle cells, cell
alignment results from the interplay of microtubules and actin stress fibers acting in
tandem to maintain a homeostatic pre-strain in the cytoskeleton (Morioka et al.,
2011). These findings reinforce the hypothesis that pathological alterations in the
mechanical properties of the underlying extracellular matrix can be responsible for

the onset of diseases such as asthma.
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1.6. Role of the extracellular matrix in mesenchymal cell
survival and differentiation.

Although factors involved in regulation of the expression and fate of
myofibroblasts in the lung remain obscure, alterations in the expression of a variety
of growth factors and cytokines during the inflammatory and postinflammatory states
probably contribute. Recent evidence suggests the ECM may control these
mechanisms. ECM acts as a scaffold onto, and within which tissues can organize; it
also contains immense amounts of information that regulate cell shape, cytoskeletal
organization, cell motility and polarity, gene expression, proliferation, and survival.

The ECM is more represented in asthmatic biopsies (Begueret et al., 2007), as
a result of increased deposition of ECM proteins by airway resident cells, such as
epithelial cells, fibroblasts, myofibroblasts, and smooth muscle cells, and its
composition is different from that of nonasthmatics (Araujo et al., 2008).

Extensive research data is available on the smooth muscle phenotype and the
importance of extracellular matrix (ECM) in mesenchymal cell survival (Freyer et
al., 2001) and differentiation. Collagen | and IV, fibronectin, vitronectin, and, in
particular, laminin have been found to maintain the contractile phenotype of the
smooth muscle cell in vitro (Hayward et al., 1995; Zhang et al., 1999). An interesting
research by Begaj and colleagues suggested a mechanism by which laminin 2 could
regulate smooth muscle differentiation (Begaj et al., 2002). Their observations
showed that before smooth muscle differentiation, a small GTPase-signaling protein
called RhoA inhibits smooth muscle gene expression, whilst after differentiation
RhoA maintained the smooth muscle phenotype. RhoA levels were shown to
decrease rapidly when cells were grown on laminin 2, and thus smooth muscle
differentiation was more prevalent on cultures grown on laminin. Moreover,
degradation of ECM components could be less effective in moderating airways
smooth muscle shortening (Meiss, 1999; McParland et al., 2003) but on the other
hand, thickening of the airway wall and an increase in ECM deposition also increase

airway stiffness and decrease airway compliance (Wilson et al., 1993) enabling the
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airways to resist to dynamic compression. Also, deposition of connective tissue acts
as mechanical impedance to contraction (McParland et al., 2003).

ECM components are also linked with the differentiating myofibroblast
phenotype. For example, the ECM component vitronectin and its integrins have been

shown to down-regulate myofibroblast transformation (Scaffidi et al., 2001).

1.7. Integrins in tissue inflammation and injury

Cell-ECM interactions are mediated by specific cell-surface receptors or
integrins. Integrins, which are heterodimeric transmembrane glycoproteins that
comprise of o and B chains, have important roles in a number of biological
processes, such as wound healing and cell growth and survival (Hynes, 1992).

Ligation of specific integrins has been determined to be indispensable for cell
survival (Frisch and Francis, 1994; Guadagno et al., 1993), differentiation and
establishing cell polarity, as well as for the activation of a large number of genes
(Fang et al., 1996; Werb et al., 1989). At least eight different integrins, that appear to
form specific spatial patterns (Sheppard 1996), have been found to be constitutively
expressed in normal human bronchial epithelial cells. However, expression of at least
two other integrins (a5B1 and avp6) can be induced following damage and/or
exposure to growth factors (Sheppard 1996).

Integrins have been found on fibroblasts from different organs, including the
skin and intestine, but much less is known about their distribution on pulmonary
fibroblasts. Nevertheless, f1 and B3 integrins have been confirmed to be present
under normal conditions, as well as possibly upregulated by growth factors.

Practically nothing is known about the role and regulation of integrins in the
repair processes of human airways. The little information available suggests that the
profile of integrins expressed in human bronchial epithelium is comparable with that
found in skin wound models (Gailit and Clark, 1994). Epithelial damage was found
to be associated with early expression of av, a5, B5 and 6 integrins in a project
where human bronchial xenografts were explante into the skin of SCID mice; during
the later stages of repair, the a5 expression diminished. In addition, the a2 integrin

appeared to redistribute within the repairing cells (Pilewski et al., 1997). A study
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using a human nasal epithelial cell culture, where maximal epithelial proliferation
was coincident with an upregulated expression of fibronectin and its receptor, aSp1,
produced analogous results (Herard et al., 1996). This is backed up further by an in
vivo animal model of restricted epithelial damage (Horiba and Fukuda, 1994). The
use of genetically manipulated mice has produced perhaps the most convincing data
so far confirming that integrins play a role in airway inflammation. For instance, a
study conducted on the lungs of P6 integrin knockout mice found that activated
lymphocytes accumulate around the conducting airways, as well as showing
evidence of airway hyperresponsiveness (Huang et al., 1996 and 1998). Similarly,
the same lymphocyte accumulation can be observed in mice engineered to
overexpress Pl integrins. Overall, these results would seem to imply a possible
involvement of some integrin subunits in dampening the local inflammatory response
(B6), while other subunits could play a role in increasing the inflammation (1)
(Sheppard, 1996). Recently, it has been suggested that Pl-integrin shedding
produced by repetitive allergen challenges in guinea-pigs is associated with collagen
deposition in the sub-epithelial region of bronchi and bronchioles, along with
inflammatory cells infiltration and BHR development (Bazan-Perkins et al., 2009);
and also that the interaction of bronchial asthmatic fibroblasts with T cells, involving
CDA40L/a5-B1, increases the production of profibrogenic cytokine IL-6, suggesting
that crosstalk between T cells and structural cells in asthma could be responsible for
maintaining local mucosal inflammation (Loubaki et al., 2010).

Along with the integrins, recent reports have described several membrane
molecules localizing to focal contacts, including proteoglycans (Woods and
Couchman, 1994; Woods and Couchman, 1998; Woods et al., 2000; Zimmermann
and David, 1999), glycosaminoglycan receptors (Bono et al., 2001; Borowsky and
Hynes, 1998), as well as signaling molecules (Myohanen et al., 1993; Tang et al.,
1998; Wei et al., 1999; Yebra et al., 1999); however, the type of involvement of

these components in the mediation and/or regulation of adhesion remains unclear.
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1.8. Phenotypic plasticity and mesenchymal cell abnormalities
in asthma.

The mesenchymal cells of the asthmatic EMTU show signs of functional
abnormalities similarly to the bronchial epithelium. Studies conducted in
Southampton have found that fibroblasts from asthmatic patients, contrarily to those
from healthy patients, proliferate in vitro in the absence of exogenous growth factors
(Chaudhary et al., 2001). Johnson et al. reported a similar phenotype in asthmatic
smooth muscle cells, although in their study, growth was still supported by the
presence of serum factors (Johnson et al., 2001; Johnson and Burgess, 2004). This
shared hyperproliferative property could be explained by the theory that the cells
arise from a common mesenchymal progenitor cell population (i.e. stem cells), that
carries an acquired or inherited defect. Such an abnormality might explain the
increased number of myofibroblasts in the lamina reticularis and the increase in
smooth muscle mass; both of these features are characteristic of the remodeled
airways in asthma. However, at present we do not exactly know whether these
progenitor cells follow a linear pathway of differentiation, becoming myofibroblasts
and then smooth muscle cells, or whether committed progenitor cells (transit
amplifying cells) are derived to provide a precursor pool for either cell type. It is
likely that commitment and subsequent differentiation involves instructive signals
from growth factors, as occurs during vessel development (Yamashita et al., 2000).

Recently, Michalik and colleagues have investigated fibroblast to
myofibroblast transition in human bronchial fibroblasts and have found that the
intensity of the transition induced by TGF-B1 is enhanced in asthmatic compared to
non-asthmatic cells and that blocking N-cadherin with a specific blocking antibody,
resulted in the inhibition of the transition, suggesting that loss of cell-cell adhesions
in asthmatic fibroblasts could be important for the completion of fibroblast to
myofibroblast transition (Michalik et al., 2011)
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1.9. The epithelial mesenchymal trophic unit and airway
remodeling.

Under normal conditions, the epithelium releases primarily factors that
suppress mesenchymal cells, such as prostaglandin (PG) E2 and 15-HETE. The
production of PGE2 and 15-HETE is diminished after the epithelium sustains injury
or damage, and the ensuing repair responses could promote airway remodeling by
activating the fibroblasts/myofibroblasts that lie directly under the epithelial layer in
the lamina reticularis (Brewster et al., 1990). This signaling between the epithelium
and fibroblasts involves the provision of growth factors and survival of mesenchymal
cells likely to contribute to the component of asthma that is unresponsive to
corticosteroids. In vitro studies have shown that injury to epithelial monolayers
results in increased release of fibroproliferative and profibrogenic growth factors
including fibroblast growth factor (FGF-2), insulin growth factor (IGF-1), platelet-
derived growth factor (PDGF), endothelin (ET-1), and transforming growth factor
(TGF)- B2. In asthma, the epithelium has increased susceptibility to oxidant injury
through the activation of the caspase-3/apoptosis pathway. This feature also carries
over into cultured asthmatic epithelial cells in vitro (Bucchieri et al., 2002). Impaired
epithelial repair is another feature of asthma, and it is linked to the increased
production of profibrotic growth factors such as TGF-p/or FGF-2, as evidenced by a
low expression of cell markers of proliferation (e.g., proliferating cell nuclear antigen
[PCNAY]). This reaction can be reproduced in vitro by slowing epithelial repair in the
presence of a selective tyrphostin inhibitor of the EGFR tyrosine kinase. This
markedly augments the release of TGF-B2 (Puddicombe et al., 2000), which may
play a key role in converting fibroblasts into myofibroblasts. Overexpression of
EGFR (c-erb B1) in asthmatic bronchial epithelium in vivo, or in vitro after injury,
remains unaffected by corticosteroid treatment (Holgate et al., 2003; Hamilton et al.,
2005). The overexpression also increases in proportion to disease severity and
chronicity. Expression of the related c-erbB2 and B3 receptors, as well as their
ligands EGF, heparin-binding EGF-like growth factor (HB-EGF), TGF f, and

amphiregulin appear unaltered in both asthmatic and normal epithelium
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immunostaining. Inhaled corticosteroids (ICS) reduced airway inflammation and
levels of IGF-1 in moderate-to-severe asthma, but minimal improvement was
observed in BHR. Moreover, ICS had little or no effect on either latent or active
TGF-B levels (Puddicombe et al., 2000). As corticosteroid treatment typically
reduces inflammation, persistently high TGF-f is most likely to derive from the
injured and repairing epithelium and the associated matrix turnover, rather than from
infiltrating leukocytes such as eosinophils. Because both epithelial EGFR expression
and TGF-B production are refractory to corticosteroids, the combined effects of the
remodeling of these signalling pathways have been suggested to elucidate the
incomplete resolution of pulmonary function with ICS as seen in chronic asthma
(Holgate et al., 2003).

Recently, in an allergen-induced (house dust mite) epithelial barrier
impairment model, it has been shown that TGF-p prolonged EGFR phosphorylation
and inhibited ligand-induced EGFR internalisation/degradation, decreasing epithelial
resistance and promoting junction disassembly (Heijink et al., 2010). The increased
EGFR signaling may reduce epithelial integrity, impair epithelial repair and therefore
enhance vulnerability of the epithelium. It has also been shown that damage in
differentiated epithelial cultures results in TGF-f release that becomes sustained
when epithelial cells and fibroblasts are co-cultured (Thompson et al., 2006). An
increased synthesis of interstitial collagen close to the epithelial basal surface was
also observed in this study. Using other types of epithelial damage, such as
pneumatic compression (Tschumperlin et al., 2000; Tschumperlin et al., 2003) or
dynamic lateral compression (Choe et al., 2006); activation of fibroblasts has also
been shown e.g. by an increase in proliferation, differentiation into myofibroblasts,
or ECM components synthesis.

Although myofibroblasts are recognized as key effector cells in tissue fibrosis
because of their enhanced ability to synthesize interstitial collagens, those from
asthmatic bronchial biopsy specimens also release greater amounts of ET-1 and
vascular endothelial growth factor (Richter et al., 2001), which are mitogens for
smooth muscle and vascular endothelial cells respectively. Using a panel of cell
markers, including o-smooth muscle actin, heavy chain of myosin, and an early
smooth muscle differentiation marker SM-22, Richter and colleague have

demonstrated that mesenchymal transformation in the presence of TGF-p creates a
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cell almost indistinguishable from a smooth muscle cell. When this kind of cell is
grown from asthmatic airway tissue and compared with cells derived from normal
airways, their proliferative response in the absence of exogenous growth factors is
enhanced due to autocrine production of proliferative factors.

Communication between the epithelium and the subepithelial fibroblast
sheath appears similar to the processes that drive physiologic remodeling of the
airways during embryogenesis, when the epithelium and mesenchyme act as a
“trophic unit” to regulate airway growth and branching (Warburton et al., 2000).
Consequently, it is plausible to propose that the EMTU becomes activated or that the
communication becomes abnormal in asthma to promote pathologic remodeling and
smooth muscle proliferation (Holgate et al., 2000; Holgate et al., 2009). In subjects
with asymptomatic BHR, longitudinal studies have shown that those who progress to
asthma show parallel changes in inflammation and remodeling (Laprise et al., 1999).

In bronchial biopsy specimens, a thickening of the lamina reticularis has been
observed in young children several years before the clinical manifestation of asthma
(Pohunek et al., 1997). This feature is pathognomonic of asthma and, although it
probably reflects activation of the EMTU, it should not be regarded as remodeling
per se. The downstream consequences of EMTU activation affect the remodelling
events of altered airway structure and function more directly. During foetal lung
development, epithelial and mesenchymal growth is regulated in part by the balance
of EGF, FGF, and TGF- BMP signaling (Warburton et al., 2000). Environmental
factors may interact with the EMTU to initiate structural changes in the airways
(premodeling) in early life in individuals susceptible to asthma. This may explain the
decrease in pulmonary function observed in young children susceptible to early
wheezing (Dezateux and Stocks, 1997) and the loss of corticosteroid responsiveness
on baseline pulmonary function observed in the CAMP study. Thus, for asthma to
fully develop, bronchial epithelial susceptibility may precede, or occur in parallel
with, factors predisposing to TH2-mediated inflammation and be an essential
requirement for establishing the microenvironment that allows inflammation to

become persistent in the airways, and for remodeling to occur.
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AIMS

The main aim of this thesis is to investigate epithelial mesenchymal
signalling using in vitro models of asthma with particular attention to the
environmental influences.

Our hypothesis is that epithelial susceptibility to environmental injury and a
prolonged tissue repair response result in activation of the epithelial mesenchymal

trophic unit (EMTU) to promote airway wall remodelling. This could happen
because in asthma the bronchial mucosa, comprised of both epithelial and fibroblast
cells, has an abnormal response(s) to environmental stress. This could in turn cause
resistance to induction of apoptosis with prolonged and augmented pro-inflammatory
responses and a consequent exacerbation of asthma symptoms. To test this
hypothesis our main models of environmental stress will be represented by cigarette
smoke and rhinovirus (RV) infection.

As RV are associated with both asthma exacerbations and disease
pathogenesis, we postulate that epithelial infection with RV could result in
production of soluble mediators that stimulate inflammatory or remodelling
responses in bronchial fibroblasts. Fibroblast responses will also be studied taking
into account the eventual role that different ECM components can have on
modulating fibroblast activity.

Our final purpose will be to undertake °‘tissue engineering’ to enable
assessment of the aforementioned responses in a complex cell model that mimics, as

closely as possible, the human bronchial mucosa.
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2. METHODS

2.1 CELL CULTURES

All media and supplements were from Invitrogen unless otherwise specified.
Cells, explants and outgrowths were grown in a humidified Heraeus incubator at
37°C, 5% CO..

2.1.1. Primary cells.

2.1.1.1. Fiberoptic bronchoscopy.

Epithelial brushings were obtained by bronchoscopy using a fiberoptic
bronchoscope (FB-20D; Olympus, Tokyo, Japan) in accordance with standard
published guidelines (Hurd, 1991) and ethical approval was obtained from the
Southampton and South West Hampshire Local Research Ethics Committee.
Bronchial epithelial cells were obtained using a standard sterile single-sheathed nylon
cytology brush (BC 9C-26101; Olympus). On average, five to six consecutive
brushings were sampled from the bronchial mucosa of the second and third
generation bronchi. Cells were harvested into 5 ml sterile phosphate-buffered saline
(PBS) after each brushing. At the completion of the procedure, 5 ml RPMI with 10%
fetal bovine serum (FBS) was added and the sample centrifuged at 150 x g for 5 min
to harvest the cells. Epithelial cell purity was assessed by performing differential cell
counts of the harvested cell suspension. On average two to three biopsies were

sampled from the opposite bronchi and transferred into 5 ml sterile PBS.

2.1.1.2. Primary Bronchial Epithelial Cells (PBEC).

Primary epithelial cultures were established by seeding freshly brushed
bronchial epithelial cells into culture dishes containing 3 ml of serum-free
hormonally supplemented Bronchial Epithelium Growth Medium (BEGM,;
Clonetics) containing 50 IU/ml penicillin and 50pg/ml streptomycin. When
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confluent, the cells were passaged (pl) using trypsin and were allowed to further
expand until used for experimentation at passage 2 or 3; control experiments
confirmed that there was no significant difference between the responses of the cells
at p2 or p3. The epithelial nature of cells was assessed by immunocytochemistry

using a pan-CK antibody and antibodies specific for CK13 and CK18.

2.1.1.3. Primary Fibroblasts

Primary fibroblasts were obtained by outgrowth from bronchial biopsies.
Biopsies from each subject were placed in a Petri dish coated with Collagen type |
Sug/ml  with Dulbecco’s modified Minimum Essential Medium (DMEM)
supplemented with 10% v/v heat inactivated foetal bovine serum (FBS), 50 1U/ml
penicillin, 50 ug/ml streptomycin, 1x non-essential amino acids, 1mM sodium
pyruvate and 2mM glutamine. The tissue was chopped into pieces and scored onto
the Petri dish using two sterile scalpel blades, to aid attachment of the fibroblasts.
The tissues were incubated in a humidified incubator at 37°C, 5% CO, for
approximately one week during which time fibroblasts migrated from the tissue and
proliferated on the base of the culture dish.

The fibroblasts cultures were passaged 1:10-1:20, according to their rate of
growth. Cultures were used for assays up until P10.

2.1.2. Trypsinisation of confluent cell monolayers

Trypsin-EDTA concentrate (10x) was diluted to a 1x solution with Hank’s
balanced salt solution (HBSS) without Ca** and Mg**. Prior to use, all media and
trypsin was pre-warmed at room temperature. The cell monolayer was washed twice
with HBSS to remove traces of serum. Approximately 1-2 ml 1x trypsin-EDTA was
added to a T75 flask, enough to cover the bottom surface. Primary fibroblasts were
removed by incubation at room temperature for approximately 60 seconds, followed
by tapping of the flask. For PBEC this period was extended to around 2 minutes. The

action of the trypsin was halted by the addition of growth medium supplemented
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with 10% FBS. The cells were then spun at 1509 for 5 minutes to remove the trypsin
and the cell pellet was re-suspended in the required growth medium.

2.1.3. Counting and seeding of cells

Cell clumps were disrupted by aspiration through a 25gauge needle before
plating out in order to obtain a single cell suspension. Cells and cell viability were
counted using the trypan blue exclusion method. The dye can enter cells whose
membranes are not intact i.e. non-viable cells and turn them blue. Thus this method
gives a viable cell count (trypan blue excluded cells) and a total cell count (including
blue cells).

A small aliquot of cell suspension (20ul) was added to 30ul of HBSS and
50ul 0.4%(w/v) trypan blue. The cells were counted using an improved Neubauer
haemocytometer (depth 0.1mm, 400mm?). The mean of the cells in the two central
1mm2 squares was calculated. The count is equivalent to 0.1 mm®. The number of

cells per ml is calculated by multiplying the mean count by 5 (dilution factor) x 10*.

2.1.3.1 LDH assay

Cell were first resuspended in 200 pl of RPMI media and plated on a 96-well
plate; after 24 hours, the remaining media was removed from the wells and 200 ul of
lysis buffer (25 mM Hepes, 5 mM MgCl2, 1 mM EGTA + 1:200 pefabloc) was
added to the cells. After 20 minutes of incubation (on a rocking table), 30 ul of lysate
was pipetted up/down and transferred into a non-sterile 96well plate where 30 ul of
LDH mixed reagent (1:45 mixture of A+B, Roche kit) was added.. After 10 minutes
15 ul 1N HCI was added and absorbance (LDH activity) measured (dual wavelength,
492 nm, background 690 nm).

2.1.4. Cryogenic storage.

Frozen aliquots of primary cells were routinely prepared to maintain stocks.
Trypsinised cells were placed into media to neutralise the action of the trypsin. The
cells were centrifuged at 150xg and the media discarded. The cells were re-

42



suspended in chilled growth media supplemented with 10% FBS and with 10%
DMSO, the latter acts as a cryoprotectant. Approximately 1ml cell solution was
placed into a cryotube (Invitrogen), frozen overnight at -80°C and then placed into
liquid nitrogen vapour at -150°C for long-term storage.

To regenerate the cells, the cryotubes were rapidly thawed and placed into
10ml of warmed media in a T75cm? flask. The flask was placed in the incubator for 6
hours until the cells had adhered. The media was then replaced with fresh growth

media to remove all traces of DMSO.

2.1.5 Treatments.

Prior to each treatment, cells were starved of growth factors for 24 hours to
make them quiescent. This ensured that all the cells were synchronised in the same
phase of the cell cycle and that when stimulated their responses would be similar.
Two different media were used to make PBEC and primary fibroblasts quiescent:
PBEC were starved with Bronchial Epithelial Basal Medium (BEBM; Clonetics)
containing insulin, transferrin and sodium selenite supplement (ITS; Sigma) and
Img/ml bovine serum albumin (BSA). Primary fibroblasts were starved with
UltraCulture serum-free medium supplemented with 50 IU/ml penicillin and
50ug/ml streptomycin. All subsequent treatments were carried out in the same
starving media for the required time points.

Most of the experiments were performed on ECM coated plates. This was
achieved by coating trays or flasks for 2 hours prior to use with 5 ug/ml of Vitrogen
collagen type 1 (Cohesion technologies inc., California, USA), 1ug/ml of collagen
type | (from rat tail), collagen type IV, laminin (from human placenta), vitronectin
and fibronectin (from human plasma) (all from Sigma-Aldrich, UK). The ECM was
then removed and cells seeded as described above.

After 24 hours of starvation cells were then treated with the following stimuli.

2.1.5.1. Oxidants, anti-oxidants and cigarette smoke extracts (CSE).
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Hydrogen peroxide (H,O,; Sigma, UK) was used to induce cell death
(apoptosis and necrosis) in PBEC at 400uM for 24 hours. The eventual protective
effect of different anti-oxidants was investigated using reduced glutathione (GSH;
Sigma, UK) 1mM and ascorbic acid (AA; Sigma, UK) 250uM. PBEC were pre-
treated with anti-oxidants for 30 minutes prior to the addition of H,O, to the BEBM.
At the same time the involvement of caspases in the apoptotic death induced by the
H.,O, was evaluated using specific caspases inhibitors. Caspase-3 inhibitor (Ac-
DEVD-CHO) and caspase-9 inhibitor (Z-LEHD-FMK) were purchased from BD

Biosciences and both used at 120nM in the presence or absence of H,O, or CSE.

CSE were prepared by a modification of the method of Carp and Janoff.
(Carp et al., 1978). Briefly, smoke from two Kentucky 1R4F research cigarettes
(University of Kentucky, Lexington, KY) whose filters were removed was bubbled
through 50 mL of BEBM for 60-70s. The resulting suspension was adjusted to
pH 7.4 with concentrated NaOH, filtered through a 0.22-uM Millex-GS (Millipore,
Watford, UK) filter and used immediately on PBEC at a concentrantion range of 1-

30% in the presence or absence of anti-oxidants or caspases inhibitors.

2.1.5.2. Rhinovirus-16 (RV-16).

RV-16 stocks were provided by Dr Peter Wark. These were generated by
infecting cultures of Ohio HeLa cells as previously described (Papi et al., 1999); cells
and supernatants were harvested, cells were disrupted by freezing and thawing, cell
debris was pelleted by low speed centrifugation and the clarified supernatant frozen
at —70°C.

RV titration was performed by exposing confluent monolayers of HeLa cells
in 96-well plates to serial 10-fold dilutions of viral stock and cultured for 5 days at
37°C in 5% CO,. Cytopathic effect (CPE) was assessed by LDH assay and the tissue
culture infective dose of 50% (TCIDso/ml) was then determined and the multiplicity
of infection (MOI) derived (Papi et al., 1999). As a negative control for all
experiments RV-16 was inactivated by exposure to UV irradiation at 1200uJ/cm2 uv
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light for 30 minutes. Inactivation was confirmed by repeating viral titrations in HeLa
cells.

The desired concentration of RV-16 was applied to cells that were gently
shaken at 150rpm at room temperature for 1 hour. The medium was then removed
and the wells washed twice with 1ml Hanks Balanced Salt Solution. Fresh medium
was then applied and the cells cultured at 37.5°C and 5% CO, for the desired time.
As negative controls cells were treated with medium alone and UV inactivated RV-
16. Confirmation of infection of epithelial cells and quantification of viral production

was assessed by Hel a titration assay (Papi et al., 1999).

2.1.5.3. TGF-p.

TGF-B2 (PeproTech, USA) was used in most experiments at 10ng/ml. This
dose was chosen as being the most effective in inducing fibroblast differentiation

after pilot dose-response experiments.

2.1.6. Three-dimensional outgrowths.

Bronchial biopsies, were obtained from patients referred to the Unit of
Respiratory Medicine of the University of Southampton. The following adopted
procedures, conforming to the relevant ethical guidelines for human research, were in
agreement with the Helsinki Declaration of 1975 as revised in 1983 and were
approved by the Ethic Council of the University of Southampton, UK.

The biopsies were washed several times in sterile PBS, subsequently they
were cut using a sterile scalpel in 0,5 mm?® pieces, placed onto 6.5 mm BD Falcon™
cell culture inserts for 24-well plates (0.4 um pores, transparent nylon membrane) in
middle position upon the nylon membrane (Becton Dickinson, Franklin Lakes, NJ,
USA), embedded in 60 ul of Matrigel (Becton Dickinson) and transferred into a 24
well plate (Corning Life Sciences) to constitute a Transwell system. Matrigel is a
gelatinous protein mixture secreted by Engelbreth-Holm-Swarm (EHS) mouse

sarcoma cells. This mixture resembles the complex extracellular environment found
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in many tissues and is considered as a good substrate for 3D cell culture for its
heterogeneous composition. The major components of Matrigel are basement
membrane proteins such as laminin, entactin, and collagen IV which present cultured
cells with the adhesive peptide sequences that they would encounter in their natural
environment (Hughes, 2010). Matrigel constitutes a uniform and controllable
structure very important for accuracy and reproducibility of an in vitro model usable
to test compounds (Moharamzadeh et al., 2008).

The plates were put at 37°C for 5 minutes to facilitate the matrigel
jellification and 330 pl of growth medium mix was added to each well after these 5
minutes. This mix was constituted of (Bronchial Epithelium Growth Medium/
Dulbecco’s modified Minimum Essential Medium) BEGM/DMEM 10% foetal
bovine serum FBS (1:1) The growth medium was replaced every 48 hours. The
outgrowths were cultured at 37°C in a 5% CO2 atmosphere. An inverted light
microscope equipped with phase contrast rings (LEICA DM-IRB, Leica
Microsystems Srl) was used to monitor the outgrowths. At specific time points (after
1, 2 and 3 months in culture) the nylon membrane was detached from the insert and
split in four pieces for characterisation through scanning electron microscopy,

transmission Electron Microscopy and immunostaining.

2.2. PHASE CONTRAST MICROSCOPY.

Cells were routinely photographed before and after treatment to record any
morphological changes occurring in the cells. An inverted light microscope equipped
with phase contrast rings (LEICA DM-IRB) was used to visualise changes in cell

size, shape and orientations and this was recorded by digital photography.

2.3. FLUORESCENCE MICROSCOPY.

Fluorescence microscopy is used to detect structures, molecules or proteins
within the cell. Fluorescent molecules absorb light at one wavelength and emit light
at another, longer wavelength. When fluorescent molecules absorb a specific

absorption wavelength for an electron in a given orbital, the electron moves to a
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higher energy level (the excited) state. Electrons in this state are unstable and will
return to the ground state, releasing energy in the form of light and heat. This
emission of energy is fluorescence. Because some energy is lost as heat, the emitted
light contains less energy and therefore is a longer wavelength than the absorbed (or
excitation) light.

In fluorescence microscopy, a cell is stained with a dye and the dye is
illuminated with filtered light at the absorbing wavelength; the light emitted from the
dye is viewed through a filter that allows only the emitted wavelength to be seen.
The dye glows brightly against a dark background because only the emitted
wavelength is allowed to reach the eyepieces or camera port of the microscope.

Among the common fluorescence dyes are fluorescein, which emits green
light when exited with blue light and rhodamine, which emits deep red fluorescence
when excited by green-yellow light. The fluorescence microscopes are equipped with
three fluorescent filter cubes, each containing specific barrier filters and a beam-

splitting mirror.

2.3.1. ApoAlert™ kit

The induction of apoptosis in cells infected with RV16 was confirmed by
demonstrating altered mitochondrial membrane permeability using the ApoAlert
Mitochondrial Membrane sensor (Clontech, Palo Alto Ca, USA). The MitoSensor
present in this kit is a cationic dye that fluoresces differently in apoptotic and
nonapoptotic cells. Normally, the dye is taken up in the mitochondria, where it forms
aggregates that exhibit intense red fluorescence. In apoptotic cells, the dye cannot
accumulate in the mitochondria because of altered mitochondrial membrane
permeability. As a result, the dye remains in monomeric form in the cytoplasm,
where it fluoresces green.

Briefly, cells were gently rinsed with serum-free media. Immediately prior to
use, 1 pl MitoSensor Reagent was added to 1 ml Incubation Buffer (final con-
centration: 5 pg/ml). The mix was vortexed and centrifuged for 5 min at 14,000 rpm
to remove possible aggregates. Cells were then covered with the supernatant

obtained earlier. 1 ml of diluted reagent was used for each well of a 6-well plate.
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Samples were incubated at 37°C in a 5% CO; incubator for 15-20 min and gently
rinsed with 1X PBS. Cells were finally examined under a fluorescence microscope

using a band-pass filter.

2.4. ELECTRON MICROSCOPY.

I was extensively trained in electron microscopy at the Human Anatomy
Section of the Experimental Medicine Department, University of Palermo, Italy, after
receiving my degree in Medicine and Surgery. During this training period | was
tutored by Prof. Giovanni Zummo.

All reagents were ordered from Electron Microscopy Sciences (EMS, PA)

unless otherwise specified.

2.4.1. Scanning Electron Microscopy (SEM)

Outgrowths were pre-fixed for 1 hour in paraformaldehyde 2% and
glutaraldehyde 0.5% in Milloning buffer pH 7.3. Samples were washed once in the
same buffer and then post-fixed in osmium tetroxide 1% in Milloning buffer for 2
hours on a shaker. After this period, samples were washed again with Milloning
buffer and then dehydrated in an ascending ethanol series (30, 50, 70, 95 and 100%):
each step repeated four times for 5 minutes. The ethanol 100% was then substituted
with CO, at the critical point. The samples were then bound to the stubs of the
scanning electron microscope (JSM-6301F; JEOL, Japan) with a silver tape,

metallized with gold and observed.

2.4.2. Transmission Electron Microscopy (TEM)

Outgrowths were pre-fixed for 1 hour in paraformaldehyde 2% and
glutaraldehyde 0.5% in Milloning buffer pH 7.3. Samples were washed once in the

same buffer and then post-fixed in osmium tetroxide 1% in Milloning buffer for 2
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hours on a shaker. After this period samples were washed again with Milloning
buffer and then dehydrated with ascending ethanol series (30, 50, 70, 95 and 100%):
each step repeated four times for 5 minutes. The ethanol was then substituted by
Propylene oxide (PO) for 30 minutes, 3 parts PO and 1 part of Epon Embedding
Media (EEM; Electron Microscopy Sciences, USA) for 30 minutes, 2 parts PO and 2
parts EEM for 30 minutes, 1 part PO and 3 parts EEM for 30 minutes and finally
only EEM for 24 hours. The specimens were then put in embedding containers in
fresh EEM for 48 hours at 60°C. Ultrathin (50nm) sections of the embedded samples
were cut with an ultramicrotome and placed on grids of Cu/Rh. Before the
observation with the transmission electron microscope (JEM-1220; JEOL, Japan) the
specimens were contrasted with uranyl-acetate 7% in methanol and Reynold’s lead

citrate.

2.5. IMMUNOSTAINING.

2.5.1. Immunofluorescence.

Cells (primary fibroblasts and PBEC) were seeded at 5x10%/well in 24 well
trays (NUNC) coated with different ECM components, grown to 80% confluence in
the appropriate growth media, starved with the respective starving media
(Ultraculture and BEBM) and then treated as required for the different experiments.
3D outgrowths were stained in situ after the appropriate treatments and time points.
At the end of the treatment cells or outgrowths were washed once with 1ml/well of
HBSS and fixed in situ in 500ul/well of ice-cold absolute methanol for 20 minutes at
—20°C. Cells or outgrowths, inside their plastic supports, were then left to dry in a
laminar flow cabinet for 30 minutes and stored at —20°C. Trays were defrosted at
room temperature, and washed twice with 1ml/well of phosphate buffered saline
(PBS), permeabilised with 500ul/well of Triton X-100 (Sigma, UK) 0.1% in PBS for
3 minutes on ice and washed once with 1ml/well of PBS. Unspecific binding sites
were blocked with 250ul/well of DMEM 10% FBS for 15 minutes. During this
period the primary Abs were diluted in incubation buffer (DMEM 10%, Tween-20
0.1% and Sodium Azide 0.1% in PBS). The blocking buffer was then removed and
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without washing the diluted Abs were added to the wells for 45 minutes. Wells were
then washed twice with 1ml/well of incubation buffer and when needed secondary
Abs were diluted in incubation buffer and applied to the wells for 45 minutes.
Secondary Abs were conjugated with different fluorochromes.
The following primary Abs were used:
- anti-asmooth muscle actin (¢SMA) monoclonal FITC conjugated Ab (clone
1A4, working dilution 1:100) purchased from Sigma, UK.
- anti-apoptosis-inducing factor (AIF) rabbit polyclonal Ab (clone H-300,
working dilution 1:100), purchased from Santa Cruz Biotechnology, USA.
- anti-cytokeratin13 (CK13) monoclonal 1gG1 Ab (clone 1C7, working dilution
1:100) purchased from Abnova, USA.
- anti-cytokeratin18 (CK18) monoclonal IgG Ab (clone KRT18, working
dilution 1:200) purchased from Abnova, USA.
- Anti-Collagen I monoclonal 1gG1 Ab (clone 5D8-G9, working dilution 1:50)
purchased from Millipore, UK.
- Anti-Laminin monoclonal 1gG1 Ab (clone 2G6/A2, working dilution 1:200)
purchased from Millipore, UK.

The secondary Abs were:

A secondary Alexa Fluor546—conjugated goat anti-rabbit Ab (1:500;
Molecular Probes, USA) was used to reveal AIF positivity.

A secondary FITC-conjugated goat anti-mouse IgG Ab (working dilution
1:400, purchased from Sigma, UK) was used to reveal CK13 and Collagen |
positivity.

A secondary TRITC-conjugated goat anti-mouse 1gG Ab (working dilution
1:500, purchased from Sigma, UK) was used to reveal CK18 and Laminin positivity.

At the end of the 45 minutes incubation step with the secondary Abs, wells
were washed twice with 1 ml of PBS and coverslips mounted with MOVIOL®
(DABCO) mounting medium. The trays were then ready to be observed under the
fluorescent light of a LEICA inverted fluorescent microscope.
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2.6. FLOW CYTOMETRY.

Flow cytometry involves the use of a beam of laser light projected through a
liquid stream that contains cells, or other particles, which when struck by the
focussed light give out signals which are picked up by detectors. These signals are
then converted for computer storage and data analysis, and can provide information

about various cellular properties.

The term "flow cytometry” derives from the measurement (meter) of single
cells (cyto) as they flow past a series of detectors. The fundamental concept is that
cells flow one at a time through a region of interrogation where multiple biophysical
properties of each cell can be measured at rates of over 1000 cells per second. These
biophysical properties are then correlated with biological and biochemical properties
of interest. The high through-put of cells allows for rare cells, which may have
inherent or inducible differences, to be easily detected and identified from the

remainder of the cell population.

In order to make the measurement of biological/biochemical properties of
interest easier, the cells are usually stained with fluorescent dyes that bind
specifically to cellular constituents. The dyes are excited by the laser beam, and emit
light at longer wavelengths. Detectors pick up this emitted light, and these analogue
signals are converted to digital so that they may be stored, for later display and

analysis.

2.6.1. Annexin-V staining.

Apoptosis and necrosis were measured according to the technique of Vermes
and coworkers (Vermes et al., 1995), in which binding of annexin-V (AxV) was used
to detect phosphatidylserine, which is externalized on the outer leaflet of the plasma
membrane of cells during early stages of the apoptotic process. Propidium iodide (PI)
is used to discriminate necrotic cells. This fluorescent dye is passively up-taken by

cells whose cytoplasmic membrane is damaged.
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Cells (PBEC and fibroblasts) (5 x 10*well) were grown to 70-80%
confluence in 24-well plates (Nunc, Fisher Scientific, Loughborough, UK). The
growth media were then replaced with the appropriate starvation media (BEBM and
Ultraculture for PBEC and fibroblasts respectively) for 24 hours to render the cells
quiescent before exposure to the different treatments as detailed in the Results
section. Adherent cells were then harvested with trypsin in Ca** and Mg* -free
Hanks' balanced salt solution and combined with nonadherent cells for analysis. After
washing twice in cold PBS, the cells were resuspended at a density of 1 x 10°
cells/100 ul of binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM
CaCly) in 5 ml propylene FACS tubes. AXV-FITC (1 pg/ml) and P1 (2.5 pg/ml) were
added to the tubes and incubated in the dark for 15 min, after which 400 pl of cold
binding buffer was added and cells analyzed using a FACScan flow cytometer
(Becton and Dickinson, Oxford, UK). Control tubes lacking AxV-FITC, PI, or both
were included for the acquisition. Analysis of dotplots of FL1(AxV-FITC) versus
FL2 (PI) was performed using WinMDI 2.8. The degree of early apoptosis was
expressed as the number of AxV*/PI" cells shown as a percentage of total cells.

2.6.2 aSMA staining

Primary bronchial fibroblasts were seeded at 5x10* cells/ml onto 24 wells
trays (NUNC) in DMEM 10% FBS and allowed to adhere to the plastic or different
ECM components for 24 hours. The growth medium was then changed with
Ultraculture in order to make them quiescent. After 24 hours this medium was
replaced with fresh Ultraculture +/- TGFf, 10ng/ml, RV-16 or inactivated RV-16. At
24, 48 and 72 hours after the treatment, cells were harvested and transferred to FACS
tubes at a dilution of 2x10°/tube. Cells were washed with PBS, fixed with absolute
methanol for 20 minutes at 0°C, washed once with PBS, permeabilised with
200ul/tube of Triton X-100 (Sigma, UK) 0.1% in PBS for 3 minutes on ice and
washed once with 2ml/tube of PBS. Unspecific binding sites were blocked with
50pl/tubes of DMEM 10% FBS for 15 minutes. During this period monoclonal anti-
aSMA FITC-conjugated antibody (clone 1A4 from Sigma, UK) was diluted in
incubation buffer (DMEM 10%, Tween-20 0.1% and Sodium Azide 0.1% in PBS).
100 ul of the diluted antibody were then added to each tube and cells incubated for
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45 minutes. After this period, cells were washed twice with 2ml/tube of PBS and
finally cells were resuspended in 400 ul of PBS for FACS analysis. Control tubes
were prepared substituting the anti-aSMA FITC-conjugated antibody with an isotype
control mouselgG1/FITC-conjugated (DAKO, UK) at the same concentration. 10000
events were acquired using BD CellQuest™ software (BD Biosciences) and
subsequently analysed with the same software. Histograms were then plotted to

quantify mean fluorescence intensities and percentages of positive cells.

2.6.3. Cytometric bead array immunoassay.

Cytokines and Chemokines were determined by Becton Dickinson (BD)
Cytometric Bead Array (CBA). Six (cytokines) or five (chemokines) bead
populations with distinct fluorescence intensities have been coated with capture
antibodies (Ab) specific coupled with phycoerythrin (PE) which emits at 585 nm.
The Calibrators (standards ranging from 0 to 5000 pg/ml. for the assay system ),
composed of capture Ab-bead and detector Ab—PE reagents, are mixtures of all
cytokines and chemokines.

For each sample and cytokine or chemokine standard mixture, 50 pl of
sample or standard was added to a mixture of 50 ul each of capture Ab-bead reagent
and detector Ab—PE reagent. The final mixture (150 pl) was subsequently incubated
for 3hrs at room temperature, and washed to remove unbound detector Ab—PE
reagent before data acquisition using flow cytometry. A two-color flow cytometric
analysis was then performed using a FACSCalibur flow cytometer (Becton and
Dickinson, Oxford, UK). Data were acquired and analyzed using BD CBA .software.
Forward vs. side scatter gating was employed to exclude any sample particles other
than the 7.5-mm polystyrene beads. Data were displayed as two-color dot plots (FL-2
vs. FL-3) such that the six discrete FL-3 microparticle dye intensities were
distributed along the Y-axis. Standard curves were plotted [cytokine calibrator
concentration vs. FL-2 mean fluorescence intensity (MFI)] using a four-parameter
logistic curve fitting model. Cytokine and chemokine concentrations were

determined from these standard curves.
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2.7. QUANTITATIVE PCR

RNA was extracted using TRIzol reagent (Life Technologies, Paisley, UK)
and contaminating DNA removed using DNase (Ambion, Austin, USA) according to
the manufacturer’s instructions. 1 pg total RNA was reverse transcribed using 1 mM
dNTP (Invitrogen, Paisley, UK), 3 ng random hexamer primer (MWG Biotech,
Milton Keynes, UK), and 100 U MMLV RT enzyme (Promega, Chilworth, UK)
according to the manufacturers’ instructions. Real-time detection used an iCyclerlQ
detection system using a PCR protocol as follows: 95°C for 10 minutes followed by
42 cycles of denaturation at 95°C for 15 seconds and annealing/extension at 60°C for
1 minute. For detection of actin, alpha 2, smooth muscle, aorta (ACTA2), interleukin
8 (IL8), collagen type I, alpha 1 (COL1A1) and connective tissue growth factor
(CTGF) we used primers and fluorogenic probes labelled with reporter dye 6-
carboxyfluorescein (FAM) and the quencher dye 6-carboxy- N,N,N9,N9-
tetramethyl-rhodamine (TAMRA) (PremierDesign). The sequences were as shown in
table 2.1. All genes were normalized to ubiquitin C (UBC) and phospholipase A2
(A2) genes and relative quantification performed using the AACT method (Wicks et
al., 2006).
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Table 2.1 Primers and probes for gene expression

Gene Sense primer Anti-sense primer Probe

CAGAGACAGC | AGCTTGGAAGT | tggtggaCTAGGACA

IL-8 AGAGCACAC CATGTTTACAC AGAGCCAGGAAG
AAACCACCG
é‘A! G! C! A! g’:géi ATGTCGTCCCAG | CTGACCCTGAAGT
ACTA2 AT TTGGTGAT ACCCGATAGAACA
TGGCATggtcag
2%?2?@&53%? AGGCGTTGTCAT | tCCCATCCCACAGG
CTGF TGGTAACC TCTTGGAACAGGC
GAG
Gagatggg
AGACAGTGAT tCAAGACCTCCCGC

GGAGTTTACAG | CTGCCCATCATCG

COLIAL | TGAATACAAA | C CeAGACA. | Totottga

ACCA

2.8. FLUORESCENCE-BASED CELL ADHESION ASSAY.

Fluorescence-based adhesion assays involve labelling cells with a fluorescent
dye, allowing cells to adhere to immobilised ligand, washing away non-adherent
cells, and measuring the fluorescent signal of adherent cells with a fluorimetric plate
reader. Cells were labelled with fluorescein derivatives such as bis-carboxymethyl-
carboxyfluorescein (BCECF) and calcein in their acetoxymethylester (AM) form.
The fluorescent dyes were taken up by cells and hydrolysed by cellular esterases.
Calcein is recommended due to its pH-independence, superior retention by cells and
photostability (Haughland et al.,, 1996). Also, calcein-AM does not affect
lymphocyte adhesion, proliferation, or granulocyte chemotaxis (De Clerk et al.,
1999).
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2.8.1. Calcein-AM

96 well trays (NUNC) were coated with different ECM components as
detailed in the Results section. Primary fibroblasts were harvested with trypsin-
EDTA, centrifuged at 150g and resuspended in DMEM (no additives) at 1x107/ml.
Calcein-AM (BD Biosciences Pharmingen) was added to give a final 2uM
concentration, and cells were incubated at room temperature in the dark for 30
minutes. Halfway during this period the tubes were inverted to mix. Cells were then
washed three times by centrifuging them at 200 x g and resuspending in cold
DMEM. At the end of the washings, cells were resuspended at 2x10%/ml in DMEM
containing 2% FBS. Cells were then allowed to adhere to the different ECM
components by adding 0.1ml of cell suspension per well and incubating at 37°C for
5, 15, 30, 45 and 60 minutes. At the end of each time point the wells were washed
gently three times with DMEM at room temperature to remove non-adherent cells.
0.1ml of DMEM 2% FBS was then added in each well and the plate was read in a
fluorescent plate reader Cytofluor 11 (PerSeptive Biosystems) at an excitation
wavelength of 480nm and an emission wavelength of 530nm. In each experiment
fluorescent units (FU) in 0.1ml of cells (total) and FU released into the supernatants
during the assay (spontaneous) were determined. Percent cell bound fluorescence
was then calculated as 100 x bound FU/total FU-spontaneous FU.

2.9. STATISTICS

Data were analysed using SPSS version 17 for Windows (SPSS Inc). As
sample size was small and variables were not normally distributed the differences
between the groups have been analysed using non-parametric tests; differences
between two dependent variables were analysed using the signed rank test, for
independent variables was used the Wilcoxon rank sum test and for multiple
comparisons the Kruskal Wallis test. Correlations between two variables were
assessed using Spearmans’ rank correlation. A p value of <0.05 was considered

significant.
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3. RESULTS - EFFECTS OF
RHINOVIRUS ON EMTU.

The aim of this chapter is to focus on the effects of rhinovirus-16 (RV16)
infection on the epithelial-mesenchymal trophic unit paying particular attention to
the differences between healthy and asthmatic subjects.

| first studied the responses of PBEC to such infection; this was followed by
the analysis of human bronchial fibroblast responses to conditioned media from
epithelial cells treated with RV-16. The functional responses of human bronchial

fibroblasts to different ECMs were also studied.

3.1. RHINOVIRUS INFECTION AND PBEC RESPONSES.

It is believed that 85% of asthma exacerbations can be attributed to
respiratory viral respiratory tract infections (Johnston et al., 1995; Nicholson et al.,
1993), including the most severe cases that require hospitalisation (Johnston et al.,
1996). It is of concern that viral infections can trigger severe asthma exacerbations
even when there is good asthma control in compliant patients taking optimal doses of
inhaled corticosteroids (Reddel et al., 1999). The most common pathogen associated
with asthma exacerbations is rhinovirus (RV). Infection with RV leads to the release
of inflammatory mediators (Doull et al., 1997) and increased bronchial
responsiveness (Fraenkel et al., 1995). Subjects with asthma do not appear to be
more susceptible to acquiring viral respiratory tract infections, but they do exhibit
more severe lower respiratory tract symptoms in response to infection (Grunberg et
al., 1997). Although RV is known to infect bronchial epithelial cells (Corne et al.,
2002) and has been isolated from the lower airways (Gern et al., 1997; Papadopoulos
et al., 2000), the reasons why the lower respiratory tract of asthmatic subjects is more

prone to the effects of RV infection are still unclear (Proud, 2011).
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3.1.1. Aims.

My hypothesis is that asthmatic bronchial epithelial cells have an abnormal
response(s) to RV infection that could cause resistance to induction of apoptosis with
prolonged and augmented pro-inflammatory responses; this may lead to a consequent
exacerbation of asthma symptoms. In order to test this hypothesis, | set up a primary
culture model where PBEC from asthmatic and healthy patients were infected with
RV-16 and the obtained responses were evaluated in terms of:

- cell morphology;

- cell survival;

- efficacy of infection;

- caspases activation.

3.1.2. Morphological observations: effects of RV16
infection on PBEC morphology.

PBEC were plated onto 24 well trays at 5x10*well and grown until 80%
confluent. Cells were then serum starved for 24 hours before being infected with
RV16 MOI 2. The medium was then removed and the wells washed twice with 1ml
Hanks Balanced Salt Solution. Fresh medium was then applied and the cells cultured
at 37.5°C and 5% CO:2 for the desired time. After 0 and 24 hours phase contrast
photographs of the cells were taken with a JVC video camera. As shown in figure
3.1, after 24 hours, infection with RV-16 could be determined by the appearance of
many characteristic signs of necrotic cell death. Cells displayed a swollen cytoplasm

with enlarged nuclei mainly due to the cytopathic effect (CPE) of the virus.
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3.1.3. Optimum time and dose response with RV-16 in

primary bronchial epithelial cells.

To determine the optimum dose of RV-16 to elicit a reduction of viability and
morphological changes in PBEC, a subject with mild asthma and a healthy control
were selected. Cells were infected with RV-16 at an MOI ranging from 0.5 to 6. The
impact on cell cytotoxicity was then assessed by measuring the activity of LDH in
the supernatant. LDH activity rose considerably by 24 hours in cells treated with an
MOI of 2 or greater. The subject with mild asthma however had high levels of LDH
activity throughout all wells, including the negative controls at 48 hours with an
increase in indiscriminate cell loss seen. The reason for this was unclear but makes it

impossible to draw conclusions from the data from this time point. (Figure 3.2).
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Figure 3.1

Morphological appearance of PBEC after 24 hrs of treatment.

PBEC were serum starved for 24 hrs before being treated with serum free medium (a) or infected
with RV-16 MOI2 (b) for a further 24 hrs. Arrowheads indicate swollen necrotic cells; bar =
100um.
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Figure 3.2
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LDH activity is measured in BB units. A rise in LDH activity appears to be present by 24 hours and
continuing to rise by 48 hours at an MOI of 2 or greater. The subject with mild asthma however had
high levels of LDH activity throughout all wells including the negative controls at 48 hours with an
increase in indiscriminate cell loss seen. The reason for this was unclear but makes it impossible to
draw conclusions from the data from this time point.
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3.1.4. Infection and viral yield from primary bronchial

epithelial cells

Following RV-16 infection of PBEC, recovery of viable RV was determined
by transmission of infection and CPE on Ohio HelLa cells from the infected
supernatant of PBEC. CPE was not seen using supernatants obtained up to 8h after
infection of the primary cultures, but thereafter rose steadily up to 48h. Asthmatic
PBEC had a significantly greater increase in RV-16 detected by 24h and 48h as
measured by TCIDso (Figure 3.3a). This was preceded by an increase in viral
replication 8h post infection in AS compared to HC (Figure 3.3b).
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Figure 3.3
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RV-16 replication and release from normal and asthmatic PBECs. (a): RV-16 release into
the supernatant of infected cells was determined by calculating the TCID50 x104/mlby
titration assay in Ohio HelLa cells. The supernatant from 14 ICSrequiring asthmaticsand 10
healthy controls were examined on individual titration plates. Data points represent the mean
and the standard deviation. By 48h significantly more RV was detected from asthmatic cells
with a mean TCID50 x104/mlof 3.99 (0.8), compared to 0.54 (0.12) in healthy control cells
(p=0.001). (b): RV-16 VRNA production was measured by qPCR after8h of infection.
Median (IQR) production (x 106) from asthmatic cells was significantly increased at2.1 (0.16,
9.7)compared to 0.04 (0.009, 0.06) from healthy controls (p= 0.007).



3.1.5. Evaluation of cell death: normal vs asthma differences
with RV-16 infection.

As apoptosis is a natural defence mechanism that protects against virus
replication, | continued by characterizing the nature of cell death in response to RV-
16 using Annexin-V staining. PBEC obtained from 20 subjects (10 HC and 10 AS;
table 3.1) were infected with RV-16 and flow cytometric analysis revealed that there
was a significant reduction in viable cell number 8 hours following RV-16 infection
of normal PBEC. This was not seen in cells treated with medium alone or UV
inactivated RV-16 suggesting a direct link between infection and cell death (Figure
3.4a). In contrast, infection of asthmatic PBEC with RV-16 had a smaller effect on
viability at 8h (Figure 3.4a). By comparing AXV'/7AAD" cells (i.e. apoptotic cells)
and AxV'/TAAD" cells (i.e. necrotic cells), the difference in overall viability
between normal and asthmatic PBEC was found to be due to a significant increase in
apoptosis in the normal cultures (Figure 3.4b).

The induction of apoptosis in infected cells was confirmed by demonstrating
altered mitochondrial membrane permeability using the ApoAlert Mitochondrial
Membrane sensor (Clontech, Palo Alto Ca, USA) (Figure 3.5). The MitoSensor
present in this kit is a cationic dye that fluoresces differently in apoptotic and
nonapoptotic cells. Normally, the dye is taken up in the mitochondria, where it forms
aggregates that exhibit intense red fluorescence. In apoptotic cells, the dye cannot
accumulate in the mitochondria because of altered mitochondrial membrane
permeability. As a result, the dye remains in monomeric form in the cytoplasm,
where it fluoresces green. As shown in figure 3.5b, after infection for 8 hours with
RV-16 at MOI2 most of asthmatic PBEC exhibit a diffuse green fluorescence in their
cytoplasm (altered mitochondrial membrane potential) as opposed to cells exposed to

UV inactivated RV (figure 3.5a) whose cytoplasm is bright red.
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Table 3.1 Clinical characteristics of volunteers.

10 subjects with moderately severe asthma and 10 healthy controls were recruited.

Subject characteristics

Asthma Normal P values
Number 10 10 NA
Sex (% male) 69% 60% P=0.6
Mean age (range) 32 (21-58) 29 (24-38) P=0.4
Mean FEV1% predicted (SD) 77.3 (15.5) 110.3 (13.6) P<0.001

Subjects with asthma had mild to moderate disease, the majority (8/10) were on inhaled
corticosteroids (ICS) and had relatively preserved lung function.

Characteristics of subjects with asthma

Number

Inhaled steroids (yes)
Mean (sd) Dose ICS
BDP/day

Mean (sd) FEV1 %
predicted

Mild intermittent

Mild persistent

Moderate persistent

2 5 3

0 4 (80%) 3 (100%)
300 (115) 617 (256)

92.4 (6.2) 86.9 (6.6) 77.7(17.9)

Values for FEV1 as a percentage of the predicted FEV1 are given as a mean and standard deviation of
the mean. Inhaled corticosteroid dose is given as amount of beclomethasone (BDP) used per day,

expressed as the mean and sd.
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Percent viable cells

Figure 3.4
Change in cell viability 8 hrs following RV-16 infection
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Differences in cell viability and apoptotic response following RV-16 infection in asthmatic
and normal bronchial epithelial cells. Panel (a): Viable (AxV-/7TAAD-) cell number was
determined 8hrs after infection and expressed as % viability compared with cells treated with
medium alone. Infection with RV-16 led to a significant reduction in median (IQR) cell viability
in both asthmatic (grey boxes) and control (white boxes) cells compared to both medium alone
(p=0.03 and 0.02 respectively) and UV inactivated RV-16 (p=0.02 and 0.001 respectively). In
asthmatic cells there was significantly better viability, median 80% (74, 86)%, compared to
healthy controls 63% (51, 69)% (p=0.02). Panel (b): Apoptotic (AxV+/7AAD-) cells were also
analysed 8h following RV-16 infection. Data are expressed as median (IQR) fold change in
apoptosis from baseline. There was a significant and virus-specific increase in cell apoptosis in
response to infection in cells from both groups, however, this response was significantly impaired
in asthmatic cells with a fold increase of only 1.4 (1.3, 1.7), compared to 2.2 (2.1, 2.3) in healthy
controls (p=0.02). 67



Figure 3.5

Altered mitochondrial membrane permeability after RV infection

PBEC obtained from a representative asthmatic subject were infected with RV16 at MOI2 for 8 hrs (b)
or with the same dose of UV inactivated RV (a). After washing with PBS cells were incubated with a
cationic dye that fluoresces differently in apoptotic and nonapoptotic cells. Normally, the dye is taken up
in the mitochondria, where it forms aggregates that exhibit intense red fluorescence (arrows). In
apoptotic cells, the dye cannot accumulate in the mitochondria because of altered mitochondrial
membrane permeability. As a result, the dye remains in monomeric form in the cytoplasm, where it
fluoresces green (arrowheads). Bar = 25uM
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3.1.6. Effects of inhibition of apoptosis and RV-16

production

As increased virion production by asthmatic PBEC was associated with
reduced apoptosis, | investigated whether suppression of apoptosis in RV-16 infected
normal PBEC was sufficient to enhance virion production. Thus, PBEC were treated
with the caspases-3 inhibitor (C31), Ac-DEVD-CHO, before and following infection
with RV- 16. The inhibitor led to a marked reduction in apoptosis in the healthy
control cells but had minimal effect on asthmatic cells compared to infection alone
(Figure 3.6a). Treatment of cells from healthy controls with C31 also had a direct
impact on RV-16 production, with a significant increase in transmissible infection at
48h, a similar increase was not seen in asthmatic cells treated with C31 (Figure 3.6b).
These data provided a direct link between inhibition of early apoptosis and increased

viral yield.
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Figure 3.6

The effect of the Caspase 3 inhibitor ZVDfmk on
apoptosis following infection
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Inhibition of caspase activity inhibits apoptosis and increases RV-16 replication. (a): Cells
were treated with RV-16 alone or with ZVD-fmk, before and after infection with RV-16 Results
are expressed asthe fold change in apoptotic cells compared to cells treated withmedumalone.
In asthmatic cells were there was a median (IQR) induction of apoptosis above baseline of 1.4
(1.3, 1.7) with RV-16 alone, pre-treatment of cells with the ZVD-fink, had little effect on
apoptosis (median (IQR)=1.12 (1.01, 1.8); (p=0.4). However, in healthy controls cells,RV-16
infection resulted in a median (IQR) fold induction of apoptosis above baseline 0of 2.2 (2.1,2.3)
and this was abolished by pre-treatment with ZVD-fmk (median (IQR) 0.82 (0.76, 0.86),
p=0.03). (b): The effect of caspase-3 inhibition on RV-16 production was measured by HeLa
titration assay on the BEC supernatant removed after 48h of infection. There was no difference
seen in the TCID50 x104/ml in the supernatant removed from asthmatic cells infected withRV-
16 (median (IQR)=3.56 (3.50-3.62) compared to infected cells treated with ZVD-fimk (nedian
(IQR) = 3.5 (3.45-3.62), p=0.94). However for healthy control BECs, the TCID50 x104/ml
increased greater than 4 fold, from a median (IQR) value of 0.6 (0.4, 0.63) with infection alone
to 2.78 (0.63, 6.32) (p=0.01) in the presence of RV-16 and ZVD-fmk.
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3.1.7. Conclusions.

The results presented herein are part of a broader research project that was
conducted in collaboration with Dr Peter Wark at the Brooke Labs.

My results show that infection of PBEC with RV-16 induced a significant
reduction in cell viability with a subsequent increase in early apoptosis in healthy
subjects when compared to asthmatic patients. These data were confirmed by
evaluating the mitochondrial membrane potential. The increase in apoptosis was
accompanied by a higher viral replication rate. Moreover, using a specific caspase
inhibitor to block apoptosis led to a marked reduction in apoptosis in the healthy
control cells but had minimal effect on asthmatic cells compared to infection alone,
as well as having a direct impact on RV-16 production, with a significant increase in
transmissible infection at 48h that was not seen in asthmatic cells treated with the
same inhibitor. Using the same experimental model, together with Dr Wark we found
that viral RNA expression and late virus release into supernatant was increased 50
fold and 7 fold respectively in asthmatic cells compared to healthy controls, and that
virus infection induced late cell lysis in asthmatic cells but not in normal cells. More
importantly, examination of early innate immune responses revealed profound
impairment of virus induced interferon-p mRNA expression in asthmatic cultures
that produced >2.5 times less interferon-f3 protein.

In view of the data obtained in collaboration with Dr Wark, my results
suggest that in infected asthmatic cells, exogenous interferon-f induced apoptosis
and reduced virus replication, and therefore it is possible to demonstrate a causal link
between deficient interferon-p, impaired apoptosis and increased viral replication.
Epidemiological evidence demonstrates that asthmatic subjects develop more severe
lower respiratory symptoms and reduction in lung function when infected with RV
(Corne et al., 2002); however, the mechanisms behind this increased susceptibility to
rhinovirus infection were unknown. The data presented in this chapter together with
the results obtained with Dr Wark seem to indicate that impaired type 1 interferon
production is likely to be an important mechanism.

These results offer a logical explanation for asthmatic subjects having lower
respiratory tract symptoms and reductions in lung function of greater severity and
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duration as a consequence of RV infection. While infection of bronchial epithelial
cells is limited in non-asthmatic subjects by an innate antiviral response and
induction of apoptosis in infected cells, a deficiency of IFN-B in asthma could
facilitate virus replication and cytolysis with increased infection of neighbouring
cells. Exaggerated inflammatory responses are likely to result in asthmatics in vivo,

consequent upon the increased replication and the cytolytic effects of the virus
infection.
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3.2. ROLE OF ECM IN MODULATING LUNG
(MYO)FIBROBLASTS ACTIVITY.

Prior to studying the responses of fibroblasts to conditioned media obtained
by PBECs infected with RV16, | characterised the bronchial fibroblast culture model
in terms of susceptibility to the different ECMs and intrinsic phenotypic differences
between fibroblasts obtained from normal or asthmatic subjects. Cell-ECM
interactions have a pivotal function in several cellular processes, such as migration,
proliferation, differentiation and survival. ECM was previously thought of a passive
supportive structure, essential for the formation and maintenance of tissues. Today, it
Is widely recognised that it is a dynamic structure that modulates a range of cell
processes due to its organization and composition. Altering its molecular
composition may therefore profoundly affect cell function.

Pulmonary fibroblasts have been shown to have a wider variety of functions
aside from being target structural cells, such as directly contributing to pulmonary
inflammation and ultimately to airway wall remodelling. The various compounds
these fibroblasts release can substantially alter the surrounding environment
(Mutsaers et al., 1997). These cells are also associated with the deposition and
remodelling of lung ECM, being the primary cellular source of collagens I and IllI;
which are released in response to IL-1B and growth factors, such as TGF-p,
responsible for activating pro-collagen gene expression (McAnulty et al., 1995).
Surprisingly, other fibroblast-related cytokines (e.g. IL-6) generate a reverse
outcome by releasing matrix metalloproteinases, including MMP-2 (collagenase) and
MMP-9 (gelatinase), which may lead to ECM remodelling. Moreover, it has been
demonstrated that lung fibroblasts release a membrane type-1 matrix metalloprotease
whose collagenolytic activity has been correlated with ECM remodelling in acute
and chronic lung diseases (Rowe et al., 2011).

Both fibroblast proliferation and collagen synthesis are profoundly influenced
by cellular adhesion. In normal fibroblasts, cell division requires anchorage to a
substratum. The more firmly anchored the cells, the greater their proliferation
(Grinnell 1994; Guadagno et al., 1991) and production of collagen (Dhawan et al.,
1990 and 1991). Fibroblast cell lines derived from normal lung conform to this
pattern. However, fibroblast cell lines generated from individuals with idiopathic

pulmonary fibrosis have been found to continue to proliferate on a soft substrate, in
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an anchorage-independent manner (Torry et al., 1994). Whether this change is
related to alterations in fibroblast integrins or other factors, has not yet been fully
determined. This finding suggests that fibroblast responsiveness to influences from
the ECM is a critical component that restricts fibroblast activity in the normal lung.
A recent study using in vivo mouse models that mimic airway remodeling, coupled
with conditional deletion in adult fibroblasts, has shown that integrin avp8—mediated
TGF-B activation plays a critical role in both airway fibrosis and inflammation
(Kitamura et al., 2011).

The degree of adhesion between the cells and ECM depends on the state of
differentiation of the cells, as well as their location and any surrounding conditions
that can be sensed by the cells. The huge variety of complex in vivo
microenvironments poses a major hurdle for achieving a thorough understanding of

the cell-matrix adhesion process.

3.2.1. AIMS

The goal of the present study was to determine whetherdifferent ECM
components might modify human lung fibroblast activity in culture. Specifically, my
hypothesis was that matrices involved in the composition of the basement membrane
of the bronchial mucosa, such as collagen type | and IV, fibronectin and laminin
could affect cell morphology, adhesion, differentiation and survival. In order to
verify this hypothesis, | set up a primary culture model of human bronchial
fibroblasts where the responses of these cells to the abovementioned matrix

components were evaluated.

3.2.2. Morphological observations: fibroblasts appearance

and adhesion on different ECMs.

Primary bronchial fibroblasts were plated onto 24 well trays at 5x10*/well
and grown on laminin, fibronectin, collagen I, collagen IV or charged plastic for 72

hours; digital photographs were taken at 2, 24 and 72 hours. Figure 3.7 shows that
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after 2 hrs in culture cells grown on charged plastic only (a) were attaching more
slowly to the substratum as demonstrated by the lower number of cells spread on the
plastic per microscopic field and the higher number of rounded cells (floating) when
compared to all the ECM components. On collagen IV (e) cells did not spread as
well as with fibronectin (c) or laminin (b). After 24 hours the fibroblasts were spread
uniformly to the substratum even though the cells on plastic were still slightly less in
number (Figure 3.8). After 72 hours fibroblasts reached confluency and there was no
significant difference in the number of cells attached to the different components
(Figure 3.9). At all time-points and with the different ECM components studied it
was not possible to identify any particular difference in the morphology of these

cells.
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Figure 3.7

Morphological appearance
of bronchial fibroblasts
cultured on different ECMs
—2 hrs

Fibroblasts were plated onto 24 well trays and grown on charged plastic coated with PBS only
(a), laminin (b), fibronectin (c), collagen type | (d) or collagen type IV (e) all at 1pg/ml.
Photographs were taken at 2 hr.; bar = 100um. Cells in panels a and e show a delayed adhesion
velocity to their substrates when compared to the other cells. Cell morphology is identical in all
the different conditions.
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Figure 3.8

Morphological appearance
of bronchial fibroblasts
cultured on different

ECMs — 24 hrs

Fibroblasts were plated onto 24 well trays and grown on charged plastic coated with PBS only
(&), laminin (b), fibronectin (c), collagen type | (d) or collagen type IV (e) all at 1pg/ml.
Photographs were taken at 24 hr.; bar = 100um. By this time point all cells show a similar level
of adhesion to their substrate and an identical morphology in all conditions.
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Figure 3.9

Morphological appearance
of bronchial fibroblasts
cultured on different ECMs
— 72 hrs

\

AN

Fibroblasts were plated onto 24 well trays and grown on charged plastic coated with PBS only
(a), laminin (b), fibronectin (c), collagen type | (d) or collagen type IV (e) all at 1pug/ml.
Photographs were taken at 72 hr.; bar = 100pm. After reaching cell confluency, fibroblasts are
still failing to show any difference in morphology.
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3.2.3. Cell adhesion: calcein-AM to assay adhesion of

fibroblasts to different ECMs.

To evaluate whether the different ECMs might condition the ability of
primary bronchial fibroblast to adhere to their substratum, a fluorescence-based
adhesion assay (Calcein-AM) was performed. Primary bronchial fibroblasts were
seeded onto 96-well trays at 2x10°/well; wells were coated with laminin, fibronectin,
collagen 1, or charged plastic. Cells were allowed to adhere for 5, 15, 30, 45 and 60
minutes. A different tray had to be prepared for each different time point. At the end
of each time point the tray was collected and cells stained with calcein-AM. The
plate was then read in a fluorescent plate reader Cytofluor 11 (PerSeptive Biosystems)
at an excitation wavelength of 480nm and an emission wavelength of 530nm. In each
experiment fluorescent units (FU) in 0.1ml of cells (total) and FU released into the
supernatants during the assay (spontaneous) were determined. Percent cell bound
fluorescence was then calculated as 100 x bound FU/(total FU)-(spontaneous FU).
Figure 3.10 shows an example of this staining after 1 hour. It is possible to appreciate
the different levels of spreading of cells into the substratum, with collagen | being the
one that caused the cells to spread the most followed by fibronectin, laminin and
plastic. The overall number of cells however did not significantly vary between the
different conditions.

The graph in figure 3.11 shows the percent cell bound fluorescence at the
different time points and with the different ECM components in primary bronchial
fibroblasts obtained from 4 healthy subjects. At all time points collagen | and
fibronectin caused a statistically significant increase of percent cell bound
fluorescence when compared to charged plastic alone (p<0.02 for both). Coating the
wells with laminin instead did not change significantly the ability of fibroblasts to

adhere to the plastic substratum when compared to charged plastic alone.
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Figure 3.10
Calcein-AM assay

96 well trays (NUNC) were coated with charged plastic (a), collagen type I (b), laminin (c) or fibronectin
(d). Primary fibroblasts were harvested, centrifuged and resuspended in DMEM (no additives) at
7

1x10 /ml. Calcein-AM was added to give a final 2uM concentration, and cells were incubated at room
temperature in the dark for 30 minutes. Cells were then washed and at the end of the washings

resuspended at 2x106/ml in DMEM containing 2% FBS. Cells were then allowed to adhere to the
different ECM components by adding 0.1ml of cell suspension per well and incubating at 37°C for 60
minutes. At the end of this time point the wells were washed gently to remove non-adherent cells. 0.1ml
of DMEM 2% FBS was then added in each well and digital photographs were taken. Bar = 100 um.

It is possible to appreciate the different levels of spreading of cells into the substrata, with collagen |
being the one that cause the cells to spread the most followed by fibronectin, laminin and plastic. The
overall number of cells however does not differ between the different ECMs.
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Figure 3.11
Calcein-AM assay quantification
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96 well trays were coated with charged plastic alone, collagentypel, laminin or
fibronectin Primary fibroblastswere harvested and resuspended at 1x10%/ml. Calcein-AM
was added to give a final 2mM concentration, and cells were incubated at room
temperature in the dark for 30minutes. Cells were washed three times and resuspended at
2x10%/ml in DMEM containing 2% FBS. Cells were then allowedto adhereto the different
ECM components by adding 0. 1ml of cell suspension per well and incubating at 37°C for
5,15,30,45 and 60 minutes. Atthe end of each timepoint thewells werewashed gently
to remove non-adherent cells. 0. 1ml of DMEM 2% FBS was then added in each well and
the plate wasread in a flucrescent plate reader Cytofluor IT (PerSeptive Biosystems) at an
excitation wavelength of 480nm and an emission wavelength of 530nm. In each
experiment fluorescent units (FU) in 0. 1ml of cells (total) and FUreleased intothe
supernatants during the assay (spontaneous) were determined. Percent cellbound
fluorescence was then calculated as 100 bound FU/total FU-spontaneous FU. N=4.
Atalltime points collagenI and fibronectin determined a statistically significant increase
of percent cell bound fluorescence when comparedto charged plastic alone (p<0.02 for
both).
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3.2.4. Differentiation of fibroblasts into myofibroblasts:
Immunofluorescence and FACS analysis to study aSMA

expression in fibroblasts cultured on different ECMs.

In order to verify whether the ECM could play a role in the differentiation of
primary bronchial fibroblasts into myofibroblasts, we immunostained fibroblasts
from healthy subjects with a monoclonal antibody FITC-conjugated directed towards
alpha smooth muscle actin (¢SMA). Although there are no known specific markers
for fibroblasts, myofibroblasts are classically characterized by the presence of
filaments of aSMA. As TGF-f; is a well-known inducer of fibroblast differentiation
into myofibroblasts, we treated cells with this growth factor in order to obtain a
positive control. Nuclei were counterstained with PIl. Figure 3.12 shows a high
magnification photograph of a myofibroblast, stained for aSMA, presenting the
characteristic stress fibers. Figure 3.13 shows that, as expected, treatment with TGF-
B2 at 10 ng/ml induced an increase in the number of fibroblasts positive for aSMA
when compared to untreated fibroblasts grown on plastic (uncoated).

However, out of the three ECM components tested, collagen 1, fibronectin
and laminin, only the latter seemed to be able to determine a slight reduction in the
number of aSMA positive cells. To quantify both percentage of positive cells and
mean fluorescence intensity (MFI) of aSMA, fibroblasts were also analysed with
flow cytometry. Primary bronchial fibroblasts obtained from 8 healthy subjects were
immunostained for FACS analysis as detailed in the Methods section. Figure 3.14
shows a typical example of a histogram plot obtained with this method. In this case
the treatment with TGF-B, induced a 34% increase in the number of fibroblasts
positive for aSMA when compared to its serum free medium (SFM) control. At the
same time the MFI has more than doubled showing that the treatment has also
induced an increase of the number of aSMA molecules per cell. Collagen-I and
fibronectin failed to induce any significant change both in the number of fibroblasts
expressing aSMA and in the MFI (data not shown). The presence of laminin instead
significantly reduced the number of aSMA positive cells when compared to plastic
alone (12.14-/+7.3 vs 9.05-/+7.1, p=0.036) (Figure 3.15). The MFI instead was not
significantly changed (65-/+21.06 vs 58.74-/+23.15, p=0.161).
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Figure 3.12

aSMA immunostaining

Primary fibroblasts were seeded at 5x104lwell in 24 well trays coated with different ECM
components, grown to 80% confluence in the appropriate growth media and then treated as
required for the different experiments. At the end of the treatment cells were washed, fixed,
permeabilised and stained with a monoclonal anti-o. smooth muscle actin FITC-conjugated
antibody as reported in the Materials and methods section. This image is a high magnification
photograph of a myofibroblast presenting the characteristic stress fibers. Bar = 10 um.
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Figure 3.13

oSMA immunostaining

Primary fibroblasts were seeded at 5x104/well in 24 well trays coated with different ECM
components charged plastic only (c), collagen type I (d), laminin (e), fibronectin (f), grown to
80% confluence in the appropriate growth media and then treated as required for the different
experiments. At the end of the treatment cells were washed, fixed, permeabilised and stained
with a monoclonal anti-o. smooth muscle actin FITC-conjugated antibody as reported in the
Materials and methods section. Nuclei were counterstained with PI. Panel a shows the
appropriate isotype control, whereas panel b is a postive control obtained by treating the same

cells with TGF-2 10ng/ml. Bar = 100 pm.
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Figure 3.14

oSMA expression analysis by flow cytometry
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Typical example of a histogram plot for aSMA staining. Filled red = Isotype control. Black line
= Untreated control (SFM). Blue line = TGFB2 positive control. Marker M1 is positioned at the
end of the isotype control histogram and the percentage of staining for all the other conditions are
relative to this marker. MFI is instead calculated on the whole distribution of the events for the
different histograms.

Treatment with TGF-B2 has induced a two folds increase in the number of fibroblasts positive for
oSMA when compared to its serum free medium (SFM) control. At the same time the MFI has
more than doubled showing that the treament has also induced an increase of the number of
aSMA molecules per cell.
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Figure 3.15
aSMA expression in fibroblasts
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Primary bronchial fibroblasts obtained from 8 healthy subjects were immunostained for FACS
immunofluorescent analysis as detailed in the Methods section. The presence of laminin has
significantly reduced the number of cSMA positive cells when compared to plastic alone (12.14-
7.3 vs 9.05-A47.1, p=0.036). The MFI nstead was not significantly changed (65-421.06 vs
58.74-/423.15,p=0.161).
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3.2.5. Cell survival: Evaluation of cell death levels in fibroblasts with
Annexin-V/PI staining.

In order to evaluate whether different ECM components were able to modify
cell survival, primary bronchial fibroblasts obtained from four healthy subjects were
seeded onto 24-well trays at 5x10*/well; wells were coated with laminin, fibronectin,
collagen 1, or charged plastic only. After a starvation period of 24 hours, cells were
harvested, collected in FACS tubes and stained with Annexin-V/PIl in order to
evaluate basal levels of apoptosis and necrosis. Figure 3.16 shows that the ECMs
studied were not able to induce any significant change in basal levels of viability or
early apoptosis when compared to charged plastic alone. Fibroblasts were then
treated with hydrogen peroxide to evaluate eventual differences induced by the
ECMs in response to a proapoptotic factor. A dose of 100 uM and a time point of 24
hours were chosen based on preliminary dose-response experiments that indicated
these as the optimal dose and time to get a good number of apoptotic cells. Figure
3.17 shows that even during oxidative stress conditions the different ECMs did not
play any significant role in protecting fibroblasts from hydrogen peroxide-induced

apoptosis.
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Figure 3.16
Effects of the ECM on cell viability and apoptosis - I
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Annexin-V/PI FACS staining, Primary bronchial fibroblasts obtained from four healthy subjects were seeded
onto 24-well trays at 5x104/well; wells were coated with laminin, fibronectin, collagen I, or charged plastic
only. After a starvation period of 24 hours, cells were harvested, collected in FACS tubes and stained with
Annexin-V/PI in orderto evaluate basal levels of total viability, apoptosis and necrosis.

As shown by this graph, all the ECMs studied failed to induce any significant change in basal levels of
viability or early ap optosiswhen compared to charged plasticalone N=4.
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Figure 3.17
Effects of the ECM on cell viability and apoptosis - 11
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Annexin-V/PI FACS staining. Primary bronchial fibroblasts obtained from four healthy subjects were seeded
onto 24-well trays at 5x104/well; wells were coated with laminin, fibronectin, collagen I, or charged plastic only.
After a starvation period of 24 hours, cells were treated with hydrogen peroxyde 100 uM for 24 hours,
harvested, collected in FACS tubes and stained with Annexin-V/PI in order to evaluate levels of total viability,
apoptosis and necrosis.

As shown by this graph, all the ECMs studied failed to induce any significant protective effect on oxidant-
induced cell death when comparedto charged plastic alone. N=4.
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3.2.6. Conclusions

The interaction of activated fibroblasts with the surrounding ECM and their
modification by cytokines and growth factors is an important issue for understanding
the complex events underlying the sup-epithelial fibrosis typical of asthma.

Many cytokines and mechanical factors can be responsible for the activation
of fibroblasts, and the mechanisms responsible for their activation underlie specific
feedback controls that originate due to the recognition of the surrounding ECM
molecules mediated mainly by integrins. Having recognized defined portions of the
ECM components, these receptors are able to mediate signals depending on the
specific integrin that was expressed at the cell surface site (Beate et al., 2000).

These important signals are required for fibroblasts to adapt their biosynthetic
machinery to the ever changing biological requirements (Beate et al., 2000).

My results show that adhesion dynamics seemed to be different depending on
the substrate used. Initial phase contrast observations showed that when lung
fibroblasts were allowed to adhere to charged plastic only, for the first few hours
they attached more slowly to their substratum when compared to all the evaluated
ECM components. Moreover, on collagen IV cells did not spread as well as on
fibronectin or laminin. However, at later time points, there was no significant
difference in the number of cells attached to the different components. Also, it was
not possible to identify any particular difference in the morphology of the fibroblasts
at all time-points and with the different ECM components. | therefore proceeded with
the evaluation of cell adhesion using a calcein-AM assay under a fluorescent
microscope that showed that collagen type | was the ECM component in which the
cells spread most, but the overall number of cells attached to the culture plates was
not significantly affected by the different components. When calcein-AM assay was
quantified with a fluorescent plate reader, at all time points collagen I and fibronectin
were found to cause a statistically significant increase of percent cell bound
fluorescence when compared to charged plastic alone. However, | found that the
accuracy of this assay is limited by the fact that the degree of spreading of cells into
the substratum will affect the fluorescence levels recorded by the reader that does not
necessarily reflect the actual number of cells. A method to normalize cell numbers in

relation to spreading degree should therefore be employed in future studies.
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To investigate fibroblast differentiation with the different ECM components,
cells were immunostained for aSMA and quantification carried out by flow
cytometry. As expected, treatment with TGF- B2, that was used as positive control,
induced an increase in the number of aSMA positive fibroblasts. However, out of the
ECM components studied, only laminin coating significantly reduced the number of
aSMA positive cells when compared to plastic alone, suggesting that this ECM
protein might determine a reduction in fibroblasts to myofibroblasts transition.

Finally, I evaluated, by Annexin V assay, eventual differences in cell death
levels with the different ECM components. None of the ECM components studied
induced any significant change in viability or early apoptosis, whether in basal
conditions or after oxidative stress, when compared to charged plastic alone. The
physiological ECM in the airways is mainly composed of collagen type I and I11 with
fibronectin and laminin playing an important role during remodelling (Chakir et al.,
1996; Royce et al., 2009). Fibronectin and laminin are also involved in increased
resistance of lung cells, including fibroblasts, to ionizing radiations and cytotoxic
drugs, suggesting a potential role in carcinogenesis (Cordes et al., 2003) but also in
fibrosis. An interesting manuscript published in 2006 by Kim and his colleagues
suggest that during experimental lung injury, that exposes ECM components such as
laminin and fibronectin, there could be evidence of lung alveolar epithelial-to-
mesenchymal transition (EMT). When these authors cultured primary alveolar
epithelial cells on fibronectin or fibrin, those cells underwent robust EMT via
integrin-dependent activation of endogenous latent TGF-B;. In contrast, the same
cells cultured on laminin/collagen mixtures do not activate the TGF-p; pathway and,
if exposed to active TGF-B;, undergo apoptosis rather than EMT (Kim et al., 2006).
These data implicate that the provisional ECM could act as a key regulator of
epithelial transdifferentiation during fibrogenesis. As stated before, in my
experimental setup, none of the studied ECM components caused any statistically
significant modification in cell survival rates or cell adhesion/differentiation.

However, independently from any potential limitations and/or
methodological flaws of my study, considering that the main in vivo function of
fibroblasts is to lay the ECM, it is likely that these cells, when cultured in vitro, will
start layering their own ECM components thus modifying whatever artificial

substrate applied. For this reason, in order to examine fibroblast function, it is
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essential to develop novel cell culture models where these cells can be grown in an

environment that mimics the bronchial mucosa as closely as possible.
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3.3. DIFFERENCES IN FIBROBLASTS ACTIVITY
BETWEEN HEALTHY SUBJECTS AND ASTHMATICS.

A plethora of studies have investigated functional differences in
inflammatory cells of healthy or asthmatic subjects. Ironically, much less is known
about the structural cells that constitute most of the lung parenchyma. The ability of
structural cells to synthesise a wide array of inflammatory mediators, including
proinflammatory cytokines and chemokines, implicate these cells as effector cells
with the capacity to regulate inflammatory responses in asthmatic airways.
Researchers are becoming increasingly more aware of the potentially important roles
played by these cells in the pathogenesis of asthma and other chronic inflammatory
diseases; however, the exact contribution of specific structural cell types, especially

fibroblasts, to the overall process is still unclear.

3.3.1. Aims

The main aim of this study was to extend the methods already applied in the
characterization of fibroblast differentiation to the evaluation of eventual functional
differences between healthy and asthmatic subjects, taking into account the possible
role played by the ECM. More specifically, my hypothesis was that fibroblasts
obtained from asthmatic subjects might be more differentiated towards a
myofibroblastic lineage and that ECM could affect cell differentiation. In order to
test this theory fibroblasts obtained from healthy and asthmatic subjects were
evaluated for aSMA expression and the effect of different ECM components was

assessed.

3.3.2. Morphological observations: phenotypical

differences and aSMA staining.

Primary human bronchial fibroblasts from healthy and asthmatic subjects
were plated onto 24 well trays coated with collagen type I (1ug/ml) at 5x10%well and

grown until 80% confluence. Cells were then serum starved for 24 hours before
93



being fixed and stained with a monoclonal anti-aSMA FITC-conjugated antibody as
specified in the Methods section. At the end of the staining, phase contrast and
fluorescent photographs of the same microscopic fields were taken with a JVC video
camera. Phase contrast and fluorescent images were then overlayed using Adobe
Photoshop CS2 layers merging function (screen mode).

Figure 3.18 shows that fibroblasts from asthmatic subjects (panel b) displayed
a protomyofibroblastic phenotype with evident stress fibers (white arrowheads) and a
flat cytoplasm. The aSMA staining (white arrows) confirmed the myofibroblastic
nature of most of the asthmatic fibroblasts. Cells obtained from healthy subjects
instead resembled morphologically bona fide fibroblasts with fewer aSMA-positive
cells. Interestingly, in the asthmatic fibroblasts (panel b) is possible to identify cells

with stress fibers that are negative for aSMA (white arrowheads).

3.3.3. aSMA expression: flow cytometric analysis.

In order to quantify the differences in terms of aSMA expression between normal
and asthmatic fibroblasts, flow cytometric analysis was performed. At the same time
the possible role of the ECM was also analysed. Sixteen subjects (8 healthy controls
—HC- and 8 asthmatic subjects —AS-) were recruited for this study. Fibroblasts
obtained from bronchial biopsies were plated onto 24 well trays, coated with
collagen type 1, fibronectin, laminin or charged plastic alone at 5x10%/well and grown
until 80% confluent. Cells were then serum starved for 24 hours before being fixed
and stained for the flow cytometric analysis of aSMA expression as detailed in the
Methods section. Figure 3.19 shows that on uncoated charged plastic, aSMA
expression was significantly increased in the AS group when compared with the HC
group (12.1+7.3 vs 40.3+ 15.8, p=0.004). With all the ECMs tested the situation was
similar albeit with slightly different values of significance (i.e. with laminin p =
0.010). When comparing the effects of the ECM within the same groups it was
interesting to note that laminin failed to reach statistical significance in the AS group
(plastic vs laminin; . 46£15.9 vs 28.2+15.6, p=0.069). The fibroblasts grown on
collagen type I and fibronectin behaved similarly.
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Figure 3.18

Morphological appearance of HC
and AS fibroblasts
T AL NI v

aSMA FITC-conjugated Ab as specified in the Methods section. Phase contrast and fluorescent
images were then overlayed. Bar=100 um. The figure shows that asthmatic fibroblasts displayed
a proto-myofibroblastic phenotype with stress fibers (arrowheads) and a flat cytoplasm. The
aSMA staining (arrows) confirmed the myofibroblastic nature of most of the asthmatic
fibroblasts. Cells obtained from HS instead resembled morphologically bona fide fibroblasts
with fewer aSMA-positive cells.
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Figure 3.19

aSMA expression in normal and asthmatic
fibroblasts
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Fibroblasts obtained from 8 HC (white boxes) and 8 AS (grey boxes) were fixed and stained for flow
cytometric analysis of SMA expression as detailed n the Methods section The results are displayed as a box
plot showing median, interquartile range and 5-95% confidence intervals from 8 HC (white circles) and 8 AS
(greved triangles). P values are reported above the plots. AS vs HC differences were analysed by Mann
Whitney Utest, whereas ECM effects within the same group by Wilcoxon Signed Rank tests.
On uncoated plastic, wSMA expression was significantly increased in the AS group when compared with the
HC group (9.5+/-7.3 vs 46+/-15.8, p=0.004). With all the ECMs tested the situation was similar albeit with
slightly different values of significance (1.e. with laminin p was 0.010).
When cotrparing the effects of the ECM within the same groups it was interesting to note that laminin failed
toreach statistical significance in the AS group.
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3.3.4. Conclusions

My results show that primary human bronchial fibroblasts obtained from
asthmatic subjects presented a higher number of cells committed to a myo-
fibroblastic  differentiating lineage when compared with healthy controls.
Interestingly, both subclasses of the myofibroblast phenotype, the proto-
myofibroblasts and the differentiated myofibroblasts, were present in asthma-derived
fibroblasts, whereas the proto-myofibroblasts seemed to be missing from the healthy
controls, suggesting that it may be this subclass that is responsible for the high
numbers of differentiated myo-fibroblasts found in asthmatic subjects.

Pertinent to asthma, we know that parenchymal fibroblasts release RANTES
and eotaxin upon stimulation with TNF-B (Teran et al., 1999). Interestingly, low
concentrations of IL-4, but not IFN-y, synergise with TNF-B to release eotaxin in
amounts that far exceed that observed with epithelial cells. These data suggest that
Th2 cytokines, in particular IL-4, released in the bronchial tissues in asthma may
polarise lung fibroblasts to produce substantial amounts of eotaxin in asthmatic
lungs. Lung fibroblasts also express mRNA for other eosinophil activating
chemokines, including MCP-3 or MCP-4, upon stimulation with TNF-p (or IL-4
(Teran et al., 1999). Additionally, human lung fibroblasts synthesize IL-6 and MCP-
1 upon stimulation with IL-4 or IL-13. MCP-1 expression is increased in asthmatic
airways and may be involved in the activation and the recruitment of macrophages
and basophils. Finally, fibroblasts are a potential source of GM-CSF and stem cell
factor known to promote differentiation, activation and survival of eosinophils and
mast cells, respectively. More recently, it has been shown that incubation of human
bronchial epithelial cells with TGF-betal induces de novo expression of aSMA and
increased formation of stress fibers (Zhang et al., 2009). Moreover, bronchial
fibroblasts from asthmatic subjects display, in vitro, a high potential to differentiate
into myofibroblasts (Wicks et al., 2006; Michalik et al., 2009)

In my experiments, ECM did not seem to play a significantrole in fibroblast
differentiation with the exclusion of laminin that caused a decrease in the number of
myofibroblasts in both normal and asthmatic cells. As stated in the previous chapter,
fibroblasts are the main cell type responsible for the production of the ECM and
therefore it is plausible that these cells form their own matrix once in culture. This
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could explain the absence of any real significant difference with the different ECMs
tested.
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3.4. RESPONSE OF FIBROBLASTS TO RV16-INFECTED
EPITHELIAL CELLS CONDITIONED SUPERNATANTS.

Apart from the immediate pro-inflammatory consequences of infection with
RV, it is unclear whether infection also influences the process of airway wall
remodelling. For some time, a relationship between severe viral induced bronchiolitis
and persistent wheezing in children has been known (Sigurs 2002), but a clear causal
link has not been established. However, with RV infection, subjects with asthma do
demonstrate evidence of prolonged and increased tissue inflammation compared to
normals (Fraenkel et al., 1995). While acute virus-induced exacerbations increase
airway inflammation, subjects have persistently lower lung function after this has
returned to baseline compared with asthmatics with non-virus triggered
exacerbations (Wark et al., 2002). Infection of airway epithelium by rhinovirus (RV)
is the most common cause of asthma exacerbations in both children and adults
(Lachowicz-Scroggins et al., 2010) leading to increased lower airway inflammation
and increased bronchial responsiveness (Wark P et al., 2005). In fact, infection of
airway epithelial cells induces the production of a number of mediators involved in
inflammatory and immune processes that may exacerbate airway inflammation
(Zaheer et al., 2009).

Primary human bronchial epithelial cells (PBECs) exposed to RV show
interleukins release as IL8, IL-6, IL1p, of IFN-B, granulocyte macrophage colony —
stimulating factor (GM-CSF) , TNFa, RANTES and IP-10 (Wark et al., 2007; Korpi-
Steiner et al., 2010). Human RV infection affects the upper and lower airway and
induces the release of elevated levels of monocyte chemoattractant protein 1 (MCP-
1) after infection (Korpi-Steiner et al., 2010). Previous studies of RV infection of
PBECs have shown virus specific induction and release of RANTES or CCL5
(Schroth et al., 1999). RANTES is a chemoattractant for eosinophils recruitment,
which may represent a central event in the pathogenesis of virus-induced asthma
exacerbations (Papadopoulos et al 2001). RANTES is probably not specific to viral
infections, since its expression is dependent on viral replication (Bedke N et al.,
2009).

The mediator showing the strongest response to RV-16 infection is interferon
gamma-inducible protein 10 (IP-10) (Spurrell et al., 2005). IP-10 is a chemokine

ligand with a close link to RV replication, but it is not dependent on prior induction
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of type 1 interferons (Spurrell JC 2005). Induction of IP-10 gene expression by RV-
16 depended on activation of NF-kB and levels of IP-10 correlated with symptom
severity, viral titer as well as with elevated numbers of lymphocytes in airway
secretions (Korpi-Steiner et al., 2010). Subjects with virus-induced acute asthma
show high levels of IP-10 and IL-10 mRNA expression in sputum correlated to
MRNA expression of TLR2 and TLR3, underlining that signalling via TLRs may
play an important role in mediating airway inflammation (Wood LG et al 2010). The
presence of RV was associated with increased levels of IP-10 in bronchoalveolar
lavage (BAL) of patients with serious acute respiratory illness (Sumino KC et al.,
2010) and serum IP-10 was proposed as a biomarker of human rhinovirus infection
and exacerbation of COPD and asthma (Wark et al., 2007, Quint JK et al., 2010).
Moreover, IP-10 may be induced by fragments of the extracellular matrix component
hyaluronan utilizing the NF-kB pathway, suggesting the emerging role of airway
epithelium as a regulator of local inflammation and immune responses (Boodoo et
al., 2006).

In addition to up-regulation of genes related to inflammation, infected PBEC
cells of asthmatic subjects reveal a higher expression of genes related to airway
repair and remodelling, along with a lower expression of an interferon response gene
(IF144) and tumor suppressor genes microseminoprotein beta (MSMB) (Bochkov et
al., 2010).

In vitro studies demonstrate that bronchial fibroblasts are also involved in the
response to RV infection by producing transient mRNA for IL-8, IL6 and TNFa and
a more sustained production of RANTES gene expression (Bedke et al., 2009).
Moreover, fibroblasts, rather than the epithelium, may play a key role in VEGF

mediated vascular responses after rhinovirus infection (De Silva et al., 2006).

3.4.1. Aims.

Epithelial mesenchymal signalling plays a critical role during embryonic
development. It is also implicated in controlling normal cellular homeostasis in adult
tissues and is activated in response to injury. As rhinoviruses (RV) are associated

with asthma pathogenesis, | postulated that epithelial infection with RV results in
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production of soluble mediators that stimulate inflammatory or remodelling
responses in bronchial fibroblasts.

In order to verify this hypothesis, | set up a simple culture model where
fibroblasts were exposed to conditioned media obtained by PBEC infected with
RV16. Eighteen subjects (6 healthy controls —-HC- and 12 asthmatic subjects —AS-)
were recruited for this study. Fibroblasts obtained as outgrowths from bronchial
biopsies were plated onto 24 well trays, coated with collagen type I, at 5x10%/well
and grown until 80% confluence. Cells were then serum starved for 24 hours before
being treated with conditioned media that were UV irradiated to prevent direct
infection of the fibroblasts with RV (CM-RV, diluted 1:4 in Ultraculture). These
conditioned media were initially obtained from a single HC donor of PBECs infected
with RV-16 at MOI of 2 for 24 hours; non-infected epithelial conditioned medium
(CM-SFM, diluted 1:4 in Ultraculture) was used as control. However, in order to
verify possible differences in fibroblast responses following exposure to media
conditioned from PBEC obtained from either healthy subjects or asthmatic patients, a
second set of experiments was designed where conditioned media were obtained by
pooling media acquired after infection of six different PBEC cultures obtained from
healthy subjects and six from asthmatic subjects. In both sets of experiments, after 24
hours, the conditioned media from the fibroblasts were collected, aliquoted and
stored at -80°C until the cytobead array assay while the cells were harvested, lysed
and prepared for mRNA analysis. Myofibroblast differentiation was assessed by
induction of aSMA, CTGF and COL1A1 gene expression determined by real-time
quantitative RT-PCR, while proinflammatory responses were determined using BD

cytobead arrays.

3.4.2. aSMA expression: flow cytometry and tagman

analysis.

Treatment of fibroblasts, obtained from 6 HC and 6 AS, with conditioned
medium from virally infected epithelial cells had no significant effect on induction of
aSMA at both mRNA or protein expression level (data not shown). This is
surprising, considering that infection of bronchial epithelial cells with RV-16 has
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been shown to determine a significant increase in TGF-f, mRNA and protein
(Dosanij 2006). In fact, considering the potent differentiating effect of TGF-B2 on
fibroblasts (Wicks et al., 2006), | was expecting that conditioned media obtained
from PBEC after RV-16 infection would cause a significant change in aSMA
expression. For this reason, it would be important to evaluate TGF-2 expression in
PBEC conditioned media at both transcriptional and translational levels during future

studies.

3.4.3. CTGF and COL1A1 gene expression.

To determine whether conditioned media from virally infected normal and
asthmatic epithelial cells could promote an increase of a remodelling response
independent from oSMA expression, induction of CTGF and COL1Al gene
expression were determined by real-time quantitative RT-PCR. Figure 3.20 shows
that treatment of fibroblasts, both normal and asthmatic, for 24hrs, with conditioned
media from virally infected normal or asthmatic epithelial cells had no significant
effect on gene expression when compared to baseline levels. Based on these data, we
could hypothesise that there was no increase in the number of subepithelial
myofibroblasts nor in the deposit of interstitial collagen. This confirmed what was

suggested by the aSMA expression data.

3.4.3. Cytokines release: Cytobead arrays

Subsequently, we decided to investigate whether RV-16 conditioned media
could cause a change in pro-inflammatory cytokine release by fibroblasts. Eleven
chemokines and cytokines, of particular relevance in lung chronic inflammatory
diseases, were studied: IP-10, MCP-1, MIG, RANTES, IL12, TNFa, IL10, IL6, IL1p
and IL8. The cytobead array procedure is detailed in the Methods section. Figure
3.21 shows a typical example of a FL2 vs FL3 dotplot for a chemokine cytobead
array. Figure 3.22 shows a few time-course curves graphs relative to I1L-6, IL-8,
RANTES and IP-10 levels in RV-16 infected epithelial conditioned media. These
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experiments were necessary to evaluate the more appropriate infection time point for
the successive experiments on the fibroblasts. Based on these results a 24 hours time

point was considered appropriate.
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Figure 3.20

Colll and ¢cTGF mRNA expression in HC
and AS fibroblasts.
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Fibroblasts obtained from 6 healthy controls (HC, light blue boxes) and 12 asthmatic subjects (AS,
dark blue boxes) were exposed to conditioned media acquired by PBEC from healthy controls (CM-
RV HC) or asthmatic subjects (CM-RV AS) infected with RV-16 at MOI of 2 for 24 hours. Non-
infected epithelial conditioned media (CM-SFM HC or AS, diluted 1:4 in Ultraculture) were used as
control of the infected conditioned media, whereas SFM represent fibroblasts that were not treated.
After 24 hours, fibroblasts were harvested, lysed, and prepped for mRNA analysis. Graphs show
CTGF and Colll mRNA levels after normalization for ubiquitin C (UBC) and phospholipase A2 (A2)
genes and relative quantification performed using the AACT method . No statistically significant
differences were observed.
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Figure 3.21
BD Chemokine Cytobead Array
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Typical FL2 vs FL3 dotplot showing the distribution of the beads in a chemokine cytobed
array.

Each cluster of beads represents a single cytokine or chemokine. The level of MFI in FL3 is
directly correlated with the protein amount released in the supernatants.

See Methods section for a more detailed description.
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Figure 3.22

Time-course graphs for cytokines release.
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Time-course curves relative to IL-6, IL-8, RANTES and IP-10 levels in RV-16 infected PBEC
conditioned media. These experiments were necessary to evaluate the more appropriate infection
time point for the successive experiments on the fibroblasts. Based on these results a 24 hours

time point was considered appropriate.
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3.4.4. Effects of RV16-conditioned media from HC PBEC on

cytokines and chemokines release by HC and AS fibroblasts.

Since we wanted to isolate the responses eventually obtained from the many
variables possibly arising with the use of PBEC conditioned media obtained from
both healthy subjects and asthmatic patients, at first we evaluated only fibroblast
responses to conditioned media acquired from a single HC PBEC. This clearly
exemplified our experimental setup making it easier to analyse the eventual
responses.

Figures 3.23 and 3.24 show that, with this experimental setup, IL6, IL8,
RANTES and IP-10 release from fibroblasts was clearly affected by the RV16-
conditioned media. In particular, it is possible to notice a more or less striking, but
always statistically significant, effect of the CM-RV for all four proteins when
compared to both CM-SFM (p <0.005) or SFM alone (p<0.05). Interestingly and
expectedly, even CM-SFM alone had a significant effect on both HC and AS
fibroblasts when compared to SFM alone, with the exclusion of RANTES.

It was not possible however to detect any statistically significant difference in
the responses of HC vs AS fibroblasts, with the exclusion of IP-10 where AS
fibroblasts released significantly lower amounts of this protein when treated with
either CM-SFM (p=0.025) or CM-RV (p=0.004) (Fig.3.24). These results are
particularly relevant especially in view of the current knowledge base already
highlighted in the introduction of this chapter.

We are omitting the results obtained with the other 7 molecules studied
because although detected, their levels were not significantly altered either by

conditioned media (both SFM or RV) or between the groups.
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Figure 3.23

Cytokines release in conditioned media-
treated fibroblasts
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Fibroblasts obtained from 6 healthy controls (HC, light blue boxes) and 12 asthmatic subjects
(AS, dark blue boxes) were exposed to conditioned media acquired by PBEC from a single
healthy control (CM-RV) infected with RV-16 at MOI of 2 for 24 hours. Non-infected
epithelial conditioned media (CM-SFM, diluted 1:4 in Ultraculture) were used as control of
the infected conditioned media, whereas SFM represent fibroblasts that were not treated.
After 24 hours, fibroblasts growth media were collected and analysed with the cytobead arrays

system. Graphs show IL6 and IL8 protein levels (pg/ml) after correction for the relative
amount of proteins found in the PBEC conditioned media.
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Figure 3.24

Chemokines release in conditioned

media-treated fibroblasts
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Fibroblasts obtained from 6 healthy controls (HC, light blue boxes) and 12 asthmatic subjects
(AS, dark blue boxes) were exposed to conditioned media acquired by PBEC from a single
healthy control (CM-RV) infected with RV-16 at MOI of 2 for 24 hours. Non-infected epithelial
conditioned media (CM-SFM, diluted 1:4 in Ultraculture) were used as control of the infected
conditioned media, whereas SFM represent fibroblasts that were not treated. After 24 hours,
fibroblasts growth media were collected and analysed with the cytobead arrays system. Graphs
show RANTES and IP-10 protein levels (pg/ml) after normalization for the relative amount of
proteins found in the PBEC conditioned media.
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3.4.5. Effects of HC and AS PBEC RV16-conditioned media

on cytokines release by fibroblasts.

As said earlier, in order to verify possible differences in HC and AS
fibroblast responses following exposure to PBEC media conditioned from either
healthy controls or asthmatic patients, a second set of experiments was designed
where conditioned media were obtained by pooling media acquired after infection of
six different PBEC cultures obtained from healthy controls or from asthmatic
subjects.

Fig 3.25 shows IL-8 and IL-6 levels in supernatants of HC and AS fibroblasts
treated with non-infected (CM-SFM) and RV16-infected (CM-RV) conditioned
media obtained from HC and AS PBEC. The concentrations in pg/ml of mediators
released by fibroblasts after conditioned media treatments (CM-SFM and CM-RV)
are corrected for the level of mediators present in the PBEC-conditioned media.

IL-8 release was significantly increased in healthy and asthmatic fibroblasts
treated with either CM-RV or CM-SFM from HC or AS PBEC when compared to
their respective SFM controls. Moreover, CM-RV treatment resulted in a statistically
significant increase of IL8 release when compared to CM-SFM in all studied
conditions. However, no significant differences were observed using CM-RV or CM-
SFM obtained from HC PBEC or AS PBEC, with the only exception that CM-SFM
induced release of IL8 in HC fibroblasts was significantly lower than CM-SFM from
AS donors. Finally, it is important to notice that the amount of IL8 released by both
HC and AS fibroblasts following CM-RV treatment was greatly increased compared
to what was released in the CM-RV by the PBEC (around 20000 pg/ml vs 3000
pg/ml).

IL6 release followed a somewhat similar pattern to what described for IL8,
albeit the overall levels were significantly lower (Fig. 3.25). Moreover, IL6 release
from both HC and AS fibroblasts following CM-SFM and CM-RV stimulation was
significantly higher in conditioned media obtained from AS PBEC.

Release of the other cytokines (IL12, TNFa, IL10, IL6 and IL1B) was not
significantly modified in all the studied conditions.
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Figure 3.25
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Fibroblasts obtained from 6 healthy controls (blue boxes) and 6 asthmatic subjects (brown boxes) were
exposed to conditioned media acquired by either HC PBEC or AS PBEC infected with RV-16 at MOI
of 2 for 24 hours (CM-RV). Non-infected epithelial conditioned media (CM-SFM, diluted 1:4 in
Ultraculture) were used as control of the infected conditioned media, whereas SFM represent
fibroblasts that were untreated. After 24 hours, fibroblasts growth media were collected and analysed
with the cytobead arrays system. Graphs show IL8and IL6 protein levels (pg/ml) after correction for
the relative amount of proteins found in the PBEC conditioned media. * = p<0.05.
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3.4.6. Effects of HC and AS PBEC RV16-conditioned media

on chemokines release by fibroblasts.

The chemokines that we studied were IP-10, RANTES, MCP-1 and MIG.
Only the first two however showed significant results. Figure 3.26 shows release of
RANTES and IP-10 by HC and AS fibroblasts untreated, treated with CM-SFM or
CM-RV obtained from HC or AS PBEC. The concentrations in pg/ml of mediators
released by fibroblasts after conditioned media treatments (CM-SFM and CM-RV)
were corrected for the level of mediators present in the PBEC-conditioned media.

Overall RANTES release from fibroblasts was much more contained than
what was previously observed with IL8 or IL6, with a maximum peak observed in
AS PBEC CM-RV treated HC fibroblasts ranging around 50 pg/ml. In HC and AS
fibroblasts, RANTES levels after treatment with either HC or AS PBEC CM-RV
were significantly increased (p<0.05) when compared to either HC or AS PBEC
CM-SFM or baseline conditions (fig. 3.26). Interestingly, it was possible to observe a
statistically significant increase of RANTES release with AS PBEC conditioned
media (both CM-SFM and CM-RV) in both HC and AS bronchial fibroblasts.

Also IP-10 release by both HC and AS fibroblasts was significantly (p<0.05)
triggered by RV16 conditioned media. However, it was not possible to demonstrate a
significant difference in the production of this protein by RV16 conditioned media
obtained by AS PBEC compared to HC PBEC (Fig. 3.26).

Finally, both RANTES and IP-10 release was not significantly altered in AS
fibroblasts compared to HC fibroblasts.

112



Figure 3.26

RANTES and IP-10 release in conditioned
media-treated fibroblasts.
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Fibroblasts obtained from 6 healthy controls (blue boxes) and 6 asthmatic subjects (brown boxes) were
exposed to conditioned media acquired by either HC PBEC or AS PBEC infected with RV-16 at MOI of 2
for 24 hours (CM-RV). Non-infected epithelial conditioned media (CM-SFM, diluted 1:4 in Ultraculture)
were used as control of the infected conditioned media, whereas SFM represent fibroblasts that were
untreated. After 24 hours, fibroblasts growth media were collected and analysed with the cytobead arrays
system. Graphs show RANTES and IIP-10 protein levels (pg/ml) after correction for the relative amount
of proteins found in the PBEC conditioned media. * = p<0.05.
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3.4.7. Conclusions.

RV infections play, without any doubt, a fundamental role in acute

exacerbations of asthma and possibly in the development of the disease. Surprisingly
however, there are little to none available data in the literature about a possible direct
effect of viral infection on airway remodelling.
My results show that conditioned media obtained from virally infected PBEC failed
to induce cell differentiation (assessed by induction of aSMA, CTGF and COL1A1l
gene expression) in fibroblasts that were obtained from both healthy and asthmatic
subjects. This appears to be in contrast with results obtained by other researchers. In
particular, in 2011, Kuo and colleagues showed that RV has the potential, both in
vivo and in vitro, to contribute to remodelling of the airways through induction of
ECM deposition. In particular, the authors reported an increase in fibronectin,
collagen | and VEGF gene expression after infection of BALB/c mice with RV-1b.
Moreover, infection of primary fibroblasts with RV-16 increased perlecan, collagen
V and VEGF deposition. RV infection did not affect fibronectin, collagen | or IV
chondroitin sulphate, tenascin, versican or elastin (Kuo et al., 2011). In this
experimental setup, however, RV infection was administered directly on fibroblasts.
Whether in vivo this occurs still remains to be proven. However, fibroblasts will
however certainly be exposed to a plethora of cytokines, chemokines and growth
factors released by the HBEC following infection with RV. As described better
above, in my experimental model, fibroblasts were not directly infected with RV16,
but they were exposed to UV-irradiated conditioned media obtained from PBEC
infected with the virus. A model this that | feel closer to what occurs in vivo.

My data suggest that epithelial infection with RV16 results in a marked
amplification of the epithelial inflammatory response by the underlying fibroblasts.
In particular, 1L-8 and IL6 release was significantly increased in healthy and
asthmatic fibroblasts treated with either CM-RV or CM-SFM from HC or AS PBEC
when compared to their respective SFM controls. Moreover, CM-RV treatment
resulted in a statistically significant increase of IL8 and IL6 release when compared
to CM-SFM in all studied conditions. The amounts of IL8 and IL6 released by both
HC and AS fibroblasts following CM-RV treatment were greatly increased compared

to what was released in the CM-RV by the PBEC. Moreover, IL6 release from both
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HC and AS fibroblasts following CM-SFM and CM-RV stimulation was
significantly higher in conditioned media obtained from AS PBEC. In HC and AS
fibroblasts, RANTES levels after treatment with either HC or AS PBEC CM-RV
were significantly increased when compared to either HC or AS PBEC CM-SFM or
baseline conditions. It was also possible to observe a statistically significant increase
of RANTES release with AS PBEC conditioned media (both CM-SFM and CM-RV)
in both HC and AS bronchial fibroblasts. Also IP-10 release by both HC and AS
fibroblasts was significantly triggered by RV16 conditioned media. However, it was
not possible to demonstrate a significant difference in the production of this protein
by RV16 conditioned media obtained by AS PBEC compared to HC PBEC.

Very few data are present in the current scientific literature about the
modulation of inflammatory response in lung fibroblasts following respiratory virus
infection. However a recent article by Val Ly and colleagues has demonstrated that
RV-16 infection of primary human lung fibroblasts determines induction of IL8 and
IL6 proteins (assessed by ELISA) that is decreased by a concurrent treatment with
dexamethasone and fluticasone (Val Ly et al, 2011).

Based on the results | obtained with this particular culture model, it seems
likely that any remodelling responses occurring following RV infection arise as a
secondary consequence of chronic inflammation rather than a direct effect of
epithelial mediators on fibroblast differentiation. However, | have to point out that in
order to have a better overall picture of these mechanisms, further studies assessing
the composition of the conditioned media obtained from the virally infected PBEC
are needed. In particular, these studies should involve assaying the conditioned

media for known fibroblast differentiating agents, such as TGF-p2.
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4. RESULTS - RESPONSES OF NORMAL
AND ASTHMATIC EPITHELIAL CELLS TO
OXIDATIVE STRESS.

41. ENVIROMENTAL STRESS AND EPITHELIAL
SURVIVAL.

4.1.1. Role of oxidants in epithelial cell death.

A number of studies have indicated roles for reactive oxygen (ROS) and
reactive nitrogen (RNS) species in the pathology of asthma both in terms of
increased burden and decreased antioxidant defenses (Morcillo et al., 1999;
Andreadis et al., 2003; Sugiura et al., 2008). A direct or a lipid peroxidation-induced
increase in ROS levels could have an enhancing effect on the inflammatory response
in subjects with asthma and chronic obstructive pulmonary disease (COPD)
(Kirkham et al., 2006). A long-standing increase in ROS and gaseous molecule nitric
oxide (NO) levels has been shown to cause RNS formation and subsequent oxidation
and nitration of proteins, possibly leading to alterations in protein functions pertinent
to airway injury and inflammation (Andreadis et al., 2003).

Airway responses have been shown to correlate with oxidant generation by
eosinophils after antigen challenge in vivo (Sedgwick et al., 1992), and neutrophil
superoxide generation correlates with BHR (Postma et al., 1988). In 2001,
MacPherson and his group, using gas chromatography-mass spectrometry,
demonstrated a 10-fold increase in 3-nitrotyrosine (3-nt) content, a marker of protein
modification by RNS, in proteins recovered from bronchoalveolar lavage of severely
asthmatic patients compared with non-asthmatic subjects. Moreover, anti-3-nt
immunostaining was shown to colocalize with eosinophils in bronchial tissue from
individuals who died of asthma (MacPherson et al., 2001).

Airway lining fluid from subjects with asthma has a lower antioxidant

capacity than fluid from normal subjects (Kelly et al., 1999; Gumral et al., 2009), and
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intracellular Cu,Zn superoxide dismutase (Cu,Zn-SOD) activity is decreased in
asthma, but could be normalized upon corticosteroid treatment (De Raeve et al.,
1997). Asthmatic individuals also display a reduction in the antioxidant enzymes that
represent a fundamental first-line defense mechanism against free radicals; these
include superoxide dismutases (SOD) and catalase, with lowest levels found in
patients with the most severe degrees of asthma (Comhair and Erzurum, 2010). A
reduced SOD activity was reported in brushed bronchial epithelial cells from patients
with asthma; this occurrence was shown to strongly correlate with BHR (Smith et al.,
1997; Siedlinski et al., 2009).

Although these studies have demonstrated altered oxidant defenses in asthma,
most of these appear to be a consequence of the inflammatory process. While it has
been hypothesized that inflammatory products could cause tissue injury and cytokine
release in asthma, leading to a self-perpetuating cycle of injury and inflammation, it
Is unclear exactly how the kind of microenvironment necessary for establishing and
maintaining the optimal conditions for persistent inflammation is created, or why are
subjects with asthma particularly sensitive to inhaled environmental stimuli.

Epidemiologic studies have demonstrated important links between air
pollutants, such as diesel exhaust particles (DEP), Oz, and environmental tobacco
smoke (ETS), in asthma pathogenesis and exacerbation (Hiltermann et al., 1998;
Bergren et al., 2009; Aubier et al., 2009; Sinclair et al., 2010); and others have shown
a strong link between diets low in antioxidants and asthma (Hatch et al., 1995; Wood
and Gibson, 2010). In contrast, in one of my previous studies (Bucchieri et al., 2002),
PBEC were taken through several generations in vitro to allow recovery from any
changes that had occurred in vivo as consequence of airway inflammation. When
tested for sensitivity to oxidants, asthmatic bronchial epithelial cells had a higher
susceptibility to oxidant injury suggesting a different underlying cause from those
suggested by the other studies. The sensitivity of asthmatic epithelial cells to
oxidant-induced apoptosis may be a key triggering mechanism that facilitates the
induction and establishment of chronic inflammatory responses. Collectively, these
observations could account for the involvement of environmental pollutants in
asthma exacerbations and provide clues to understanding the rising trend in asthma

observed over the last few decades.
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4.1.2. Cigarette smoke and airways inflammation.

The principal sources of oxidants in the bronchial airways are represented by
cigarette smoke, environmental pollution and local inflammation; exposure to
cigarette smoke (CS) is certainly one of the primary stimuli of airway inflammation
(Wood et al., 2010).

Exposure to cigarette smoke (CS) represents a considerable oxidant burden
on the respiratory epithelium, which is the first line of defense to inhaled substances.
CS, which is one of the most important indoor air pollutants, is a complex mixture of
over 4,000 different compounds, and high levels of oxidants and ROS have been
detected in both mainstream and sidestream smoke (Faux et al., 2009). It has been
estimated that there are 1014 free radicals in each puff of cigarette smoke (Rahman
etal., 1996).

A high toxicity has been observed for at least 52 components of CS: 18
phenols, 14 aldehydes, eight N-heterocyclics, seven alcohols, and five hydrocarbons
(Curvall et al., 1984). Most of these compounds are capable of generating ROS
during their metabolism. Thus, the mechanism of cigarette smoke toxicity is thought
to incorporate oxidative stress, which mediates cell death via necrosis and apoptosis,
due to the fact that cigarette smoke has been shown to cause oxidative DNA damage
and cell death (Stone et al., 1994).

Some lipophilic components of CS can enter airway epithelial cells
increasing intracellular ROS production by disturbing mitochondrial activity (Van
der Toorn et al., 2009). The oxidative damage to cellular components occurs when
The increase in ROS production causes oxidative damage in cellular components by
overwhelming their antioxidant defense mechanisms; the presence of apoptosis
confirms that this causes damage to DNA, nuclear DNA being one of the targets of
ROS (Howard et al., 1998). However, CS-mediated DNA damage can result in
uncontrolled cell proliferation and transformation (Faux et al., 2009), if the cells fail
to undergo apoptosis. CS also facilitates allergen penetration across respiratory
epithelium (Gangi et al., 2009) and is a potent source of oxidative stress, DNA
damage and apoptosis in alveolar epithelial cells by the upregulation of Fas/APO-1
receptor and activation of caspase-3 (Jiao et al., 2006). Moreover, CS is considered a
major risk factor for chronic obstructive pulmonary disease (COPD) development as
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demonstrated in animal models (Wright and Churg, 2010) and it is also considered
an important player in the pathogenesis of asthma as a trigger for acute symptoms,
modifying inflammation that is associated with this pathology (Hellermann et al.,
2002; Hu et al., 2008). Furthermore, smoking is common in asthmatic patients and it
has been found to contribute to poor symptom control (Spears et al., 2010).

The link between CS and lung inflammation is therefore quite strong;
however, relatively little is still known on the effects of CS on human bronchial

epithelial cell survival.

4.1.3. AIMS

In view of the scarcity of studies examining the effects of CS exposure on
human bronchial epithelial cell survival, the current study was designed to address
this particular issue. Since epithelial survival is also affected by the ECM, and one of
the limitations of my previous work was that the PBEC were grown on plastic, | have
also re-evaluated the effects of oxidants and cigarette smoke extract (CSE) on
epithelial cell death when cultured on different ECM components such as collagen
type I, collagen type IV, laminin and fibronectin.

More specifically, my hypotheses are:

- CS induces apoptosis in PBEC through its oxidative components.

- PBECs from asthmatic donors are more susceptible to the effects of CSE.

- Antioxidants protect epithelial cells from oxidants- and CSE-induced
apoptosis.

- ECM can modify survival of PBEC cells.

In order to test these hypotheses, PBEC were exposed to CSE and hydrogen
peroxide in the presence or absence of antioxidants and cell survival was evaluated
with the Annexin-V assay. Apoptotic mechanisms were analysed by using specific

inhibitors of caspases and AIF staining.
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4.1.4. Morphological observations: effects of H20z and CSE
on PBEC morphology.

PBEC were plated onto 24 well trays at 5x10%/well and grown until 80%
confluent. Cells were then serum starved for 24 hours before being treated with
400uM H,0, or 20% (v/v) CSE. After 0 and 24 hours phase contrast photographs of
the cells were taken with a JVC video camera.

Figure 4.1 shows that after 24 hours of treatment with H,O, (b) or CSE (c),
PBEC showed many characteristic signs of necrotic and apoptotic cell death. Cells
display a shrunken cytoplasm with fragmented nuclei (apoptosis) or a swollen

cytoplasm with enlarged nuclei (necrosis).
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Figure 4.1

Morphological appearance of PBEC after 24
hrs of treatment

PBEC were serum starved for 24 hrs before being treated with serum free medium (a), H,O, 400mM (b) or CSE
20% (c) for a further 24 hrs. Arrows indicate condensed apoptotic cells; arrowheads swollen necrotic cells;
bar = 100um.
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4.1.5. Evaluation of cell death: normal vs asthma

differences with oxidants treatment.

Twenty subjects (10 healthy controls (HC) and 10 asthmatic subjects (AS)
were recruited for this study (Table 4.1). PBEC were grown from bronchial
brushings obtained by bronchoscopy and were plated onto 24 well trays, coated with
collagen type I, at 5x10%well and grown until 80% confluent. Cells were then serum
starved for 24 hours before being treated with 400uM H,0O, for a further 24 hours.
This dose of H,O, was chosen as the most effective, based on previous dose-response
curves (Bucchieri et al., 2002). Adherent cells were then harvested with
trypsin/EDTA in Ca®* and Mg2*-free Hanks' balanced salt solution and combined
with non-adherent cells for annexin-V FACS analysis. Basal levels of viability were
similar amongst the two groups (Figure 4.2a) and there was no statistically
significant difference between the groups. The same applied for the levels of EA
(Figure 4.2b). Treatment with 400uM H,0, induced a significant decrease in viability
in both groups (p=0.011 for HS and p=0.008 for AS, N=10) (Figure 3.2a) that was
accompanied by a parallel increase in the number of early apoptotic cells (p=0.015
for HC and p=0.011 for AS, N=10) (Figure 4.2b). There was no statistically
significant difference between HC and AS. This was unexpected and in apparent
contrast with what | had already published in 2002 with the same cell model.
However, the experimental setup in 2002 was different because culture plastics had
not been coated with collagen. It could therefore be hypothesized that when PBEC
are plated on uncoated plastic they are more sensitive to cell death induction due to
loss of the hemidesmosomal structures that will normally anchor them to their
basement membrane, similarly to what happens to keratinocytes in pemphigoid
disease or in lichen planopilaris (Al-Refu and Goodfield, 2009). Experiments
performed subsequently and presented later in this chapter (paragraph 4.2; figure

4.12) seem to confirm this hypothesis.
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Table 4.1 Clinical characteristics of volunteers.

10 subjects with moderately severe asthma and 10 healthy controls were recruited.

Subject characteristics

Asthma Normal P values
Number 10 10 NA
Sex (% male) 69% 60% P=0.6
Mean age (range) 32 (21-58) 29 (24-38) P=0.4
Mean FEV1% predicted (SD) 77.3 (15.5) 110.3 (13.6) P< 0.001

Subjects with asthma had mild to moderate disease, the majority (8/10) were on inhaled
corticosteroids (ICS) and had relatively preserved lung function.

Characteristics of subjects with asthma

Number

Inhaled steroids (yes)
Mean (sd) Dose ICS
BDP/day

Mean (sd) FEV1 %
predicted

Mild intermittent

Mild persistent

Moderate persistent

2

5

3

0 4 (80%) 3 (100%)
300 (115) 617 (256)
92.4 (6.2) 86.9 (6.6) 77.7 (17.9)

Values for FEV1 as a percentage of the predicted FEV1 are given as a mean and standard deviation of
the mean. Inhaled corticosteroid dose is given as amount of beclomethasone (BDP) used per day,

expressed as the mean and sd.
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Figure 4.2
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PBEC obtained from healthy controls (HC) and asthmatic subjects (AS) were treated for 24hrs
with H,O, 400uM. Cell viability (a) and early apoptosis (b) were then evaluated with
AnnexinV staining. The results are displayed as a box plot showing median, interquartile range
and 5-95% confidence intervals from 10 HC (circles) and 10 AS (triangles).

* represents significance (p<0.02) according to Wilcoxon Signed Rank tests comparing
treatment with untreated control. There was no statistical difference in both a and b comparing
H,0, treatment between HS and AS according to a Mann Whitney U test.
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4.1.6. Evaluation of cell death: dose response curve of the

effects of CSE on PBEC survival.

PBEC obtained from 8 subjects (4 HC and 4 AS) were plated onto 24 well
trays, coated with collagen type I, at 5x10*well and grown until 80% confluent.
Cells were then serum starved for 24 hours before being treated with different
concentrations of CSE (0-30%) for 24 hrs. Adherent cells were then harvested with
trypsin/EDTA in Ca’* and Mg?*-free Hanks' balanced salt solution and combined
with non-adherent cells for annexin-V FACS analysis. The graph in figure 4.3 shows
a dose-response curve for this treatment. A 20% dose of CSE was selected for the
following experiments because it caused a significant increase in early apoptosis
without causing too many cells to become necrotic.

4.1.7. Evaluation of cell death: normal vs asthma

differences with CSE treatment.

Twenty subjects (10 HC and 10 AS) were recruited for this study (table 4.1).
PBEC obtained following bronchoscopic procedure were plated onto 24 well trays,
coated with collagen type I, at 5x10*/well and grown until 80% confluent. Cells were
then serum starved for 24 hours before being treated with 20% CSE for other 24
hours. Adherent cells were then harvested with trypsin/EDTA and combined with
non-adherent cells for annexin-V FACS analysis.

As shown in figure 4.4a, there was no significant difference in basal viability
between AS and HC. After treatment with 20% CSE, there was a decrease in
viability however PBEC from asthmatic donors were more susceptible to the CSE
treatment than PBECs from healthy controls (24.3£9.6 vs 48.5+11.9 % viable,
p=0.003). Similarly, when EA was taken into consideration (Figure 4.4b), there was
a significant increase of EA cells in the CSE treated AS group compared to the CSE
treated HS group (33.1+10.4 vs 16.7£6.9 p<0.05).
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Figure 4.3

Dose-response curve for CSE treatment
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PBEC obtained from 4 HC and 4 AS were treated with increasing doses of CSE for 24 hrs.
Viability and early apoptosis were then assessed with AnnexinV staining. The single curve points
represent median +/- SD in all 8 subjects for both viability (black circles) and early apoptosis
(white circles) levels.

* represents significance (p<0.05) according to Wilcoxon Signed Rank test comparing CSE
treatment with untreated control (0).

CSE 20% was chosen because it was the first dose to induce significant changes in EA levels.
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Figure 4.4
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PBEC obtained from HC and AS were treated for 24hrs with CSE20%. Cell viability (a) and
early apoptosis (b) were then evaluated with AnnexinV staining. The results are displayed as
a box plot showing median, interquartile range and 5-95% confidence intervals from 10 HC

(circles) and 10 AS (triangles).

* represents significance (p<0.05) according to Wilcoxon Signed Rank tests comparing

treatment with untreated control.

oo represents significance (p=0.003) according to a Mann Whitney U test comparing CSE

treatment between HC and AS.
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4.1.8. Evaluation of cell death: role of antioxidants in H202 and
CSE-induced cell death.

To evaluate the protective role of anti-oxidants, PBEC obtained from 20
subjects (10 HC and 10 AS; table 4.1) were treated with 250nM ascorbic acid (AA)
or 1ImM reduced glutathione (GSH), alone or in combination with 20% CSE or
400uM H,0,. After 24 hours, annexin-V staining was employed to determine levels
of viability and apoptosis.

Figure 4.5 shows that both GSH and AA were able to protect PBEC from
H.O, induced cell death. In particular, both antioxidants caused a significant
(p<0.01) increase in cell viability when compared to H,O, alone (figure 4.5a) with a
concomitant statistically significant (p=0.003) decrease of early apoptosis levels in
the HC group (figure 4.5b); the decrease of EA was also present in the AS group, but
this failed to reach statistical significance. There were no significant differences
between PBECs from HC or AS subjects with either antioxidant.

Figure 4.6 shows the effects of both antioxidants during CSE treatment. In
this case, AA failed to protect PBEC from either HS or AS from CSE-induced cell
death, as determined by both viability (figure 4.6a) and early apoptosis (figure 4.6b).
In contrast, PBECs from HS or AS were significantly protected by GSH from CSE-
induced cell death . In particular, GSH caused a significant increase in viability when
compared to CSE alone (p=0.005 in HC and p=0.003 in AS, figure 4.6a) and, at the
same time, EA levels dropped considerably (p<0.05 in HC and p=0.003 in AS) in the
presence of this antioxidant (figure 4.6b). Moreover, GSH treatment caused a
significantly greater (p=0.002) overall increase in viability in the AS group when

compared to the HC group (figure 4.6a).
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Figure 4.5
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PBEC obtained from HC and AS were treated for 24hrs with H,O, 400uM alone or in
association with reduced glutatione (GSH) 1mM and ascorbic acid (AA) 250nM.
Changes in cell viability (a) and early apoptosis (b) were then evaluated with AnnexinV
staining. The results are displayed as a box plot showing median, interquartile range and
5-95% confidence intervals of fold changes from H,0O, alone from 10 HC (circles) and
10 AS (triangles). * represents significance (p<0.02) according to Wilcoxon Signed
Rank tests comparing antioxidants with H,O, only. There was no statistical difference in
both a and b comparing antioxidants treatment between HC and AS according to a
Mann Whitney U test.
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Figure 4.6
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PBEC obtained from HC and AS were treated for 24hrs with CSE 20% alone or in
association with reduced glutatione (GSH) 1mM and ascorbic acid (AA) 250nM. Changes
in cell viability (a) and early apoptosis (b) were then evaluated with AnnexinV staining.
The results are displayed as a box plot showing median, interquartile range and 5-95%
confidence intervals of fold changes from CSE alone from 10 HC (circles) and 10 AS
(triangles). * represents significance (p<0.05) according to Wilcoxon Signed Rank tests
comparing GSH+CSE with CSE only. « represents significance (p<0.05) according to a
Mann Whitney U test comparing CSE+GSH treatment between HC and AS.
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4.1.9. Evaluation of cell death: role of caspases 3 and 9 in
H202 and CSE-induced cell death.

To study the molecular pathways involved in PBEC H,0, and CSE-induced
cell death, PBEC obtained from 8 subjects (4 HC and 4 AS) were treated with two
specific cell-permeable inhibitors of caspase-3 (Ac-DEVD-CHO) and -9 (Z-LEHD-
FMK), two of the most relevant components of the caspases family. PBECs were
pretreated with caspase inhibitors 30 minutes prior treatment with CSE or H,0, and
the presence of the inhibitors was guaranteed during the duration of the treatment by
a further administration of the inhibitors after the treatment with CSE and H,O..

However, as shown in figures 4.7 and 4.8, the specific inhibition of both
caspases with Ac-DEVD-CHO and Z-LEHD-FMK failed to induce any significant
protection from H,0, and CSE-induced apoptosis in both HC and AS PBEC.
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Figure 4.7

The effects of caspase3 inhibition on H202-induced apoptosis
24hrs after treatment
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PBEC obtained from 4 HC and 4 AS were treated for 24hrs with H,O, 400uM alone or in
combination with Ac-DEVD-CHO (C3i) (figure a), or with CSE 20% alone or in association
with Ac-DEVD-CHO (C3i) (figure b). Changes in early apoptosis levels were then evaluated
with AnnexinV staining. The results are displayed as a box plot showing median and 5-95%

confidence intervals of fold changes from H,0, or CSE only (a and b respectively) in both
groups.
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Figure 4.8

A The effects of caspase9 inhibition on H202-induced apoptosis
24hrs after treatment
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PBEC obtained from 4 HC and 4 AS were treated for 24hrs with H,O, 400uM alone or in
combination with Z-LEHD-FMK (C9i) (figure a), or with CSE 20% alone or in
association with Z-LEHD-FMK (C9i) (figure b). Changes in early apoptosis levels were
then evaluated with AnnexinV staining. The results are displayed as a box plot showing
median and 5-95% confidence intervals of fold changes from H,0, or CSE only (a and b
respectively) in both groups.
* represents significance (p<0.05) according to Wilcoxon Signed Rank tests comparing
CSE+C9i with CSE only.

133



4.1.10. Evaluation of cell death: expression of AIF in

normal PBEC.

Apoptosis-inducing factor (AIF) is a cell death effector molecule which
operates independently of apoptotic cascades involving caspases. In non-apoptotic
cells, an AIF precursor protein of 67 KDa is cleaved by local peptidase and becomes
a mature AIF molecule of 57 kDa, which is confined to the mitochondrial inter-
membrane space, where it functions as an oxidoreductase. Upon induction of cell
death, it migrates to the nucleus, where it contributes to chromatin condensation and
the apoptotic fragmentation of DNA (S.A. Susin et al. 1999, Daugas et al. 2000,
Granville et al. 2001). In addition to this nuclear effect, AIF remaining in the
cytoplasm accelerates the release of other pro-apoptotic proteins, such as cytochrome
¢ and procaspase-9, by targeting the mitochondria [S.A. Susin et al. 1999]. AIF has a
notable characteristic, namely, that none of these AIF effects can be blocked by
caspase inhibitors [H.K. Lorenzo et al. 1999].

To determine whether oxidant-mediated apoptosis of PBEC obtained from
healthy subjects involved nuclear translocation of AIF, we performed
immunofluorescent microscopy with antibodies specific for AIF (see Methods
section). PBEC obtained from 2 different healthy subjects were treated for 24 hrs
with or without H,0; 400 uM.

Figure 4.9 shows that, in basal conditions, PBEC express AIlF in their
mitochondria (Figure 4.9 A); hydrogen peroxide treatment caused translocation of

AIF from the mitochondria to the nuclei (Figure 4.9 B).
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Figure 4.9

AIF staining in PBEC treated with
H,0, 400nM.

PBEC obtained from 2 different healthy subjects were treated for 24 hrs with (B) or without (A)
H,0, 400 pM, collected, fixed and then stained with a primary antibody directed towards AIF. The
figure shows that, in basal conditions, PBEC expressed AIF mainly in their mitochondria (A);
hydrogen peroxide treatment instead caused translocation of AIF from the mitochondria to the
nuclei (B, green arrows).

Bar=10um
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4.1.11. Conclusions

Although many studies have demonstrated altered oxidant defences in asthma
(see introduction of this chapter), most appear to be a consequence of the
inflammatory process. However, previous experiments carried out in our laboratory
showed that primary cultures of human asthmatic bronchial epithelial cells grown in
vitro are more susceptible to oxidant-induced apoptosis than normal PBECs
(Bucchieri et al., 2002). This sensitivity of asthmatic epithelial cells to oxidant-
induced apoptosis may be a key triggering mechanism that facilitates the induction
and establishment of chronic inflammatory responses. Therefore, understanding
more about the underlying susceptibility of epithelial cells from asthmatic subjects to
environmental stress, may help to explain the why asthmatic subjects are more prone
to the effects of components of the inhaled environment.

In the present study, PBECs were treated with a 20% CSE as an additional
source of oxidative stress. After 24 hours of treatment with CSE, PBEC showed
many characteristic signs of necrotic and apoptotic cell death. Although there was no
significant difference in basal viability between AS and HC, after treatment with
20% CSE, asthmatic PBECs showed an increased susceptibility to the CSE treatment
and there was a significant increase of EA cells in the AS group treated with CSE
compared to HS. In order to evaluate the role of oxidative stress, we treated PBEC
with AA or reduced GSH and exposed them to 20% CSE or H,O, as a positive
control for oxidant-injury injury. Ax-V staining showed that the presence of AA
failed to significantly protect PBEC from CSE induced apoptosis, even though it
protected against apoptosis induced by H,0O,. These findings are consistent with
other studies showing that AA has some attenuating effect on inflammatory
processes in the lungs but it is ineffective on CS-induced symptoms (Olatunji-Bello
et al., 2008). Furthermore, there is no sufficient data available to validate a specific
role for vitamin C in the treatment of asthma (Kaur et al., 2009). In contrast with AA,
GSH significantly increased cell viability with a concomitant decrease in apoptosis
protecting both HS and AS from CSE-induced cell death.

Free radical interactions of ROS with nucleic acids, proteins, and lipids are a
cause of cell injury because they result in a whole chain of free radical reactions.

Ascorbate has the ability to terminate these reactions, acting as a stable donor in free
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radical-ROS interactions, converting into "semidehydroascorbate”, a radical ion, and
subsequently to dehydroascorbate; both of which are relatively unreactive, and not
capable of inducing cellular damage. Glutathione (GSH) is a cysteine-containing
tripeptide (y-L-Glutamyl-L-cysteinylglycine); it is one of the key players in several
enzymatic and nonenzymatic reactions necessary for protecting tissues against
oxidative stress. The thiol portion of cysteine, in its reduced state, can donate a
reducing equivalent (H'+ e-) to other unstable molecules (e.g. reactive oxygen
compounds). Following such interaction, glutathione becomes reactive itself and
creates glutathione disulfide (GSSG) by readily reacting with another reduced
glutathione; this process is possible because of the relatively high concentration of
glutathione in cells. An enzyme called glutathione reductase regenerates GSH from
GSSG. The tripeptide is directly involved in the neutralization of free radicals and
reactive oxygen species, as well as being able to detoxify various xenobiotics
through direct conjugation. While some data suggest that the protective effect of
GSH may reflect its ability to inactivate toxic substances in CSE, results obtained
using A549 cells would seem to imply that volatile substances that trigger ROS
generation are important contributors to the cytotoxic effects of CSE. Microarray
analysis has also shown that exposure to CSE results in up-regulation of many genes
involved in oxidative stress (Pierrou et al., 2007).

Canonical caspases pathways were not activated in our experimental setup in
PBECs treated with CSE or H,0O, (apoptosis, and cell death in general, are more
likely to follow the organelle dysfunction pathway, of which mitochondrial
dysfunction is the best characterized (Gross et al., 1999). The specific inhibition of
caspase-3 and -9 with Ac-DEVDCHO and Z-LEHD-FMK failed to induce any
significant protection from CSE-induced apoptosis in both HC and AS PBEC.
Instead, in the presence of oxidative stress induced by H,O, PBEC displayed a
migration of AIF from mitochondria towards the nucleus where, as already noted,
this molecule contributes to chromatin condensation and apoptotic fragmentation of
DNA. AIF would seem to be involved in acute neurotoxicity provoked by trauma,
hypoglycemia, transient ischemia and chronic neurodegenerative diseases. AlF
migration has also been observed in various experimental neurodegeneration models;
these include retinal detachment —induced photoreceptor cell death (Hisatomi et al. ,

2002), brain trauma —induced in vivo neuronal death (Zhang et al., 2002), cerebral
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ischemia (Zhu et al., 2003), and cortical neuron death in vitro, induced by exposure
to H,O, and peroxynitrite (Zhang et al., 2002). Based on our results and these
observations, it can be hypothesised that in PBECs, oxidative stress-induced
apoptosis does not follow the canonical caspase pathways, but rather depends on a
more direct mitochondrial damage pathway. Further and more detailed studies on

AIF are necessary to better analyse this alternative pathway.
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4.2 EFFECTS OF ECM ON H,0,-INDUCED CELL DEATH.

4.2.1 ECM and oxidative stress

The ECM is made up of an intricate combination of structural and functional
macromolecules, acting as a scaffold for tissue organization (Rosso F et al., 2004).
The ECM interacts with cellular receptors and with the cytoskeleton to mediate the
bidirectional flow of information between the extracellular and intracellular
compartments. This information regulates cell shape, cytoskeletal organization, cell
motility and polarity, gene expression, proliferation, as well as survival (Rozario T
and De Simone DW, 2010). Interaction with ECM from young human diploid
fibroblasts reinstates an apparently youthful state in senescent cells by restoring the
cells’ proliferative activity, mitochondrial membrane potential, recovering growth
factor responsiveness, decreasing intracellular reactive oxygen species (ROS) and
increasing telomere length (Choi HR et al., 2011). When compared with normal
basement membrane ECM, aberrant matrix proteins can induce cell proliferation and
altered morphology in both human airway epithelial cells and fibroblasts (Royce SG
et al., 2009). Moreover, epithelial cells from different epithelial tissues will die
through apoptosis if removed from their cell-matrix attachments. This phenomenon,
termed "anoikis”, was first observed in mammary epithelium (Frisch and Francis,
1994); this apoptotic process dysregulated in many debilitating and fatal chronic
diseases, such as oral squamous cell carcinoma (Bunek J et al., 2010). A similar
mechanism of apoptosis induction has also been described in primary bronchial
epithelial cells (PBECs) obtained from bronchial explants (Aoshiba et al., 1997)
while in another study, collagens | and IV, laminin, fibronectin, and vitronectin were
found to provide considerable levels of protection from apoptosis in a BEAS-2B
bronchial epithelial cell line (Wadsworth SJ et al., 2004). Nevertheless, in vivo
background apoptosis rates in intact bronchial epithelia appear to be very low
(Vignola et al., 2001), suggesting that within their normal environment, epithelial
cells receive strong survival signals that act by preventing the initiation of apoptosis.
These signals are mediated by integrins, described as ECM receptors which cluster in
multimeric complexes, called focal adhesions, recruiting kinases such as the Focal

Adhesion kinase (FAK) (Gilmore AP et al., 2009). Recent results suggest that it is
139



not cell detachment, but the proteolytic cleavage or inhibition of FAK which is a key
modulator and indicator of apoptosis in epithelial cells under oxidative stress (Mian
MF et al., 2008). Moreover, several data demonstrate that different cytotoxic
substances, such as arsenic (As), lead (Pb), acrylamide, methylisothiazolinone
(MIT), dichlorovinylcysteine (DCVC) and halothane, seem to act by downregulating
FAK tyrosine phosphorylation (Chatzizacharias NA et al., 2008). Additionally, a
prolonged oxidative stress by a ROS generator called thimerosal induces a significant
cleavage of FAK, accompanied by apoptosis, independently of anoikis in HeLa S
cells (Mian MF et al., 2008). The principal sources of oxidants in the bronchial
airways are represented by cigarette smoke (CS), environmental pollution and local
inflammation. ROS have been detected in both mainstream and sidestream smoke
(Faux SP et al., 2009), and after exposure to CS, fibroblasts show signs of oxidative
stress damage and undergo apoptosis (Baglole CJ et al., 2006). Moreover, oxidative
stress and CS exposure may trigger ECM fragmentation and elastase administration
impaired lung function and exercise capacity in superoxide dismutase (SOD 3)-null
mice (Yao H et al., 2010).

Beyond the proven role of CS in inducing ROS production by its
components, H,O; is also currently used in vitro as source of oxidative stress to
induce cell death. Considering that the extracellular microenvironment is critically
important for cell growth, survival, differentiation and morphogenesis, the aim of the
current study was to determine the role of the ECM during oxidative stress-induced
cell death.
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4.2.2 Morphological observations: PBEC grown on

different ECM components.

PBEC were plated onto 24 well trays at 5x10* cells/well and grown on
different ECM components or plastic for 96 hours; photographs were taken at 24 and
96 hrs. Figure 4.10 shows that after 24 hrs in culture, there were no substantial
differences in PBEC morphology growth on different ECMs. Cells grown on plastic
however (Fig. 4.10a), were growing slower as demonstrated by the fewer cells per
microscopic field and with a tendency to form colonies. After 96 hours (Figure 4.11)
the PBEC were confluent even though the cells on plastic were still slightly less in

number.

4.2.3. Evaluation of cell death: effects of ECM components

on H202-induced apoptosis.

Six PBEC cultures obtained from healthy control subjects were used to
evaluate the effects of different ECM components on cell survival. PBEC were
plated onto 24 well trays at 5x10* cells/well and grown on collagen type I, collagen
type IV, laminin, fibronectin (all 1pg/ml) or charged plastic (PBS) until 80%
confluent. Cells were then serum starved for 24 hours before being treated with H,0,
400uM for a further 24 hours. Adherent cells were then harvested with trypsin in
Ca®* and Mg**-free Hanks' balanced salt solution and combined with nonadherent
cells for annexin-V FACS analysis. Viability of PBECs treated with H,0, 400uM
was significantly lower when grown on plastic than on all of the ECM components
examined (Figure 4.12). In particular, the fold decrease of viability vs untreated
control was 0.34+0.25 for plastic vs 0.73+0.32 for collagen I, 0.71+0.31 for laminin,
0.93+0.21 for collagen IV and 0.59£0.30 for fibronectin (N=6, p<0.05). The levels of
early apoptosis (EA) were similar amongst the different coatings, with the exception
of the cells grown on collagen 1V (Figure 4.13) that showed a significant decrease of
EA when compared to plastic (2.7+2.52 vs 5.59+4.21, p=0.028, N=6).
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Figure 4.10

Morphological
appearance of PBEC
cultured on different
ECMs — 24 hrs

PBEC were plated onto 24 well trays and grown on charged plastic coated with PBS only (a), collagen
type I (b), collagen type IV (c), laminin (d) and fibronectin (e) all at 1pug/ml. Photographs were taken at
24 hrs. The figure shows no significant differences in growth or morphology of PBEC between the
different ECMs.; bar = 100um.
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Figure 4.11

Morphological
appearance of PBEC
cultured on different
ECMs — 96 hrs

PBEC were plated onto 24 well trays and grown on charged plastic coated with PBS only (a), collagen
type I (b). collagen type IV (¢), laminin (d) and fibronectin (e) all at 1pg/ml. Photographs were taken at
96 hrs. The figure shows no significant differences in growth or morphology of PBEC between the
different ECMs.; bar = 100um.

143



Figure 4.12
Changes in viability after 24 hrs treatment
with H,0,
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PBEC from 6 HC were grown on different ECM substrates (all at 1ug/ml) and treated with
H202 400uM for 24 hrs. Early apoptosis levels were then quantified with flow cytometry
following AnnexinV staining.

Results are plotted as fold changes from baseline SFM.

* represents significance (p<0.05) according to Wilcoxon Signed Rank tests comparing
ECMs with uncoated.
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Figure 4.13

Changes in early apoptosis after 24 hrs
trﬁatment with H,0,
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PBEC from 6 HC were grown on different ECM substrates (all at 1pg/ml) and treated with H202
400uM for 24 hrs. Early apoptosis levels were then quantified with flow cytometry following
AnnexinV staining.

Results are plotted as fold changes from baseline SFM.

* represents significance (p=<0.03) according to Wilcoxon Signed Rank tests comparing ECM
(collagenIV) with uncoated.
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4.2.4 Conclusions

The extracellular microenvironment is critically important for cell growth,
survival, differentiation and morphogenesis (Rozario and De Simone, 2010).

Many growth factors such as TGFp, fibroblast growth factor (FGF), insulin
like growth factor and hepatocyte growth factor are stored in the ECM, from where
they can be released allowing growth factors-regulated extracellular signalling to
rapidly proceed without de novo protein synthesis (Taipale & Keski-Oja, 1997).

Wadsworth and colleagues in 2004 have demonstrated that ECM
components, such as collagens | and 1V, laminin, fibronectin, and vitronectin, could
affect bronchial epithelial cell survival (Wadsworth et al., 2004). Using
commercially available PBECs and BEAS-2B cells, these authors have shown that
vitronectin for BEAS-2B cells and collagen IV for PBEC provided the strongest
survival signals. This differential response was explained as a consequence of the
differences in integrin expression profile between cultured PBEC and the BEAS-2B
cell line. Our experimental setup was very similar to that of Wadsworth and therefore
it is of no surprise that we effectively reached very similar conclusions, with collagen
IV being the most effective component in reducing H,O, induced apoptosis.

Another possible consequence of growing epithelial cells upon different ECM
components is a change in cell phenotype, that could affect the ability of cells to
maintain their cell-cell contacts and can influence cell migration (Sander et al., 1998;
Streuli, 1999).

My results show that PBEC morphology was not significantly altered by the
ECM in basal conditions and cell survival after oxidative stress was only modified by
collagen 1V. In particular, there were no substantial differences in PBEC growth
morphology on different ECMs. Cells grown on plastic however were expanding at a
lower rate as demonstrated by the fewer cells per microscopic field. Viability of
PBECs treated with H202 400uM was significantly lower when grown on plastic
compared to the ECM components examined, whereas early apoptosis levels were
similar amongst the different coatings, with the exception of cells grown on collagen
IV that showed a significant decrease of apoptosis when compared to plastic or the

other ECM components.
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It is possible to suppose a clear key role for the ECM in protecting airway
epithelial cells from cell death. These cells are able to synthesize their own matrix
but this is obviously affected by the ECM already provided to them. Changes in the
components of the airways ECM such as those occurring during inflammation may
alter survival signaling in both PBECs and fibroblasts. Therefore, when investigating
responses in the EMTU, an integrated model, where the epithelial cells and
fibroblasts are organized as closely as possible to that observed in vivo, is required
to more accurately understand the cross talk between these cell types and the impact

of epithelial injury on the overall response.
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5. RESULTS - DEVELOPMENT OF
MORE COMPLEX MODELS: TISSUE
ENGINEERING OF THE HUMAN
BRONCHIAL MUCOSA.

Early observations by Paul Weiss illustrated that blood plasma clot-cultured
fibroblasts have diverse shapes, varying from stellate to bipolar, depending on the
orientation of the blood clot’s fibrous network. This particular led Weiss to
emphasize the dynamic cell-environment interaction. In around the same period,
Warren Lewis had described stress fibers, or ‘tension striae’ in flattened
mesenchymal cells on glass coverslips. The range of variety reported by Weiss can
be found in fibroblasts in situ, while the stress fibers similar to those observed by
Lewis are seldom found in fibroblasts in situ, except during tissue activation
occurring during situations such as wound repair and fibrosis.

However, since culturing and observing fibroblasts on glass plates is
relatively simple, 2D cell cultures have paradoxically become standard practice in
research. The introduction of plastic substrata for tissue culture has further
strengthened this practice. Culture techniques involving extracellular matrices, such
as collagen or fibrin, ensure a more intricate physical environment for fibroblast
cultures, resulting in a distinctly different geometry compared to cells cultured on 2D
surfaces. A three-dimensional approach also results in enhanced cell migration
outcomes, which include not only cell translocation, but also remodelling of the
matrix. Since the complex interactions between cell clusters and the surrounding
matrix play a fundamental role in tissue mechanics, it is indispensable to fully
understand these interactions if one is to consider tissues and organs as three-
dimensional structures for any type of analysis pertinent to normal cell function and

pathology, along with tissue engineering (Grinnell 2003).
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5.1 ECM engineering

Various cell-secreted macromolecular components make up the intricate,
highly hydrated polymer gel that constitutes the three-dimensional extracellular
microenvironment.

One of these components is a fibrillar complex that has the task of diffusing
nutrients and metabolites to and from cells; this complex, termed “ECM”, is
composed of cross-linked, physically immobilized sugar and protein elements

Further components include growth factors, chemokines, cytokines and other
soluble effectors with important signaling functions, as well as membrane-anchored
molecules, donated by neighbouring cells, that have the crucial task of enabling cell-
cell communication in tissue morphogenesis.

Fibrous proteins, such as elastin, fibronectin, and laminins and collagens, and
hydrophilic proteoglycans containing large glycosaminoglycan side chains, such as
hyaluronic acid, are two of the principal ECM macromolecules.

While these components are present in the majority of ECMs, their form and
organization, as well as biochemical and mechanical properties diverge considerably
between different types of tissues. In addition to its basic functions as a solid support
structure upon which cells are organized into 3D tissues, or simply as a physical
boundary between neighbouring tissues, ECM also regulates multiple
morphogenesis-driving cellular processes, such as cell adhesion, migration,
proliferation and division, via distinct receptor-ligand interactions (Giancotti and
Ruoslahti, 1999; Kleinman et al., 2003).

Furthermore, tissue dynamics are modulated by the ECM’s binding, storing
and sequestering capabilities on soluble growth factor proteins. For the most part, the
ECM binding process involves heparan sulphate proteoglygan-related electrostatic
interactions. Morphogens can be protected from enzymatic degradation-induced
inactivation through binding, and the latter has also been reported to induce
conformational changes that optimize receptor-ligand interaction, thus increasing
biological activity in some cases. On the other hand, dynamic, bi-directional cell-
matrix interaction can be established thanks to the extracellular microenvironments’
ability to respond to cell-secreted signals, this ability being most apparent in
situations where a protelytic degradation-related degradation of the ECM is taking

place. Proteolytic enzyme secretions can selectively cleave peptide bonds of nearby
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macromolecular ECM component domains. This matrix responsiveness is a key
feature in 3D migration and matrix remodeling occurring during tissue formation,
regeneration and several pathological processes, due to the fact that ECMs frequently
serve as biophysical barriers for the cells located within . It is worth to note that non-
proteolytic strategies can also induce 3D migration, with the cell type and
microenvironmental situation determining the type of strategy (Friedl, 2004).

Essentially, proteolytic migration is induced through integrin-binding to the
ECM, occurring in concomitance with a highly localized degradation of pericellular
ECM proteins activated by cell-secreted and -activated proteolytic enzymes; these
include the matrix metalloproteinase family (MMPs) (Page-McCaw et al., 2007), in
addition to other enzyme families (e.g. serine proteases) (Lijnen, 2001).

Good progress has been made in the last decade or so in devising artificial
ECMs. Suitable materials for productive use in three-dimensional cell cultures and in
Vvivo tissue regeneration have become a reality thanks to the application of biological
recognition principles.. Nonetheless, these artificial systems can still only reiterate a
small portion of the key signalling and cell-response functions of natural ECMs, with
at least five characteristic functions remaining beyond the grasp of the synthetic
versions at the moment.

These include the near-physiological multifunctionality capabilities of the
ECM; while most artificial ECMs utilize two classes of biomolecules, the natural
ones are comprised of various different biochemical cues. Additionally, artificial
ECMs lack in the temporal complexity in signal presentation, with the time frames
and dynamics being fairly restricted in terms of longevity and complexity. Spatial
complexity represents a further shortcoming of artificial ECMs. Matrix-immobilized
3D morphogen gradients are an essential factor in tissue development and
regeneration, enabling several cell types and patterns to be spatially generated in
relation to the original signal source, as well as controlling the migration of specific
cells to specific locations. Although biomolecule gradients have been created using
hydrogel surfaces (Burdick et al., 2004; DeLong et al., 2005), to date no one has
succeeded in recreating them in artificial cell-responsive 3D ECMs. The versatility
of artificial ECMs is also hindered by the absence of a suitable feedback system to
control cell-matrix interactions. Characteristic of natural ECMs, these include, for

example, features such as proteases capable of cleaving ECM components,
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generating cleavage products that can have important signaling functions (Hamano et
al., 2003). Moreover, most artificial ECMs presently available have some cell-
specifity issues, since protease substrates of cell-responsive matrices consist of short,
linear peptides with limited specificity for particular proteases; this is not the case in
matrices composed of natural proteins. Therefore, most artificial ECMs are not
specific to particular cells or their protease secretions, respectively.

5.2. Lungs and tissue engineering

Tissue engineering has greatly progressed in the last twenty years or so,
especially with regard to replacing function in specific tissues such as exocrine
pancreas, cartilage and bone, skin and blood vessels. However, it is still lacking,
proper design models for engineering complex 3D ECM microenvironments to
understand disease progression.

In fact, the main objectives of modern tissue engineering comprise repeating
specific tissue functions for regenerative medicine and developing in vitro models of
human tissues to investigate diseases’ pathogenesis and for testing and screening new
medications before expensive clinical trials. For these objectives to be successfully
achieved, it is fundamental that the engineered models must repeat in vitro the
complex interactions existing in vivo between cells and their microenvironments.

The lungs are extraordinarily complex organs that evolved for the adaptation
of vertebrates to terrestrial life. While intrauterine development can proceed usually
in the absence of lung tissue, life after birth depends completely upon respiration,
which it is in turn dependent upon the normal architecture of the lung. The
respiratory system consists of separate anatomic regions originating in the external
nose and continuing into the nasal passages, pharynx, larynx, trachea, bronchi, lobar
bronchi, bronchioles and peripheral airways that conduct respiratory gases to the
alveoli. Gas exchanges occur across alveolar epithelial and capillary endothelial
cells. Ventilation is driven by mechanical forces dependent upon neuromuscular
activity that is precisely controlled by neurosensory inputs to maintain normal pCO2,
pO2, and pH. Lung function is completely reliant on its extraordinary structure that

exchanges millions of litres of environmental gases throughout our lifetime.
Chronic inflammatory diseases of the lungs, such as asthma, involve complex

interactions between different cell types as well as extracellular matrix remodelling,
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which, together with the mechanical environment that affects cell-cell and cell-
matrix interactions cause the pathology.

Diseases such as asthma and COPD are difficult to study in vivo using animal
models because there are too many important differences at various levels between
animal and human cells and also it is virtually impossible to draw out mechanisms or

have a great deal of control over these complex interactions.

5.3. AIMS

Our understanding of the importance of the extracellular microenvironments
in regulating cell behaviour is critical in developing our understanding of the role of
the EMTU in the pathogenesis of asthma. Thus, the availability of a good model of
human bronchial mucosa becomes therefore paramount. For this reason our aims
were to:

- design and develop a 3D outgrowth model of the human bronchial mucosa
starting from bronchial biopsies acquired during bronchoscopic procedures;

- characterise, structurally and ultra-structurally, the morphological features of
these outgrowths, by means of electron microscopy analysis (SEM and TEM),
to verify the degree of similarity of the 3D bronchial outgrowths with the
normal human bronchial mucosa;

- immunologically characterise these outgrowths by using immunofluorescence
and immunogold techniques and a panel of antibodies directed towards the
antigens usually expressed by the adult differentiated human bronchial
mucosa;

- verify the possibility to utilize these novel 3D models to undertake functional
studies to evaluate the responses of the outgrowths to environmental stress,
such as that occurring during exposure to cigarette smoke and its oxidant

components.

152



5.4. Outgrowth Model.

As reported in more details in the Methods section, bronchial biopsies,
obtained though bronchoscopy, were cut into 0.5mm?® fragments and placed onto
6.5mm Transwells, embedded in 60 pl of Matrigel™ and grown in BEGM/DMEM
10% FCS (1:1) growth medium that was added underneath the membrane (Figure
5.1). The growth medium was replaced every 48hours. The expansion of the
outgrowths was monitored with a contrast phase microscope.

At specific time points, the membranes with the outgrowths were prepared
for Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM) and Immunofluorescence.

5.5. Morphological characterisation of the human bronchial
outgrowths.

Phase contrast microscopy (PhaCo) revealed that the 3D outgrowths were
initially formed as a network of spindly cells (likely fibroblasts) and rounder cells
(possibly epithelial cells) that were growing out into the Matrigel from the biopsy
which was initially placed in the middle of the transwell system (Figure 5.2). After
10-12 days, the nylon membrane covering the bottom of the insert was completely
covered with the newly grown tissue and from that time the culture had a three-
dimensional structure. After 30 days of culture the morphological features of the
outgrowths (as observed with the PhaCo) did not change significantly. In our
experience, unless specific damaging events (eg. contamination with infectious
organisms), occurred during the culture period, and providing proper culture
conditions were maintained, we were able to grow these 3D outgrowths for more

than a year.
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Figure 5.1

Three-dimensional human bronchial

outgrowths Insert
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Schematic representation of the 3D
human bronchial outgrowth model.
Bronchial biopsies obtained during
bronchoscopic procedure, were cut
into 0.5mm3 pieces and placed
onto 6.5mm Transwells, embedded
in 50 ml of ECM Gel and grown in
BEGM/DMEM 10% FCS (1:1)
growth medium that was put
underneath the membrane. The
growth medium was changed every
48 hours. After 1, 2 and 3 months
in culture the nylon membrane was
detached from the transwell and
split in  four parts for
characterisation.
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Figure 5.2

Phase contrast observation of an outgrowth during its first 18 days in culture. During
the first stages, from the biopsy emerged mesenchymal cells, followed later by epithelial
cells. After about ten to twelve days of culture, the cells will have covered all the nylon
membrane of the insert. Subsequently, the growth will become three-dimensional.

155



5.5.1. SEM Analysis.

The next step consisted of morphological evaluation of the bronchial 3D
outgrowths using electron microscopy. Electron microscopy enabled us to study the
typical ultra-structural features of these culture models and to compare them to those
of the normal well differentiated adult human bronchial mucosa.

SEM analysis is usually limited to surfaces studies, and in our case it resulted
very useful in evaluating and screening the growth of our 3D models. As shown in
Figure 5.3, the 3D outgrowths showed a progressive development and differentiation
of their apical surface. After 10 days this surface was completely covered with
microvilli of epithelial cells (Fig.5.3 A,B and C). It was also possible to clearly
identify the cell borders. Around 20 days the apical surface started to present very
few ciliated elements (Fig.5.3 C, D and E) that represented around 40% ot the total
surface area after 30 days in culture (Fig.5.3, F, G and H). This ratio between ciliated
cells and cells with microvilli (40:60) did not change significantly after this time
point. The cilia measured around 8 um (Fig.5.3 F, orange line) which is comparable
with the normal length of cilia of the normal bronchial epithelium.

By fracturing the outgrowths layer after fixation we were also able to observe
the inner structures. Figure 5.4 A shows the presence of a complex cell network of
elongated cells underneath the epithelial cells layer in an outgrowth that has been
cultured for 32 days. The elongated, spindly elements rest on the nylon membrane of
the plastic insert and their cytoplasmic membrane is full of long processes that seem
to reach for the other cells and also for the epithelial cells above, that, in stark
contrast with the elongated cells, present tight intracellular junctions typical of
epithelial cells (Figure 5.4 B). The appearance and location of the elongated cells
instead suggest a mesenchymal/fibroblastic phenotype. It was not possible to observe
other cell types.
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Figure 5.3

20 Days 10 Days

30 Days

SEM screening during the first 30 days in culture. Formation of ciliate elements begins after around
20 days in culture and is completed after 1 month.
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Figure 5.4

SEM analysis of the outgrowths. After 30 days of culture, it is possible to observe a
complex cell layer with elongated cells (fibroblasts) growing underneath a layer of
epithelial cells.
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5.5.2. TEM analysis.

TEM analysis enabled us to have a better understanding of the structural
characteristics of the 3D bronchial outgrowth. Figure 5.5 shows a panoramic view of
a 30 days old outgrowth: it is possible to clearly identify two distinct strata, the top
one formed of two layers of epithelial-like cells, a basal and an apical one, and the
bottom one where fibroblast-like cells are dispersed in a highly organized ECM. The
two layers are separated by a well-developed basement membrane. In Figure 5.6 it is
possible to analyze the epithelial component more in details. In particular, the apical
epithelial elements present microvilli and cilia that are structurally well formed. The
basal epithelial cells are separated from the mesenchymal layer by a well-developed
basement membrane to which basal epithelial cells are attached via hemidesmosomes
(Fig.5.6 C). The latero-lateral surfaces present adhesive junctions (desmosomes,
clearly visible in fig.5.6 E) that keep the surfaces of adjacent cells well attached, and
enlargements where desmosomes are missing and where it is possible to discern exo-
and endocytosis occurrences (Fig.5.6 D).

The lower layer (mesenchymal layer) has a completely different structure
with fibroblasts dispersed in a well-defined ECM (Figure 5.7). In fig.5.7 B, it is
possible to observe high magnification details of a fibroblastic cytoplasmic process:
it 1s quite clear that the proteic material that will eventually form the ECM is
extruded into the extracellular space from caveolae-like structures present on the
cytoplasmic membrane of the fibroblasts.

It was not possible to identify any other cytotypes (such as immune or
inflammatory cells) apart from the ones already described. As better detailed in the
Discussion session of this chapter, this is another strong point of this model because

it enables study of cellular processes devoid of the presence of inflammatory cells.
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Figure 5.5

Overview by TEM of a 3D outgrowth after 30 days of culture. Clearly visible in the
apical part of this image is the stratified epithelial layer, separated, by a basement
membrane, from the layer of connective tissue with fibroblast cells surrounded by ECM.

Bar=2um
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Figure 5.6

Epithelial elements with different apical structures. Both microvilli and cilia are visible
(A), the inset shows a particular of the cilia, displaying their internal structure; in figure B,
it is possible to observe the presence of basal bodies of the ciliated structures. C shows a
well developed basement membrane to which basal epithelial cells are attached via emi-
desmosomes. In D is possible to observe an enlargement of the later-lateral surface inside
which is possible to detect exo/endocytosis of cytoplasmic materials. E shows a complete
desmosome just above the abovementioned enlargement, that keeps the latero-lateral
surfaces of two adjacent cells well attached. Bars = lum in A and 200nm in B.
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Figure 5.7

Particular of two fibroblasts from the mesenchymal layer. They appear to be
surrounded by ECM proteins (A) that, as illlustrated in figure B, are produced by the
fibroblasts themselves. The cytoplasms of the fibroblasts contain vacuoles filled with
proteic material and their cytoplasmic membranes present caveolae-like structures,
from where the assembled proteins are released into the extracellular space. Bars = lum
in A and 200nm in B.
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5.6. Immunocharacterisation.

In order to better characterize the 3D bronchial outgrowths, these were
studied by immunofluorescence, with a series of primary antibodies directed against
the main antigens of interest. See the Methods section for a detailed description of
the protocols and antibodies utilized. In particular, we used immunofluorescence and
confocal microscopy observations to characterize the outgrowths. Figure 5.8 shows
that the epithelial layers were positive for CK13 (A) and CK18 (B), whereas the
underlying fibroblast layer was positive for Collagen I (C) and Laminin (D). The
outgrowths did not express CD3, CD4, CD8, CD18, CD28, CD 45, CD64, CD68 and
MPO (markers of different kind of leukocytes, lymphocytes, macrophages and

neutrophils) and this was in accordance with the morphological observations.
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Figure 5.8

Immunofluorescence staining of the epithelial (A and B) and fibroblast (C and D) layers.
The epithelial cells resulted positive for CK13 (A) and CK18 (B), whereas the fibroblasts
expressed Collagen Type I (C) and Laminin (D). Bars = 40 um.
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5.7. FUNCTIONAL STUDIES.

As pointed out earlier, one of the main limitations of traditional cell culture
models is not being able to follow cell treatments for long time points due to the fact
that after a few days at most any cell culture would have reached confluency and
therefore the effects of whatever we want to test will be marred/biased by
physiologically occurring cell growth inhibition phenomena. The bronchial 3D
outgrowth that we have developed instead is apparently free from this limitation
given its ability to grow indefinitely. Moreover, the contemporary presence of
bronchial epithelial and fibroblast cells in their natural microenvironment puts us in
the position of being able to study the effects of medium/long term exposures on a
model that closely mimic the human bronchial mucosa and where it is actually fairly

easy to highlight eventual alteration of the EMTU.

5.7.1. Study of the effects of long term CSE exposure on 3D

outgrowths survival and differentiation.

Given the results obtained earlier in terms of effects on cell death and
survival of traditional primary cultures of bronchial epithelial cells or fibroblasts
after exposure to CSE and oxidants, our first functional evaluation of the 3D
bronchial outgrowth was carried out after stimulation with CSE.

3D outgrowths were cultured for one month, in order to let them properly
differentiate, before exposing them to CSE 15% for 21 days. This dose and time
point was decided after a preliminary experiment where outgrowths were exposed to
three doses of CSE (10, 15 and 20%) and monitored daily with a phase contrast
microscope. In this preliminary experiment no significant differences were observed
between the three doses of CSE.

During the exposure time, fresh medium containing CSE 15% or not
(Control) was added to the outgrowths every 48 hours. All the conditioned media
were catalogued and stored at -80 degree C for later studies.

Long term exposure with CSE did not cause any cell death amongst the two

cell populations. This was unexpected after the studies carried out earlier with the
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traditional cell culture models. However, the long term treatment caused a partial
remodeling of the architecture of the 3D outgrowths. In particular, the apical
epithelial cells completely lost their ciliated structures that were replaced by thick
microvilli entirely covered by mucus (Fig.5.9 A). Moreover, the fibroblast increased
their production of collagens and this resulted in a clear thickening of the basement
membrane and in a complete disarray of the fibroblast layer (Fig.5.9 B and inset).
These structural modifications are compatible with those occurring after a chronic
inflammatory insult. Interestingly though, our 3D outgrowth models are void of any

immune or inflammatory cell components, as shown earlier.
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Figure 5.9

; L R

Effects of CSE treatment on outgrowths’ ultrastructure. Outgrowths were cultured for one
month before being treated for 21 days with CSE 15%. It is possible to see the modifications to
the normal structures described earlier. In particular, the apical epithelial cells completely lose
their ciliated structures, subsequently replaced by thick microvilli entirely covered by mucus (A).
There is also an increase in the production of collagens by the fibroblasts that results in the
thickening of the basement membrane and a disarray of the fibroblast layer. Bars = 200nm in A
and lum in B.
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5.8. Conclusions.

The complexity of the mechanisms that contribute to airway remodeling is
still only partially understood. Inflammatory factors clearly play a key role in the
pathogenesis of asthma as already discussed in the introduction of this thesis, but it is
quite difficult to correctly interpret the importance of these factors in matrix
remodeling in experimental models where the true three-dimensional environment is
missing. For example, the environmental stress could determine a variation of the
remodeling response by coordinating cell responses to stress itself (Swartz et al.,
2001). Moreover, two-way cell-cell communications are fundamental in mediating
remodeling responses, as PBEC and fibroblasts could each “see” stress differently
and therefore play different roles in ECM remodeling. The 3D ECM is therefore
critical for the modulation of a stress environment for the cells that reside in it, and
thus the full role played by environmental stress in the remodeling of the airways
cannot be determined in the absence of a proper 3D tissue environment.

For these reasons, | have established a novel in vitro model, mimicking the
bronchial mucosa, that could result particularly useful in the study of the
pathogenesis of lung diseases such as asthma, where the importance of alterations of
the EMTU has already been suggested but not yet fully understood.

My results show that during the culture period, the outgrowths displayed a
progressive development and differentiation of their apical surface that after one
month in culture was completely covered with well formed microvilli and cilia; the
ratio between ciliated cells and cells with microvilli (40:60) did not change
significantly after this time point. The cilia were properly functional and measured
around 8§ pm which is comparable with the normal length of cilia of the human
bronchial epithelium. Underneath the epithelial cell layer, it was possible to observe
a complex network of elongated cells showing a typical mesenchymal/fibroblastic
phenotype. The epithelial layer was formed of two layers, a basal (positive for CK13)
and an apical one (that expressed CK18), and it was separated from the fibroblastic
layer by a well-developed basement membrane to which basal epithelial cells were
attached via hemidesmosomes. The latero-lateral surface of the epithelial layer
presented adhesive junctions (desmosomes) that were keeping the surfaces of
adjacent cells well attached; in enlargements where desmosomes were missing, it

was possible to observe exo- and endocytosis occurrences. The lower (mesenchymal)
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layer showed a completely different structure with fibroblasts dispersed in a well-
defined ECM (expressing collagen type | and laminin) whose proteic components
were clearly extruded into the extracellular space from caveolae-like structures
present on the cytoplasmic membrane of the fibroblasts. No other cytotypes (such as
immune or inflammatory cells) were found, and the immunostaining results
confirmed this since the outgrowths did not express CD3, CD4, CD8, CD18, CD28,
CD 45, CD64, CD68 and MPO.

This model offers the possibility to conduct long term experiments, to
evaluate interactions between different cell populations in a three-dimensional
environment and to administer exogenous molecules. My data demonstrate that long
term exposure to CSE did not cause any cell death amongst fibroblasts and epithelial
cells. However, the long term treatment caused a remodeling of the architecture of
the 3D outgrowths, with a complete loss of cilia (replaced by thick microvilli) from
the apical epithelial cells and enhanced secretion of mucus that completely covered
the microvilli. The fibroblasts instead increased their production of collagens and this
resulted in a thickening of the basement membrane as well as in a complete disarray
of the fibroblast layer. These structural modifications are comparable to those
occurring after a chronic inflammatory insult. However, as stated above, the 3D
outgrowth models are void of any immune or inflammatory cells and this would
suggest that these cells might not be required for priming tissue remodeling after a

long term exposure to CSE.

169



6. FINAL DISCUSSION

The main aim of this thesis was to investigate epithelial mesenchymal
signalling in in vitro models of asthma, with particular attention to environmental
influences. Our hypothesis was that epithelial susceptibility to environmental injury
and a prolonged tissue repair response might result in activation of the EMTU,
therefore promoting airway wall remodelling. In order to test our main hypothesis,
we carried out our first experiments using primary cultures of human PBEC and
bronchial fibroblasts obtained from both HC and AS. The choice of these cell culture
models was dictated by the limited availability at that time of more complex and well
characterised models of the human bronchial mucosa. Moreover, primary cell
cultures have many advantages compared to cell lines, including the ability to
preserve their original phenotype in vitro for many generations, observed during our
earlier studies (Bucchieri et al., 2002), as well as the possibility of studying disease-
related modification by using cells obtained from different groups of patients (i.e. AS
and HC), etc.

Using these models, in this thesis, we demonstrate that there are several
differences in bronchial epithelial susceptibility to environmental injuries (such as
those induced by CS, oxidative stress and RV infection) and this translates into
varying effects on fibroblasts. In particular, we found that AS PBEC are more
susceptible to CSE-induced cell death, and that GSH is more effective in rescuing
cells from CSE-induced apoptosis in the AS group. We also demonstrated that
oxidant- or CSE-induced cell death in PBEC does not follow the canonical caspase
pathways, but rather depends on a more direct mitochondrial damage pathway, and
that apoptosis of these cells is dependent on the ECM components, with collagen IV
being the most effective in sustaining higher levels of viability. Using the same cell
model, we also found that infection of AS PBEC with RV-16 determined a
statistically significant decrease in apoptosis when compared to infection of HC
PBEC, and, consequently, that RV duplicates more efficiently in AS PBEC,
determining higher rates of infection in AS.

In bronchial fibroblasts, we found that ECM was important in defining
fibroblast activity and that collagen type | and fibronectin in particular determined a

significant increase in adhesion rates, while laminin reduced differentiation of
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fibroblasts into myofibroblasts. We also found that AS fibroblasts expressed more
aSMA than HC fibroblasts; however, no significant difference in terms of fibroblast
differentiation was found when different ECM components, relevant to asthma
pathogenesis, were studied. Finally, we designed a sequential exposure experiment
where bronchial fibroblasts were exposed to conditioned media obtained from PBEC
infected with RV16; this resulted in a marked amplification of the epithelial
inflammatory response by the underlying fibroblasts mainly due to increased release
of IL8, IL6, RANTES and IP-10, and we concluded suggesting that any in vivo
remodelling responses, following a RV infection, arise as a secondary consequence
of chronic inflammation, rather than as a direct effect of epithelial mediators on
fibroblast differentiation.

Primary cultures or cell lines still represent the most commonly used in vitro
human models to study responses of cell systems to specific stimuli. However, the
main limitations of these models are the absence of the extracellular components and
the loss of proper cell-cell communication that arises from the former. In fact, in our
first experiments we studied the responses of the single cell type, and while this
approach can sometimes be useful to isolate specific factors of interest, we could not
properly evaluate the cell-cell interactions whose modifications are at the basis of the
development of complex diseases such as asthma and COPD. The use of relatively
simple sequential exposure models, such as the one that we employed to study the
responses of bronchial fibroblasts to the conditioned media released by the PBEC,
can only partially address this issue. Furthermore, in these experiments, the epithelial
cells were undifferentiated, and so did not have the benefit of protection by the
epithelial mucus secretions and the physical barrier formed by the epithelial tight
junctions. For this reason, in the second part of our project, we were constantly
driven by the need to develop better and more complex in vitro models of the human
bronchial mucosa. In the last few years this necessity has been motivating other
groups, as evidenced by the progressively increasing number of publications on this
regard. Of particular interest, in the field of tissue engineering of the lung, is the
research work by Huh and colleagues on the alveolar-endothelial membrane, or more
anatomically relevant to the objective of this thesis, the research by Choe and
colleagues on human bronchial airways. In the latter paper, the Authors developed a

tissue-engineered human airway wall model, where differentiated bronchial epithelial
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cells were sitting on top of a collagen gel containing lung fibroblasts. Lateral
compressive strain was then applied using a novel straining device and responses
studied in terms of ECM remodelling. Their interesting results showed that dynamic
strain induced increased deposition of collagen type 11l and 1V as well as secretion of
matrix metalloproteinase-2 and -9. Their conclusion was that “in a physiologically
relevant three-dimensional model of the bronchial wall, dynamic compressive strain
induced tissue remodeling that mimics many features of remodeling seen in asthma,
in the absence of inflammation and dependent on epithelialfibroblast signalling”
(Choe et al., 2006).

In this experimental model however, bronchial epithelial cells and fibroblasts
were first cultured separately and then co-cultured in an artificial collagen gel. This
model, along with recently employed similar ones, is limited by the fact that the
ECM is artificially laid out, the cells are already phenotypically modified before to
even enter the three-dimensional system, and their life is quite short and therefore is
not possible to undertake long-term experiments. In our model instead, both PBEC
and fibroblasts outgrow autonomously from a bronchial biopsy into a3D gel
(Matrigel), whose composition is very similar to that of the normal ECM of the
bronchial airways. Moreover, after the initial expansion phase, fibroblasts start to lay
out a newly formed ECM that is architecturally and structurally compatible with that
of the human bronchial airways. In the meantime, the PBEC start differentiating
because of the air-liquid interface, and after around 30 days of culture the outgrowths
present a properly differentiated bronchial epithelium, separated, by a functional
basement membrane, from a newly constituted lamina propria where fibroblasts lay
the ECM.

However, in our model there are two limitations. First of them is the complete
absence of the immune cells, and the second being the lack of circulation. The latter
could be easily overcome by the employment of microfluidics (as seen in Huh et al.,
2010), while the former may be considered an advantage, giving us the opportunity
to selectively add, whether in the epithelial or in the mesenchymal layer, cytokines,
chemokines or any other factor whose effects one might want to research. In our
case, this lack of any immune or inflammatory elements has permitted us to verify
that after a long-term exposure to CS, the newly formed bronchial mucosa undergoes

a series of morphological changes (such as thickening of the basement membrane,
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loss of ciliated cells, increase of mucus production, disarray of the lamina propria)
typical of the inflamed and remodelled mucosa seen in chronic inflammatory lung
diseases, but without immune cell intervention.

In the last few years, based on the increased knowledge of the allergic
pathways of asthmatic inflammation, a number of new molecules have been
identified as potential targets for the development of novel therapeutic strategies for
asthma. Leukotriene modifiers (lwona and Tomasz, 2008; Duroudier et al., 2009),
IgE blockers, such as omalizumab (Babu et al., 2001; Bullerkotte et al.,
2010), Mepolizumab, a monoclonal antibody directed to IL-5 with dramatic effects
in reducing circulating and lung eosinophils (Flood-Page et al., 2007; Nair et al.,
2009; Haldar et al., 2009), humanized or human blocking monoclonal antibodies
against 1L-13 or the shared IL-4ra (Corren et al., 2010; Wenzel et al., 2007), TNFa
blockers such as etanercept (Berry et al.,, 2006; Morjaria et al., 2008),
immunosuppressant  drugs (Polosa and  Benfatto, 2009) and allergen
immunotherapy (Canonica et al., 2009) have all produced excellent results in
research laboratories, only to fail more or less disappointingly in clinical application.

With all these overall negative results, it becomes legitimate to wonder
whether the main pathogenetical hypotheses followed so far might be flawed in one
way or another. Certainly, simple allergen sensitization and challenges in animals are
very far from the reality of clinical asthma (Wenzel and Holgate, 2006) and the only
animal in which asthma occurs naturally, the cat (Reinero et al., 2009), has not yet
been explored as a potential model system. Greater attention should therefore now be
given to the development of novel and more accurate in vitro systems of the
bronchial airways to be used as baseline models in which to replicate the structural
and biological features of asthma.

Recently, in both asthmatic biopsies and in an in vitro model of differentiated
bronchial epithelium, a defect in epithelial tight junction formation, associated with
impaired barrier function, has been reported (Holgate, 2007). In asthmatic subjects,
the bronchial epithelium is also more sensitive to oxidant stress (Bucchieri et al.,
2002), and it does not generate IFN-B and IFN-A in response to virus infection (Wark
et al., 2005). Therefore, most of the inflammatory and structural responses that occur

in chronic asthma could be the consequence of a defective epithelium, in turn leading
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to a chronic wound reaction to recurrent environmental damage (Swindle et al.,
2009).

The discovery that many asthma-susceptibility genes, recently identified
through positional cloning and genome-wide association studies, are expressed by
epithelial cells and bronchial fibroblasts, further adds to our paradigm that assigns to
the EMTU a central role in the pathogenesis of asthma (Cookson, 2004; Holgate et
al., 2007). Moreover, the majority of the most frequent risk factors responsible for
the development, exacerbation and chronicity of asthma, such as irritants (household
and industrial chemicals), environmental tobacco smoke, respiratory viruses and
certain bacteria (Chlamydia and Mycoplasma), active allergens (from house dust
mite, fungal and pollens), as well as environmental pollutants (ozone, nitrogen
oxides), act through the EMTU (Eder et al., 2006; Nadeem et al., 2008). One
possible example of gene-environment interactions involved in asthma pathogenesis
is the finding that the asthma susceptibility gene, ADAM33, which is expressed in
mesenchymal cells undergoes ectodomain shedding in the presence of TGF-B2
(Puxeddu et al 2009). In this study, it was postulated epithelial susceptibility to
injury would lead to an increase in epithelial TGFB2 release which would drive
ectodomain shedding of the ADAM33 metalloprotease leading to a disease-related
gain of function involving increased angiogenesis. Understanding the complex
interactions between epithelial susceptibility genes and the environment and how this
impacts on the EMTU should be a focus of future research.Our final finding, that
most of the typical features of a chronically inflamed mucosa can be reproduced in
our 3D in vitro model without the presence of the cells naturally considered
responsible for these modifications, seems to confirm this paradigm.

Unfortunately, due to the large number of experiments that were performed
for the first part of this thesis, and to the long time necessary to first develop and then
characterise the 3D outgrowth model, little time was left during the course of this
PhD study for functional studies using this model. Future work will therefore be
focused on repeating most of what we have already done on the primary cultures
(RV infection, oxidative stress and eventual protective effect of antioxidants), on the
3D outgrowth model. It would also be of great interest to apply the outgrowth model
to other tissues in order to study other diseases, where, similarly to asthma, little is

known about the true interactions between resident and immune cells. The model is
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particularly relevant to COPD pathogenesis and would be of great interest for studies
of cystic fibrosis. Furthermore, it would be of interest to test whether similar models
of the enteric mucosa can be developed and used for the study of the pathogenesis of

the celiac disease that shares some similarities with asthma.
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