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Cellular Interactions of Airway Smooth Muscle and Human Lung Mast Cells

Lucy Woodman

Abstract

Asthma is characterized by variable airflow obstruction, airway hyperresponsiveness (AHR),
inflammation and remodeling. Mast cells (MC) co-localise to airway structures such as epithelium and
airway smooth muscle (ASM) - the latter is a key determinant of AHR. Our group has reported that the
CXCL10/CXCRS axis is important in MC migration towards ASM, MCs adhere to ASM predominately
via CADM-1 and this interaction promotes MC survival and proliferation. Whether there are other
important mechanisms driving MC localization, ASM migration, and how MCs affect ASM
differentiation is uncertain.

We sought to examine i) chemokine concentrations in airway secretions in eosinophilic bronchitis
(EB), and asthma, and their effects on MC migration ii) CCR3 mediated ASM migration, iii) effects of
MC—-ASM co-culture on ASM differentiation.

Bronchoalveolar lavage (BAL) CXCL10 and CXCL8 concentrations were increased in subjects with
EB compared to asthmatics and controls; were chemotactic for MCs and was attenuated by CXCR1 or
CXCR3 inhibition. CCL11 mediated ASM migration and wound healing, but had no effect on
proliferation or survival. Co-culture with B-tryptase or MCs degraded CCL11, and inhibited CCL11-
mediated ASM migration. In vitro co-culture of ASM cells with B-tryptase or MCs increased ASM-
derived TGF-B1 secretion, a-smooth muscle actin (a-SMA) expression and agonist-provoked
contraction. Promotion to a more contractile phenotype was inhibited by leupeptin and TGF-f1
neutralization, suggesting ASM differentiation was driven by the autocrine release of TGF-B1 in
response to B-tryptase. Importantly, in vivo, in asthmatic bronchial biopsies, intensity of a-SMA
expression was strongly related to the number of MCs within or adjacent to ASM bundles.

In conclusion, CXCL8 and CXCL10 are important in MC migration to the epithelium, but CCL11 is
unlikely to be important in ASM migration. MCs drive ASM differentiation to a more contractile
phenotype via autocrine release of TGF-B1, which may contribute to the disordered airway physiology

in asthma.
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Introduction
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Characterisation of Asthma

111

Historical Perspective

From the time of the Greeks to the present day, the name asthma has changed
significance several times. The classification of the disease has changed even more
as physicians looked for different sets of symptoms that changed with their
theoretical concepts of causality. One of the earliest recognized treatise was
recorded in the 12" century, which was concerned with treating the disordered
airway function according to the various supposed environmental and dietary
causes (1). In the late 19" century the discussion evolved to further characterize
asthma and connect the symptoms with a variety of pathological changes in the
lung including bronchial mucosal oedema, and inflammation (2). In the early 20"
century, proposals were made to classify asthma into 'extrinsic' and 'intrinsic’
asthma based on etiology, and in the mid 20" century, subgroups of patients with
asthma were identified according to the degree and severity of the disease (3).

Currently discussion about the characterization of asthma has moved onto cluster
analysis in order to distinguish asthmatic phenotypes. Clinically important
prognostic differences identified between the phenotypes within models may
provide a reliable framework for exploratory molecular and genetic studies,

presently undermined by population heterogeneity (4).

1.1.2 Clinical Presentation and Definition

Asthma has significant genetic and environmental components, but since its
pathogenesis is not clear, much of its definition is descriptive. Based on the
functional consequences of airway inflammation, an operational description of
asthma could include that it is a chronic inflammatory disorder of the airways in
which many cells and cellular elements play a role. The chronic inflammation is
associated with airway hyperresponsiveness (AHR) that leads to the clinical
presentation of recurrent episodes of shortness of breath, wheezing, chest tightness
and coughing - particularly at night or in the early morning. These episodes are
usually associated with widespread, but variable airflow obstruction (VAO) that is
often, but not always reversible either spontaneously or with treatment (5).

As there is no clear definition of asthma phenotype, clinical characteristics that can
be measured objectively, such as atopy, airway inflammation and AHR can be used
to classify the severity of asthma. (5). Various systems have used mild, moderate
and severe to describe the severity of asthma exacerbations (6), or replaced the
use of the term mild with intermittent in order to emphasize that even patients who
have intermittent asthma can have severe exacerbations (7), and correspondingly
used the terms mild, moderate and severe persistent (5).

Clinical classification of asthma symptoms is useful when decisions are being made
about management at the initial assessment of the patient. It is important to
recognize, however, that asthma severity involves both the severity of the
underlying disease and its responsiveness to treatment. Therefore, subjects with

asthma can present with severe symptoms and airflow obstruction and be classified



as severe persistent on presentation, but respond to treatment and then be
classified as moderate persistent asthma (5).

As subjects with asthma can respond to treatment and the classification of asthma
severity by clinical features can change, recent emphasis has been placed on the
classification of asthma by level of control — defined as controlled, partly controlled
or uncontrolled. Achieving and maintaining asthma control has been emphasized as
the goal of asthma treatment (8).

Clinical control of asthma is defined as no (twice or less / week) daytime symptoms,
no limitation of daily activities, including exercise, no nocturnal symptoms or
awakening because of asthma, no (twice or less / week) need for reliever treatment,
normal or near-normal lung function (in practical terms forced expiratory volume in 1
second (FEV,) and / or peak expiratory flow (PEF) or more than 80% predicted or
best), and no exacerbations (5).

There are other measures of control, including humanistic outcomes such as the
quality of life score and satisfaction and the economic outcomes, including costs to
patients, society, health care system, and the workplace. Because of the variability
in these outcomes, it is likely that there is no single measurement that is the best
indicator of asthma control, nor will one function as a universally applicable

surrogate for all patients (9).

STEP 5
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STEP 3

STEP 2

STEP 1

theophylline

required

Initial add-on therapy:
1. Add inhaled long-acting B, agonist
Persistent poor control:
Consider trials of e increasing inhaled steroid up
Refer patient for specialist care.

(LABA) 2. Assess control of asthma: e good

theophylline, B, agonist tablet

Regular preventer therapy:
Add inhaled steroid 200 — 800 mcg /day
dose for many patients
benefit from LABA but control still
inadequate — continue LABA and increase
inhaled steroid dose to 800 mcg/day *. If

Use daily dose steroid tablet in lowest dose
providing adequate control. Maintain high dose
inhaled steroid at 2000 mcg/day *. Consider other

* 400 mcg is an appropriate starting
response to LABA — continue LABA e
other therapies, leukotriene receptor
antagonist or sustained release (SR)
e.g. leukotriene receptor antagonist, SR
Continuous or frequent use of oral steroids:

Mild intermittent asthma
Inhaled short-acting 3, agonist as
treatments to minimize the use of steroid tablets.

control is still inadequate, institute trial of
to 2000 mcg/day * e addition of a fourth drug

Table 1.1.2: Guidelines for the Management of Asthma in Adults (10)

mcg ; micrograms

* BDP (beclometasone given via a CFC-metered dose inhaler) or equivalent

A stepwise approach aims to abolish symptoms as soon as possible and to
optimize peak flow by starting treatment at the level most likely to achieve this.

Patients should start treatment at the step most appropriate to the initial severity of
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asthma. This aim is to achieve early control and to maintain control by stepping up
treatment as necessary and stepping down when control is good (10).

Evidence that non-pharmacological management is effective can be difficult to
obtain and more well controlled intervention studies are required.

Interventions introduced before the onset of asthma and designed to reduce its
incidence (primary prophylaxis) include the promotion of breastfeeding. There is
conflicting evidence as to suggest whether aeroallergen and food allergen
(particularly in pregnancy) avoidance, weaning, nutritional supplementation (fish
oils) and microbial exposure in early life assist in reducing the incidence of asthma.
Interventions introduced after the onset of disease and designed to reduce its
impact include house dust mite avoidance (in sensitized individuals), animal and
fungal allergen avoidance, but there is conflicting evidence to suggest that these
interventions are effective. Other interventions include the cessation / avoidance of
smoking, immunotherapy where a clinically significant allergen cannot be avoided
and weight reduction in clinically obese asthmatics (10).

The diagnosis of asthma in early childhood is challenging and has to be based
largely on clinical judgment and an assessment of symptoms and physical findings.
Since the use of the label ‘asthma’ for wheezing children has important clinical
consequences , it must be distinguished from other causes of persistent and
recurrent wheeze (5). Quantitative parameters of respiratory function such as
FEV, can be used effectively in most patients of 5 years of age or older (11).
Diagnostic challenges include the assessment of cough-variant asthma, exercise-
induced bronchoconstriction, and occupational asthma (6), and some symptoms of
congestive heart failure, pulmonary embolism, and cystic fibrosis (12) may also be

similar to those symptoms present in asthmatics.

Epidemiology

Asthma is a common disease and remains a significant cause of morbidity and
mortality worldwide. Despite hundreds of reports on the prevalence of asthma, the
lack of a precise and universally accepted definition of asthma makes a reliable
comparison of reported prevalence problematic. Nonetheless, based on the
application of standardized methods such as measuring FEV; or PEF to measure
the prevalence of asthma and wheezing illness in children and adults, it appears
that the global prevalence of asthma ranges from 1% to 18% of the population in
different countries. Mortality does not appear to correlate well with prevalence, and
there is insufficient data to determine the likely causes of the described variations in
prevalence within and between populations (5). In the UK, it affects 9% of children
and 5% of adults, and its prevalence continues to increase (13).

Direct costs of asthma includes costs to the NHS of £754 million a year (14), arising
from GP consultations, prescriptions, and hospital admissions. There are also
indirect costs which are more difficult to assess - such as resources lost, including a
loss of productivity from lost work days, early retirement or premature death.

Intangible costs include the impairment of the quality of a patient’s life. (15).
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Comparisons of the cost of asthma in different regions lead to a clear set of
conclusions. The costs of asthma depend on the individuals patient’s level of control
and the extent to which exacerbations are avoided. Emergency treatment is more
expensive than planned treatment. Non-medical economic costs of asthma are
substantial. Guideline-determined asthma care can be cost effective. Families can
suffer from the financial burden of treating asthma (5).

Although from the perspective of both the patient and society the costs to control
asthma seem high, the cost of not treating asthma correctly is even higher. Proper
treatment of the disease poses a challenge for individuals, health care
professionals, health care organizations, and governments. There is every reason
to believe that the substantial burden of asthma can be dramatically reduced
through efforts by individuals, their health care providers, health care organizations,

and local and national governments to improve asthma control (5).

Clinical Expression

Clinical features in adults that influence the probability that episodic respiratory
symptoms are due to asthma include;
e More than one of the following symptoms:
o wheeze, shortness of breath, chest tightness and cough,
o particularly if symptoms are worse at night and in the early morning,
o orinresponse to exercise, allergen exposure and cold air,
o or after taking aspirin or B-blockers
e Widespread wheeze heard on auscultation of the chest
e Otherwise unexplained low “ FEV, or PEF (historical or serial readings).
© Predicted normal values for FEV1 (measured in litres) and PEF are
dependent on the subject’s height, age, sex and weight.
e History of atopic disorder

e Family history of asthma and / or atopic disorder (16).

Intitial diagnosis must be based on a careful assessment of symptoms and a
measure of airflow obstruction:

e Patients with a high probability of asthma can be moved straight to a trial of
treatment. Further testing can be reserved for those whose response to a
trial of treatment is poor.

e The preferred approach in patients with an intermediate probability of
having asthma is to carry out further investigations, including an explicit trial
of treatments for a specificed period, before confirming a diagnosis and
establishing maintenance treatment.

e Patients with a low probability of asthma, whose symptoms are thought to
be due to an alternative diagnosis must be investigated and managed
accordingly. A diagnosis of asthma must be reconsidered in those patients

who do not respond (10).
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Pathology;
inflammation & remodelling

Clinical
expression

Physiology;
AHR,VAO

Environment

Figure 1.1.4: Factors Influencing the Clinical Expression of Asthma

Factors such as genotype and environment, physiology and pathology can

influence the clinical expression of asthma.

Abnormal Physiology

The clinical presentation of recurrent episodes of wheezing, shortness of breath,

chest tightness and coughing are associated with AHR and VAO. Investigations

used to examine the abnormal physiology and which would be useful in determining

the presence of airway narrowing and assist in the diagnosis of asthma include;

(0]

The study of AHR through a methacholine PC,, challenge. PC,, is the
provocative concentration of methacholine required to cause a 20% fall in
FEV;. An application of more than 16mg/ml to induce 20% fall in FEV; a
could be interpretated as normal bronchial responsiveness (BR),
4 — 16mg/ml could be borderline BR, 1 — 4mg/ml could be mild BR, and less

than 1mg/ml could be moderate to severe BR (17).

Investigations which would also be useful in examining the presence of

inflammation and assist in the diagnosis of asthma include;

(e]

The examination of FEyo - exhaled nitric oxide concentration. An FEyo of
less than 25 parts per billion (ppb) is considered to be the normal range.
More than 50ppb is indicative of eosinophilic airway inflammation (16).

A sputum eosinophil count can also be examined. A normal range is
considered to be less than 2% (of the total cell count) (16), but eosinophilia
is not always present in asthmatics, and alternative classification methods

include examining non-eosinophilic asthmatic phenotypes (18);



Non-eosinophilic asthma Eosinophilic asthma

Normal eosinophil count Raised eosinophil count (>2%)
Normal ) ] Eosinophilic
) Paucigranulocytic ]
neutrophil e Typical asthma, frequently
e Well controlled asthma ) . o
count associated with atopic disease

e Intermittent asthma o .
_ o ) e May indicate inadequate
e Consider alternative diagnosis . .
corticosteroid therapy

Raised Neutrophillic

neutrophil | e Associated with acute or chronic Mixed granulocytic
count infection, smoking, pollutants, e (Severe) asthma exacerbations e
(>61%) occupational antigens, endotoxin Refractory asthma

exposure, obesity.

Table 1.1.5a: Classification Based on Induced Sputum Patterns of

Cellular Inflammation in Asthma (18)

While many of the immunopathological features of asthma are observed in the
airways of patients with eosinophilic bronchitis (EB) (19-21) there are crucial
differences. EB is characterized by a corticosteroid responsive cough, eosinophilia
detectable in sputum and unlike asthma, patients with EB present without VAO or
AHR (22),(23). Critically, there are almost no mast cells present in the ASM in
patients with EB (19). The number of mast cells per mm? of ASM is significantly
higher in subjects with asthma than in EB (19;24). The infiltration of ASM by mast
cells could be associated with the disordered airway function found in asthma, and

indicates an important role for ASM and mast cells in this condition.

Asthma Eosinophilic bronchitis
Dyspnoea, cough, Cough and associated
Symptoms )
wheeze upper airway symptoms.
Cough reflex hypersensitivity Normal / increased Increased
Same as general
Atopy Common ]
population
AHR Present Absent
VAO Present Absent
Mast cell — ASM colocalisation Present Absent
Sputum Eosinophilia Usually Always at diagnosis
Bronchial biopsy; eosinophilic
L Yes Unknown
infiltration
Bronchoalveolar lavage;
] N Yes Yes
eosinophilia

Table 1.1.5b: Characteristics of Asthma & Eosinophilic Bronchitis (25)




1.1.6 Inflammation
AHR and VAO result in airway narrowing, and this is the final common pathway
leading to symptoms and physiological changes in asthma. Abnormal physiology
underlying the development of airway narrowing in asthma includes;
e Airway edema, which could be due to increased microvascular leakage, and
mucus hypersecretion, which may lead to luminal occlusion. Both may be due
to an increase in cytokine synthesis from inflammatory cells.
e Airway thickening due to structural changes such as increased smooth
muscle mass, and is often termed “remodeling.”
e Airway smooth muscle (ASM) contraction in response to multiple
bronchoconstrictor mediators, possibly from inflammatory cells. This is the

predominant mechanism of airway narrowing (5).

There is a complex relationship between various triggers of airway inflammation,
the pattern of inflammation generated, the diseases they are associated with, the
outcomes in terms of disordered airway physiology and the associated pathological
abnormality. Each phenotype is associated with a more or less specific
pathological abnormality, which gives clues to pathogenesis and assists in

treatment of the disorder (26).

Ecsinophiliz Neutrophilic
- —__
type S —————————SE
Trigosr All an an Small Mwt . Bacterial Viral an Air
2 BraEns . o chemicals Smoking infections infect . pollution
Syndrome  Extrinsic  Intrinsic Eos. Oce. COPD EBronchiectasis  Wiral Intrinsic  Bronchitis
asthma asthma bronchitis, asthma wheeze/ asthma
{eosinophilic) post-viral (non-eos)
PR Y PP
Bronchial inflammation
Asthma-like Bronchitis Severs exacerbations _ FAD ) Bronchiectasis
{&HR: Variahls (nan-productive (rapid uncantrolled (airflow obstruction {purulznt cough
Airflow obstruction) cough) falls in lung function)  despite optimal treatment) CT scan defined)
Mast cell infiltration Irflammation of the Severe eosinophilic Smooth muscle Dilatation of the
of alrway smocoth muscle  spithalium and inflammaticon hypertrophy airways
submucosa

Figure 1.1.6: Airway Inflammation and Asthmatic Phenotypes (26)




In asthma, inflammation is a multicellular process involving mainly mast cells,
T-cells, neutrophils, eosinophils and macrophages (27). The inflammatory process
is largely restricted to the conducting airways but as the disease becomes more
severe and chronic the inflammatory infiltrate spreads both proximally and distally to
include the small airways and in some cases the adjacent alveoli. In the large
airways, inflammation of the submucosa and mucous glands dominates, whereas in
the small airways, inflammation appears to be predominantly outside the airway
smooth muscle (28;29).

In relation to the epithelium, increased numbers of epithelial mast cells (30-32),
T-cells, eosinophils and macrophages (30) have been observed in asthmatics
compared to controls, along with increased numbers of the aforementioned cells
with neutrophils after allergen challenge in asthmatics (33). Intraepithelial mast cells
obtained from bronchial brushings of subjects with ICS-responsive chronic cough (a
condition similar to EB) were found to be increased compared to asthmatics (23).
Concentrations of mast cell mediators histamine and PGD, are reported to be
significantly higher in sputum samples from subjects with EB and not asthma when
compared to normal subjects (34), suggesting that mast cell infiltration into the
superficial airway may be a particular feature of this condition.

In relation to the localization of inflammatory cells to mucosal glands in the proximal
airways, increased numbers of mast cells and neutrophils were observed in
asthmatics compared to controls, and the degree of mast cell degranulation
increased with the severity of the disease (35).

In relation to the localization of inflammatory cells to ASM, increased numbers of
mast cells (19;24) — particularly in the ASM of the small airways (36) and T-cells
(24) were observed in asthmatics compared to subjects with eosinophilic bronchitis
and normal controls.

Existing data suggests that there is (37;38) or isn’t (39) a significant correlation
between airway inflammation and AHR, but studies have been restricted to the
examination of eosinophils or eosinophil products such as eosinophil cationic
protein (ECP) as markers of inflammation, and have not examined the presence of
cells within the ASM.

If patients use a short-acting B,-adrenoceptor agonist (Step 1 in the guidelines for
asthma management) more than 1 — 2 times (puffs) a day, then the addition of
inhaled corticosteroids (ICS) (Step 2 in the guidelines for asthma management) is
recommended (10;40). While the efficacy of short acting 2-adrenoceptor agonists
lie in bronchodilation (effective over 4 — 6 hours), the efficacy of ICSs is due
primarily to the suppression of airways inflammation and associated AHR. Acting
via the glucocorticoid receptor (GR), ICSs repress the expression of inflammatory
cytokines, their receptors and inflammatory cell adhesion molecules. These effects
of ICSs, and their ability to promote apoptosis of many cell types including the
eosinophil, act to reduce the pulmonary leucocyte burden and attenuate

inflammation (40).



1.1.7

Remodeling

Airway remodeling is negatively associated with prebronchodilator and
postbronchodilator FEV; values in asthmatic subjects (41). Airway inflammation
could cause the abnormal physiology and remodeling that is observed in asthma,
therefore ultimately contributing towards AHR and VAO.

Features of remodeling in asthma include increased subepithelial basement
membrane thickness in all severities of asthma (compared to controls). In mild to
moderate and severe persistent asthmatics there is increased myofibroblast
infiltration into the subepithelial basement membrane, mucous gland area and ASM
area. In severe persistent asthmatics, there is increased collagen Il deposition from
the subepithelial fibroblasts and a reduced subepithelial basement membrane to
ASM distance (41;42).

Epithelial thickness is greater in severe asthmatics compared to mild asthmatics or
controls and is a feature of remodeling. There is no significant difference in
epithelial desquamation between groups, but there are increased levels of epithelial
proliferation and apoptosis in severe asthmatics (43). Mast cell tryptase could
increase the proliferation of epithelial cells (44), while conversely T-cells (using
IFN-y and TNF-a) and eosinophils (using ECP) could also induce apoptosis (45)
resulting in an increased turnover of the epithelial cells.

Along with T cells, mast cells are also capable of producing cytokines such as
GM-CSF, IL-8, IL-13 as well as tryptase contributing to the airway inflammation and
disorder that is observed in eosinophilic bronchitis and asthma. Tryptase from mast
cells could activate the PAR-2 receptor on epithelial cells, and induce the release of
GM-CSF. This could result in the promotion of survival of eosinophils (46). IL-8 has
been reported to reduce cilia beat frequency in epithelial cells, reducing the
potential for aeroallergen or particulate clearance (47), and prolonged IL-13
exposure contributes to subepithelial fibrosis (48).

Airway epithelium in asthma is fundamentally abnormal with goblet cell hyperplasia
and increased mucin secretion resulting in an occluded airway, particularly in mild-
moderate and severe persistent asthmatics (41;49;50), and EB (22;51).

The increased mucus secretion could be caused by mast cells after aggregation of
FceRIl. This increases the production of amphiregulin, which in turn upregulates
mucin gene expression in airway epithelial cells. Upregulation of amphiregulin
expression has been observed in the mast cells of asthmatics compared to controls
(52). Mast cell derived mediators such as IL-13 could also increase the expression
of pendrin, which in turn also upregulates mucus production (53). Neutrophil
elastase also increases mucus production (54).

ASM area has been found to be significantly increased in the airways of mild-to-
moderate and severe asthmatic subjects (24;41), the severity of which has been

found to increase with age (55).
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1.2

The Role of Airway Smooth Muscle In Asthma

Airway smooth muscle plays a critical role in asthma through a variety of mechanisms;

1.2.1

Contributing to the inflammatory process arising from the synthetic response of ASM.
Contributing to airway remodeling through increases in ASM area.
Contributing to AHR through mesenchymal cell differentiation and increased ASM

contractility.

Inflammation and the Synthetic Response of ASM

The traditional view of ASM in asthma is that it is a passive partner in airway
inflammation, contracting in response to proinflammatory mediators and
neutrotransmitters and relaxing in response to endogenous and exogenous
bronchodilators. Therefore early studies of ASM function in asthma tended to
concentrate on the contractile aspects to explain AHR. It has become apparent that
this paradigm was a rather simplistic view and that ASM has several other important
properties of relevance to obstructive lung diseases (56).

Transforming growth factor-B (TGF-B) (57), PDGF (58), connective tissue growth
factor (CTGF) (59;60), basic fibroblast growth factor (bFGF), nerve growth factor
(NGF) (61), vascular endothelial growth factor (VEGF) (60;62), prostaglandin E2
(PGEy) (63), CX3CL1 (fractalkine) (64) CCL2 (MCP-1) (65), CCL5 (RANTES) (66-
68), IL-6 (69), CXCL8 (65;70), CXCL10 (71;72), CCL11 (Eotaxin) (73) and CCL19
(MIP-3B) (74) can all be produced by ASM cells.

A role for ASM cells as secretory cells involved in the recruitment of inflammatory
cells is highlighted by studies showing intra-ASM inflammation with the localization
of mast cells and T-cells to asthmatic ASM bundles (19;24;36). Mast cell migratory
stimuli include CXCL8 (65;70) and CXCL10 (71;72), the latter of which is also a
migratory stimuli for T-cells (75). Besides producing mast cell chemotaxins,
asthmatic ASM may also be incapable of producing a mast cell-trafficking inhibitory
factor that is produced in non-asthmatic ASM (73).

The production of cytokines by ASM can be influenced by mast cells and T-cells
which co-localise with ASM (24). For example, histamine (66) and B-tryptase (76)
from mast cells have both been reported to reduce RANTES released by ASM,
while TNF-a alone and in combination with IFN-y increases RANTES expression by
ASM (67). B-tryptase has also been reported to increase TGF- production (57;77),
or alternatively increase the level of active TGF-B (78). IFN-y and IL-18 can
increase NGF expression, while IL-4 can decrease IL-1B-stimulated NGF
expression (61), and IL-4 along with IL-5, IL-10, IL-13 and TGF-B can increase
VEGF production. While IFN-y can individually reduce and attenuate IL-4, IL-5, IL-
13 and TGF- mediated VEGF expression (62).

ASM derived cytokines can also act in an autocrine manner. For example, IL-6 can
stimulate bFGF production (69), and TGF-$1 can stimulate IL-8, PGE, (63), CTGF
and VEGF production — the latter of which is augmented by PGE,. (60).

In relation to the extracellular matrix, the deposition of collagen I, I, V, fibronectin,

tenascin, hyaluronan, versican and laminin a1 / B2 is increased in asthmatics,
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1.2.2

whereas the deposition of collagen 1V and elastin is decreased (79). Interestingly,
TGF-B can upregulate mRNA expression for collagen | and fibronectin along with
collagen IV and elastin from ASM cells (80), but TGF-f3 can also upregulate CTGF
from ASM cells, the production of which is increased in asthmatics (59). CTGF in
turn upregulates the production of collagen | and fibronectin (81), and the increases
in CTGF, collagen | and fibronectin can be attenuated by PGE, (60). While both
TGF-B1 and TGF-B2 increase CTGF expression, only the latter isotype can induce

elastin expression (82;83).

Airway Remodeling and Increases in ASM Area

ASM area has been found to be significantly increased in the airways of mild-to-
moderate and severe asthmatic subjects (24;41), the severity of which has been
found to increase with age (55).

Increases in ASM area are important in the pathogenesis of asthma as the effects
of reducing the increased smooth muscle mass can be observed through examining
the effects of bronchial thermoplasty. This involves the application of controlled
radio frequency energy to selective areas of the airway wall in an attempt to reduce
ASM mass. When this technique is applied to moderate or severe asthmatics, there
have reported improvements in morning PEF, the percentage of symptom-free days
and quality of life and symptom scores compared to the control group, but no
difference between groups for airway responsiveness and FEV1. Adverse effects
were also reported to be more common immediately after treatment, but similar
during the period from 6 weeks - 12 months after treatment (84).

An increase in ASM area in asthma could arise from ASM hyperplasia, hypertrophy,
increased cell survival or migration of ASM.

In relation to ASM hyperplasia, evidence indicates that in mild-to-moderate
asthmatics, increased number of ASM cells may be responsible for the increase in
ASM area (85), but there are conflicting reports as to whether there are (86) or
aren’t (24;41) increased levels of proliferation are present in asthmatic subjects. The
presence of mast cells within the airway smooth muscle bundles could also
contribute towards smooth muscle hyperplasia.

For example, histamine (87) and tryptase (88;89) have been reported to increase
the proliferation of ASM. LTC4 is produced by mast cells and is converted to extra-
cellularly to Leukotriene D4 (LTD4) (90). LTD4 has been reported increase the
production of TGF-f (91) and to increase the proliferation of ASM cells, but as a
result of the upregulation of the cysteinyl leukotriene type 1 receptor (CysLT1R) by
interleukin-4 (IL-4), interleukin-13 (IL-13) and TGF-B (92), and to also augment EGF
mediated ASM proliferation (80). Platelet derived growth factor (PDGF) can also
increase the proliferation of ASM cells, but its effect is inhibited by IL-4 (93;94).
PDGF is also released by airway smooth muscle cells (58). TGF-B has been
reported to promote proliferation in confluent ASM cells (95) or have no effect on
proliferation in subconfluent cells (91;96;97), but other data suggests that TGF-$3

drives the proliferation of ASM regardless of confluence (98). TNF-a has been
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reported to have no significant effect (99) on ASM cell numbers, but induces a
proliferative response if IFN-B is neutralized (100). In contrast, heparin (101;102)
has been reported to have anti-proliferative effects.

In relation to ASM hypertrophy, ASM cell size has been shown to be similar
between mild-moderate asthmatics when compared to controls (41;85) , but greater
in subjects with severe asthma (24;41). Values of pre and postbronchodilator FEV,
have been shown to negatively relate to ASM area and cell size (41). Significantly
more mast cells are localized within the ASM bundles in asthmatic airways
compared to non-asthmatics (19;24) — particularly in the ASM of the small airways
(36). The presence of mast cells within the ASM bundles could contribute towards
smooth muscle hypertrophy. Mediators from mast cells that can affect ASM cell size
include histamine (87) and TGF-B (96). These mediators have been reported to
induce hypertrophy, as measured by either an increase in cell size or in the protein
content of the ASM cells.

Phenotyping of increased ASM in asthmatics has suggested that increases in ASM
mass restricted to the central bronchi may be related to hyperplasia rather than
hypertrophy, but if increases in ASM mass are observed throughout the airways
then hyperplasia is mild and localized in the bronchi and hypertrophy is observed
throughout the airway. This would suggest that hypertrophy may be a secondary
feature of hyperplasia in mechanisms related to an increase in ASM mass (103).

In relation to the extracellular matrix (ECM), the deposition of collagen |, 1lI, V,
fibronectin, tenascin, hyaluronan, versican and laminin a1 / B2 is increased in
asthmatics, whereas the deposition of collagen IV and elastin is decreased (79).
Research has shown that culture of airway smooth muscle on collagen | enhances
the proliferative activity of the smooth muscle cells (104). Indeed, the state of
proliferation of the smooth muscle cells can have a direct effect on the expression of
contractile proteins as discussed further on in the introduction.

There are also suggestions that an increase in cell survival may be responsible for
the increase in ASM mass as mediated by extra-cellular matrix factors such as
fibronectin and collagen | as important anti-apoptotic elements (105).

Another possible contributing factor towards the increased smooth muscle mass
observed in the airways of asthmatics is that smooth muscle progenitors may
migrate from the blood to the smooth muscle bundles.

The presence of mast cells within the airway smooth muscle bundles could
contribute towards smooth muscle migration. For example, airway smooth muscle
migratory mast cell derived stimuli examined ex vivo include interleukin-1p (IL-18),
TGF-B (106), PDGF (106-109), basic fibroblast growth factor (bFGF) (108),
chemokine ligand 11 (CCL11) (109), and CCL19 (74).

Evidence to support the idea of smooth muscle progenitor migration arises from a
study in which allergen exposure induced the accumulation of fibrocyte like cells in
the bronchial mucosa of patients with allergic asthma. These cells were CD34-
positive; expressed collagen |, a-smooth muscle actin (a-SMA) and localized to

areas of collagen deposition below the epithelium.
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Labeled circulating fibrocytes were also tracked in a mouse model of allergic
asthma, showing that fibrocytes are indeed recruited into the bronchial tissue
following allergen exposure and differentiate into myofibroblasts. The researchers
also illustrated how human circulating fibrocytes acquired the myofibroblast
phenotype (reduced CD34 expression and increased a-SMA expression) under in
vitro stimulation with fibrogenic cytokines (endothelin-1 and TGF-B) that are
produced in exaggerated quantities in asthmatic airways. These results would
suggest that circulating fibrocytes may function as myofibroblast precursors and

may contribute to the genesis of subepithelial fibrosis in asthma (110).

AHR, Mesenchymal Cell Differentiation and Increased ASM Contractility

Smooth muscle is located around the walls of ‘hollow’ organs such as blood
vessels, stomach, intestine, uterus, ureter and lungs. In the upper airway, smooth
muscle is found in the posterior aspect of the trachea attached to the cartilage. In
the lower airways, smooth muscle is orientated in a geodesic (111) / helix-antihelix
pattern encasing the bronchi.

The orientation of smooth muscle in the lower airways suggests a highly efficient
architectural structure that greatly enhances the ability of the muscle to sustain
bronchoconsriction. In the upper airways, smooth muscle accounts for
approximately 25% of the cellular mass, while in the lower airways, smooth muscle
constitutes 4 — 5% of the cellular mass (112).

ASM can be described as phenotypically plastic, differentiating from smooth muscle
progenitors — labeled as fibrocytes. These can be identified as either CD34" and
collagen 1 double positive cells that stain positive for a-SMA after localization within
the subepithelial layer of the airway wall (110).

Fibrocytes may then differentiate into fibroblasts to myofibrocytes, then into ASM
and potentially de-differentiating depending on environmental influences. These
phenotypically variable cells can be identified and characterized by the sequential
appearance of cytoskeletal and contractile proteins to yield a phenotype that is

characteristic of ASM cells.

14



1.2.4

Fibrocyte Fibroblast Myofibroblast ASM
CD34 ++++ - - N
Collagen | ++++ +++ ++ T
a-SMA + ++ +++ ++++
MHC (SM2) ? ++ +++ +4+++
MLCK ? ++ +++ ++++
H1 calponin ? ++ +++ +4+++
H-caldesmon ? ++ +++ F++
L-caldesmon ? ++ ++ ++
a-Tropomyosin ? ++ ++ ++++
Desmin ? ++ ++ ++++
Fibrocyte
Flbroblast
+; low level of expression
ASM @Myoflbroblast ++++; high level of expression

Tablel.2.3: Differentiation of Fibrocytes

Two states of differentiation which are often described — synthetic and contractile —

likely represent the ends of a spectrum of phenotypes rearranging from the
undifferentiated state expressing few, if any, smooth muscle specific proteins, to
the fully differentiated phenotype expressing a complete repertoire of contractile
proteins (113;114).

Components of ASM

Caldesmon

Tropomyosin

Regulatory
*“Light Chain

Lo Myosin
Figure 1.2.4: Components of ASM (115)

Actin

Among the proteins which can be used to identify ASM cells is the thin filament
actin, which is contained in all eukaryotic cells. This is a globular protein (G-actin)
which can polymerize to form thin myofilamentous structures (F-actin) which are
important for cell motility and determination of cell structure as well as contraction
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(116). In muscle cells, actin comprises of 10% by weight of the total cell protein
(117). Six isoforms of actin have been identified, of which at least three isoactins; q,
B and y exist in tracheal smooth muscle. Northern blot analysis of acutely
dissociated tracheal smooth muscle cells confirmed that transcripts encoding for
smooth muscle a-actin and 8 / y —actin were present and existed in a ratio of 75:25
(116). The 43kDa a-smooth muscle actin (a-SMA) has been reported to be of the
first smooth muscle markers expressed, though its expression is not restricted to
airway smooth muscle. It is also transiently expressed in the early stages of
differentiation of both cardiac and skeletal myocytes, myofibroblasts in healing
wounds and tumours, pericytes and juxtaglomerular cells (118;119), as well as hair
follicle cells (120). a-SMA has been reported to be present in low quantities in
rapidly proliferating ex vivo cultures, but increases as cultures reach confluence or
are serum deprived (121;122).

Expression of a-SMA has been reported not to be increased in the airways of
asthmatics (41;85), but the method of sampling cells must be taken into account.
The intensity of a-SMA expression has been reported to vary in smooth muscle
throughout the lung. For example, proximal airway fibroblasts have been reported to
express less a-SMA than distal lung fibroblasts (114). Evidence suggests that lung
fibroblasts which express higher levels of a-SMA possess an enhanced ability to
wrinkle deformable silicone substrates and contract collagen gels than those which
express lower levels of a-SMA. Also, only lung fibroblasts with higher levels of a-
SMA were able to deform more rigid silicone substrates (123).

Myosin

Myosin is the primary protein of the thick filament in smooth muscle and is
composed of two high molecular-weight subunits or heavy chains, and two each of
two types of low molecular weight subunits, or light chains (124). The large
asymmetric protein consists of the six polypeptide chains: two 205kDa heavy chains
(MHC) that form a dimer and two pairs of light chains - the 20kDa regulatory chains
and the 17kDa essential light chains. The myosin heavy chain dimer makes up the
main body of the molecule, with each heavy chain containing a slightly elongated
globular head at the amino terminus (or N-terminus). A single essential and
regulatory chain is associated with each myosin head. There are two isoforms of the
myosin heavy chain — SM1 (204 kDa) and SM2 (200kDa) specific to smooth
muscle, the latter of which is considered to be a marker of mature airway smooth
muscle (125). Expression of SM1 or SM2 has been reported not to be increased in

the airway smooth muscle of asthmatics (41).

Myosin Light Chain Kinase

Myosin light chain kinase (MLCK) is a ubiquitous protein present in almost all
eukaryotic cells and plays a role in a variety of actomyosin-related biological
reactions (such as the abnormal contraction of arteries) (126). The smooth muscle
specific isoform of MLCK is reported to be 130 kDa (127). The content of MLCK is
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reported to be halved in proliferative airway smooth muscle in comparison to non-
proliferating cells (128), and could therefore be considered to be a marker of mature
smooth muscle cells. Expression of MLCK and phosphorylated myosin light chain
(p-MLC) has been reported to be significantly increased in the airway smooth
muscle of intermittent, mild-to-moderate and severe asthmatics (41;85), while other
researchers report no difference in the expression of MLCK (85). Values of pre and
postbronchodilator FEV, negatively related to MLCK expression (41).

Calponin

Basic calponin (H1) is a 34kDa protein expressed exclusively in smooth muscle cell
rich tissues, and is considered to be a phenotypic marker of differentiated smooth
muscle cells (129). It binds to actin and calmodulin and is therefore thin filament
associated. It is able to inhibit the ATPase activity of myosin and is thought to play a
role in smooth muscle contraction (130). Other varieties of calponin include the 34
kDa neutral H2 calponin which is expressed in low levels in smooth muscle and is
also expressed in non-smooth muscle cells. The 29 kDa acidic calponin is
expressed in both smooth muscle and non-smooth muscle cells such as the heart,

placenta, lung, kidney, pancreas, spleen, testis and ovary (131;132).

Caldesmon

H-caldesmon is found on the actin thin filament beside tropomyosin, arranged
continuously along the axis of the actin double helix (133). Interacting with
calmodulin and in the presence of tropomyosin, caldesmon can inhibit actomyosin
ATPase activity at the low ends of ratios of caldesmon to actin likely to occur in vivo
(1:14) (134). The 150 kDa H-caldesmon is the primary isoform in smooth muscle
(135), and is also located on the stress fibres of fibroblasts, while L-Caldesmon (70

— 80 kDa) is most abundant in non-muscle cells (136).

Tropomyosin

Tropomyosins (Tm) are rod-like helical proteins that dimerize and bind to actin. In
smooth muscle cells, Tm’s are likely to play a role in the stabilization of the smooth
muscle a-actin contractile filaments. There are over 40 isoforms of Tm and most are
found in non-muscle cells. Only two appear to be specific to smooth muscle — one
from the B Tm gene (Tm1), and the other from the a Tm gene. a-smooth muscle Tm
is a 40 kDa protein reported to be more specific to smooth muscle since it contains
a unique exon 2a, not found in any other Tm, whereas B smooth muscle Tm uses
the same 2b exon as other isoforms. a-smooth muscle Tm is also reported to be a
late onset protein, appearing much later than actin and is a good marker of mature

differentiated smooth muscle cells (137).
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1.2.5

Desmin

In ASM the primary intermediate filament is desmin (138). The muscle specific 53
kDa protein (139) runs the length of the cell and exhibits ramifications to the cell
membrane. They are less numerous than the myofilaments and are generally
believed to play a structural role in maintaining the organization of the myofilament
system (140). During development, levels of desmin expression vary, being present
at low levels in the early stages of myofibroblast replication and increasing during
terminal differentiation, therefore being expressed in both differentiating and mature
muscle cells (141),(142). It is considered to be a marker of mature smooth muscle
cells but is not specific for smooth muscle, as it is present in cardiac and skeletal

smooth muscle as well (128).

Expression and Modulation of ASM Proteins
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Figure 1.2.5: Expression of Markers of ASM Phenotype (128)

The content of these markers will change as cells are moved from in vivo to ex vivo
conditions. As illustrated on the above figure, the hatched bars from the figure
represent the abundance of specific smooth muscle proteins in freshly isolated
tracheal smooth muscle cells in comparison with those in primary cultures just 7
days after seeding as represented by the solid bars (128). This analysis was
achieved by using Western Blot analysis and scanning laser densitometry. Results
show that there is a lower level of expression of almost all markers except in
cultured cells, but the expression of a-SMA, tropomyosin and H-caldesmon can still
be easily detected.

It has been reported that serum deprivation induces a distinct differentiation
pathway in cultured myocytes, and allows the cells to reacquire the abundant
contractile protein content, marked shortening capacity, and the elongated
morphology characteristic of contractile cells within intact tissue (143). Serum
deprivation would be useful when preparing cultured airway smooth muscle cells for
experiments and investigations.

As described, ASM is a dynamic and complex cell type, whose normal contractile

activity is controlled by internal components such as the contractile apparatus and
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regulatory proteins. The inclusion of other resident airway cells such as mast cells
could affect the expression of ASM contractile proteins.

HMC-1 cells induce a-SMA expression in dermal fibroblasts, and also stimulate the
dermal fibroblast contraction of collagen cells, with the relative amount of
contraction dependent upon the number of HMC-1 cells present (collagen gels
containing HMC-1 cells alone did not contract). The same researchers also found
that mast cell constituents such as histamine, tryptase and TGF-f all increased the
a—SMA expression of the fibroblasts, but interestingly, only tryptase and TGF-
stimulated the dermal fibroblasts to contract the collagen gel (144).

In combination with the anti-proliferative effects, heparin increases a-SMA
expression (102). IL-4 and TGF-f increase a-SMA expression in smooth muscle
(145). PDGF-BB alone (122), and in combination with IL-18 (146) has been
reported to decrease a-SMA, sm-MHC and calponin expression. IFN-y has been
reported to decrease a-SMA expression (147). IFN-y (148) and bFGF (149) both
inhibit TGF-B mediated increases in a-SMA.

Other mechanisms that could account for the enhanced contractile ability of the
ASM after co-culture with mast cells could include a role for cell to cell contact. The
SCF / c-kit / CD117 receptor could be important after researchers discovered that
smooth muscle — mast cell contact was necessary for the contraction of the
collagen gels, and the contraction was inhibited by nearly 70% after antibodies
against SCF and c-kit were added to the co-cultures (150). Gap junction intercellular
communication (GJIC) could also be important after the addition of GJIC inhibitors
were found to prevent the contraction of collagen gels seeded with dermal
fibroblasts and HMC-1 cells (151)

The Effect of TGF-B8 in ASM Differentiation

TGF-B1 is a chemoattractant and mitogen to fibroblasts (152;153), and induces

fibroblasts to synthesize a variety of extracellular matrix proteins such as collagen
(154). As previously mentioned, TGF-B1 and TGF-B2 are both known to increase
a-SMA expression in smooth muscle (145;148;149;155).

Defects in TGF-B function are associated with a number of pathological states
including over expression resulting fibrosis (156), and defects in receptors and
signaling pathways resulting in aneurysm syndromes (157) and inflammation (158).
The importance of TGF-8 in mammalian biology is highlighted by the lack of viability
in TGF-f "~ mice. TGF-B null mice die within 3 weeks due to widespread
inflammatory disease (159).

TGF-B exists in three isoforms in mammals: TGF-31, TGF-$2, and TGF-33 (160-
162) with TGF-B1 similar, albeit not identical, to TGF-B3 and much more potent than
TGF-B2 (163). TGF-B1 and TGF-B2 appear to be the most common isoforms
associated with the disorders characterized by inflammation and fibrosis (160), due
to observations at the site of injury such as the levels in the BAL of asthmatics in

comparison with normal controls (164)
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TGF-B is synthesized as a 100-kDa pro-TGF- (162), and before secretion, the pro-
region - called the latency-associated peptide (LAP), is cleaved but remains non-
covalently (162) but disulphide linked (165) to TGF-B. When TGF-B is secreted in
association with LAP as latent TGF-B (L- TGF-B), it cannot be associated with its
receptor (166) and is therefore inactive. As TGF-f and its receptors are so
ubiquitously expressed, the most critical regulation of TGF-f action is the
generation of a biologically active form of TGF-f by the removal of LAP (162).
Additionally, L- TGF-B is associated with the matrix high-molecular-weight latent
TGF-B binding protein-1 (LTBP-1) (167;168), which binds to L-TGF-f1 and targets
TGF-B1 to the extracellular matrix (ECM), a process that serves as a reservoir of
TGF-B1 (168).

The plasma serine protease - plasmin has been shown to release L- TGF-$1 from
its association with LTBP-1 (168) and has been demonstrated to activate L- TGF-f31
by removal of LAP (169;169). Although there is data that suggests that knockout
mice lacking the plasma serine protease plasmin proenzyme (plasminogen) display
none of the pathological features of TGF- knockout mice (170).

TGF-B is known to increase levels of TSP-1 production (171). There are also
suggestions that TSP-1 production is increased after injury (172), and can activate
TGF-B by inducing conformational changes in the latent complexes (173). However,
the inflammatory changes seen in TSP-1 knockout mice are not as severe as those
seen in TGF-B1 knockout mice (173), which suggests that several overlapping
mechanisms are responsible for TGF-3 activation.

ASM has been reported to express a5, 31 and B3 integrins (174), with L-TGF-
associating with a5, B1, B3, B85, p6 (175) and B8 integrins. The a5B6 integrin has
been suggested as another mechanism for the activation of latent TGF- (176), and
even though a536 integrins recognize a RGD (Arginine-Glycine-Aspartic amino acid
sequence) on LAP, a covalent interaction between LAP and LTBP-1 , as well as
LTBP-1 mediated fixation to the ECM is required for a5p6-mediated latent TGF-p
mediated activation (177).

In relation to TGF-B, signaling, the TGF-Beta type Il and type | receptors are each
made of one small cysteine-rich extracellular region plus an intracellular region
consisting mainly of kinase domains. After ligand binding to the TGF-Beta type Il
receptor, recruitment and phosphorylation of the TGF-Beta type | receptor occurs
(178). Type | receptors have a region rich in glycine and serine residues (GS
domain) preceding the receptor kinase domain. In the absence of a ligand, type |
and type Il receptors exist as homodimers at the cell surface. Ligand binding allows
the formation of a stable receptor complex, consisting of two receptors of each type
and permitting phosphorylation of the type | receptor GS domain by the type I
receptor kinases. This phosphorylation stimulates the type | receptor kinases,
resulting in the phosphorylation of Smad proteins, and subsequent downstream
signaling (178). Type | receptors specifically recognize and phosphorylate ligand-
specific receptor-activated Smads (R-Smad). These R-Smads are recruited to
interact with the type | receptors by a membrane bound cytoplasmic protein called
SARA (Smad Anchor for Receptor Activation). R-Smads include Smad2 and Smad3
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downstream of TGF-Beta. Phosphorylation of R-Smads by type | receptors occurs
on two serine residues within a conserved —SS(M/V)S- motif at their C-terminus.
Upon phosphorylation by type | receptors, R-Smads forms heteromeric complex
with the Common-Smad (Smad4 in vertebrates) and translocates into the nucleus
for further signaling (178;178).

In humans, the number of TGF-Beta ligands exceeds the number of type Il and type
| receptors. Thus combinatorial interactions of type | and type Il receptors in
functional receptor complexes allow for the diversity and selectivity in ligand binding
as well as in intracellular signaling. Several accessory cell surface proteins further
define the binding efficiency and specificity of the ligand to the receptor complex
(178)

ASM Contraction

The early phase of asthma episodes are largely dependent on bronchoconstriction

(179), occurring within minutes of allergen challenge and is initiated by ASM

contraction (180).

Agonist
Cs recoplor
200 IR rereteterereeeeeeeeeeeeres 0090 00000000006000900 0000008
Aasaddllasdiiiiaiiiiiiis . ' { A IR EEYIIVE D Ve Lt
voltage- ?h"n." > Y
operated and sarcoplasmic ipase C | ™= RNOGEF —
receptor- rebculum ol 1P, DG
operated Ca** . 4 RhoA-GTP RhoA-GDP *
channols \ 010 v PKC (8ctive) (inactive)
—t Ca“* — Ca‘ kalmoduin
Rho-
MLC kingse kinase | ATP
(active)
actin + MLC'\P
(contracted) o
myosin myosin
1 e uh::spt:sataw S— Fh:n atase
MLC (attive) inactive)
(relaxed)

Figure 1.2.7: ASM Contraction (181)

« Various agonists such as acetylcholine bind to specific receptors such as M3

muscarinic receptors to activate contraction in ASM. Subsequent to this binding,
phospholipase C activity is increased via binding through a G protein.
Phospholipase C produces two potent second messengers from the membrane;
lipid phosphatidylinositol 4,5-biphosphate:diacylglycerol (DG) and inositol 1,4,5-
triphosphate (IP3). IP; binds to specific receptors on the sarcoplasmic reticulum,
causing the release of activator calcium (Ca2+). DG along with Ca” activates PKC,
which phosphorylates specific target proteins. PKC has contraction-promoting
effects such as the phosphorylation of Ca** channels or other proteins that regulate
cross-bridge cycling (181).

« Ca®" then binds to calmodulin, leading to activation of MLCK (181). This kinase

phosphorylates the light chain of myosin on amino acid residue-serine 19 (182), and
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in conjunction with actin, cross-bridge cycling occurs, initiating shortening of the
smooth muscle cell (181).

« However, the elevation in Ca** concentration within the cell is transient, and the
contractile response is maintained by a sensitizing mechanism brought about by the
inhibition of myosin phosphatase activity by Rho kinase (181). This ca* sensitizing
mechanism is initiated at the same time that phospholipase C is activated, and it
involves the activation of the small GTP-binding protein RhoA. The precise nature of
the activation of RhoA by the G protein-coupled receptor is not entirely clear but
involves a guanine nucleotide exchange factor (RhoGEF) and migration of RhoA to
the plasma membrane. Upon activation, RhoA increases Rho Kinase activity,
leading to inhibition of myosin phosphatase. This promotes the contractile state

since the light chain of myosin cannot be dephosphorylated (181).

ASM Contractility, Compounding Factors and Airway Narrowing

If the environment present in asthmatics airways promotes the development of a
contractile phenotype of ASM, then there are also other factors present which
would work with the increased contractile phenotype of ASM to increase the effects
of airway narrowing.
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Figure 1.2.8: Schematic Cross-section of the Airway (183)

Airway narrowing due to contraction of ASM would be amplified by a) excessive
mucus production, cells or other material within the lumen, and b) remodeling

causing thickening of the airway wall that encroaches on the lumen.

The inflammation which contributes towards excessive mucus production and
remodeling in the airway wall could cause a decoupling of the ASM from
surrounding lung parenchyma and thus a decrease in the load against which ASM
must constrict.

This is supported by the observation that in healthy subjects, deep inspirations
reduce the level of pharmacologically induced airways obstruction (184), and
prevention of deep inspirations in normal subjects can enhance the response to
bronchoconstrictors (185). The bronchodilatory effect of deep inspirations (%) is
reduced to 68 + 5.4 % in intermittent asthmatics, 45 + 7.2% in mild persistent
asthmatics, and 4 + 15.6% in moderate-severe asthmatics (186). In non-asthmatic
or intermittent asthmatics, deep inspiration causes ASM to fully elongate and
energy is dissipated in order to contract the ASM back to its original length —

resulting in less ASM force and, by inference, less bronchoconstriction. This is
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achieved through the stretch of the airways by the force of interdependence
through which they are coupled to the lung parenchyma. In asthma, the airways
may be less sensitive to the action of external forces like deep inspiration because
the force of interdependence is reduced through peribronchial oedema attenuating
the pulling effects of the parenchymal attachments on airway walls (187).

The lack of efficacy of deep inspiration has also been correlated with the increased
presence of inflammatory cells such as T-cells in the lamina propria and mast cells
in the ASM. The localization of mast cells and release of contractile mediators
within the ASM could result in a physiologically altered intrinsic contractile function,
leading to an increased formation of actin and myosin cross bridges which are
more difficult to disrupt by deep inspiration-induced stretches of the airways (188)
To support this hypothesis, statistically significant increases in maximum
shortening capacity and velocity have been observed in asthmatic ASM cells
compared with normal cells. Increases in myosin light chain kinase were also
observed in asthmatic cells — providing a mechanism for these increases (189).
During the course of shortening, initial velocities are high and are functions of the
activity of normally cycling (actin-myosin) crossbridges whose myaosin light chain is

phosphorylated by myosin light chain kinase.
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1.3

The Role of Mast Cells in Asthma

13.1

Mast Cells

Mast cells may play important roles in adaptive immunity, for example in immune
defences against certain parasites in sensitized hosts (190). Mast cells are also
crucial in promoting certain autoimmune diseases such as arthritis (191), or play a
role in the suppression of other autoimmune diseases such as lupus nephritis (192).
Mast cells can also work with Treg T-cells to suppress transplant rejection (193),
and are reported to have both promoting and detrimental effects on tumours
depending on the local stromal environment (194).

Mast cell numbers are significantly increased in the sputum of asthmatics, with mast
cell counts being significantly higher from subjects developing an early and late
phase response, compared to baseline. There was also a significant relationship
between the maximum percent decrease in FEV; during the late response and the
allergen induced increase in the number of sputum mast cells (195).

Mast cells arise from CD34", CD117" (c-kit) and CD13 (aminopeptidase N /
gp150") progenitor cells from the bone marrow that circulate in the peripheral blood
as undifferentiated mononuclear cells (196).

Lysophosphatidic (LPA) acid is important in the development but not survival of
mast cells (197). IL-3, 4, 5 and 6 are important in the development and survival of
mast cells (198;199). IL-6 can be produced by Interleukin-1p or TNF-a activated
ASM (99). SCF - the ligand for the c-kit receptor, is crucial in the growth and
development of mast cells (199;200), as well as mast cell chemotaxis (201). Airway
smooth muscle can produce SCF in a soluble and membrane bound form (202).
There are two main types of mast cells, the difference between which can be
ascertained by examining their content and receptor expression. One type of mast
cell contains tryptase and the chymotrypsin like proteinase chymase (MC+¢), and
the other type of mast cell lacks chymase (MCy) (203).

Originally, MC+c cells were described as being found predominately in the skin and
intestinal submucosa — corresponding more closely to a connective tissue location.
MC; cells were described as being found predominately in the intestinal muscosa
and were reported to be more analogous to a mucosal tissue location (203). In
relation to the lung, MCyc cells have been reported to predominate in bronchial
smooth muscle and glandular regions and markedly elevated levels of the MCc cell
in the bronchial smooth muscle of patients with asthma have been found to
correlate with levels of bronchial hyper reactivity (19). MC; cells have been reported
to predominated in the alveolar wall and epithelium of the lung and account for the
majority of mast cells in the lung (204),(205). They are also the dominant phenotype
recovered from bronchoalveolar lavage (BAL). MCqc cells have also been reported
to contain another chymotrypsin like proteinase — Cathepsin G (206), and also
Carboxypeptidase A3 (207). These are not present in MC+ cells (206;207). The
mature MCc cell has also been reported to express CD88, the receptor for the
anaphylatoxin C5a, a protein fragment released from complement component C5 —

whereas mature MCy cells in the lung do not (205).
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1.3.2

Mast Cell Chemotaxis and Localisation
CCL2 (MCP-1) (65;208), CCL5 (RANTES) (66-68), CXCL10 (71;72), nerve growth
factor (61;209), fractalkine (64;210) along with TGF- (77) all have the potential to

act as mast cell chemoattractants. Mast cell mediators themselves can have an

effect on mast cell chemoattractants. For example, histamine (66) and B-tryptase
(76) have both been reported to reduce RANTES released by ASM, while the latter
can increase TGF-3 production (57;77).

CXCLS8 (65;70;211) and CCL11 (212) are also potential mast cell chemoattractants.
Mast cells have been shown to migrate towards IL-1B, IL-4 and IL-13 (Th2)
stimulated ASM from asthmatics but not non-asthmatics. Mast cell migration was
mediated through the combined activation of CCR3 (a receptor for CCL11) and
CXCR1 (a receptor for CXCL-8). CCL11 and CXCL8 expression by ASM increased
markedly after stimulation, but was similar in those with and without asthma. ASM
supernatants from non-asthmatics actually inhibited mast cell migration towards the
asthmatic ASM supernatant (73). IL-1B or TNF-activated ASM (213), as well as IL-4
and IL-13 (214) can activate CCL11 production. Conversely, chymase and (-
tryptase have been shown to markedly reduce the immunoreactivity of CCL11
reducing its eosinophil chemotactic effects (76). What are the implications of this for
mast cell chemotaxis to the ASM and epithelium?

The number of mast cells within the ASM bundle positively correlate with the degree
of AHR (19), and have been shown to be degranulated (24) and in an activated
state as evidenced by increased IL-4 and IL-13 production (215), which contribute
towards increased ASM contraction and therefore AHR (216).

While many of the immunopathological features of asthma are observed in the
airways of patients with EB (19-21) there are crucial differences. EB is
characterized by a corticosteroid responsive cough, eosinophilia detectable in
sputum and unlike asthma, patients with EB present without variable airflow
obstruction or AHR (22),(23). Critically, there are almost no mast cells present in the
ASM in patients with EB (19). The number of mast cells per mm? of ASM is
significantly higher in subjects with asthma than in EB (19;24). The infiltration of
ASM by mast cells could be associated with the disordered airway function found in
asthma, and indicates an important role for ASM and mast cells in this condition.
Conversely, intraepithelial mast cells obtained from bronchial brushings of subjects
with ICS-responsive chronic cough (a condition similar to EB) were found to be
increased compared to asthmatics (23). Concentrations of mast cell mediators
histamine and PGD?2 are reported to be significantly higher in sputum samples from
subjects with EB and not asthma when compared to normal subjects (34),
suggesting that mast cell infiltration into the superficial airway may be a particular

feature of this condition.
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1.3.3

Mast Cell Activation

Mast cell activation can occur when IgE is bound to the high-affinity IgE Fc receptor
(FceR1) on mast cells (217) and is cross-linked, triggering mast cell degranulation
(218;219). Toll like receptors (TLR) 1, 2, 3, 4, 5, 6, 7, 8 and 9 have also been
described on human cultured mast cells (220). Factors which activate these
receptors include lipoproteins (for TLR1 / TLR2), peptidoglycans (TLR2 / TLR6) and
lipoteichoic acid (TL2), viral double stranded RNA (TL3 / TL7) or a synthetic mimic
such as polyinosine-polycytidylic acid (poly 1:C), lipopolysaccharides (TL4), flagellin
(TLR5) and CpG DNA (TLR9). The activation of these receptors can also cause the
activation of the mast cell and subsequent release of mediators (221), or at least
potentiate IgE-activated mediator (IL4, IL6 and IL8) release (222). Mast cell and
ASM co-culture also resulted in mast cell activation (199).

Preformed mediators in granules include histamine, tryptase, chymase, heparin,
carboxypeptidase A3 and MMP-3 (223), TNF and VEGF (224). There are also a

variety of other cytokines and factors than can be released from mast cells (224);

Clazs of product Products

Preformed

Histamine, serctonin {in redents), heparin andfor chondroitin sulphates,
tryptase, chymass, major basic protein, cathepsin, carboxypeptidase-A

Lipid-derived PGD,, PGE, LTBy, LTC,, PAF
Cytokines & GM-CSF2b, IFN-a2®, IFN-BS, IFN-2, IL-1obs, IL-1p2%,
growth factors IL-1R antagonist?, IL-22, |L-325, |L-43b |52k |L-g2b,

IL-8 (CXCL&)b, |L-Gab, L-10ab, |L-11b, L-123d, |L-132b, |L-144,
IL-159, IL-165¢, IL-17E (IL-25)3, IL-17F<, IL-189, IL-22 (IL-TIF)*,
LIFd, LTp9, M-CSF=9, MIFd, SCF®, TGF-p1%F, TNF2 &, TSLPS,
bFGF2P, EGFP, IGF-12, NGF®, PDGF-AAY, PDGF-BBP, VEGF*P

Chemaokines CCLY (TCAI309)Ee CCL2 (MCP-1)3E CCL3 (MIP-1e)2d, CCL3LL (LDT78RM,

CCL4 (MIP-1p)ed, CCLS (RANTES)aR CCLT (MCP-3)°d CCLS (MCP-2)9,
CCL11 {ectaxinid, CCL13 (MCP-4)d, CCL16E (LEC/HECC-4)d, CCL1T7 (TARC)ad,
CCL20 (LARC), CCL22 (MDC)®4, CXCLL (Groa/KC)®d, CHCL2 (Grof/MIP-2129,
CHCL3 (Groy)d, CHCLLO (IP-100Be, CHCLLL (1-TAC)H, XCL1 (lymphotactin)®e

Free radicals Mitric oxide®f, superoxidesf

Others

Corticotropin-releasing factor®, urocortin®, substance P2

Figure 1.3.3: Products Released by Activated Mast Cells (224)

Some of these cytokines, growth factors, and chemokines have only been detected

at the mRNA level, only in studies of in vitro-derived mast cells and/or only from
mast cells from a single species. For these products, the following apply: (a,b)
Protein detected by ELISA or immunohistochemistry. (c,d) mRNA expression.

(a,c,e) Rodent. (a,d,f) Human.
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134

The early phase of asthma episodes are largely dependent on bronchoconstriction
(179). This reaction occurs within minutes of the allergen challenge and is initiated
by smooth muscle contraction as a consequence of the activation and mediator
release from local mast cells (180).

Evidence that the mast cell undergoes degranulation and could participate in this
response is underpinned by studies where concentrations of mast cell mediators
such as TNF and IL-1B, have been found to be increased in the bronchoalveolar
lavage (BAL) of patients with symptomatic asthma in comparison to those with
asymptomatic asthma (225). Histamine was found to be increased in atopic
asthmatics after allergen challenge (226). LTD, is increased in the sputum of
asthmatics (227), and PDGF was increased in the BAL of asthmatics (228). IL-4
and IL-13 are also increased in the BAL after allergen challenge (145).

TNF-a enhances smooth muscle Ca* responsiveness to bronchoconstrictor agents
such as thrombin and bradykinin (229). Heparin increases smooth muscle
contraction via a calcium independent mechanism (230).

Histamine has been reported to induce a contractile response in smooth muscle,
which can be potentiated by LTD4 (231). The latter of which can independently
cause smooth muscle contraction (80;232). PDGF (233), IL-4, IL-13 (216) and
tryptase (234;234) have also been reported to induce smooth muscle contraction.
Conversely in bronchial segments, IL-1B inhibits acetylcholine, histamine, and
potassium chloride (KCIl) mediated contraction, but this inhibition is reversed if the

epithelium is removed from the bronchial segments under investigation (235).

Tryptase

Application of tryptase to ASM cultures has been shown to increase ASM derived
TGF-B1 production (57), and activate TGF-B1 (78), the latter of which has been
observed to be a potent inducer of a-SMA expression in smooth muscle
(145;148;149;155), therefore promoting a contractile phenotype of ASM (123).
There are two main types of tryptase; a and B tryptases, to which they have a 92%
sequence homology. In relation to further subdivisions, there are a1 and a2
tryptases, along with 1, B2 and B3 tryptases. p2-tryptase is the isoform that is
stored in the secretory granules of mast cells (236;237) in a catalytically active form
(236;236).

Mast cell B-tryptase is a neutral serine protease with a tetrameric compound
structure made up of 4 non-covalently bound subunits and it has a total molecular
weight of 134-kDa (237). Each subunit has 1 enzymatically active site (238), but
upon dissociation, these monomers lose their enzymatic activity (237). B-tryptase is
concentrated within the secretory granules of mast cells where it is the most
abundant mast cell protein, constituting up to 20 — 25% of the total mast cell protein
in the granules (239;240). Upon degranulation, it is released along with chymase,

histamine, heparin and other mast cell granule products (241). Tryptase requires
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stabilization by heparin and other negatively charged proteoglycans (236). There is
thought to be as much as 10.1 + 2.5ug tryptase / 10° mast cells (242).

B-tryptase is able to cleave and degrade a number of proteins and extracellular
substrates such as vaso-active intestinal protein (VIP), which is a bronchodilator
(243), and it can activate fibrinogen, which belongs to a group of kinins, leading to
broncho-constriction and airway hyper-responsiveness (243;244). 3-tryptase is also
a mitogenic (236) and contractile (234;236) agent for smooth muscle cells. Tryptase
(20 nM) elicited 33 — 46% of the BrDU uptake occurring in the presence of 10%
FCS. Exposure to tryptase (5 nM) for 4 days also produced significant increases in
smooth muscle cell numbers, over that of cells maintained in serum free medium
(245). Application of tryptase to rings of human bronchi in an organ bath did not
produce any contractile responses at lower concentrations (1 nM), but did increase
tone by an average 7%, 14% and 16% at higher concentrations (3, 10 and 30 nM),
of the response to acetylcholine (1 mM) (234).

It is thought that most of the actions of tryptase are mediated by interactions with an
extracellular amino terminus of a transmembrane-domain, G protein coupled
receptor — protease activated receptor-2 (PAR-2). The protease cleaves a portion of
the extracellular amino terminus to unmask a new N-terminal sequence, which then
functions as a tethered ligand (246) binding to and interacting with the extracellular
loop 2 on the receptor to initiate signal transduction (247) . PAR-2 can also be
activated by peptides corresponding to the tethered ligand domain such as by the
synthetic PAR-2 ligand SLIGKV, without the need for the cleavage of the amino acid
terminus (247), and also trypsin (234) and tissue factor and factor Xa (248).

The PAR-2 receptor is functionally expressed on airway smooth muscle cells, as
well as the epithelium (234;249), bronchial glands, and the endothelium and smooth
muscle of bronchial vessels (234).

Many extracellular proteins are glycosylated. Mono- or Oligo-saccharides can be
attached to asparagine (N-linked) or to serine/threonine (O-linked) residues. The
PAR2 receptor has 2 N-linked glycosylation sequons, one on the receptor N-
terminus (Asn*°’Arg®'Ser®®), and the other on the extracellular loop 2 (ECLZ2;
Asn???1le?®*Thr*®*) (250). It has been hypothesized that N-linked glycosylation may
be responsible for restricting tryptase access to the PAR-2 receptor, and varying
states of glycosylation may be the reason for conflicting reports on whether tryptase
is (57), orisn’t (251) a good agonist for the PAR2 receptor.

Fibroblasts that have mutant N-terminal glycosylation-deficient receptors have
displayed increased sensitivity towards tryptase (250). Treatment with agents that
remove the sialic acid residues (such as with neuraminidase) from oligosaccharides
also facilitate tryptase access to the cleavage / activation site of PAR2 (252). Sialic
acid itself is not an inhibitor of tryptase. Removal of N-linked glycosylation has been
reported to decrease the efficacy of either trypsin or the peptide agonist SLIGRL-
NH, against PAR2 (250).

Cathepsin G, which is present in tryptase / chymase positive mast cells, has been
reported to inhibit the response of the PAR2 receptor to trypsin, but not SLIGKV-

NH,, suggesting that proteolysis of the extracellular domain may occur downstream

28



of the trypsin cleavage / activation site, while leaving unmodified the SLIGKV-NH,
binding site (253). Therefore in vivo, cathepsin G may promote tryptase access to
PAR2 by means of removing the N-terminus glycosylation sequon (254).
Interestingly, although Cathepsin G may promote access to the PAR2 receptor,
tryptase has been reported to increase TGF-B production from ASM cells (57).
TGF-B is known to increase the production of Thrombospondin 1 (TSP-1) from
airway smooth muscle (171), which is also a potent active site inhibitor of cathepsin
G (255). This could form a feedback mechanism to prevent excessive signaling and
resultant TGF-B production by tryptase.

Increases in cell confluence have been reported to down regulate cell-surface
receptor expression of PAR2 by up to 71% (250).

The mitogenic effect of tryptase is still evident after the proteolytic actions of
tryptase have been abolished (256), suggesting that there may also be
nonproteolytic (non PAR2) mechanisms at play. This could arise from the several
glycosylated residues on the outer surface of the crystal structure of tetrameric
human B-tryptase - such residues would be accessible for binding to cell surface
mannose receptors (257). To illustrate, in bovine airway smooth muscle cells,
potent proliferative responses to B-hexosaminidase and other mannosyl-rich

glycoproteins are mediated by specific mannose receptors (258).
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1.4

Environmental and Genetic Influences in Asthma

On the basis of current understanding in asthma, it is clear that asthma has strong genetic
components, but for those to manifest as chronic asthma, important environmental factors are
also required, often beginning in pregnancy and early infancy, such as respiratory infections,
environmental tobacco smoke exposure, dietary factors (259) and other environmental
influences which include factors that can be incorporated into the non-pharmacological
management of asthma, as illustrated in section 1.1.2.

The original hygiene hypothesis states that a lack of early childhood exposure to infectious
agents, symbiotic microorganisms and parasites (underdeveloped Thl immune response)
increases susceptibility to allergic diseases by modulating immune system development and
encouraging the overdevelopment of a Th2 immune response (260). Although it is now well
established that being raised on a farm environment (and a consequent exposure to infectious
agents) protects against hay fever and atopic sensitisation the evidence for an effect of living
in a farm environment on asthma and wheeze remains conflicting. Differences in farming
practices and hence in microbial exposures lead to discrepant results. It is therefore critical to
assess whether distinct farm environment related exposures have distinct effects on asthma
related phenotypes (261).

Genetic influences include the occurrence of polymorphisms within populations such as a
genetic variation in the disintegrin and metalloprotease (ADAM) 33 gene which lead to its
identification as a susceptibility gene for asthma, including an association with bronchial
hyperesponsiveness. ADAM 33 is expressed in bronchial smooth muscle, and it is thought to
alter the hypertrophic response of bronchial smooth muscle to inflammation (259). To date 55
single nucleotide polymorphisms (SNPs) for ADRB2 have been listed in public databases. A
number of these SNPs are nonsynonymous resulting in amino acid changes and functional
investigations have suggested that certain SNPs are of importance with regard to the cellular
response of (3 agonists (262).

With the advances in genetics and genomics substantial steps have been undertaken in the
last decade in understanding the genetic factors underlying asthma. With the application of
genetic techniques the next decade will undoubtedly result in a further substantial increment in

our understanding of the mechanisms underlying asthma (262).
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1.5 Hypotheses and Aims

Mast cell migration e.g. CXCL10
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Figure 1.5.1: Cellular Interactions

Hypothesis One: The Concentration of Chemokines That Mediate Mast Cell

Migration Are Increased in Airway Secretions in Asthma and EB.

To summarize, eosinophilic bronchitis (EB) is a condition which is similar to asthma. Both
conditions can present with cough and increased cough reflex hypersensitivity, sputum and
lavage eosinophilia, but AHR or VAO is absent in eosinophilic bronchitis. Airway epithelium in
eosinophilic bronchitis and asthma is fundamentally abnormal with goblet cell hyperplasia and
mucin secretion resulting in an occluded airway, particularly in mild-moderate and severe
persistent asthmatics (41;49;50), and EB (22;51). Sputum mast cells are increased in both EB
and asthma, but interestingly the number of mast cells in bronchial brushings and the sputum
concentration of mast cell mediators were greater in EB than asthma (23;34), suggesting that

mast cell infiltration into the superficial airway may be a particular feature of this condition.

The aims of this investigation involved the examination of mast cell mediator concentrations
and mast cell chemotaxis activity in BAL in EB asthma and normal controls. In order to

achieve this aim, the following criteria were examined,;

1) BAL fluid concentration of (A) CXCL10 and (B) CXCLS8 in subjects with EB
and asthma, and in healthy control subjects.
2) CXCR1 and CXCR3 expression by HMC-1 cells .
3) Examination of whether the recombinant chemokines CXCL10, CXCL8, and CCL11
were chemotactic for HMC-1 cells.
4) HMC-1 chemotaxis to BAL fluid from subjects with EB, asthma and normal controls
5) Assessment of potential inhibition of HMC-1 chemotaxis to BAL from subjects with EB

by neutralization Of CXCR1 & CXCR3.
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Hypothesis Two: The CCR3 / CCL11 axis mediates ASM migration.

To summarize, Airway smooth muscle plays a critical role in asthma through a variety of

mechanisms; ¢ Contributing to the inflammatory process arising from the synthetic response of
ASM. « Contributing to airway remodeling through increases in ASM area.

ASM area has been found to be significantly increased in the airways of mild-to-moderate and
severe asthmatic subjects (24;41), the severity of which has been found to increase with age
(55). Reductions in ASM area have resulted in improvements in PEF and quality of life scores
(84). Increases in ASM mass could result from either increased ASM hypertrophy (24;41),
hyperplasia (86), or an increase in ASM migration (263) under the influence of ASM derived
CCL11 (109). The cause of ASM hyperplasia in asthma is unknown and is often attributed to
increased proliferation, but several reports have been unable to demonstrate increased ASM
proliferation in vivo (24;41;85). An alternative explanation is that ASM progenitors either
located within the airway wall or derived from peripheral blood fibroblast progenitors
(fibrocytes) (264), migrate to the ASM bundle and differentiate into ASM.

The aims of the investigation involved the examination of whether CCL11 mediated ASM

migration. In order to achieve this aim, the following criteria were examined;

1) ASM expression of the CCL11 receptor - CCR3.
2) The effect of CCL11 on ASM proliferation and survival.
3) The effect of mast cells and B-tryptase on CCL11.
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Hypothesis Three: Mast Cells Promote ASM to a More Contractile Phenotype.

To summarize, airway smooth muscle plays a critical role in asthma through a contributing to
AHR through mesenchymal cell differentiation and increased ASM contractility. Fibrocytes
may differentiate into fibroblasts to myofibrocytes, then into ASM and potentially de-
differentiating depending on environmental influences. These phenotypically variable cells can
be identified and characterized by the sequential appearance of cytoskeletal and contractile
proteins to yield a phenotype that is characteristic of ASM cells. Evidence suggests that lung
fibroblasts which express higher levels of a-SMA possess an enhanced ability to wrinkle
deformable silicone substrates and contract collagen gels than those which express lower
levels of a-SMA. Also, only lung fibroblasts with higher levels of a-SMA were able to deform
more rigid silicone substrates (123).
The striking difference between the pathology of EB and asthma is that asthmatic ASM is
infiltrated by mast cells, suggesting that this is a major determinant of the disordered airway
physiology observed in asthma (19). The mechanisms that drive the development of
disordered airway physiology in asthma as a consequence of mast cell-ASM interactions have
not been fully elucidated. Indeed, to date whether mast cells promote ASM differentiation to a
more contractile phenotype is unknown, and this remained the focus of this investigation.
Mediator release from mast cells could cause the ASM to contract (80;216;231-234), and
along with the promotion of a more contractile phenotype of ASM, could contribute towards
the disordered airway physiology observed in asthmatics.
The aims of the investigation involved the examination of the contractile phenotype of ASM. In
order to achieve this aim, the following criteria were examined;
1) The expression of the contractile protein a-SMA in HASMCs after co-culture with
HLMCs and mast cell products.
2) HASMC contractility after co-culture.
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Chapter Two

Methods



2.1

2.2

Methods

Clinical Characterisation

Patients with eosinophilic bronchitis, asthma and non-asthmatic controls were recruited from
respiratory outpatient clinics and from staff at the Glenfield Hospital, Leicester, UK.

Subjects with asthma had a consistent history and had objective evidence of asthma, as
indicated by one or more of the following: (i) methacholine airway hyperresponsiveness
(provocative concentration of methacholine causing a 20% fall in FEV, [PC20], <8 mg/mL); (ii)
greater than 15% improvement in FEV; 10 minutes after administration of 200ug of inhaled
salbutamol; or (iii) greater than 20% of maximum within-day amplitude from twice daily peak
expiratory flow measurements over 14 days.

The subjects with eosinophilic bronchitis had an isolated cough, no symptoms suggesting
variable airflow obstruction, normal spirometric values, normal PEF variability, normal airway
responsiveness (PCy, > 16mg/ml), and sputum eosinophilia (> 3% nonsquamous cells). The
healthy subjects gave no history of respiratory diseases, had negative allergen skin prick test
results, normal spirometry findings, and normal airway responsiveness. None of the subjects
had been treated with inhaled or oral corticosteroids, long-acting bronchodilators, or
leukotriene antagonists for at least 1 month before entry into the study.

The healthy subjects gave no history of respiratory diseases, had negative skin prick test
results, normal spirometry findings, and normal airway hyperresponsiveness.

Additional non-asthmatic subjects underwent lung resection.

The study was approved by the Leicestershire Ethics Committees and all patients gave their

written informed consent.

Clinical Measurements

A selection of subjects underwent fibreoptic bronchoscopy and bronchial biopsy using current
British Thoracic Society guidelines (265). Lignocaine was used as the local anesthetic, oxygen
supplementation was used to achieve an oxygen saturation of at least 90% to reduce the risk
of significant arrhythmias and asthmatic subjects were premedicated with a bronchodilator
before bronchoscopy. A 20ml bronchial wash into the bronchial intermedius and a 180ml| BAL
into the right lower lobe was performed. Bronchial wash and BAL fluid samples were
centrifuged at 790g for 10 minutes, and the supernatant was stored at -80°c for later analysis.

Subjects also underwent spirometry, allergen skin prick tests for Dermatophagoides
pteronyssinus, cat fur, grass pollen, and Aspergillus fumigatus, a methacholine inhalation test
(Figure 2.2a) and sputum induction (Figure 2.2b). In relation to the methacholine inhalation
test, after the inhalation of each dose of methacholine, FEV1 measurements were made at 30
and 90 seconds after the last inhalation. The time between methacholine doses were
standardized at 5 minutes to keep cumulative effect constant.  After the first concentration,
if the FEV1 had not dropped by more than 5%, and there was no clinical evidence of
bronchoconstriction, then the next dose was omitted. Concentrations were not omitted if a
patient's FEV1 fell by 5% or more after the diluent inhalation. If asthma symptoms did not
appear to be well controlled, all patients were started at 0.03mg/ml. If FEV1 had dropped >

16%, and the patient had asthmatic symptoms, then the test was stopped.
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Is the FEV, / FVC > 80%? NG >
v Yes
Is the FEV; > 70%? predicted? No >
y Yes
[Has the FEV; fallen <10% after saline? | >
y Yes No
Are the patients symptoms well controlled? N >
0
v

v Yes

Use these starting concentrations;
Inhaled / ingested CS *; 0.125mg/ml
Daily bronchodilators; 0.25mg/ml
Occasional bronchodilators; 1.0mg/ml
No medications; 1.0mg/ml

Use these starting concentrations;
Inhaled / ingested CS *; 0.03mg/m|
Other medications / no medications; 0.125mg/ml

v

v

Depending in the starting stage, the following doses of methacholine
would then be applied until a 20% fall in FEV1 occurs:
0.03, 0.06, 0.125, 0.25, 0.5, 1, 2, 4, 8, and 16 ma/ml|

CS *; Corticosteroids

Figure 2.2a: Methacholine Induction Test (266)
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Measure FEV;

v
Salbutamol (200uQ)

v

Remeasure FEV; after 20 minutes. If > 60% predicted, proceed

v

Administer 7ml 3% saline using a Fisoneb ultrasonic nebuliser
> Repeat previous inhalation

10%, <20% fall in FEV;
v
Remeasure FEV1

~Na

>20% fall in FEV; or troublesome symptoms

\ Discontinue

v

<10% fall in FEV1
v

Blow nose, rinse mouth and swallow water

v

Expectorate sputum
Repeat procedure with 4% and 5% saline

Process sputum at 4°c within 2 hours of expectoration

v

Select sputum plugs (removing saliva & squamous cell contamination)

\
Weigh and incubate with 4x volume 0.1% dithiothreitol (DTT)

Z;ently aspirate with pasteur pipette, vortex for 15 seconds

gock on bench rocker for 15 minutes on ice

K/Iix with equal volume (to DTT) of dulbecco’s phosphate buffered saline (D-PBS)
;ock for 5 minutes

%ilter through a 48um nylon gauze

Perform total cell count and viability by trypan blue exclusion method

v
Centrifuge at 7909 for 10 minutes

v

Store supernatant at -70°c

v
Resuspend cell pellet in D-PBS to 1 x 10° cells/ ml

v
Prepare cytopins by placing 75ul cell suspension in cups of cytocentrifuge and
centrifuge at 450rpm for six minutes

v
Air dry

v

Romanowsky stain

v

Differential cell count (400 cells)

Figure 2.2b: Sputum Induction and Processing (267)
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2.3

ASM lIsolation and Culture

Fat cells, elastic fibres
Smooth muscle —»

Epithelial cells

Dissected
bronchus

Isotype Control a-Smooth muscle actin +ve

Light Microscopy Immunofluorescence

Figure 2.3: ASM Characterisation

Pure ASM bundles were isolated from bronchial biopsies obtained from fibreoptic
bronchoscopy and additional airways isolated from lung resection were dissected free of
surrounding tissue. Primary ASM was cultured in DMEM with Glutamax-1 supplemented with
penicillin (100U/mL), streptomycin (100ug/mL), amphotericin (0.25ug/mL), non-essential
amino-acids (100uM) (Invitrogen, Paisley, UK), sodium pyruvate (1mM) and fetal bovine
serum (10%) (Sigma, Gillingham, UK). ASM cell characteristics were determined by
immunofluorescence and light microscopy with a-smooth muscle actin-fluorescein
isothiocyanate (FITC) direct conjugate, calponin and myosin indirectly conjugated with FITC

(Sigma). ASM passage 2-6 was used for experiments.
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HLMC Isolation and Culture

f40-0-p-e

> 50% of mast

Resection Lung Lung cells will detach
lung fragmentation digestion from the beads
Mouse anti-human CD117 ~ > within 24 hours

Superparamagnetic polystyrene beads
with sheep anti-mouse IgE = ——»

Figure 2.4: HLMC Isolation

HLMC were purified from macroscopically normal lung within 1 hour of resection for
carcinoma using an enzymatic dispersal and immunomagnetic bead selection procedure.
Lung tissue was finely diced and fragmented, then washed four times through two pieces of
sterile 100pm nylon gauze (Fisher, Loughborough, UK) with Dulbecco’s Modified Eagles
Medium (DMEM) with GlutaMAXTM I, 4500 mg/L D-Glucose and 25mM HEPES (Invitrogen)
supplemented with penicillin (100U/ml) streptomycin (100ug/mL), amphotericin (0.25ug/mL),
non-essential amino-acids (100uM), (Invitrogen), sodium pyruvate (1mM) and 10% foetal calf
serum (Sigma), herein referred to as HLMC media. The lung tissue was then cultured
overnight in HLMC media (4ml/gram of tissue).

Enzymatic digestion of the tissue was performed through the addition of collagenase
(75mg/10g tissue) and hyaluronidase (37.5mg/10g tissue) (both Sigma) followed by
incubation at 37°c for 75 minutes on a magnetic stirrer. HLMC were then liberated by a two
washes through a 100pm gauze (Fisher) and then a 50um gauze (Precision Textiles, Bury,
UK) after which the filtrate was centrifuged to pellet the cells. The cell pellet was then
resuspended in 3ml HBSS/FCS protein (84.7% HBSS; 2% FCS; 10% horse serum —
Invitrogen, 3.3% BSA — Sigma) and incubated for 30 minutes at 4°c to prevent non-specific
binding of the immunomagnetic beads in the next stage. The cell suspension was then diluted
with HBSS + 2% FCS before passing through a 40uM cell strainer (BD Biosciences, Oxford,
UK) and pelleting the cells.

The procedure of coating the immunomagnetic beads involved washing the sheep anti-mouse
IgG Dynabeads (Invitrogen) with PBS / 0.1% BSA (Invitrogen and Sigma respectively) three
times using a MPC magnet. The beads were then resuspended in PBS / 0.1% BSA to which
8ug CD117 (BD Biosciences) was added. This was incubated on a rotating mixer at room
temperature for 30 minutes. The beads were washed a further three times before
resuspending in PBS / 0.1% BSA (2ml) with 1% azide (Sigma). The suspension containing the
mast cells were then resuspended with CD117-coated immunomagnetic beads at a 5:1
beads-cells ratio and incubated for 90 minutes at 4°c.

The beaded cells were then cultured in HLMC media supplemented with SCF (100ng/ml), IL-6
(50ng/ml) and IL-10 (10ng/ml) (R&D Systems, Abingdon, UK). Up to 50% of mast cells
detached from the beads within 24 hours, and the two populations were separated with the

use of a magnet.
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2.5

2.6

HMC-1 Culture

The human mast cell line-1 (HMC-1) cell line was a generous gift from Dr J. Butterfield (Mayo

Clinic, Rochester, Minn). HMC-1 cells were maintained in Iscove's modified DMEM;
supplemented with penicillin (100U/mL), streptomycin (100ug/mL), amphotericin (0.25ug/mL),
non-essential amino-acids (100uM) (Invitrogen) 10% iron-supplemented fetal calf serum and
1.2 mM a-thioglycerol (Sigma) (268).

Concentration of Samples for ELISA

As Vivaspin columns (Vivascience AG; Hanover, Germany) vary, the most appropriate
membrane was selected for the concentration of the sample; for maximum recovery, a
molecular weight cut off (MWCO) was selected that was at least 50% smaller than the
molecular size of the species of interest. The concentrator was filled and the lid was sealed.
The assembled concentrator was inserted into the centrifuge, and the centrifuge was operated
at the appropriate speed for the recommended amount of time. Once the desired
concentration was achieved, the assembly was taken apart by pinching the tube and twisting
to remove the concentrator body. The sample was recovered from the bottom of the pocket
with a pipette.

Concentrator body

Press = Press
here

==

\,\ /= Filtrate
*./— | <mm
\ &
Tube Sleeve

Figure 2.6: Vivaspin Column
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2.7

2.8

Enzyme Linked Immunosorbent Assays

Enzyme linked immunosorbent assays (ELISAs) were conducted using the sandwich ELISA
method. Briefly, a known quantity of capture antibody was bound to each well of a 96-well
plate, then any non-specific binding sites on the well surface were blocked using a PBS; +/-
BSA solution. The antigen containing samples, standards and control solutions were then
added in duplicate to the plates, and following incubation the plates were washed to remove
any unbound antigen. Detection antibodies; +/- Av-HRP conjugate were added, followed by
washing to remove unbound detection antibody. Next 3,3',5,5'-tetramethylbenzidine (TMB)
substrate solution (BD Biosciences) was added to each well, and following development, the
reaction was stopped with the addition of H,SO,. Absorbance was read using a Wallac plate
reader.

The mean absorbance for each set of duplicate standards and samples were calculated. The
mean zero standard absorbance was then subtracted from each value. The standard curve
was plotted on a log-log scale (figure 2.3), with the antigen concentration on the x-axis and
absorbance on the y-axis to allow the construction of a trend line from which the
concentrations of the unknowns were calculated (e.g. =sum ((absorbance of sample - 0.1307)

/0.001). An example standard curve was as follows;

2.5
y=0.001x+0.1719
R2=0.963

2.0
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Figure 2.7: ELISA Standard Curve

Mast Cell Chemotaxis

Mast cell chemotaxis assays were performed using transwells with 8um fibronectin-coated
inserts in 24-well plates (BD Biosciences). 2 x 10° mast cells were placed in 100ul of culture
medium into the top well, and 450yl of chemoattractant or a negative control into the bottom
well. After incubating the cells for 4 hours at 37°c, the number of mast cells in the bottom well
were counted using Kimura stain in a haemocytometer. Checkerboard analysis was used to
distinguish chemotactic activity from chemokinetic activity. Dilutions of chemoattractant were
added to the upper and lower wells, and mast cell migration increased as the concentration
gradient between the upper and lower chambers increased. This indicated that the migratory

activity was chemotactic rather than chemokinetic.
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2.10

Immunofluorescence

HMC-1 (10° cells / well) were seeded onto fibronectin-coated chamber slides and cultured
using Iscove's modified DMEM; with penicillin (100U/mL), streptomycin (100ug/mL),
amphotericin (0.25ug/mL), non-essential amino-acids (100uM) (Invitrogen), 10% iron-
supplemented fetal calf serum and 1.2 mM a-thioglycerol (Sigma) (268).

ASM cells were grown to confluence in chamberslides and growth arrested in DMEM with
Glutamax-1 supplemented with penicillin (100U/mL), streptomycin (100pg/mL), amphotericin
(0.25ug/mL), non-essential amino-acids (100uM), (Invitrogen) sodium pyruvate (ImM) and
insulin-transferrin-selenium (1%) (Sigma) (ITS media) for 24 hours. Cells were fixed with
methanol, labeled with appropriate antibodies, isotype controls and counterstained with DAPI

(Sigma).

Flow Cytometry

HMC-1 (10° cells / well) were fixed with PFA (4%) in order to examine receptor expression.
ASM cells were grown to confluence and growth arrested in ITS media for 24 hours. Cells
were either harvested with accutase (Insight biotechnology, London, UK) and fixed with PFA
to examine receptor expression, or harvested with trypsin (0.25%) (Invitrogen) and fixed with
PFA (4%) then re-suspended and permeabilised in PBS/0.5% BSA and 0.1% saponin
(1x106cells/ml) in order to examine intracellular protein expression using appropriate
antibodies and isotype controls.

Antibody binding was detected using a FACScan flow cytometer with various colour detectors
enabling the detection of different channels such as forward light scatter (cell size), side
scatter (cell granularity), FL1; a 525nm band pass filter (green) for flurochromes such as FITC,
and FL2; a 575nm band pass filter (orange-red) for flurochromes such as PE and PI. Data
was analysed using CellQuest software (Becton-Dickinson). Cells were selected based on
their side (SSC-H) and forward (FSC-H) scatter (Figure 2.6a) and in the case of single colour
flow cytometry, antibody staining was quantified as the fluorescent intensity staining after

subtraction of the isotype-matched control antibody fluorescence (Figure 2.6b).
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Figure 2.10: Flow Cytometry

Figures illustrating (a) the side (SSC-H) and forward (FSC-H) scatter of ASM cells, (b) the region of
interest containing the ASM cells was then used to examine (b) the fluorescent intensity

expression of the labeled cells.
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Calcium Imaging

Freshly prepared phosphate saline solution (PSS 0 Ca®* — containing H,0, NaCl (118.4Mm),
KCI (4.7mM), D-glucose (11.1mM), Hepes (10mM), MgCl, (1.2mM) adjusted to pH 7.4 with
NaOH) was used to prepare PSS 2mM Ca** This was then used to construct the dye loading
solution (PSS 2Mm Ca*" and FURA-2 (5uM)).

The fluorescent dye, FURA-2 (Sigma), was then loaded into the cells. After stimulating the
cells with an appropriate agent, cells were excited at altering wavelengths at 340nm (Ca2+
bound FURA-2 excitation wavelength) and 380nm (Ca2+ unbound FURA-2 excitation
wavelength) (Figure 2.10a). Therefore, as signaling channels were activated and the Ca**
concentration increased in the cytosol of each cell, the intensity of the dye at the 340nm
wavelength increased and the intensity of the dye at 380nm decreased. The ratio of these two
wavelengths allowed a fairly accurate measurement of the intracellular ca®*.

Fura-2 fluorescence emission was obtained at 510 nm by an intensified charge cooled device
(CCD) (Hamamatsu, Japan) using a X40 fluor oil immersion lens (Nikon) and a 480-nm long-
pass barrier filter using appropriate software (Openlab; Improvision; Coventry UK). This was
converted to a [Ca2+]i (cytosolic free Ca* concentration ([Ca2+]i), concentration using a
commercially available calibration kit (Molecular Probes; Invitrogen; Paisley, UK) (Figure
2.10b).

a [Ca2+), b
! High 600 Addition of agent
ki —
- I C 200 Response to agent
0 T T T 1
Low 0 50 100 150 200
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Figure 2.11: Calcium Imaging

Figures illustrating (a) increased cytosolic free Ca®* ([Ca®™]i) after receptor activation, as
illustrated by increased intracellular green fluorescence by FURA-2-loaded cells in the upper

panel compared to the lower panel, and (b) a transient rise in [Ca2+]i after receptor activation.
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2.12

2.13

ASM Chemotaxis

ASM chemotaxis assays was performed using a validated chemotaxis assay (74). ASM cells

were seeded onto 8-rectangular well plates coated with 10ug/ml fibronectin at a density of

0.25x106 cells/well, allowed to adhere overnight, then serum deprived in ITS media for 24
hours prior to experimentation. Cells were removed by scraping between the top of the well
and a line predrawn across the width of the well, on the underside of the plate, 22mm from the
bottom of the well. Cell debris was removed by washing with ITS media. Blotting paper (25mm
X 6mm; Sigma) was then placed along the upper edge of the well, secured in place using
silicon grease. Migratory agent, where appropriate, was impregnated onto blotting paper from
which it diffused into the media (Figure 2.11). The number of cells that moved towards the

resultant concentration gradient of agent was enumerated after 6 hours by a blinded observer.

4—25mm—}

Blotting 5
mm .
paper Confluent cell TS media  Blotting paper
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monolayer

Confluent cell

monolayer 7
¥ 22mm

LOW Chemokine concentration HIGH
gradient

Figure 2.12: ASM Chemotaxis

Figures illustrating the (a) set-up of a chemotaxis well, and (b) the chemokine concentration

gradient in the chemotaxis well.

Wound Healing Assay

ASM were seeded onto 8-rectangular well plates coated with 10ug/ml fibronectin at a density

of 0.25x106 cells/well, allowed to adhere overnight, then serum deprived in ITS media for 24
hours prior to experimentation. Wounds were introduced using a sterile 200ul pipette tip. The
number of cells that moved into the wound in the presence of ITS control media and

vehicle/agent were counted over 6 hours by a blinded observer.
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2.14

2.15

Cell Metabolic Activity

1 x 10" ASM cells were seeded into each well of a 96-well plate, allowed to adhere overnight
and stimulated with agents as appropriate for 24 hours. Cell metabolic activity was assessed
using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay; 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)—2-(4-sulfophenyl)-2H tetrazolium inner salt (MTS) assay
(Promega, Southampton, UK). The CellTiter 96® Aqueous One Solution reagent (20ul) was
added to each well of a 96-well plate containing the samples in 100pl of culture medium. The
plate was then incubated for 3 hours at 37°c in a humidified, 5% CO, atmosphere, and
absorbance read at 490nm using a Wallac plate reader. The number of cells present in each

well could be related to an increase in absorbance (Figure 2.13).
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Figure 2.14: Cell Metabolic Activity Using an MTS Assay

CESE Cell Proliferation Assay

ASM proliferation was assessed by using the CellTrace carboxyfluorescein diacetate,

succinimidyl ester (CFSE) Cell Proliferation Kit (Invitrogen). ASM cells were seeded at a
density of 5 x 10 cells / dish in 10% FBS media in 60mm tissue culture dishes and incubated
at 37°c for 72 hours. Cells were then labeled with 2.5uM CFSE for 15 minutes in PBS, prior to
incubation in 10% FBS media for a further 30 minutes to allow cleavage of the acetate groups
to yield highly fluorescent carboxyfluorescein succinimidyl ester and incubated at 37°c for a
further 24 hours. Cells were then exposed to agents as appropriate, prior to analysis using
single colour flow cytometry on a FACScan (BD Biosciences). To illustrate (Figure 2.16), cells
were harvested and stained with CFSE on day 0. A portion of the population was arrested at
the parent generation using mitomycin C (open peak). The rest of the sample was stimulated
with a proliferating agent and incubated for a further 5 days. The solid grey peak represents

successive generations of proliferating cells.

Increase in proliferation

«—
"

A

1‘ \
/ \

s,
10° 10' 10° 10° 10¢
CellTrace CFSE fluorescence

Figure 2.15; CESE Cell Proliferation Assay

Number of cells counted
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2.16

Annexin V and Propidium lodide Apoptosis Assay

Apoptosis was detected using the annexin V-FITC apoptosis detection kit | (BD Biosciences).
ASM cells were washed twice with cold PBS and then resuspended in 1X binding buffer at a
concentration of 1 x 10° cells / ml. 100yl of the solution (1 x 10° cells) was then transferred to
a 5ml culture tube along with the addition of annexin V-FITC (5ul) and propidium iodide (PI)
(5ul). The cells were vortexed and incubated for 15 minutes at room temperature in the dark.
1X binding buffer (400ul) was added to each tube, and analysed by flow cytometry, as
described in section 2.9, within one hour. Controls such as unstained cells, or cells stained
with either annexin V-FITC alone (no PI), or Pl alone (no annexin V-FITC) were used to set up

compensation and quadrants.
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Figure 2.16;: Annexin V and Propdium lodide Apoptosis Assay

Cells were either left untreated (a, b) or treated for 4 hours with an agent (c, d). Cells were
incubated with Annexin V-FITC in a buffer containing Pl and analysed by flow cytometry.
Untreated cells were primarily Annexin V-FITC and Pl negative (a, b), indicating that they
were viable and not undergoing apoptosis. After a 4 hour treatment (c, d), there were primarily
two populations of cells; cells that were viable and not undergoing apoptosis (Annexin V-FITC
and PI negative) (c; lower left quandrant and d; M1) and cells undergoing apoptosis (Annexin
V-FITC positive and Pl negative) (c; lower right quadrant and d; M2). A minor population of
cells were observed to be Annexin V-FITC and PI positive (c; upper right quadrant), indicating

that they were in end stage apoptosis or already dead.
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2.17

Genechip Array Analysis

RNA expression levels of were examined using the Human Genome U133A probe array
(GeneChip, Affymetrix, Santa Clara, CA, USA).

RNA was prepared using TRIzol (Iml) (Invitrogen), which was added to adherent ASM
cultures and incubated for 10 minutes at room temperature. Following TRIzol retrevial from
the tissue culture vessels, chloroform (0.2ml) was added to the TRIzol, followed by agitation
and centrifugation, retrieval of the colourless upper-aqueous phase, addition of isopropanol
(600ul) and agitation and centrifugation. The resulting RNA pellet was then washed with 75%
ethanol (1ml) followed by centrifugation and air-drying of the pellet. The concentration and
purity of each sample were determined by analyzing spectrophotometric absorption at
260/280nm. Double stranded cDNA was synthesized using a Super-Script Choice system
(Invitrogen Life Technologies) and a T7-(dT)24 primer (Amersham Pharmacia Biotech,
Buckinghamshire, UK).
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Figure 2.17a; cDNA Synthesis For Genechip Array Analysis
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The cDNA was subjected to in vitro transcription in the presence of biotinylated nucleoside
triphosphates using a BioArray high-yield RNA transcript labeling kit (Enzo Diagnostics,
Farmingdale, NY, USA). The biotinylated cRNA was hybridized with a probe array for 16
hours at 45°c. After washing, the hybridized, biotinylated cRNA was stained with streptavidin-
phycoerythrin (Molecular Probes, Eugene, OR, USA), and then scanned with a HP gene array

scanner.
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Figure 2.17b; Genechip Array Analysis

The fluorescence intensity of each probe was quantified using a computer program,
GeneChip Analysis Suite 4.0 (Affymetrix). The expression level of a single mRNA was
determined as the average fluorescence intensity among the intensities obtained by 11 paired
(perfect-matched and single nucleotide —mismatched) probes consisting of 25-mer
oligonucleotides. If the intensities of the mismatched probes were very high, gene expression
was judged to be absent, even if a high average fluorescence was obtained with the
GeneChip Analysis Suite 4.0 program. The level of gene expression was determined as the
average difference (AD) using the GeneChip software. The percentages of the specific AD
levels versus the mean AD level of six probe sets for housekeeping [B-actin and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were then calculated (269).
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2.18

2.19

GMA Embedding of Biopsy Specimens

Bronchial biopsies from subjects with asthma obtained through bronchoscopy and were fixed
in acetone and embedded in glycomethacrylate (GMA). The biopsy was immediately placed
into ice cold acetone containing phenyl methyl sulphonyl fluoride (2mM) and iodoacetamide
(20mM) and fixed overnight at -20°c. After this, the fixative was replaced with acetone and
incubated at room temperature for 15 minutes, and then the acetone was replaced with
methyl benzoate and incubated at room temperature for 15 minutes. The biopsies were
removed from the methyl benzoate and placed in the processing solution. This consisted of
methyl benzoate (125ul) in glycol methacrylate (2370pl). Incubation followed at 4°c, and the
biopsies were moved to fresh embedding solution every 2 hours for a total of 6 hours.
A second embedding solution was then prepared which involved dissolving benzoyl peroxide
(70mg) into GMA solution A, a polymer (10ml), then adding GMA solution B, an accelerator
(250ul1). Both GMA solutions A and B are glycomethacrylate based. The specimens were then
embedded in the second embedding solution in Taab flat bottomed capsules. Polymerisation
then occurred at 4°c for 48 hours. The specimens were stored in airtight boxes at -20°c with

silica gel.

Immunohistochemistry

Sequential 2um sections were cut from GMA embedded sections and floated on 0.2%
ammonia water. Sections were collected onto saline coated slides and left to dry for 4 hours at
room temperature. Slides were then incubated with sodium azide (0.1%) and hydrogen
peroxide (0.3%) for 30 minutes and then washed with TBS. D-MEM with Glutamax 1 was then
added to the slides for 30 minutes, followed by washing with TBS and labelling with

appropriate antibodies and isotype controls.
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2.20

Real-Time Reverse Transcription-Polymerase Chain Reaction

RNA was prepared using TRIzol (Iml) (Invitrogen), which was added to adherent ASM
cultures and incubated for 10 minutes at room temperature. Following TRIzol retrevial from
the tissue culture vessels, chloroform (0.2ml) was added to the TRIzol, followed by agitation
and centrifugation, retrieval of the colourless upper-aqueous phase, addition of isopropanol
(600ul) and agitation and centrifugation. The resulting RNA pellet was then washed with 75%
ethanol (1ml) followed by centrifugation and air-drying of the pellet. The concentration and
purity of each sample were determined by analyzing spectrophotometric absorption at
260/280nm.

Real-Time Reverse-Transcription Polymerase Chain Reaction (RT RT PCR) was performed
using a single tube Full Velocity SYBR green kit (Stratagene, Stockport, UK). The reagent
mixture consisted of experimental RNA (100ng), StrataScript RT/RNase block enzyme
mixture, an upstream and downstream primer (250nM), FullVelocity SYBR Green QRT PCR
master mix (reverse transcriptase, neutralizing hot start antibody to inactivate FullVelocity
DNA polymerase during reaction set-up and cDNA synthesis, DNA polymerase, thermostable
accessory protein, MgCI2, nucleotides — GAUC, stabilizers, SYBR green | dye,) and the ROX
passive reference dye (5-carboxy-X-rhodamine in 10mM Tris-HCI (pH 8.6), 0.1mM EDTA,

and 0.01% Tween-20 at a final concentration of 30nM). The cycling program was as follows;

Segment Cycles Duration | Temperature
cDNA synthesis 1 30 min 50°c
Heat inactivation of reverse transcriptase 1 5 min 95°c
Amplification Step: 50 20 sec 95°c
Denaturation and annealing / extension step 30 sec 60°c

(fluorescence was recorded at the end of each cycle)

Melting of DNA 1 30 sec 95°c
Annealing of DNA 1 30 sec 60°c
Melting of DNA 1 30 sec 95°c

(fluorescence was recorded during the rise in

temperature for this cycle)

Dissociation Curve

Annealing of DNA 1 30 sec 60°c

Table 2.19: RT RT PCR Cycle Design

The fluorescence signal from the PCR reaction was monitored in real-time, and the results
are displayed as an amplification plot (figure 2.17a), which reflects the change in fluorescence
during cycling. This information was used to quantitate initial copy humber based on threshold
cycle (Ct), which is defined as the cycle at which fluorescence is statistically significant above
background. The Ct value was then compared between various samples to compare the
amount of template in each sample.

To determine if the fluorescence in the no template control reaction originated from true
amplification of contaminating template in the reaction (primer stocks, master mix), or from

the synthesis or primer-dimers or other non-specific products, a dissociation curve was
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generated. The PCR samples were subjected to a stepwise increase in temperature from

55°c to 95°c and fluorescence measurements were taken at every temperature increment.
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Figure 2.19: Amplification Plots and Dissociation Curves for RT RT PCR

Figures illustrating (a) amplification plots for $-actin with and without template RNA, showing
an increase in fluorescence as the number of cycles increase, and (b) dissociation curve
analysis, where the fluorescence peak corresponding to the amplicon (centered around 86°c)

is distinguishable from the peak due to primer dimers (centered around 80°c).
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2.21

Agarose Gels
Agarose (1.5g) was added to Tris-acetate-EDTA (TAE) buffer (50ml) and heated until the

agarose had dissolved. The solution was cooled until it turned opaque, after which ethidium
bromide (4pl) was then added to the solution. To construct the gel, the solution was poured
into an appropriately sized tray to which a comb was added to leave space for the samples,
and the gel was left to set. A 100bp DNA ladder (Promega), no template controls (NTC) and
DNA samples and were individually combined with Blue/Orange Loading dye (Bio-Rad; Hemel
Hempstead, UK). The gel was run at 80 volts and 55mA for approximately 45 minutes. The

separated products in the gel were visualized with a UV transilluminator.

DNA Ladder (bp)

Figure 2.20: DNA Product Size lllustrated in an Agarose Gel
Lane 1; DNA ladder, lane 2; a-SMA NTC, lane 3; a-SMA amplification product (175bp), lane
4; B-actin NTC, lane 5; B-actin amplification product (300bp).
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2.23

Collagen Gels

ASM cells were grown to confluence and growth arrested in DMEM with Glutamax-1
supplemented with penicillin (100U/mL), streptomycin (100ug/mL), amphotericin (0.25ug/mL),
non-essential amino-acids (100uM), sodium pyruvate (1mM) and insulin-transferrin-selenium
(1%) (Sigma) for 72 hours, and harvested with trypsin (0.25%).

A gel consisted of 0.125 x 10° ASM cells resuspended in DMEM with Glutamax-1
supplemented with penicillin (L00U/mL), streptomycin (100pg/mL), amphotericin (0.25ug/mL),
non-essential amino-acids (100pM) (Invitrogen), sodium pyruvate (ImM) and insulin-
transferrin-selenium (1%) (Sigma) (144ul), with collagen (299ul resulting in 1.73mg/ml)
(Inamed Biomaterials, San Diego, CA, USA), 10X D-MEM (37ul), sodium bicarbonate (20ul)
(Invitrogen) including stimulus as required. The gel mixture was added to a precoated well
(PBS + 0.5% BSA) on a 24-well plate and left to polymerize at 37°c for 90 minutes.

The gels were then detached and suspended in 500ul of DMEM with Glutamax-1
supplemented with penicillin (L00U/mL), streptomycin (100pg/mL), amphotericin (0.25ug/mL),
non-essential amino-acids (100pM) (Invitrogen), sodium pyruvate (1mM) and insulin-
transferrin-selenium (1%) (Sigma) including stimulus as required and incubated for 48 hours.
Histamine (Sigma) was then added to the appropriate wells to a final concentration of 100uM.
Photographs were taken at appropriate time points and the surface area of each gel was
measured using Imaged (http://rsb.info.nih.gov/ij)) by a blinded observer. Preliminary
investigations included the assessment of the inter-subject variability in the assessment of 5

different gels between 5 observers and the results demonstrated excellent agreement (intra-

class correlation=0.99).

Figure 2.21: Collagen Gels

Representative pictures of a collagen gel embedded with ASM contracting over time.
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Chapter Three

Studies



3.1

Chemokine Concentrations and Mast Cell Chemotactic Activity in

Bronchoalveolar Lavage (BAL) in Eosinophilic Bronchitis (EB), Asthma and

Normal Controls.

3.1.1

Introduction

Sputum mast cells are increased in both asthma and eosinophilic bronchitis, but
interestingly the number of mast cells in bronchial brushings and the sputum
concentration of mast cell mediators were greater in eosinophilic bronchitis than
asthma (23;34), suggesting that mast cell infiltration into the superficial airway may
be a particular feature of this condition.

The recruitment of mast cells into the bronchial epithelium in asthma and eosinophilic
bronchitis is likely to be mediated by a chemotactic signal arising from the superficial
airway. The C-C and C-X-C chemokines in particular are attractive candidates as
inflammatory cell chemoattractants. Several chemokine receptors and their respective
ligands have been implicated in mediating mast cell migration (223). The chemokine
receptors most highly expressed by human lung mast cells are CCR3, CXCR1, 3 and
4 (212;270). The concentration of chemokines in airway secretions in eosinophilic
bronchitis has not been reported and thus whether there are important differences

between eosinophilic bronchitis and asthma is unknown.

Our hypothesis is that that the concentration of chemokines that mediate mast cell
migration is increased in airway secretions in asthma and eosinophilic bronchitis. To
test our hypothesis we have measured the concentration of the chemokines CCL11
(eotaxin), CXCLS8 (IL-8) and CXCL10 (IP-10) in bronchoalveolar lavage (BAL) from
subjects with eosinophilic bronchitis, asthma and normal controls and investigated
whether the BAL from these subjects is chemotactic for mast cells.
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3.1.2

Methods

Subijects, Protocol and Clinical Measurements

Subjects with asthma (n=15), eosinophilic bronchitis (n=14) and healthy subjects

(n=15) were selected and characterized as described in section 2.1 and 2.2.

Variables EB Asthma Healthy
Subjects Subjects Control
(n=14) (n=14) Subjects
(n=15)
Age, T yr 51 (4) 53 (4) 42 (5)
Male 10 5 6
Atopy 6 9 2
PCy, ¥ mg/ml >16 1.1 (0.13) >16
FEV{,T % predicted 95 (4) 97 (3) 107 (4)
FEV, / FVC ratio 82 (2) 76 (2) 80 (2)
Bronchodilator response T 0.7 (0.4) 5.4 (2.6) 0.9 (0.9)

Table 3.1.2: Clinical Characteristics

T Values are given as the geometric mean (log SEM).

T Values are given as the mean (SEM).

Mediator Measurements
The concentrations of CXCL8, CXCL10 and CCL11 in bronchoalveolar lavage

(BAL) and bronchial wash samples were all measured by a commercial enzyme
linked immunoassay (BD Biosciences) as described in section 2.7. The
concentration of CCL11 in 59% of the BAL fluid samples was below the limit of
detection, so these samples were concentrated x30 (Vivascience) as described in
section 2.6, and the assay was repeated.

As CCL11 has a molecular weight of 8.4kDa, a membrane size of 3000 MWCO
was selected. The columns were centrifuged at 12,000xg for 30 minutes.

An insufficient volume of bronchial wash was available to concentrate the samples.
The interassay and intrassay variabilities were between 5% and 10%. The limit of
detection was 3.1 pg/ml in BAL fluid or bronchial wash sample for CXCLS,
15.6pg/ml in BAL fluid or bronchial wash sample for CXCL10, and 0.21 pg/ml in
BAL fluid or 6.25 pg/ml in bronchial wash sample for CCL11. There was an
insufficient volume of the bronchial wash sample to measure any chemokines in
one subject from each group. Supernatants with undetectable levels of cytokine

were assigned a concentration of zero.
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HMC-1 Chemotaxis
Chemotaxis assays were conducted as described in section 2.8. Mast cell
migration toward recombinant CCL11, CXCL8, and CXCL10 (100ng/ml) (R&D

Systems), and BAL fluid (culture medium with 2% fetal calf serum in the top well,

and the BAL was diluted 1:2 with culture medium with 2% fetal calf serum in the
bottom well) was investigated in 10 subjects with eosinophilic bronchitis, 10
subjects with asthma, and 8 healthy control subjects who had sufficient BAL fluid
samples. Insufficient bronchial wash samples were available to assess HMC-1
migration toward these samples. The HMC-1 cells were maintained as described in
section 2.5.

To assess the role of CXCR1 and CXCR3 in HMC-1 migration to BAL fluid, HMC-1
cells were preincubated with receptor blocking antibodies (R&D Systems) alone or
in combination with the appropriate isotype controls (Dako; Ely, Cambridgeshire,

UK) for 1 hour prior to the chemotaxis assay.

HMC-1 Expression of CXCR1 and CXCR3

HMC-1 cells were prepared for immunofluorescence as described in section 2.9.
The HMC-1 cells were labeled with CXCR3 monoclonal antibody (MoAb), indirectly
labeled with fluorescein isothiocyanate (FITC) and CXCR-1-PE MoAb (R&D

Systems) or appropriate isotype controls. Cells were counterstained with 4°,6'-

diamidine-2-phenylindole (DAPI) (Sigma), and the proportion of positively stained
cells was identified by immunofluorescence.

We had identified technical problems with the indirectly labeled CXCR1 MoAb that
was used in an earlier report (270), leading us to believe that we had previously
underestimated the CXCR1 expression by the HMC-1. Therefore we reanalyzed
the expression of CXCR1 by HMC-1 using a conjugated CXCR1-PE MoAb (R&D
Systems) with an appropriate isotype control by single-color flow cytometry as
described in section 2.10. HMC-1 expression of the other chemokine receptors
identified previously by flow cytometry was consistent and is not rereported here.
The HMC-1 functional response to CXCL8 and CXCL10 (100ng/ml) was assessed

using calcium imaging as described in section 2.11.

Statistical Analysis

Bronchial wash sample and BAL fluid cell characteristics were described as the
median and interquartile range (IQR). Bronchial wash and BAL fluid sample
CXCL8 and CXCL10 concentrations were log-normally distributed and were
described as geometric means (log SEM). Bronchial wash and BAL fluid sample
CCL11 concentration was described as the median and IQR. Supernatants with
undetectable levels of cytokine were assigned a concentration of zero. Mast cell
migration was expressed as the mean (SEM) fold difference in migration compared
with controls. HMC-1 cells were defined as responders to ligand activation if the
increase in [Ca2+]Ii of the responding cells was more than 2 SEMs above the
baseline variation. The increase in [Ca2+]li of the responding cells was described as

the mean (SEM). Cytokine concentrations were compared across all groups by
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analysis of variance, those between disease groups were compared by unpaired t
test for parametric data, and those across groups were compared by the Kruskal —
Wallis test and between groups by Mann-Whitney test for nonparametric data.
CCL11 was measurable in about half of the samples, so the number of subjects
who had measurable CCL11 concentrations was compared across groups by X?
test. Correlations between BAL fluid chemokine concentrations and HMC-1
migration toward BAL fluid were analyzed by the Spearman rank correlation

coefficient. Significance was accepted at the level of 95%.
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3.1.3

Bronchial Wash and BAL Characteristics

EB Asthma Healthy
Variables Subjects Subjects Cor'1trol
(h=14) (n = 14) Subjects
(n=15)
BW cell counts
Eosinophils, § % 38) | 4 (10) || 0.5 (1)
Neutrophils, § % 62 (29) 42 (10) 40 (39)
Macrophages, § % 30 (20) 48 (26) 54 (24)
Lymphocytes, % 1(2) 0(2) 1(2)
Total Cell Count, T x10° 0.5 (0.6) 0.56 (0.4) 0.6 (0.2)
BW chemokines
CCL11, § pg/ml 3.9 (5) 0 (13) 0 (5)
CXCLS, 1 pg/ml 689 (0.10) || 307 (0.08) 370 (0.09)
CXCL10,  pg/ml 839 (0.10) || 208184 (0.18) 245 (0.18)
BAL cell counts
Eosinophils, § % 223) | 1.2(1.6) | 0.6 (0.8)
Neutrophils, § % 6 (19) 10 (14) 3(13)
Macrophages, § % 69 (28) 75 (32) 83 (32)
Lymphocytes, § % 8 (18) 7 (6) 4.9 (8.55)
Total cell count, t x10° 5.5 (0.6) 6 (1.1) 7.2(1.1)
BAL Chemokines
CCL11, § pg/ml 0(7) 8 (38) 1(17)
CXCL8, t pg/ml 193 (0.11) || 139 (0.08) 89 (0.08)
CXCL10, t pg/ml 470 (0.09) || 184 (0.08) 270 (0.07)

* BW = bronchial wash sample.

I Values are given as the geometric mean (log SEM).
§ Values are given as the median (IQR).

1 Values are given as the mean (SEM).

| p <0.05 (by analysis of variance).

The bronchial wash, BAL differential cell counts and chemokine concentrations
were as shown (Figure 3.1.3). The bronchial wash samples CXCL8 and CXCL10
concentrations were increased in those subjects with eosinophilic bronchitis
(p=<0.05) (Figure 3.1.3). The individual BAL fluid concentrations of CXCL10 and
CXCLS8 for each subject were as shown (Figure 3.1.4).
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3.1.4 BAL Fluid Concentration of (A) CXCL10 and (B) CXCL8 in Each Subject With EB and
Asthma, and in Healthy Control Subjects.
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A = subjects who were included in the chemotaxis assays. A = subjects not

included in the chemotaxis assays. Horizontal bars represent the geometric mean.

The BAL fluid CXCL10 concentration was significantly different between groups
(p=0.003). The BAL fluid CXCL10 concentration was greater in those subjects with
eosinophilic bronchitis than in those with mild asthma (p=0.002) and in healthy
control subjects (p=0.041) (Figures 3.1.3 and 3.1.4a). There was no difference in
the BAL fluid concentration between subjects with asthma and healthy control
subjects. Similarly, the BAL fluid CXCL8 concentration was significantly different
between groups (p=0.038) and was greater in those subjects with eosinophilic
bronchitis than healthy control subjects (p=0.02) (Figures 3.1.3 and 3.1.4b). The
BAL fluid CXCL8 concentration was not different in subjects with asthma compared
to those with eosinophilic bronchitis or healthy control subjects. There were no
between-group differences in the CCL11 concentrations in BAL fluid (p=0.43). The
number of subjects with a measurable BAL fluid CCL11 concentration was not
significantly greater in those with eosinophilic bronchitis (6 of 14 subjects),
compared to those with asthma (7 of 14 subjects) and healthy control subjects (9 of
15 subjects; p=0.65).
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3.1.5 CXCR1 and CXCR3 Expression by HMC-1 Cells

(a) IgG2a isotype control, (b) red CXCR1+ cells, (c) IgGL1 isotype control, (d) green

CXCR3+ cells. Blue nuclear counterstain (original x 400).

HMC-1 cells highly expressed CXCR3 (mean 95%; SEM, 0.8%) by
immunofluorescence and CXCR1 (by immunofluorescence: mean, 89%; SEM,
2.3%; by flow cytometry: mean, 84%; SEM, 5%; n=4) (Figure 3.3.4). HMC-1 [Ca2"]i
increased in response to activation by CXCL8 (geometric mean, 267 nmol/L; log
SEM, 30 nmol/L; 81% of cells responded; n=27) and CXCL10 (geometric mean 80
nmol/L; log SEM, 11nmol/L; 96% of cells responded; n=45).
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3.1.6 The Recombinant Chemokines CXCL10, CXCL8, and CCL11 (100ng/ml) were
Chemotactic for HMC-1 Cells

3.0

251 4

2.0 4

Fold difference in
migration compared to

157 *

CXCL10 CXCL8 cCCL11

Error bars represent the mean + SEM of HMC-1 migration compared to controls.
*=p <0.05 (n = 6).

HMC-1 cells migrated significantly towards recombinant CXCL8, CXCL10, and
CCL11 (n=6) (Figure 3.1.6). This migration was inhibited by the chemokine receptor
blocking antibodies CXCR1 (mean inhibition, 83%; SEM, 17%; p=0.04) CXCR3
(mean inhibition, 73%; SEM, 13%; p=<0.0001), but not CCR3 (mean inhibition,
50%; SEM, 22%; p=0.08) compared to the appropriate isotype controls.
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3.1.7

HMC-1 Chemotaxis to BAL Fluid from Subjects with EB, Asthma and Normal
Controls
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(a) HMC-1 chemotaxis to BAL fluid from subjects with eosinophilic bronchitis (EB) (n
= 10), subjects with asthma (n = 10), and healthy control subjects (n = 8) (b) HMC-1
cells were analyzed for chemotactic and chemokinetic activity towards BAL fluid
from subjects with EB (n = 7) by the addition of BAL fluid to the upper chamber or
lower chamber, as indicated. Error bars represent the mean + SEM HMC-1

migration compared to controls.

The BAL fluid from subjects with eosinophilic bronchitis (n=10), exhibited
chemotactic activity for HMC-1 (1.4 fold increase compared to the control; 95%
confidence interval [CI], 1.1 to 1.9; p=0.04) (Figure 3.1.7a). However, there was no
significant HMC-1 migration toward BAL fluid from subjects with asthma (1.1 fold
increase; 95% CI, 0.67 to 1.98; p=0.6; n=10) or healthy controls (1.1 fold increase;
95% Cl, 0.77 to 1.52; p=0.6, n=8).

Checkerboard analysis confirmed that HMC-1 migration toward BAL fluid from
subjects with eosinophilic bronchitis was due to chemotaxis rather than
chemokinesis (n=7) (Figure 3.1.7b).
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3.1.8

Inhibition of HMC-1 Chemotaxis to BAL from Subjects with EB by Neutralization of

CXCR1 and CXCR3
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The mean + SEM percentage inhibition of HMC-1 migration to BAL fluid from
subjects with EB by blocking MoAbs to CXCR1 and CXCR3 alone or in combination
(n=5) compared to appropriate isotype control. Error bars represent the mean +

SEM HMC-1 migration compared to controls. * = p <0.05.

The clinical characteristics and BAL fluid concentrations were not significantly
different in the subgroup of patients whose BAL fluid was used for the chemotaxis
assay compared to those for the whole group (Figure 3.1.3). In this subgroup, the
BAL fluid CXCL10 concentration was increased in the subjects with eosinophilic
bronchitis (geometric mean, 517 pg/ml; log SEM, 0.1 pg/ml) compared to those with
asthma (geometric mean, 209 pg/ml; log SEM, 0.1 pg/ml) and healthy control
subjects (geometric mean, 270 pg/ml; log SEM, 0.1 pg/ml; p=0.02). The CXCL8
BAL fluid concentration was increased in subjects with eosinophilic bronchitis
(geometric mean, 224 pg/ml; log SEM, 0.1 pg/ml) compared to that in healthy
control subjects (geometric mean, 109 pg/ml; log SEM, 0.06 pg/ml; p=0.05), but not
compared to that in asthmatic subjects (geometric mean, 137 pg/ml; log SEM, 0.05
pg/ml; p=0.17).

As significant HMC-1 migration was only observed toward BAL fluid from subjects
with eosinophilic bronchitis, BAL fluid from five of those subjects was used to
assess the effect of chemokine receptor blockade on HMC-1 migration. The
chemotactic effect of the BAL fluid was markedly reduced by CXCR1 antibodies
(45% inhibition; 95% CI, 28 to 62%l p=0.002) and CXCR3 blockade (38% inhibition;
95% ClI, 5 to 72%; p=0.034) alone and in combination (65% inhibition; 95% ClI, 46 to
85%; p=0.01) compared to the isotype control (Figure 3.1.8). There was a positive
correlation between HMC-1 migration toward the BAL fluid and the BAL fluid
concentration of CXCL8 (r=0.42; p=0.031) and CXCL10 (r=0.52; p=0.007).
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3.1.12

Discussion

We describe for the first time that BAL fluid from subjects with eosinophilic
bronchitis is chemotactic for mast cells. In contrast, BAL fluid from subjects with
mild asthma and healthy control subjects did not demonstrate chemotactic activity
for mast cells. Mast cell migration was significantly correlated with the BAL fluid
concentration of CXCL8 and CXCL10. The BAL fluid concentrations of CXCL10 and
CXCL8 were increased in subjects with eosinophilic bronchitis, and blocking
CXCR1 and CXCR3, the receptors for these ligands, inhibited mast cell migration.
The concentrations of CXCL8 and CXCL10 were similarly elevated in bronchial
wash samples compared to those subjects with eosinophilic bronchitis. This
suggests that CXCL8 and CXCL10 may promote mast cell migration into the airway
lumen in subjects with eosinophilic bronchitis.

Mast cell localization to the superficial airway is a feature of asthma and
eosinophilic bronchitis. In both conditions, there were increased numbers of mast
cells in bronchial brushing and induced sputum samples (23;31;51). We found that
BAL fluid from subjects with eosinophilic bronchitis was chemotactic for mast cells.
However, we were unable to demonstrate mast cell chemotactic activity in the BAL
fluid from asthmatic subjects. Similarly, Olsson and colleagues (271) found that BAL
fluid from allergic asthmatic subjects outside of pollen season had chemotactic
activity for mast cells in only 30% of case compared to 100% of cases from the
same subjects during pollen season. This may provide a plausible explanation for
our inability to show mast cell migration toward BAL fluid from asthmatic subjects as
we recruited subjects with mild asthma who had minimal symptoms and perhaps
BAL fluid from asthmatic subjects may be chemotactic for mast cells only when the
subjects have more active disease. Of note, the mast cell chemotactic activity of the
asthmatic BAL fluid obtained during the pollen season in this previous report (271)
was increased 1.5 fold over that of control subjects, which was similar to that
observed in our subjects with eosinophilic bronchitis, suggesting that this degree of
chemotaxis is likely to be biologically relevant. An alternative explanation for the
differential effect on mast cell chemotaxis toward BAL from subjects with asthma
and eosinophilic bronchitis is that mast cell migration to the superficial airway may
be a more prominent feature of eosinophilic bronchitis. In support of this view, the
number of mast cells in bronchial brushing samples and the sputum concentration
of mast cell mediators were greater in subjects with eosinophilic bronchitis than in
those with asthma (23;34).

Several chemotaxins have been described for mast cells. Olsson et al (271)
reported that mast cell migration to allergic asthmatic BAL fluid was mediated
mainly by the activation of Gi-protein-coupled receptors, and to a lesser extent by
stem cell factor and transforming growth factor-B, suggesting that chemokines
contribute to the majority of mast cell chemotactic activity of the BAL fluid from
these subjects. A number of chemokine receptors have been identified on human
blood-derived mast cells and mast cells present in tissues, namely, CCR1, CCR2,
CCR3, CCR4, CXCR1, CXCR2, CXCR3, CXCR4, and CX3CR1 (reviewed in the
study by Brightling et al (223)). We have previously described the fact that CXCR3
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was the most highly expressed chemokine receptor by mast cells in bronchial
biopsy specimens and by HMC-1 cells, and that CXCL10 was chemotactic for mast
cells (71;270). In contrast to our earlier report (270), we found that CXCR1 was
highly expressed by HMC-1 cells. This discrepancy in CXCR1 expression by HMC-
1 was due to different receptor identification by the directly and indirectly labeled
monoclonal antibodies used and the different techniques employed. The chemokine
receptor profiles of HMC-1 and primary lung mast cells were similar, supporting the
view that HMC-1 cells are a suitable model for lung mast cell migration. We are
confident that HMC-1 CCR3, CXCR1 and CXCR3 are functional as the activation of
HMC-1 cells by CXCL8 and CXCL10 resulted in a transient rise in [Ca®]i in a
percentage of cells similar to the proportion that expressed CXCR1 and CXCR3,
and that these ligands and CCL11 were chemotactic for HMC-1 cells.

All of these ligands are expressed by the airway epithelium (272-274). Therefore, all
of the chemokines studied here have the potential to mediate mast cell migration to
the superficial airway. We found that the BAL fluid concentrations of CXCL10 and
CXCL8 were increase in subjects with eosinophilic bronchitis. Bal fluid from these
subjects was chemotactic for mast cells, and blocking CXCR1, CXCR3, or both
inhibited mast cell migration. The inhibition of migration was incomplete, and it is
likely that other chemokines, such as CXCL12, the ligand for CXCR4, may also play
a part in mast cell migration to the superficial airway. Mast cell migration toward the
BAL fluid from subjects with eosinophilic bronchitis was reduced compared to
migration toward recombinant CXCL8 and CXCL10. This probably reflects the lower
concentrations of the chemokines in the BAL fluid. We did not find an increase in
the BAL fluid chemokine concentrations in subjects with asthma, which may provide
and explanation for the absence of mast cell chemotactic activity in these subjects.
In addition, mast cell migration was significantly correlated with the BAL fluid
concentration of CXCL8 and CXCL10.

Importantly, CXCL8 and CXCL10 concentrations were also elevated in the bronchial
wash samples from those subjects with nonasthmatic eosinophilic bronchitis,
suggesting that these chemokine may play a role in mast cell migration to the
airway lumen in both large and small airways. In contrast to CXCL8 and CXCL10
concentrations, the BAL fluid and bronchial wash sample CCL11 concentration was
detectable in less than half of the subjects, and no differences were observed
between subjects with disease and healthy control subjects. This is in contrast with
some previous reports that found that BAL fluid CCL11 concentration was increased
in stable subjects with disease (275;276) and after allergen challenge (276).
However, it is consistent with a report (277) that sputum CCL11 concentrations
were not increased in subjects with mild asthma. The subjects with asthma in our
study had mild disease, and it is likely that CCL11 concentrations increase with the
severity of disease (277). Thus, our findings suggest that CXCL8 and CXCL10, but
not CCL11, promote mast cell migration into the superficial airways in subjects with
eosinophilic bronchitis.

The distribution of mast cells within particular airway structures is important in the

development of specific features of airway diseases. In patients with eosinophilic

66



3.1.10

3.1.11

bronchitis and idiopathic cough, there was an increase sputum histamine level
(278), supporting the view that superficial mast cells play a role in the genesis of
chronic cough perhaps due to interactions with airway nerves (279). In mast cells
from subjects with asthma, microlocalization within the airway smooth muscle (19)
and mucosal glands (36) were associated with increased airway responsiveness
and mucous plugging, respectively. We have recently found (71) that in subjects
with asthma there was an upregulation of CXCL10 released by the airway smooth
muscle, suggesting that the CXCR3/CXCL10 axis may be critical in the localization
of mast cells to the airway smooth muscle in subjects with asthma. Therefore it is
likely that there are common mechanisms that control the microlocalization of mast
cells to different parts of the airway wall.

Eosinophilic bronchitis, like asthma, is generally regarded as a T helper (Th) type-2-
driven disease (21), although there is sufficient evidence to suggest that the
immunology in subjects with asthma is far more complex and that Th-1 cytokines
play a role (280). Indeed, we report here that the BAL fluid concentration of the Th-1
chemokine CXCL10 was increased in subjects with eosinophilic bronchitis in
contract to very low levels of the Th-2 chemokine CCL11. Tumor necrosis factor-a
and IFN-y induce the expression of CXCL10 (72). Tumor necrosis factor-a
expression is up-regulated in subjects with asthma (281) and IFN-y is increased by
several stimuli, including viral infection (282). Interestingly, in one report (283)
CXCL10 expression by BAL fluid cells was increased in subjects with asthma,
illustrating that this chemokine can be up-regulated in subjects with mild disease. In
addition, CXCL10 production was increased markedly following segmental allergen
challenge in subjects with asthma (284-286). Therefore CXCL10 may be an
important chemokine in mast cell recruitment to the airway in response to a variety

of stimuli.

Criticisms

One shortcoming of our study design was that the BAL fluid cytospins were not
stained appropriately to be able to enumerate the number of mast cells in BAL fluid
across the groups, and therefore the concentrations of these chemokines and BAL

fluid mast cell numbers cannot be correlated.

Conclusion

In conclusion, we found that bronchial wash sample and BAL fluid concentrations of
CXCL8 and CXCL10 were increased in subjects with eosinophilic bronchitis. BAL
fluid from these subjects had chemotactic activity for mast cells that was inhibited by
blocking CXCR1 and CXCR3. This suggests that the chemokines CXCL8 and
CXCL10 may be important in mast cell localization to the superficial airway in

subjects with eosinophilic bronchitis.
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3.2

The Airway Smooth Muscle CCR3/CCL11 Axis is Inhibited by Mast Cells

3.2.1

Introduction

Asthma is characterised by typical symptoms, airway hyperresponsiveness (AHR)
and variable airflow obstruction, which can become fixed in severe disease. In
addition there is associated airway inflammation together with features of tissue
repair known as remodeling (287). The airway inflammation in asthma is typically
eosinophilic with increased expression of Th2 cytokines. Importantly the number of
mast cells localised within the airway smooth muscle (ASM) bundle is increased in
asthma and is related to the degree of AHR (19;57;71;288). Airway remodeling in
asthma encompasses several structural changes in the airway wall including
reticular lamina and basement membrane thickening, an increased number of
subepithelial myofibroblasts and increased ASM mass (42). This latter feature could
be due to a combination of both ASM hyperplasia (85) and hypertrophy, which
increases with disease severity and is associated with fixed airflow obstruction
(41;42).

The cause of ASM hyperplasia in asthma is unknown and is often attributed to
increased proliferation. Indeed ASM proliferation is increased in ex vivo asthmatic
ASM (86;289), but several reports have been unable to demonstrate increased
ASM proliferation in vivo (24;41;85). An alternative explanation is that ASM
progenitors either located within the airway wall or derived from peripheral blood
fibroblast progenitors (fibrocytes) (264), migrate to the ASM bundle and differentiate
into ASM. In support of this view myofibroblasts expressing fibrocyte markers have
been identified following OVA challenge in a mouse model of asthma and after
allergen challenge in human disease (110). We have demonstrated that mast cell
and ASM-derived CCL19, a CCRY7 ligand, mediates ASM migration (74). The CCR3
ligand CCL11 (eotaxin) is released by ASM (73;290) and in bronchial biopsies the
intensity of expression increases with disease severity (42) suggesting that CCR3-
mediated ASM migration may be important in severe asthma. We hypothesised that
the CCR3/CCL11 axis mediates ASM migration. To test our hypothesis we

examined ASM CCR3 expression, function and its modulation by mast cells.
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3.2.3

Methods

Subijects, Protocol and Clinical Measurements

Subjects with asthma (n=18) and non-asthmatic subjects (n=25) were selected and

characterized as described in section 2.1 and 2.2.

Non-asthmatic Asthmatic
Number 25 18
Male (n) 18 11
Age (years) 62 (3) 53 (4)
FEV, 2.2(0.1) 2.2(0.2)
FEV: % predicted 76 (5) 74 (6)
FEV./FVC 74 (4) 65 (3)

ASM and Mast Cell Isolation and Culture

Pure ASM bundles in bronchial biopsies obtained from fibreoptic bronchoscopy
(n = 20, 18 asthmatic subjects, 2 nonasthmatic) and additional airways isolated
from lung resection (n=23) were dissected and cultured as described in section 2.3.
HLMCs were isolated and cultured from nonasthmatic lung (n=12) as described in
section 2.4

CCR3 Expression

Immunofluorescence

ASM cells were prepared for immunofluorescence as described in section 2.9,
labeled with CCR3 mAb or appropriate isotype control, and indirectly labeled with
RPE.

Flow Cytometry
ASM were stained with CCR3 mAb or appropriate isotype control (R&D Systems),
indirectly labelled with R-Phycoerythrin (RPE), then analysed using single colour

flow cytometry on a FACScan (BD Biosciences) as described in section 2.10.
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Functional Assessment of ASM CCR3

Calcium Imaging

Changes in cytosolic a cytosolic Ca’* concentration ( [Ca2+]i) in ASM in response to

CCL11 (100ng/ml) were assessed as described in section 2.11.

Chemotaxis Assay

A chemotaxis assay was conducted as described in section 2.12 towards
recombinant CCL11 (12.5-300ng; R&D Systems) or ITS control media, plus
B-tryptase (0.5-1.25ug, Europa Bioproducts). Where appropriate experiments were
performed in the presence of CCR3 blocking antibody (8ug/ml, Millennium,
Cambridge, MA, USA) or isotype control (8ug/ml, Dako).

Wound Healing Assay

ASM were subjected to a wound healing assay as described in section 2.13. The
number of cells that moved into the wound in the presence of ITS control media
and vehicle/CCL11 (25 — 200ng/ml) in the presence or absence of a CCR3
blocking antibody or isotype control (10ug/ml R&D) over 6 hours were counted by a
blinded observer (74).

Cell Metabolic Activity

ASM cell metabolic activity was assessed using the MTS assay as described in
section 2.14 following incubation with 12.5-100ng/ml CCL11 in 10% FBS media or
ITS media for 24 hours.

Proliferation and Survival

ASM proliferation was assessed by cell counts following incubation with CCL11
(200ng/ml) in 10% FBS media or ITS media for 24 hours.

ASM proliferation was also assessed by preparing cells using the CellTrace CFSE
Cell Proliferation Kit as described in section 2.15. Cells were then treated with
50pug/ml mitomycin C (Sigma) for 3 hours to mitotically arrest cells at the parent
population, prior to readdition of 10% FBS media, were cultured in parallel to cells
exposed to 10% FBS media+100ng/ml CCL11 for 72 hours.

The percentage of apoptotic ASM cells exposed to 10% FBS media + CCL11
(200ng/ml) for 24 hours was identified by DAPI staining of cell nuclei to examine
nuclear condensation and fragmentation characteristic of apoptosis. Staurosporine
(STS) (1uM) (Sigma) was incubated with the ASM for 20 hours as a positive
control. The percentage of apoptotic ASM cells exposed to 10% FBS media +
CCL11 (100ng/ml) for 24 hours was also identified by using the annexin V and

propidium iodide apoptosis assay as described in section 2.16.
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Effect Of B-Tryptase And HLMC On Recombinant And ASM-Derived CCL11

The concentration of CCL11 for in cell free experimental supernatants was

measured using a commercial ELISA (BD Biosciences) as described in section 2.6,
with a limit of detection of 6.25pg/ml and inter and intra-assay variation <5%.
B-tryptase (0.5ug/ml) (Europa Bioproducts) was incubated with recombinant
CCL11 (6.25 — 200 pg/ml) (R&D) for 2 hours at 37°C. HLMC lysates and
unstimulated whole cells (ratio of HLMC : ASM, 1:4) were also incubated with
leupeptin (0-80nM/ml).

Serum deprived ASM cultures were co-cultured at 37°C (a) with or without
B-tryptase (0.5ug/ml) and/or leupeptin (20nM/ml) (Sigma) for 3 days; or (b) for 1, 3
and 7 days with: i) HLMC lysates (at a ratio of HLMC : ASM, 1:2 - 1:16), ii) whole
unstimulated HLMC, iii) HLMC sensitised with human myeloma IgE (2.5ug/ml)
(Calbiochem-Novabiochem, Nottingham, UK) or iv) sensitised with IgE and
activated with goat polyclonal anti-human IgE (1:1000 dilution) (Sigma). The ratio
of HLMC:ASM for the whole cell co-cultures was 1:4.

To assess the effect of HLMC on CCL11 mRNA expression by ASM, supernatants
from IgE sensitised /anti-IgE activated HLMC (10x106 cells pooled from 3 donors)
were incubated with ASM from asthmatic (n=3) and non-asthmatic donors (n=3) for
6 and 24 hours. The proportion of HLMC:ASM cells was 1:4. RNA expression
levels of CCL11 extracted from the ASM was examined using the Human Genome

U133A probe array (GeneChip, Affymetrix) as described in section 2.17

Statistical Analysis

Statisical analysis was performed using GraphPad Prism 4 (Graphpad Software,
San Diego, CA, USA). Data is presented as mean + SEM. Data was analysed by
ANOVA across groups and T-tests between groups with Tukey’s Correction for

multiple comparisons. Differences were considered significant when p = < 0.05.
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3.2.3

CCR3is Expressed by ASM
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As confirmed by flow cytometry, the example fluorescent histograms represent
populations of (a) primary cultured ASM cells that were CCR3 positive, plotted with
the corresponding isotype control, (b) percentage of CCR3 positive ASM cells from
non-asthmatic control donors Vs. asthmatics. CCR3 expression by ASM was
confirmed by immunofluorescence, (nuclei stained blue) with (c) red staining for

CCR3 and (d) an isotype control.

As assessed by flow cytometry and immunofluorescence, the proportion of primary
cultured ASM cells that expressed CCR3 on their cell surface was 50+4% (n=16)
(Figure 3.2.3a). CCR3 expression by permeabilised ASM was 79+4% (n=6). There
was no difference in expression between ASM derived from asthmatics or non-
asthmatic controls (52+5%, n=9, versus 47+6%, n=7, respectively; p=0.59, Figure
3.2.3b) and CCR3 expression was not upregulated through activation by CCL11.
CCR3 expression by ASM was also confirmed by immunofluorescence (Figure
3.2.3 ¢, d).
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3.2.4

ASM CCR3 is Functional
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(a) Addition of 100ng/ml CCL11 (indicated by arrow) stimulated [Ca 2+]I elevation in
ASM cells. (b) Representative pictures of ASM chemotaxis after 6 hours in one high
powered field (hpf) towards CCL11 (100ng) or CCL11 (100ng) plus anti-CCR3.
Black line represents position of cells at 0 hours. (¢) Concentration-dependant
chemotaxis of ASM towards CCL11 and PDGF (10ng) as a positive control. Data
are presented as mean + SEM for 4 donors, comparisons made to ITS alone.
*p=<0.05 ** p=<0.01.
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As assessed by calcium imaging, following ASM activation by CCL11, 58% of cells
responded with a transient mean increase in [Ca®"]; of 244+38nM (n=26 individual
cells, from 3 non-asthmatic donors, Figure 3.2.4a).

As assessed by chemotaxis, CCL11 mediated dose-dependent ASM (n=4, p=0.01)
migration (figure 3.2.4b, c). The number of ASM cells per high-powered field that
migrated to CCL11 (100ng on blot) was blocked using a CCR3 blocking antibody
(23.8+1.1 versus 27.8+¥1.2; p=0.02; n=4). This directional movement was
predominately due to chemotaxis rather than chemokinesis, as addition of CCL11
directly to the media did not result in significantly more ASM movement than ITS
media alone (n=5). ASM from non-asthmatic donors was used for chemotaxis
assays.

Wound healing was promoted by 10ng/ml PDGF (35.4+2.0 cells/hpf versus
27.1£1.1 in control; p<0.001; n=4). Recombinant CCL11 promoted wound healing in
a concentration-dependent manner, but was only significant for CCL11 100ng/ml
(32.6+1.1 cells/hpf versus 27.1+1.1 in control; p=0.001; n=4). Anti-CCR3 did not
significantly inhibit wound healing by recombinant CCL11, but did significantly
reduce the wound healing response (mean difference 6.0+2.4 cells/hpf; p=0.015;
n=5) in the presence of ITS media alone, suggesting that the endogenous release
of CCL11 is important in mediating wound repair. ASM from non-asthmatic donors

was used for wound healing assays.
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3.25

CCL11 Has No Effect on ASM Cell Metabolic Activity and Proliferation
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illustrating CFSE fluorescence in ASM cells incubated with MMC (50ug/ml), black
line, or FBS media £+ CCL11 (100ng/ml) for 72 hours, light grey and dark grey lines
respectively, d) ASM cell proliferation was observed after 72 hours (n=7), but was
unaffected by incubation with CCL11 (n=6). Data are presented as geometric
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In relation to the metabolic activity, the absorbance by formazan seen at 490 nm in
the MTS assay was increased in ASM in media supplemented with FBS compared
to ASM cells in serum free media (mean difference 0.39+£0.07 absorbance units,
p<0.01, n=10, figure 3.2.5a, b). Recombinant CCL11 had no effect on the MTS
assay in the presence of FBS media (n=10, figure 3.2.5a) or ITS media (n=6, figure
3.2.5b). No difference in the effect of CCL11 was observed between ASM cells
derived from non-asthmatic vs asthmatic subjects.

In relation to proliferation, by assessing cell numbers in the presence of FBS media
(n=8) or ITS media (n=6) we saw no effect of 100ng/ml CCL11 after 24h, with no
difference between non-asthmatic or asthmatic subjects. Using the Cell Trace
CFSE Cell Proliferation assay cell proliferation was seen after 72h in the presence
of 10% FBS media compared to MMC treated cells (mean decrease in fluorescence
intensity 37.7+4.0, p<0.05, n=7) however this was unaffected by incubation with
100ng/ml CCL11 (n=6) (figures 3.2.5c, d) with no difference observed between
ASM cells derived from non-asthmatic vs asthmatic subjects.
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3.2.6 CCL11 Has No Effect on ASM Survival
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(a) representative photographs showing DAPI staining of nuclear morphology under
control conditions, following incubation with: CCL11 (100ng/ml) for 24 hours, both
showing normal nuclear morphology, or STS (1uM) as a positive control, (b)
Percentage of apoptotic cells in each condition, n=8 donors, (c) Detection of
annexin V'/PI" and annexin V'/PI" ASM cells using 2 colour flow cytometry, n=9
donors. Data are presented as mean + sem. Statistical differences were assessed

using unpaired t-tests.
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In relation to survival, the percentage of ASM nuclei showing nuclear condensation
and fragmentation characteristic of apoptosis, detected by DAPI staining, was
unaffected by incubation with 100ng/ml CCL11 for 24h (control, 6.6+1.6% vs
100ng/ml CCL11, 8.7+1.0, n=8). In marked contrast in the presence of
staurosporine (STS, 1pM, 20h), a positive control, 77.9+10.9% of ASM cells
showed nuclear morphology characteristic of cells undergoing apoptosis (n=8)
(figure 3.2.64a, b).

The above data was confirmed using annexin V/PI staining of ASM cells. The
percentage of annexin V'/PI" (early apoptotic) ASM cells was unaffected following
incubation with 100ng/ml CCL11 for 24h (control, 25.0+5.3% vs 100ng/ml CCL11,
24.7+5.5% cells, n=9), the same is seen for annexin V'/PI" (late apoptotic/necrotic)
ASM cells (control, 7.8+1.8% vs 100ng/ml CCL11, 9.2+1.9% cells, n=9) (figure
3.2.6¢).

Using both DAPI and annexin V/PI staining no difference in the effect of CCL11 was
observed between cells derived from asthmatic subjects compared to non-asthmatic
controls.
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3.2.7 B-Tryptase Degrades CCL11 and Inhibits CCL11 Mediated ASM Migration
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(a) The concentration of recombinant CCL11 + B-tryptase (0.5ug/ml) after 2 hours at
37°c (n=3) (b) The concentration of ASM derived CCL11 (pg/10°cells) in
supernatants from ASM cultures for 3 days alone, with B-tryptase (0.5ug/ml) and/or
leupeptin (20nM) (n=3). (c) Chemotaxis of ASM towards recombinant CCL11
(100ng on blot) was inhibited by B-tryptase (n=4). Data are presented as mean *

sem.
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The concentration of CCL11 in ASM supernatant cultured for 3 days
(400+69pg/10°cells) was attenuated by the presence of B-tryptase
(27117pg/106cells; mean difference [95% Cl] 373 [32-713]; p=0.04) . This effect was
attenuated by leupeptin (Figure 3.2.7a, b).

Chemotaxis assays confirmed that chemotaxis was promoted by 100ng CCL11
(23.211.5 cells/hpf versus 18.31£0.8 in control; p<0.01) and B-tryptase reduced the
migratory response significantly (mean difference 6.5+2.8 cells/hpf; p=0.02; n=4)
(figure 3.2.7c). B-tryptase did not significantly inhibit chemotaxis in the absence of
CCL11.
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3.2.8

Recombinant and ASM-Derived CCL11 Degraded in Co-culture with HLMC
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(a) The concentration of CCL11 in day 1, 3, and 7 ASM culture supernatants alone
and co-cultured with HLMC lysates in the proportion of HLMC:ASM 1:2-1:16 (n=3;
p<0.001), (b) co-cultured with whole HLMC (1:4) after sensitisation and/or activation
(n=6, p<0.001) and (c) the percentage recovery of recombinant CCL11 (50pg/ml)
after incubation with whole HLMC and lysates (HLMC:ASM 1:4 =5 x 10* cells/ml)

for 2hours + increasing concentrations of leupeptin. *p<0.05 paired t-test. Data are

presented as mean + sem for 3 donors.
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Co-culture of ASM with either HLMC lysates, unstimulated or stimulated whole
HLMC reduced markedly the CCL11 concentration in the co-culture supernatant
compared to ASM culture alone (figure 3.2.7a, b). The percentage of recombinant
CCL11 recovery compared to control was also markedly reduced following
incubation with HLMC lysates and whole HLMC. The addition of leupeptin inhibited
this reduction in CCL11 concentration in a concentration-dependent manner (figure
3.2.7¢).

Quantified by gene array analysis, CCL11 mRNA was present in all ASM donors
(75x15% of GAPDH mRNA, asthmatic, n=3 vs 24+6%, non asthmatic, n=3,
p=0.04), but was neither up nor down-regulated in co-culture with the HLMC

supernatants.

82



3.29

Discussion

We found that ASM cells express CCR3 and that CCL11 mediates ASM migration.
Importantly we found that [B-tryptase, and stimulated or unstimulated HLMC
degrade recombinant and ASM-derived CCL11 and that B-tryptase inhibited
CCL11-mediated ASM migration. In addition HLMC supernatants did not up- or
down-regulate CCL11 mRNA expression. We found that the CCR3/CCL11 axis has
the potential to mediate ASM migration and repair in asthma, but mast cell
localisation to the ASM-bundle is a feature of the disease and it is therefore likely
that mast cells will have a profound effect on local CCL11 concentrations.
Therefore, taken together our findings question the biological importance of ASM-

derived CCL11 in ASM hyperplasia in asthma.

CCR3 is expressed preferentially, but not exclusively, by Th2-lymphocytes (291),
basophils (292) and mast cells (212;270). The number of CCR3+ cells is increased
in bronchial biopsies in asthma (293) and CCR3 is considered an important
potential therapeutic target in asthma and other allergic diseases (294). There is
increasing recognition that structural cells can express functional chemokine
receptors. Indeed bronchial epithelial cells (295), vascular (296) and, in one report,
ASM expresses CCR3 (109). Here we confirm that ASM from both asthmatics and
non-asthmatics equally express functional CCR3.

However we found that CCL11 had no effect on ASM proliferation. There is a
paucity of data on the effect of chemokine receptor activation on ASM proliferation
with a single report that CCR7 activation did not affect proliferation (74). In contrast
there are several studies of chemokine receptor activation modulating vascular
smooth muscle proliferation with CCR2 (297), CXCR6 (298) and CX3CR1 (299)
activation increasing proliferation and CCR3 having no effect (300). In addition we
report for the first time that ASM metabolic activity and survival was not affected by
CCR3 activation. In keeping with an earlier (109) report we found that CCL11
mediated increased [Ca2+]i, concentration-dependent migration and extended these
findings to support a role in wound healing. The time course for the both assays
was 6hours, which is not sufficient time to observe proliferation by cell counts.
Therefore proliferation alone cannot explain our observations. Thus CCR3 has the
potential to play a role in ASM repair and hyperplasia in asthma.

If CCR3 expression by ASM is important in asthma then the CCR3 ligands should
be differentially expressed in health and disease. Primary ASM from asthmatics and
non-asthmatics express CCL11, but it is contentious whether the expression is
increased in disease with one report supporting (301) and two refuting that CCL11
release is increased in asthma (71;73) and here we found increased CCL11 mRNA
expression in primary ASM from asthmatics compared to non-asthmatics. However
perhaps more importantly, CCL11 expression in bronchial biopsies from asthmatics
increases with worsening severity of disease (42). Even though CCL11 is
expressed by ASM paradoxically there is a marked paucity of eosinophils in the
ASM bundle. One possible explanation for this apparent anomaly is that mast cells

are microlocalised within the ASM bundle and that mast cell products degrade
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3.2.10

3.2.11

CCL11.This view is supported by one study suggesting that B-tryptase inactivates
CCL11 (76). Here we have extended this earlier observation by examining the
effect of mast cell-ASM co-culture upon CCL11 production and recovery. We
confirm that B-tryptase, and for the first time show that mast cells degrade
recombinant and ASM-derived CCL11. These effects were blocked by leupeptin.
Importantly CCL11 mRNA expression was not affected by co-culture confirming that
the reduction in CCL11 concentration in ASM supernatants is unlikely to be due to
reduced synthesis. B-tryptase attenuated markedly CCL11l-mediated ASM
migration. These findings support the view that mast cells can modulate the
functional consequences of CCL11 released by ASM.

Our observations question the role of the CCL11/CCR3 axis in the recruitment of
ASM and its progenitors towards the ASM bundle in asthma. However, the control
of the migration of mesenchymal cells within the airway is likely to be under the
influence of a variety of mediators, which in turn are themselves controlled in terms
of their synthesis, release and degradation. The concept that ASM hyperplasia may
be a consequence of fibrocytes trafficking to the airway remains plausible and
recent evidence supports a role for CCR7, in mediating ASM migration towards the
ASM bundle (74). In contrast to CCL11, CCL19 a ligand for CCR7 is not degraded
by mast cells but is expressed and released by ASM and mast cells. In addition
recombinant and mast cell-derived CCL19 mediated ASM migration. Future studies
that examine the role of other chemokine receptors involved in ASM migration need
to consider the complexity of cellular interactions and the microenvironment

relevant to the airway compartment to be studied.

Criticisms

One criticism of our study is that the HLMC were derived from lung resection tissue
and not asthmatic subjects. Currently we are limited by our inability to isolate
sufficient mast cells from the asthmatic airway. However, we feel that using HLMC
that are sensitised and IgE/anti-IgE activated is likely to be reflective of asthmatic
mast cells. The proportion of mast cells within the ASM-bundle is unknown, but we
have estimated the ratio of mast cells : ASM cells based on our experience with the
assessment of bronchial biopsies and we are confident that the range we have

chosen captures the proportions of these cells in the asthmatic airway.

Conclusion

In conclusion, we have found that ASM express CCR3. The CCR3/CCL11 axis
mediated ASM migration. Critically, recombinant and ASM-derived CCL11 was
inactivated by B-tryptase and co-culture with mast cells. Mast cells are microlocalised
to the ASM-bundle in asthma. Therefore our findings question the importance of ASM-

expressed CCR3 in the development of ASM hyperplasia in asthma.
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3.3 The Effect of HLMCs and Mast Cell Products on ASM Differentiation and

Contractility

3.3.1

Introduction

Asthma is characterised by the presence of variable airflow obstruction, AHR, and
an airway inflammatory response characterized by eosinophilic airway
inflammation, Th2 cytokine expression and reticular basement membrane
thickening, features which have been implicated in the development of the

disordered airway physiology (302;303).

We have demonstrated that many of the immunopathological features of asthma
are also observed in the airways of patients with eosinophilic bronchitis (19-21), a
condition that presents with a corticosteroid responsive chronic cough, but which in
contrast to asthma is not associated with airway hyperresponsiveness or airflow
obstruction (22).

The striking difference we found in the pathology of these two diseases was the
infiltration of asthmatic ASM by mast cells, suggesting that this is a major

determinant of the disordered airway physiology observed in asthma (19).

Importantly the mast cells in the ASM-bundle are in an activated state as evidenced
by increased IL-4 and IL-13 expression (215). Mast cells have the capacity to
secrete many autacoids, cytokines and proteases, which have the ability to induce
ASM proliferation and contraction (304). However, the mechanisms that drive the
development of disordered airway physiology in asthma as a consequence of mast
cell-ASM interactions have not been fully elucidated. Indeed, to date whether mast

cells promote ASM differentiation to a more contractile phenotype is unknown.

The mast cell mediator tryptase has been shown to cause an upregulation in TGF-8
production from ASM (57), and TGF-B is known to be increased in the asthmatic
airways at a basal level as well as after allergen challenge (305). TGF- has also
been shown to increase expression of the contractile protein a-SMA (96),
enhancing the ability of the airway smooth muscle to contract and contribute to

variable airflow obstruction (306).
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3.3.2

Methods

Subijects, Protocol and Clinical Measurements

Subjects with asthma (n=12) and non-asthmatic subjects (n=29) were selected and

characterized as described in section 2.1 and 2.2.

Asthma * COPD Controls
Number 12 11 18
Gender M/F 57 7/4 13/5
Age (years) 47 (6) 65 (12) 60 (13)
FEV, (litres) 2.6 (0.3) 1.68 (0.12) 2.5(0.11)
FEV,% predicted 82.4 (9.8)% 61 (3) 85 (4)
FEV./FVC (%) 71.9 (5.3) 59 (3) 79 (2)

Mean (SEM) * = GINA treatment step; I=4, II-IV=5, V=3

Immunohistochemical Assessment of Proximal Airway

2um sections were cut from embedded biopsies, processed as described in
section 2.18, and stained sequentially using monoclonal antibodies against a-SMA,
tryptase for mast cells and appropriate isotype controls (Dako).

Morphometry was assessed using a computerised image analysis system. In brief
the ASM bundle was identified at x200 magnification and its area determined
[mean (SEM) area 0.072 mm?]. The threshold (Hue, Saturation & Intensity)
required to identify high intensity a-SMA staining within the bundle was then
identified by visually selecting high intensity a-SMA stained pixels. The percentage
of the ASM bundle area that was occupied by high intensity a-SMA staining was
then determined. The corresponding sequential section stained for tryptase was
then used to determine the number of mast cells within the bundle (x 400
magnification) and within a 30um perimeter; determined by a line drawn
perpendicular from the perimeter of the bundle to neighbouring mast cells. The
total number of mast cells within the bundle and perimeter were corrected for
bundle area and the area of the bundle plus the perimeter, respectively, and

expressed as /mm?®.
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ASM and Mast Cell Isolation and Culture

Pure ASM bundles in bronchial biopsies obtained from fibreoptic bronchoscopy
(n = 14, 12 asthmatic subjects, 2 nonasthmatic) and additional airways isolated
from lung resection (n=27) were dissected and cultured as described in section 2.3.
HLMCs were isolated and cultured from nonasthmatic lung (n=18) as described in

section 2.4

a-SMA Expression

Flow Cytometry. ASM were stained with a-SMA FITC direct conjugate or
appropriate isotype control (Dako), and a-SMA expression was assessed by flow
cytometry as described in section 2.10, and quantified as fold difference in
geometric mean fluorescent intensity (GMFI) compared with isotype control or the
proportion of positive cells.

Immunofluorescence. Cells were prepared for immunofluorescence as described in
section 2.9. ASM were labeled with a-SMA mAb FITC direct conjugate (Sigma),
and compared with an appropriate isotype control (Dako). ASM & HLMC co-
cultures were counterstained with tryptase biotin (Chemicon, Watford, UK)
indirectly conjugated with streptavidin texas red (Vector Labs, Peterborough, UK)
and compared with an appropriate isotype control (Dako). Cells were
counterstained with 4’,6’-diamidino-2 phenylindole (DAPI, Sigma).

Real-time RT-PCR. Real-time PCR was performed using a SYBR green kit
(Stragene) as described in section 2.19.

The internal normaliser gene used was B-actin, and was carried out with B-actin
forward (TTCAACTCCATCATGAAGTGTGACGTG), and B-actin reverse
(CTAAGTCATAGTCCGCCTAGAAGCATT) primers, while amplification of a-SMA
was carried out with a-SMA forward (CTGTTCCAGCCATCCTTCAT), and a-SMA
reverse (CCGTGATCTCCTTCTGCATT) primers (307). Amplification efficency was
evaluated using 10-fold serial dilutions of positive controls and calculated from the
slopes of log input amounts (initial quantity; copies) plotted versus Ct values. The
efficiency of the a-SMA and B-actin primer was confirmed to be high (97.88% and
98.12% respectively) and comparable (less than 2% difference between primers).
Products were analysed on an agarose gel as described in section 2.20 in order to

verify product size, reagent contamination and primer-dimer formation.

Assessment of ASM contraction by collagen gel analysis

Collagen gels were constructed as described in section 2.21. Following the
addition of histamine, photographs were taken at 0.25, 0.5, 1, 2, 4 and 8 hours.
The surface area of each gel was measured at each time point using ImageJ

(http://rsb.info.nih.gov/ij).
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Study Protocol

Modulation of a-SMA expression by mast cells and their products.

ASM was serum deprived for 72 hours in ITS medium (D-MEM with Glutamax-1
supplemented with 100U/mL penicillin, 100ug/mL streptomycin, 0.25ug/mL
amphotericin, 100pM non-essential amino-acids and 1mM sodium pyruvate and
1% insulin-transferrin-selenium) and co-cultured for 1, 3, or 7 days with i) whole
HLMC, ii) HLMC sensitised with 2.5ug/ml IgE (Calbiochem) for 1 hour, iii)
sensitised HLMC activated with 1:1000 anti-IlgE (Sigma), iv) HLMC or HMC-1
lysates and v) isolated 0.25, 0.5 or 1ug/ml human lung tryptase (Europa
Bioproducts) a concentration equivalent to the tryptase concentration found in a 1:4
mast cell to ASM ratio (242). HLMC or lysates were co-cultured with ASM at a 1:4
mast celASM ratio in order to reflect the ratio that is found in vivo (19).
Experiments were performed in the presence and absence of the serine protease
inhibitor leupeptin (Sigma) and lactoferrin (Sigma), a member of the transferrin
class of proteins, at appropriate concentrations to inhibit the activity of the tryptase
(308). After 1, 3 or 7 days, a-SMA protein and mRNA expression were examined
by immunofluorescence, flow cytometry, and RT RT PCR.

ASM contractile activity was examined by collagen gel analysis (as described in
section 2.19) after ASM and either HMC-1 lysate or tryptase + leupeptin
co-cultures. Cell free supernatants from co-culture of ASM with HLMC, HLMC
lysates or tryptase co-cultures were stored at -80°C for later analysis of TGF-1
and TGF-B2 expression by ELISA (R&D Systems) with a limit of detection of
31.25pg/ml.

Modulation of a-SMA expression by TGF-g.

0.25ng/ml, 2ng/ml or 10ng/ml of recombinant TGF-B1 or TGF-B2 (R&D Systems)
was added to ASM that had been serum deprived for 72 hours. After 1, 3 or 7 days,
a-SMA protein expression and ASM contractile activity was examined by flow
cytometry and collagen gel analysis.

TGF-B1 was pre-incubated with or without the TGF-B1 neutralizing antibody or
isotype control (R&D Systems) for 30mins at 37°C before addition to the ASM that
had been serum deprived for 72 hours. The concentration of TGF-B1 neutralizing
antibody used was based on the TGF-B1 content measured in previous ASM co-
culture supernatants. a-SMA protein expression and ASM contractile activity was

examined by flow cytometry and collagen gel analysis.

PAR 2 expression by ASM.
Surface and intracellular protein expression by ASM of PAR-2 was assessed by
flow cytometry (as described in section 2.10) using an indirectly FITC labelled

PAR-2 mouse mAb (R&D Systems) and appropriate isotype control (Dako).
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Statistical Analysis.

Statistical analysis was performed using GrapdPad Prism 4. Data are presented as
mean (+ SEM). Paired and unpaired data were analysed by using paired and
unpaired t tests, respectively. Comparison across groups was assessed using
ANOVA and Tukey's multiple comparison test was used for between group

comparisons. Differences were considered significant when p < 0.05.
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3.3.3

Increased ASM a-SMA Expression in vivo Localized with Mast Cells
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a) Photomicrographs of a bronchial biopsy from an asthmatic illustrating ASM-
bundles stained for a-SMA (left), sequential tryptase stained section revealing 1
mast cell within the ASM-bundle and 2 in the 30um perimeter of the bundle
(middle), and high intensity thresholded a-SMA stained bundle covering 8.76% of
the total ASM-bundle area (right) (x400). b) Photomicrograph of another asthmatic
again illustrating a-SMA stained ASM-bundle (left), sequential tryptase stained
section revealing 1 mast cell in the 30um perimeter and none within the ASM-
bundle (middle), and high intensity thresholded a-SMA stained ASM-bundle
covering 0% of the total ASM-bundle area (right) (x400). c) Correlation between the
percentage of high intensity a-SMA staining and the number of mast cells in the
ASM-bundle alone (r=0.87; p=0.0003) and d) together with the number of mast cells
in the 30pm perimeter of the ASM-bundle (r=0.87; p=0.0002).
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In bronchial biopsies from asthmatics, mast cells were identified in and adjacent to
ASM-bundles (n=12). Representative photomicrographs of sequential sections
illustrating the association between the location of mast cells and the intensity of a-
SMA are as shown in Figures 3.3.3a and b. The mean (SEM) number of mast cells
within the ASM bundle was 10.6(4.05)/mm? and 34.4(10.3)/mm?” in the bundle and
perimeter. There was a strong correlation between the percentage high intensity
a-SMA staining and the number of mast cells in the ASM bundle alone (r=0.87;
p=0.0003; Figure 3.3.3c) and together with the number of mast cells adjacent to the
bundle (r=0.87; p=0.0002; Figure 3.3.3d).
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3.34 Mast Cells and Mast Cell Lysates Increase ASM a-SMA Expression
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a) Bar charts illustrating the fold change over control of a-SMA GMFI expression by
ASM as assessed by flow cytometry after co-culture with unstimulated, IgE
sensitised (2.5ug/ml) (n =9 ASM donors, n = 9 HLMC) or anti-IgE activated (1:1000
or 1:30,000) HLMCs (ratio 1 HLMC to 4 ASM) (n =5 ASM donors, n = 7 HLMC) or
b) HLMC (n = 8 ASM donors, n = 7 HLMC) or ¢) HMC-1 lysates (n = 16 ASM
donors) at a ratio of 1:16, 1:8, 1:4 or 1:2 cell lysate to ASM for 1, 3 or 7 days. * p

<0.05 per time point ~ p <0.05 across all time points.
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d) Example immunofluorescence images of ASM co-cultured with unstimulated
HLMC, HLMC or HMC-1 lysates for 7 days (1:4 cell / lysate to ASM) (n = 3 ASM

donors) * p <0.05 per time point. ~ p <0.05 across all time points.
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3.3.5 B-Tryptase Increases ASM a-SMA Expression
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a) Bar chart illustrating the fold change over control of a-SMA GMFI expression by
ASM as assessed by flow cytometry after stimulation with tryptase (0.25, 0.5 or 1
pg/ml) for 1, 3 or 7 days. (n = 4 ASM donors) b) or stimulation with B-tryptase
(0.5ug/ml) with or without leupeptin (10.6ug/ml) for 1, 3 or 7 days. (n = 4 ASM
donors) c¢) Example immunofluorescence images of ASM co-cultured with (-
tryptase (0.5ug/ml) with or without leupeptin (10.6ug/ml) for 7 days (n = 3 ASM

donors) * p <0.05 per time point .
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d) Bar chart illustrating the fold change over control of a-SMA mRNA expression by
ASM as assessed by RT RT-PCR after stimulation with B-tryptase (0.5 pug/ml) with
or without leupeptin (10.6ug/ml) for 7 days. (h = 3 ASM donors) e) Bar chart
illustrating the fold change over control of a-SMA GMFI expression by ASM as
assessed by flow cytometry after stimulation with mast cells or lysates (ratio 1
HLMC / lysate to 4 ASM) with or without leupeptin (10.6ug/ml) for 1 or 3 days. (n =4
ASM donors, n = HLMC) f) or as illustrated by the percentage inhibition of a-SMA
increases observed in figure f. * p <0.05 per time point .
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Measuring the GMFI of ASM a-SMA, mast cells or their lysates in co-culture with
ASM increased ASM a-SMA expression markedly over 1, 3 and 7 days assessed
by flow cytometry (Figures 3.3.4a, b, c). The increase in ASM a-SMA expression in
response to co-culture with mast cells was not different between ASM co-cultured
with unstimulated or IgE/anti-IgE stimulated HLMCs (Figure 3.1.5a; ANOVA p>0.05
for all time points).

Flow cytometry findings were confirmed by immunofluorescence (Figures 3.3.4d, e).
Similar effects on ASM differentiation were observed with the mast cell-derived
serine protease B-tryptase. Human lung B-tryptase (0.25, 0.5 or 1ug/ml) increased
a-SMA expression assessed by flow cytometry (Figure 3.3.5a, h),
immunofluorescence (Figure 3.3.5¢) and mRNA expression (Figure 3.3.5d).

Both the pB-tryptase-mediated increase in protein and mRNA a-SMA was
significantly inhibited by the serine protease inhibitor leupeptin (10.6ug/ml) (Figures
3.3.5b and d).

Similarly, the increase in a-SMA protein following co-culture with whole
unstimulated HLMC or HLMC or HMC-1 lysates was significantly inhibited by
leupeptin (10.6ug/ml) as assessed by flow cytometry (Figures 3.3.5e and f). This
suggests that the mast cell mediated up-regulation in ASM a-SMA expression was

mediated by tryptase.
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3.3.6 Enhanced ASM Contractility in Response to B-Tryptase
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Time courses illustrating the size of collagen gels as a percentage of control after
ASM primed with 3-tryptase (0.32 pyg/ml) with or without leupeptin (6.7ug/ml) for 48
hours, and a subsequent application of histamine (100uM/ml) with observations of
gel size (as a percentage of gel size after 48 hours of priming) over the following a)
8 hours or b) 7 days. (n = 5 ASM donors) * p <0.05 compared to control; per time
point. # p <0.05 B-tryptase Vs. B-tryptase & leupeptin.
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d) Bar chart illustrating the area under the curve of collagen gel contraction assays
after ASM priming with B-tryptase (0.32 pyg/ml) with or without leupeptin (6.7ug/ml)
for 48 hours, and a subsequent application of histamine (100uM/ml) to the same
gels with observations of gel size over the following 8 hours or 7 days. e) Images of
example collagen gels 8 hours after the application of histamine (n = 5 ASM

donors).
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We assessed the functional consequence of the B-tryptase-mediated increased
a-SMA expression by ASM using a gel contraction assay (Figure 3.3.6a, b).

The contractile response of B-tryptase-primed ASM to histamine was increased
compared to control (after 1 hour mean difference [95% CI] 90.2 [81.5 — 98.9]%;
p=0.03) (Figure 3.3.6a). This increased contractility was also inhibited by leupeptin
(Figures 3.3.6, a, b, c and d).
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3.3.7 Mast Cells and Their Products Increase ASM TGF-B_Production
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Bar charts illustrating the increase in a,b) TGF-B1 or c) TGF-B2 production by
ASM above basal levels as assessed by ELISA after culture with HLMC, HLMC
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*p <0.05.
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3.3.8 TGF-B1 and TGF-B2 Increase ASM a-SMA Expression
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Bar charts illustrating the fold change over control of a-SMA GMFI expression by
ASM as assessed by flow cytometry after co-culture with a) either TGF-B1 or
TGF-B2 (0.25, 2 or 10ng/ml) or (n = 9 ASM donors) b) TGF-B1 (2 ng/ml) with or
without a TGF-B1 neutralizing antibody or appropriate isotype control for 1, 3 or 7

days. (n = 3 ASM donors) * p <0.05 per time point.
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3.3.9

Enhanced ASM contractility in Response to TGF-B1
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Time courses illustrating the size of collagen gels as a percentage of control after
ASM priming with TGF-B1 (2 ng/ml) with or without a TGF-B1 neutralizing antibody
or isotype control for 48 hours, and a subsequent application of histamine
(100pM/ml) with observations of gel size over the following a) 8 hours or b) 7 days.
c) Also represented as area under the curve (n = 3 ASM donors). * p <0.05
compared to control; per time point. # p <0.05 TGF-B1 & Isotype Control Vs. TGF-
B1 & TGF-B1 Neutralising Antibody.
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The basal release of TGF-f1 by ASM cells was geometric mean [95% CI] 0.54
[0.009 — 37.76] ng/ml/10° cells after 24 hours, and 3.57 [0.05 — 248.31] ng/ml/10°
cells after 72 hours. The basal release of TGF-p2 by ASM cells was 0.18 [0.004 —
7.87] ng/ml/lO6 cells after 24 hours, and 0.93 [5.81 — 1499.68] ng/ml/lO6 cells after
72 hours.

The TGF-B1 concentration was increased in cell free supernatants as assessed by
ELISA from ASM co-cultured for 1 and 3 days with HLMC (Day 3: 5.52 [0.55 —
55.59] ng/ml/10° cells, p=0.03) or HLMC lysates (Day 3: 6.65 [0.46 — 95.54]
ng/ml/10° cells, p=0.04) or B-tryptase (Day 3: 9.62 [5.72 — 16.14] ng/ml/10° cells,
p=<0.01) corrected for basal release by ASM and mast cells (Figure 3.3.7a).

The increases in TGF-B1 concentration in cell free supernatants from ASM & HLMC
or B-tryptase co-cultures were significantly inhibited by the application of leupeptin
or lactoferrin (Figure 3.3.7a, b).

There was a small non-significant increase in the TGF-B2 concentration in cell free
supernatants from ASM co-cultured for 1 and 3 days with HLMC (Day 3: 0.93 [0.1 —
8.58] /10° cells) or HLMC lysates (Day 3: 0 [0 - 0] ml/10° cells) or B-tryptase (Day 3:
1.57 [0.23 — 10.86] ng/ml/lO6 cells) corrected for basal release by ASM and mast
cells (Figure 3.3.7¢c).

The expression of a-SMA in ASM significantly increased as a result of stimulation
with both recombinant TGF-B1 and TGF-p2 (0.25-10ng/ml), after 1, 3 and 7 days
(p<0.05) (Figure 3.3.8a), stimulation with TGF-B2 was only significantly greater than
TGF-B1 at 3 days with 0.25ng/ml as assessed by flow cytometry. The increase in
a-SMA expression mediated by TGF-B1 (2ng/ml) was significantly inhibited by TGF-
B1 neutralizing antibody (Figure 3.3.8b) as assessed by flow cytometry.

TGF-B1 also increased the contractile response of ASM to histamine (after 1h mean
difference [95% CI] 74 [51.7-91.1]%; p=0.02) (Figure 3.3.9a), which was inhibited
by the TGF-B1 neutralizing antibody (Figures 3.3.9a, b, ¢) as assessed using a gel

contraction assay.
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3.3.10 The Neutralization of TGF-B1 Inhibited B-Tryptase-Mediated Increased ASM a-SMA

Expression and ASM Contraction
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Bar chart illustrating the fold change over control of a-SMA GMFI expression by
ASM as assessed by flow cytometry after co-culture with a) p-Tryptase (0.5 pug/ml)
with or without a TGF-B1 neutralizing antibody or isotype control for 1, 3 or 7 days.

(n =4 ASM donors) * p <0.05 per time point.
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Time courses illustrating the size of collagen gels as a percentage of control after
ASM priming with B-Tryptase (0.32 pg/ml) with or without a TGF-f neutralizing
antibody or isotype control for 48 hours, and a subsequent application of histamine
(100puM/ml) with observations of gel size over the following b) 8 hours or c) 7 days.
d) Also represented as area under the curve (n = 4 ASM donors). * p <0.05
compared to control; per time point. # p <0.05 B-tryptase & Isotype Control Vs. B-
tryptase & TGF-3-1 Neutralising Antibody.

105



3.3.11 The Neutralization of TGF-B1 Inhibited HMC-1 Lysate Mediated Increased ASM
a-SMA Expression

QD

p=0.03

N
I

a-SMA GMFI Expression
(Fold Change Over Control)

Imo i%ﬁ

1 Day 3 Days 7 Days

B {\C-1 Lysate
HMC-1 Lysate & Isotype Control
[ JHMC-1 Lysate & TGF-B1 Neutralising Antibody

Bar chart illustrating the fold change over control of a-SMA GMFI expression by
ASM as assessed by flow cytometry after co-culture with a) HMC-1 Lysate (1:4
HMC-1 Lysate : ASM) with or without a TGF-B1 neutralizing antibody (2ng/ml
Antibody per 1pg/ml TGF-B) or isotype control for 1, 3 or 7 days. (n = 5 ASM

donors) * p <0.05 per time point.
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The neutralization of TGF-B1 inhibited B-tryptase-mediated increased ASM

contraction

The increase in a-SMA expression mediated by 3-Tryptase (0.5ug/ml) was inhibited
by TGF-B1 neutralizing antibody as assessed by flow cytometry (Figure 3.3.10a).
The increase in ASM contraction in response to histamine mediated by B-tryptase
priming was markedly inhibited by TGF-B1 neutralization compared with isotype
control as assessed using a collagen gel contraction assay (Figures 3.3.10b, c, d).
This suggests that the B-tryptase induced up-regulation in ASM a-SMA may be
attenuated by the inhibition of the TGF-B1 released by the ASM in response to B-

tryptase stimulation.

The neutralization of TGF-B1 inhibited HMC-1 Lysate-mediated increased ASM
a-SMA Expression

The increase in a-SMA expression mediated by HMC-1 lysate (1:4 cell lysate :
ASM) was significantly inhibited by TGF-B1 neutralizing antibody after 7 days as
assessed by flow cytometry (Figure 3.3.11a).

PAR-2 expression by ASM

The proportion of primary cultured ASM that expressed PAR-2 on their cell surface
was (mean + SEM) 7.6 + 0.99%; p=0.02 (n=3) and the PAR-2 expression by
permeabilized ASM was 24.53 + 4.7%; p=0.03 (n=3).
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3.3.12 Responses of Non-Asthmatic and Asthmatic ASM
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Graphs illustrating (a) the a-SMA GMFI of serum deprived non-asthmatic ASM cells
over 1, 3 and 7 days. (b) A histogram illustrating the change in the a-SMA GMFI of
non-asthmatic ASM cells after a 7 day co-culture with HLMCs (1:4 HLMC : ASM ratio).
Bar charts illustrating (c) a-SMA positive ASM cells as the percentage of the total
cell population or (d) the a-SMA GMFI expression of unstimulated non-asthmatic
and asthmatic serum deprived ASM cells after 72 hours and (e) the fold change
over control of a-SMA GMFI expression of non-asthmatic and asthmatic serum
deprived ASM cells stimulated with unstimulated HLMCs (1:4 MC:ASM ratio) over
1,3 and 7 days. (n =6 ASM donors, n =6 HLMC) *p<0.05 t-test.
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16 ASM donors), (g) tryptase (0.5ug/ml) (n = 4 ASM donors) or (h) TGF-B1 (10ng/ml)
over 1, 3and 7 days. (n = 9 ASM donors) *p<0.05 t-test.
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Bar chart illustrating the area under the curve of collagen gel contraction assays

as illustrated in i and j. (n = 3 ASM donors) *p<0.05 t-test.
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In relation to stimulated ASM, there was no significant difference in the
expression of a-SMA positive ASM cells or a-SMA GMFI between non-asthmatic
and asthmatic donors after serum deprivation for 72 hours (Figure 3.3.12c, d).
Stimulation of ASM with tryptase (0.5ug/ml) resulted in a significant difference in
the expression of a-SMA GMFI between non-asthmatic and asthmatic donors
after 1 day, but no other significant differences was noted after stimulation of
ASM with either HLMCs, HMC-1 lysates, Tryptase (at 3 and 7 days) and TGF-31
(Figures 3.3.12¢, f, g, h). Specifically, TGF-B1 (10ng/ml) mediated up-regulation
of ASM  a-SMA after 7 days in those with (geometric mean [95% CI] 7.0 [1.2-
41.3] fold increase; p=0.04) or without asthma (4.9 [1.7-13.8] fold increase;
p=0.04), but there was no difference between groups (mean difference [95% CI]
asthma versus non-asthma 1.44 [0.4-5.4] fold; p=0.49) (Figure 3.3.12h).
Investigations were conducted to examine the contractility of non-asthmatic and
asthmatic ASM. There was trend towards increased contractility in unstimulated
asthmatic ASM, compared to non-asthmatic ASM following the subsequent
application of bradykinin (Figures 3.3.12 i, j, k), along with a similar trend
observed in the contractility between unstimulated non-asthmatic and asthmatic
ASM primed with HMC-1 lysates following the subsequent application of
bradykinin (Figures 3.3.12 |, m, n).
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3.3.13

Discussion

This is the first report to demonstrate that mast cells promote ASM differentiation to
a more contractile phenotype. Since mast cell localization to the ASM-bundle is a
key feature of the immunopathology of asthma, we have identified a novel
mechanism whereby mast cell-ASM interactions may aggravate the disordered
airway physiology that characterizes asthma.

Mast cells increased ASM ao-SMA mMRNA and protein expression. This was
mediated by B-tryptase and was attenuated by the serine protease inhibitor
leupeptin. We confirmed that mast cell derived B-tryptase increased ASM TGF-8
secretion (57), which itself increased a-SMA expression (96). Importantly the
increased ASM a-SMA expression by pB-tryptase was inhibited by TGF-$
neutralisation suggesting that its effects were predominately exerted via the
autocrine activation of ASM by TGF-B. However, we cannot exclude the possibility
that some of the B-tryptase mediated effects on ASM may have been direct and
TGF-B independent. We are confident that our in vitro findings are relevant in
asthma as in vivo we found that in bronchial mucosal biopsies from asthmatics, the
intensity of a-SMA expression was strongly related to the number of mast cells
within or adjacent to an ASM-bundle. Although we present here the first evidence
of human lung mast cells driving ASM differentiation, the importance of mast cell-
mesenchymal interactions is not restricted to the airway. Current evidence
suggests that colocalization of mast cells with pericryptal fibroblasts in the lamina
propria of the duodenum is important in maintaining normal villous morphology
(309) and co-culture of dermal fibroblasts and HMC-1 cells result in fibroblast
differentiation (310).

Mast cell microlocalisation to the ASM-bundle is a feature of asthma across
severities. Mast cell number correlates positively with the degree of AHR (19) and
with the bronchoconstrictor response to a deep inspiration (188) supporting the
view that mast cell-ASM cell interactions are central in the development of the
disordered physiology in asthma. Importantly, there is evidence that mast cells
infiltrating the ASM-bundle are activated with increased expression of Th2
cytokines IL-4 and IL-13 (215). Post mortem studies of fatal and non-fatal asthma
have demonstrated that there was a marked increase in mast cell degranulation in
the ASM-bundle in both the large and small airways (36) and that increased
numbers of mast cells are associated with increased ASM shortening in fatal
asthma (311). Our data suggest that mast cell B-tryptase is central in the
development of ASM dysfunction, which is supported by early clinical trials of
tryptase inhibitors in sheep models of asthma (312) and in human disease
(247;313). However, the link between mast cell-ASM interactions and disordered
airway physiology has been questioned by the inconsistent effect of anti-IgE
therapy on AHR (314-317). Importantly, our findings indicate that mast cell derived
B-tryptase from human lung mast cells can promote ASM differentiation
independently of IgE. We have therefore identified a novel IgE-independent mast
cell mediated mechanism that may be an important driver in the development of
AHR in asthma.
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3.3.14

3.3.15

Smooth muscle contraction is under the control of a well-described multi-step
process (140). Specifically, ASM contraction occurs due to myosin-actin cross-
bridging following phosphorylation of smooth muscle myosin light chain by mysosin

light chain kinase, which in turn is activated by cytoplasmic Ca” bound to
calmodulin. Although a-SMA is a key contractile protein involved in ASM contraction
this process can be modulated by the content and activation of several proteins and
kinases. We restricted our investigations to a-SMA expression as there is a
considerable body of evidence that there is close relationship between the a-SMA
content and mesenchymal cell contraction (318). Fibroblasts from an ovalbumin-
challenged mouse model of asthma demonstrated augmented gel contraction and
expressed more a-SMA than fibroblasts from control animals (319). In a-SMA null
mice there is diminished vascular tone (320) and reduced contractile force by
bladder smooth muscle (321). In humans there was a very strong correlation
between a-SMA expression and contraction of bone marrow stroma-derived
mesenchymal stem cells (322). We are therefore confident that the changes we
observed in the upregulation of a-SMA expression by ASM in response to co-
culture with mast cells is critical in the transition of the ASM to a more contractile

phenotype.

Criticisms

One possible criticism of our study is that our in vitro findings are limited to primary
cells rather than ex vivo bronchial rings or in vivo whole animal studies. To date
there is not a good animal model of asthma to study mast cell-ASM interactions
(27). Contraction studies using bronchial rings have the advantage over gel
contraction assays in that the ASM-bundle and the microenvironment are intact, but
are limited in their ability to examine interactions between cell types. However, in
support of our findings sensitized bronchial rings primed with [-tryptase
demonstrate increased contractility to histamine (323). Critically the mechanisms
proposed by our ASM-mast cell co-cultures are strengthened by two lines of
evidence. Firstly, we observed a remarkably strong correlation between the intensity
of a-SMA expression and the number of mast cells within an ASM-bundle, and
secondly improvements in lung function in asthmatics following treatment with

tryptase inhibitors are encouraging (247;324).

Conclusion

Asthma is a major cause of morbidity and mortality worldwide. It is characterized by
airway dysfunction and inflammation. A key determinant of the asthma phenotype is
infiltration of airway smooth muscle bundles by activated mast cells. We
hypothesised that interactions between these cells promotes airway smooth muscle
differentiation into a more contractile phenotype.

In vitro co-culture of human airway smooth muscle cells with B-tryptase, or mast
cells with or without IgE/anti-IgE activation, increased airway smooth muscle-

derived TGF-f3 secretion, a-smooth muscle actin expression and agonist-provoked
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contraction. This promotion to a more contractile phenotype was inhibited by both
the serine protease inhibitor leupeptin and TGF- neutralization, suggesting that the
observed airway smooth muscle differentiation was driven by the autocrine release
of TGF-B in response to activation by mast cell B-tryptase.

Importantly, in vivo we found that in bronchial mucosal biopsies from asthmatics the
intensity of a-smooth muscle actin expression was strongly related to the number of
mast cells within or adjacent to an airway smooth muscle bundle. These findings
suggest that mast cell localization in the airway smooth muscle bundle promotes
airway smooth muscle cell differentiation into a more contractile phenotype, thus
contributing to the disordered airway physiology that characterizes asthma.

In conclusion, mast cell localization to the ASM-bundle facilitates interactions
between these cell types and leads to an altered ASM phenotype with increased a-
SMA expression and contraction. This ASM differentiation to a more contractile
phenotype mediated by mast cell-derived B-tryptase presents a novel target to
improve the disordered airway physiology that is the hallmark of asthma.
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4

Conclusion

4.1

(i)
Mast cell migration; CXCL8 & CXCL10, but not CCL11

(_ ) Epithelium ( ) )
I g i
_— - —_——
ASM Migration; ASM Differentiation
B-tryptase B-tryptase
degrades CCL11 upregulates ASM
and inhibits TGF-B production,
CCL11 mediated E:A;fst resulting in

migration. differentiation and
increased agonist-

/ WOked contraction
(iv) (V)

Summary

Asthma is a major cause of morbidity and mortality worldwide. It is characterized by

variable airflow obstruction and airway hyperresponsiveness (AHR), inflammation

and remodeling. Mast cell co-localisation to airway smooth muscle (ASM) is a key
determinant of airway hyperresponsiveness and mast cell localization to other
structures such as the epithelium has been demonstrated.

To date our group has elucidated that the CXCL10 / CCR3 axis is important in

mediating mast cell migration towards the ASM; mast cells adhere to ASM via

CADM-1 and interactions between mast cells and ASM promotes mast cell survival

and proliferation. Whether there are other important mechanisms driving mast cell

localization to airway structures, ASM migration and repair, and how mast cells
affect ASM differentiation is uncertain.

We therefore sought to examine;

i) the concentration of chemokines in bronchial wash samples and
bronchoalveolar lavage fluid (BAL), and the mast cell chemotactic activity in
BAL fluid from subjects with asthma and eosinophilic bronchitis, and from
healthy control subjects.

ii) CCR3 mediated ASM migration. CCR3-mediated recruitment of ASM
progenitors towards the ASM bundle has been proposed as one possible
mechanism involved in ASM hyperplasia. Mast cells are microlocalized to the
ASM bundle and whether mast cells influence CCR3-mediated migration is
uncertain.

iii) The investigation of whether interactions between ASM and mast cells

promote ASM differentiation into a more contractile phenotype.
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4.2

The bronchial wash sample and BAL fluid concentrations of CXCL10 and CXCL8
was increased in subjects with eosinophilic bronchitis compared to those in subjects
with asthma and healthy control subjects (p < 0.05). The CCL11 concentration was
below the limit of detection in most subjects. BAL fluid from subjects with
eosinophilic bronchitis was chemotactic for mast cells (1.4-fold migration compared
to a control, 95% confidence interval, 1.1 to 1.9; p = 0.04) and was inhibited by
blocking CXCR1 (45% inhibition; p = 0.002), CXCR3 (38% inhibition; p = 0.034), or
both (65% inhibition; p = 0.01). BAL fluid from the subjects with asthma and healthy
control subjects was not chemotactic for mast cells. Mast cell migration to BAL fluid
was correlated with the concentration of CXCL8 (r = 0.42; p = 0.031) and CXCL10 (r
=0.52; p = 0.007).

ASM expressed CCR3. ASM CCR3 activation by CCL11 mediated intracellular
calcium elevation, concentration-dependent migration and wound healing, but had
no effect on proliferation or survival. Co-culture with B-tryptase or mast cells
degraded recombinant and ASM-derived CCL11, and B-tryptase inhibited CCL11-
mediated ASM migration.

In vitro coculture of human ASM cells with B-tryptase, or mast cells with or without
IgE/anti-IgE activation, increased ASM-derived TGF-B1 secretion, a-smooth muscle
actin (a-SMA) expression and agonist-provoked contraction. This promotion to a
more contractile phenotype was inhibited by both the serine protease inhibitor
leupeptin and TGF-B1l neutralization, suggesting that the observed ASM
differentiation was driven by the autocrine release of TGF-B1 in response to
activation by mast cell B-tryptase. Importantly, in vivo we found that in bronchial
mucosal biopsies from asthmatics the intensity of a-SMA expression was strongly
related to the number of mast cells within or adjacent to an ASM bundle.

In conclusion, CXCL8 and CXCL10 play an important role in mast cell migration to
the epithelium. CCL11 is not important for airway smooth muscle migration. Mast
cells drive ASM differentiation through the autocrine release of TGF-B1 in response
to activation by B-tryptase and may drive AHR.

Targeting mast cell migration towards the epithelium and smooth muscle progenitor
migration, differentiation and co-localisation of mast cells with ASM could provide an

effective treatment in the control of asthma.

Critigue

In relation to the first study (i), subjects with mild asthma who had minimal
symptoms were included and this may have been a limiting factor to the
chemotactic potential of the asthmatic airway secretions studied. BAL fluid
cytospins were also not stained appropriately to be able to enumerate the number
of mast cells in BAL fluid across the groups, and therefore the concentrations of
CXCL10, CXCL8 and BAL fluid mast cell nhumbers could not be correlated.
Chemokines other than CXCL10 and CXCL8 could also have been examined, but
the examination of the number of chemokines was limited by the volume of

bronchial wash and BAL available. Mast cell migration towards BAL was also
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conducted using an immortalized cell line rather than primary cells, although the
chemokine receptor profiles of HMC-1 and primary lung mast cells are similar,
supporting the view that HMC-1 cells are a suitable model for lung mast cell
migration.

A limitation of the second and third studies (ii, iii) include the application of a mast
cell : ASM cell ratio which reflects that found in vivo. The ratio used is based on our
experience with the assessment of bronchial biopsies and we are confident that the
range we have chosen captures the proportions of these cells in the asthmatic
airway. Primary mast cells were also derived from lung resection tissue and not
asthmatic subjects. Currently we are limited by our inability to isolate sufficient mast
cells from the asthmatic airway. However, we feel that using human lung mast cells
that are sensitised and IgE/anti-IgE activated is likely to be reflective of asthmatic
mast cells.

In relation to the third study (iii), although a-SMA is a key contractile protein
involved in ASM contraction, this process can be modulated by the content and
activation of several protein kinases. We restricted our investigations to a-SMA
expression as there is a considerable body of evidence that there is close
relationship between the a-SMA content and mesenchymal cell contraction (318).
Fibroblasts from an ovalbumin-challenged mouse model of asthma demonstrated
augmented gel contraction and expressed more a-SMA than fibroblasts from control
animals (319). In a-SMA null mice there is diminished vascular tone (320) and
reduced contractile force by bladder smooth muscle (321). In humans there was a
very strong correlation between a-SMA expression and contraction of bone marrow
stroma-derived mesenchymal stem cells (322). We are therefore confident that the
changes we observed in the upregulation of a-SMA expression by ASM in response
to co-culture with mast cells is critical in the transition of the ASM to a more
contractile phenotype. Other limitations include that our in vitro findings are limited
to primary cells rather than ex vivo bronchial rings or in vivo whole animal studies.
To date there is not a good animal model of asthma to study mast cell-ASM
interactions. Contraction studies using bronchial rings have the advantage over gel
contraction assays in that the ASM-bundle and the microenvironment are intact, but
are limited in their ability to examine interactions between cell types. However, in
support of our findings sensitized bronchial rings primed with [-tryptase
demonstrate increased contractility to histamine (323). Critically the mechanisms
proposed by our ASM-mast cell co-cultures are strengthened by two lines of
evidence. Firstly, we observed a remarkably strong correlation between the intensity
of a-SMA expression and the number of mast cells within an ASM-bundle, and
secondly improvements in lung function in asthmatics following treatment with

tryptase inhibitors are encouraging (247; 324).
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4.3

Future Directions

In relation to the first study (i), chemokine concentrations and mast cell migration
towards airway secretions from severe asthmatics could be studied to examine
whether there is an altered potential in comparison with mild asthmatics.

BAL fluid cytospins could also be stained to identify mast cells enabling the
correlation of BAL fluid mast cell numbers and chemokine concentrations.

Taking into account the limitation of obtaining suitable tissue, further studies could
include the examination of the migration of HLMCs rather than HMC-1 cells towards
airway secretions from subjects with EB, asthma and normal controls. It would be
particularly interesting to use asthmatic mast cells for all the studies described here.
Using the same volume of experimental samples, a wider variety of chemokines
could be examined through utilizing techniques such as mesoscale discovery for all
the studies described here. Further investigations could also be conducted to see if
there is an inhibitory factor present in non-asthmatic airway secretions or cell culture
supernatants that could affect mast cell, ASM migration or ASM differentiation.
Different contractile markers such as myosin light chain kinase could also be used to
examine the ASM contractile phenotype.

Co-culture assays using transwells and collagen gels could also be used to examine
the interaction of smooth muscle cells and mast cells — and possibly other cells
present in EB and asthma such as T-cells, neutrophils, eosinophils and
macrophages enabling the development of a complete co-culture system which
would more accurately reflect conditions found in vivo.

Results from these studies have also indicated that along with the influence of
increased ASM mass and co-localised mast cells, asthmatic ASM may be more
intrinsically contractile than non-asthmatic ASM — but this would require further
investigation to confirm this observation.

Existing literature also suggests that the development and characterisation of
asthmatic phenotypes may result in a more tailored and effective treatment of the
disease. This practice could also be used when selecting the subjects that are used
in future investigations.

Additional areas of investigation which were not covered in these studies, but which
could be examined in future include the examination of ASM hyperplasia,
hypertrophy and survival in response to the interaction between ASM and mast cells.
In relation to bronchoconstriction, would the co-localisation of ASM and mast cells
affect the contractile response of ASM to [B-agonists? The examination of the
synthetic response of ASM and mast cells upon these factors could also be
investigated. The effects of current therapies such as corticosteroids and beta-
agonists on our findings in this thesis need to be examined and then extended to
include the effects of novel emerging therapies. This will inform the translation of our

laboratory findings into the clinic.
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