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INFLAMMATION AND REMODELLING IN ASTHMA

by Elizabeth R. Davies

Asthma is a heterogeneous chronic inflammatory disease characterised
by recurrent, reversible airflow obstruction, bronchial hyperresponsiveness
(BHR) and airway remodelling. Impaired lung function in childhood asthma
has been associated with polymorphisms in ADAM33. Soluble ADAM33
(sADAM33) is increased in bronchial lavage fluid (BALF) from asthmatics
and is inversely correlated with FEV1. sADAM33 is induced by TGF-β
present in asthmatic lungs, and promotes angiogenesis. ADAM33 expression
is developmentally regulated and is influenced by maternal allergy via IL-13.
This thesis will examine the hypothesis that alteration in the expression of
ADAM33 will influence lung structure, affecting vessel and smooth muscle
formation and these subsequent changes will impact on pulmonary function
in airway inflammation.

In DOX inducible Il-13 transgenic mice, significant neutrophilic inflam-
mation and goblet cell metaplasia were observed. BHR was induced after
methacholine challenge and IHC showed increased bronchial smooth muscle.
Similarly, in human embryonic and juvenile mouse lungs, IL-13 suppressed
Adam33 mRNA but not Acta2. ADAM33 was identified in BALF of the
overexpressing mice. ADAM33 enzymatic activity was also significantly
increased. In the ADAM33 transgenic model, induction of ADAM33 resulted
in enzymatically active sADAM33 in BALF. ADAM33 significantly increased
the expression of fibrotic markers suggesting regulation of pulmonary myo-
genesis, fibrogenesis, and angiogenesis. Consistent with this, immunofluo-
rescence revealed airway remodelling with increased smooth muscle, collagen
deposition and vessel formation in ADAM33 mice. In contrast, inflammatory
cell counts in BALF, expression of inflammatory mediators and mucus related
genes were not altered by ADAM33. In Adam33 −/− challenged with HDM,
there was less BHR and eosinophilic and neutrophilic inflammation compared
to Adam33 +/+. HDM caused suppression of Adam33 mRNA as well as
ectodomain shedding of ADAM33 protein in BALF of wildtype mice that
was absent in Adam33 −/−.

The study provides novel data showing expression of sADAM33 in airways
to induce myogenesis, fibrogenesis and angiogenesis, consistent with a process
causing airway remodelling in the absence of inflammation.
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Chapter 1

Introduction

1.1 Asthma

Asthma is a chronic inflammatory disease of the airways characterised by re-

current, but reversible airflow obstruction and bronchial hyperresponsiveness

(BHR) to a variety of innocuous stimuli. The term asthma was derived from

the Greek word for shortness of breath, which encompassed many clinical

conditions of the heart and lungs. It was not until the mid 19th century that

the term became more restricted to the disease of variable airflow obstruction

following the careful clinical and physiological observations of Dr. Henry Hyde

Salter made on 50 patients he had studied in London and published in his

treatise On Asthma and Its Treatment in 1860.

1.1.1 Epidemiology

It is thought that around 300 million people worldwide suffer from asthma

and it is one of the most common chronic conditions affecting the western

world with its prevalence still increasing, particularly in children.1 Asthma

UK estimates that over 5.4 million people suffer from asthma currently in

the UK. Of these, 1.1 million (1 in 11) of them are children and 4.3 million

(1 in 12) are adults. Whilst its prevalence has plateaued in the last 20

years, the UK still has the highest incidence in Europe. Not only does
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asthma compromise the quality of life of the individuals who suffer from

the condition, it also creates a large economic burden, costing the UK an

estimated £2 billion annually. Up to 75 % of people admitted to hospital

for asthma related issues are avoidable, as are 90 % of the deaths. There

is a seasonal pattern associated with hospitalisation, which also varies with

age. Children and young adults show an autumnal peak in morbidity and

summer peak in mortality, while senior citizens have both a great morbidity

and mortality in winter, which has shown to be associated with increased

prevalence of rhinovirus (RV) and other respiratory tract infections.2–4

10–15 % of asthmatics have severe disease for which current therapy is

largely ineffective. These people represent 40 % of the health care costs for

the disease. Therefore, it is clear that there is an unmet need for better

asthma treatment and if these statistics are to improve substantial advances

need to occur in order to provide better preventative and disease modifying

treatment.

It is been shown that both genetic and environmental interactions play a

role in asthma, making the airway more susceptible to injury, and it has been

postulated that the bronchial epithelium, which is the barrier to the inhaled

environment, holds a key position to translating these gene-environment

interactions.5 In asthmatic individuals, it has been shown that the bronchial

epithelium is structurally and functionally abnormal.6–9 Additionally to air-

way inflammation, airway remodelling is also an important feature that is

unresponsive to current treatment.

1.1.2 Diagnosis

Asthma is diagnosed by clinical assessment in combination with a series of

lung function tests. Two measurements taken with a spirometer are impor-

tant: the volume of air exhaled in one second (the forced expiratory volume,

FEV1) and the total volume exhaled (forced vital capacity, FVC). In healthy

and asthmatics subjects, the FVC is similar and normally the FEV1 is about

80 % of the FVC. In asthma, however, the FEV1 is characteristically reduced
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much more than the FVC, ultimately resulting in a reduced FEV1/FVC ratio

of less that 80 %.10 Another feature of asthma is BHR, which can also be

measured in the clinical setting by artificial stimulation of the airways. BHR

can occur due to a variety of triggers such as pollen, cold air and exercise

and can occur even at low doses of antigen. BHR can be assessed using the

PC20 index (provocative concentration), which measures the dose of agonist

required to induce the FEV1 to drop by 20 % (Figure 1.1).11 Histamine or

methacholine are the commonly used agonists, which will deliberately trigger

asthma symptoms and cause the airways to constrict. Bronchiodilators to

relax the smooth muscle within the airway can be administered to restore

the FEV1 back to its normal range and are used to demonstrate reversibility.

The severity of asthma is related to the sensitivity to the agonist. There

are 4 clinical classifications based on severity and persistence of symptoms4

which are summarised in Table 1.1.
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Figure 1.1: Lung function assessment via methacholine challenge. The airway is
artifically stimulated by methacholine to ascertain the concentration which causes

FEV1 to fall by 20 % (hatched line).12
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Classification Frequency Severity FEV1 PEF

Intermittant < 1× week brief

exacerbations

≥ 80 % < 20 %

Mild

Persistent
< 1× week > 1× week,

< 1× day

≥ 80 % 20–30 %

Moderate

Persistent
daily frequent

exacerbations

impact daily life

60–80 % 20–30 %

Severe

Persistent
daily frequent

exacerbations

impact daily life

> 60 % > 30 %

Table 1.1: Classification of asthma severity by clinical features. FEV1 = %
predicted Forced Expiratory Volume in 1 Second, PEF = variability in Peak

Expiratory Flow. Adapted from Yawn et al.4

1.1.3 Treatment

Current treatment of asthma is aimed at control rather than cure. The

purpose of treatment is to manage the disease in such a way that sufferers

can go about their daily life in a normal way. In 1993 the Global Strategy

for Asthma Management and Prevention was published and in 2010 revised.1

This has been a collaboration between the National Heart, Lung, and Blood

Institute and the World Health Organisation. The report provides a plan to

manage asthma with the goal of reducing chronic disability and premature

deaths while allowing patients with asthma to lead productive and fulfilling

lives.13 In the UK, physicians follow the BTS step guidelines for asthma

management. These were first published in 2003 and subsequently revised

in 2008, 2009, 2011 and 2013. There are five steps, and based on this,

patients step up or down their treatment according to disease severity to

maintain good control. Age is one variable that affects the treatment and

there are 3 stepwise management strategies; for children under 5, for children

between 5 and 12 and for adults. For less severe asthma the treatment
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options are similar in all groups, but as severity increases, more variability

in treatment occurs.14 An example of the stepwise treatment for adults is

shown in Figure 1.2.

Treatment can be split into two groups, controllers and relievers. Con-

trollers provide anti-inflammatory effects and are taken daily in order to

keep the disease under control. Glucocorticosteroids, leukotriene modifiers

and anti immunoglobulin (Ig)E are all examples of controller medication,

whilst relievers quickly alleviate the symptoms of asthma such as shortness

of breath. β2 agonists are examples of relievers.

Glucocorticosteroids

Inhaled glucocorticosteroids (ICS) (including beclomethasone, budenoside,

flunisolide, fluticasone, memetasone fluorate and triamcinoline acetonide)

are the most effective treatment currently available. It is recommended

that these be taken in combination with a long-acting β2 adrenoceptor

agonist.15,16 ICS reduce the number of inflammatory cells in the airways,

including eosinophils, T lymphocytes, mast cells, and dendritic cells.17 This

is achieved by suppressing expression of chemotactic mediators and adhesion

molecules. Upon uptake, ICS diffuse across the cell membrane and bind to

glucocorticoid receptors in the cytoplasm. Upon activation these receptors

can dimerise and translocate to the nucleus where they directly modulate

gene transcription, both negatively and positively by binding to DNA and by

associating with transcription factors.17 One target for inhibition is NF-κB,

which is important in the regulation of inflammatory and immunoregulatory

genes such as cytokines, enzymes, adhesion molecules.18 They also inhibit the

release of prostaglandins (PG)E2 and PGI2, both of which are vasodilators,

by inhibiting cyclooxygenase-2.

Leukotrienes

Leukotrienes play an important role in asthma pathology. As well as

contributing to the inflammatory process, they also cause increased mucus
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secretion and bronchoconstriction. They are synthesised from arachidonic

acid via 5-lipoxygenase within the inflammatory cells, namely mast cells,

eosinophils and basophils. They interact with the leukotriene receptor

CysLT1 to cause bronchial constriction, mucus secretion and infiltration of

inflammatory cells. Leukotriene modifiers such as Montelukast, Pranlukast

and Zafirlukast are antagonists of CysLT1, and act by reducing the effect of

the leukotrienes released from eosinophils, mast cells and basophils.13,19

Anti-IgE Therapy

Anti-IgE therapy is an effective way of reducing the amount of free IgE

in the circulation. Omalizumab is a humanised IgG1 monoclonal antibody

administered subcutaneously once or twice a month to effectively reduce

exacerbations and improve disease control.20 It exhibits its pharmacological

effect by forming small complexes with resident IgE to block the binding site

used by the FcεRI and thus makes it unavailable for binding to mast cells,

resulting in decreased mast cell activation to subsequently reduce airway

inflammation.21–23 In a trial conducted at Southampton by Dujkanovic et al.,

they showed administration of omalizumab resulted in significant reduction

in mucosal IgE, a reduction in the number of circulating eosinophils and the

high affinity FcεRI, however, it had no effect on BHR when subjects were

challenged with methacholine.22 Thus it is an effective anti-inflammatory

treatment, but not effective against airway hyperreactivity driven by agents

that do not involve IgE-mediated mechanisms.

β2 Agonists

Reliever drugs can be of short duration and are used during an episode of

bronchoconstriction. They stimulate the β2 adrenergic receptor which is a

G-protein coupled receptor found on airway smooth muscle cells and cause

the airway smooth muscle to relax, thereby stimulating bronchodilation.

Salbutamol is an example of a short-acting bronchodilator. Their maximal

effect occurs within 30 minutes and their duration of action is 4–6 hours;
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these are generally used on an ‘as needed’ basis to control symptoms There

are also long acting β-agonists such as salmeterol or formoterol which have

a duration of action of approximately 12 hours compared to the distinctly

shorter 4–6 hours of salbutamol. As previously mentioned these should be

taken in combination with ICS and should not be used as a treatment alone as

no reduction in airway inflammation has been evident.13 This gives optimal

results and lessens the need for short-term bronchodilators by reducing the

occurrence of exacerbations.

Anti TNF-α Therapy

In some cases of severe ‘refractory’ asthma, the inflammatory profile of the

disease differs somewhat to the mild and moderate forms, leaning towards

a Th1 mediated immunity as opposed to the usual Th2 profile. This means

ICS are not as effective, making the condition harder to control and as

such there is increase morbidity and mortality. This asthmatic population

contributes around 30 % of the total cost to the healthcare system for

asthma.24 Tumour necrosis factor (TNF)-α is an important Th1 cytokine

in severe asthma. It has been shown that there is increased expression of

the membrane-bound TNF-α precursor, as well as of the TNF-converting

enzyme, ADAM17, and TNF receptor 1 in severe asthma.25 TNF-α has been

used as a pharmacological target in many other chronic inflammatory diseases

including rheumatoid arthritis, sarcoidosis and Crohn’s disease.26 Several

studies have been conducted using TNF-α antagonists; the first was an open

labelled study by Howarth et al. They used etanercept, a soluble TNF-α

receptor as an add-on treatment in seventeen severe asthmatic patients whose

symptoms could not be controlled by ICS alone for twelve weeks. In these

individuals they found increased TNF-α levels in bronchoalveolar lavage fluid

(BALF), mRNA and increased numbers of TNF-α positive immunoreactive

cells.27 Treatment was associated with an improvement in lung function tests,

BHR and asthma symptoms. Berry et al. also performed a study that showed

good clinical efficacy (although not with all subject’s) using etanercept and

found that when compared to the placebo, those patients on the drug required
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a significant increase in the concentration of methacholine to provoke a 20 %

decrease in the FEV1. They also reported an improvement in the quality

of life, however, these improvements were limited to refractory asthma, and

did not improve conditions of mild to moderate asthmatics.25 Infliximab, a

recombinant human-murine chimeric monoclonal antibody that binds and

neutralises TNF-α has also been trialled, its results were more mixed than

that of etanercept. It successfully reduced the amount of exacerbations

compared to the placebo group and levels of sputum TNF-α were reduced in

the patients receiving the drug.28

Chromoglycate

Chromoglycate is given in nebulised form. Its mechanism of action is not

wholly understood, but it is believed to act as a mast cell stabiliser, thus

inhibiting their degranulation and subsequent inflammatory mediator release.

It is given prophylactically, but not effective in all patients. Efficacy has been

seen in mild, persistent asthmatics and those who experience BHR due to

exercise.13

1.2 The Airways

The airways are composed of two principle areas, the conducting (large)

airways and the respiratory portion. Asthma is a disease of the conducting

airways, affecting the bronchi. The conducting airways comprise of the major

portion of the respiratory tract; that is from the nasal passage to the trachea,

which branches into the left and right bronchi and extends into lobar then

segmented bronchi.10 The conducting airways terminate in the bronchioles.

Pseudostratified columnar epithelium lines this portion of the respiratory

tract with ciliated, goblet and basal cells predominating.29 The ciliated cells

are columnar epithelial cells that have rhythmically beating cilia (a rate of

about 12 beats/second) on their surface to transport mucus and any trapped

micro particles up and out of the airway. This is commonly known as the

9
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mucociliary escalator.30 The goblet cells are specialised in mucus production.

The mucus is released onto the luminal surface where in addition to aiding

the removal of foreign particles, it also lubricates the epithelium. These

cells are anchored to the basement membrane. The basal cells are small;

nearly cuboidal cells thought to have some ability to differentiate into other

cells types found within the epithelium. During wound repair, these cells

can migrate to the area of denuded epithelium and differentiate to restore

an intact epithelium. These epithelial cells sit on the basement membrane;

which is formed of the basal lamina and lamina reticularis and contain pores

that allow inflammatory cell migration through the basement membrane.31

The respiratory portion of the lung is where the gas exchange occurs

and comprises of the terminal bronchioles, which divide into the respiratory

bronchioles and these have the occasional budding of alveoli from their

walls.10 The alveolar ducts are completely lined with alveoli and are the

end point of the lungs where gas exchange occurs. Two types of alveolar

cells exist in the lung. Type I cells are squamous in shape and facilitate gas

exchange, while type II cells are interspersed between the type I cells and

secrete the phospholipid rich surfactant which is essential for reducing the

surface tension that would otherwise cause the lung to collapse.32

1.2.1 Airway Inflammation

Asthma has long been considered an inflammatory disease of the conducting

airways. It is traditionally characterised by eosinophilia,33 mast cell activa-

tion and subsequent release of Th2 cytokines. Under normal circumstances

environmental allergens pose little threat to individuals, eliciting an IgG

or IgM response. However, in atopic individuals, they have a tendency to

develop IgE mediated responses to these usual harmless allergens. These

individuals can be identified using the ‘skin-prick test’. The skin prick test

uses purified allergens that are ‘pricked’ into the skin to allow intradermal

penetration. The level of response is then measured. Histamine is used as a
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positive control as the majority of people will rouse a response to histamine,

in the form of a wheal.

Inflammatory Mediators in Asthma

As mentioned previously, asthma is characterised to be traditionally a Th2

driven disease and thus the Th2 cytokines IL-4, IL-5 and IL-13 all play an

important role in asthma. They are released by a variety of cells including

eosinophils, lymphocytes and mast cells and are the effectors of chronic

inflammation. They exhibit a broad range of effects all of which drive

inflammatory and remodelling changes associated with asthma.

IL-4 is involved in an array of pro-asthmatic effects that include the dif-

ferentiation of näıve T cells into Th2 lymphocytes. These Th2 lymphocytes

can secrete more IL-4 as well as IL-5 and IL-13, however, they lose the ability

to produce interferon-γ. Il-4 also causes subsequent class switching of B-cells

to produce IgE,34 mast cell proliferation, mucus hypersecretion and BHR.35

Th2 lymphocytes secrete IL-5 which plays a pivotal role in eosinophilic

inflammation and is involved in regulating the growth, differentiation, re-

cruitment, activation, and survival of eosinophils.36 It is the predominant

cytokine associated with antigen-induced eosinophilic inflammation in the

lung.37

Il-13 is a pleiotropic cytokine produced in large quantities by activated

CD4(+) Th2 lymphocytes.38 In the lung, IL-13 is the central mediator of

allergic asthma, where it can induce all the hallmark features of asthma;

namely eosinophilic inflammation, IgE production, mucus hyperplasia and

BHR.35 Animal models demonstrate that IL-13 induces goblet cell hyper-

plasia and mucus hypersecretion.38,39 These studies have also shown that

Il-13 induces the release of other cytokines including eotaxin, which further

promotes an exaggerated eosinophilic response. These Il-13 studies have been

recapitulated and viewed in combination, demonstrate importance of IL-13

in the pathogenesis of both the acute and chronic pathogenesis of asthma.
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The Early and Late Phase Asthmatic Response

The inflammatory response in asthma can generally be split into two stages;

the early and late phase response. The initial phase occurs abruptly and

mast cells are key cells in the early phase response; their activation is

deemed to be a hallmark feature of the asthmatic response. An atopic

individual is predisposed to be hypersensitive to a variety of allergens. They

become sensitised during an initial encounter with the allergen, when the

immune system raises an IgE against that specific antigen. IgE, which is

derived from plasma cells (of Th2 origin), elicits its response by binding

to FcεR1 receptors (high affinity IgE receptor) on the surface of mast cells

to cause mast cell degranulation. These mast cells are then ‘primed’ and

if exposed to the allergen again within seconds they are able to release a

host of inflammatory mediators including leukotrienes (LTC4 and LTD4),

histamine, interleukin (IL)-5, IL-4, IL-13, tryptase, TNF-α and prostaglandin

D2 (PGD2).
40 The result of this is localised inflammation, tissue oedema and

bronchoconstriction, resulting in decreased FEV1. IL-4 and IL-13 are also

responsible for driving the Th2 response that elicits the late phase response.

The late phase response, as the name suggests, occurs several hours (up

to 8 or 10) after the initial exposure. It essentially is a progression of the Th2

inflammatory reaction from the early phase response. There is an additional

infiltration of activated Th2 lymphocytes and eosinophils, driving further

release of inflammatory mediators including IL-5, IL-8, eosinophil cationic

protein, major basic protein and eosinophil-derived neurotoxin to caused

epithelial damage.41 A summary of the inflammatory reaction is described in

(Figure 1.3).

House Dust Mite Allergy

One of the most common aeroallergens are Dermatophagoides pteronyssimus

and farinae, usually known as House Dust Mite (HDM). The mite itself

is harmless; it is the faecal matter that causes the allergic reaction. The

epithelial barrier forms the first line of defence against bacteria, parasites,
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Figure 1.3: Propagation of the early and late phase inflammatory response. After
sensitisation by the way of IgE generation from B-cells, mast cells become primed.
Upon repeated challenge, the allergen causes immediate mast cell degranulation
and subsequent release of inflammatory mediators. These then drive the late phase
response, resulting in eosinophilia and neutrophilia with release of their associated

mediators.
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etc. Its integrity is maintained via the formation of tight junctions between

neighbouring cells. The HDM contains a cysteine protease, Der p 1, which

cleaves the tight junction protein occludin.40 It has been speculated that as

a result of disruption of the epithelial barrier integrity, HDM faecal matter

may cross the barrier and subsequently Der p 1 is able to initiate mast cell

degranulation when cross links are formed with the FcR1 receptors. However,

this enzymatic activity cannot fully explain why atopic asthmatics behave

different from normal subjects as they are all exposed to HDM.

1.2.2 The Remodelled Asthmatic Airway

Asthma is a chronic inflammatory disease characterised by a Th2 mediated

inflammation and enhanced mediator release. In addition to the inflamma-

tion seen in the asthmatic airways, changes in normal airway architecture

are also apparent. This involves epithelial damage, goblet cell metapla-

sia, increased smooth muscle mass, angiogenesis and increased collagen

deposition.42–46 Both genetic and environmental interactions are thought to

play a role in these processes, resulting in the airway becoming more sus-

ceptible to injury and repairing more slowly or insufficiently.47 Remodelling

takes place early in the disease, occurs in both the large and small airways

and across a range of asthma severities.48 Described below are some of the

characteristic changes and these can be seen in Figure 1.4.

Altered Epithelium

Bronchial biopsies have shown the epithelium in asthmatics is noticeably

more fragile than that of a healthy individual.45,49 Tight junctions are

disrupted when examined using immunohistochemistry and at the air liquid

interface in vitro asthmatic cells are less able to form fully functional tight

junctions by measurement of trans-epithelial resistance.50 The altered epithe-

lial integrity as demonstrated by the loss of columnar cells from their basal

cell attachments is one of the main pathological differences to normal airways.

While it has been suggested that epithelial damage observed in asthmatic
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Figure 1.4: Histological section of the central airway walls from a) a healthy
and b) an asthmatic patient. In the asthmatic airway, there is epithelial injury
and consequentially thickening of the subepithelial basement membrane (lamina
reticularis). There is also an increase in the amount of airway smooth muscle and

goblet cell hypertrophy.43

biopsies obtained by fiberoptic bronchoscopy may be a result of tissue

handling, evidence that injury has occurred in vivo can be demonstrated

by the increased expression of the epidermal growth factor receptor (EGFR);

HER1 and c-erbB1.51 Studies using scanning and electron microscopy showed
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the epithelial layer from a healthy individual was intact, where as those

from asthmatic patients showed loss of ciliated epithelial cells. This was

shown to be due to changes in cell-cell interactions.52 The desmosomes are

responsible for adhesion between the cells consisted of two plaques (one in

each neighbouring cell) in healthy controls, but in asthmatics, desmosomes

were found in one of the two neighbouring cells only.52 This would suggest

attachment is reduced and inefficient and could explain the sloughing of

the epithelial layer. The asthmatic epithelium is also more vulnerable to

both oxidative stress and viral infection.51,53,54 In vitro viral infection of

bronchial epithelial cells showed that the asthmatic epithelium had reduced

interferon responses, the virus then persisted for longer causing potentially

more epithelial damage.54

Basement Membrane Thickening

In addition to the sloughing of the epithelium, a characteristic change is

the thickening of the lamina reticularis, demonstrated by deposition of

fibronectin and interstitial collagens.42 This has been documented in multiple

studies55–57 and some, but not all, demonstrating correlation to asthmatic

diagnostics such as airway distensibility.57 It had long been speculated that

remodelling of the asthmatic airway was a result of chronic inflammation,

but evidence now shows that the remodelled airway is seen in childhood,

with deposition of collagen III evident in the lamina reticularis of asthmatic

biopsies.58 As already mentioned, basement thickening has been reported in

both adults59 and school children.56,60,61 In 2004, Saglani et al. conducted

a study in symptomatic (wheezy) infants (median age 1 year) to see if

lamina reticularis thickening could be detected, however, no difference could

be observed.62 Following this they did another study looking at preschool

children (aged between 3 months and 5 years) who suffered from recurrent

and severe wheeze. This time they were able to show lamina reticularis

thickening and eosinophilic inflammation had occurred in confirmed wheezers

compared to control subjects63 in patients aged 2 years and up. Subjects

younger than 2 years showed little difference in lamina reticularis thickness.
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From this they were able to conclude that RBM thickening; one of the main

pathological features of asthma can develop in children during years 1-3.

Goblet Cell Metaplasia

Surface goblet cells and mucous cells in the sub-mucosal glands are respon-

sible for the production of mucus; this is comprised of a mix of heavily

glycosylated proteins called mucins such as MUC5AC and MUC5B which

determine the gel-like properties of the mucus,64 plasma derived proteins

such as albumin and inorganic salts. Both mucous and goblet cells reside in

the large airways. Excessive mucus is an important cause of morbidity and

mortality in asthma as mucus produced in asthmatics is highly viscous and

difficult to remove from the airway.65,66 In 2001 Ordoez et al. used endo-

bronchial biopsies to show that the number of goblet cells was significantly

higher in asthmatic subjects (mild and moderate only were used) compared to

healthy controls. Previously, this had only been documented in post mortem

analysis of people who had died of severe asthma attacks.65,66 They also

showed stored mucin was three times higher in the asthmatic airways, but

interestingly secreted mucin was only elevated in the moderate asthmatic

group and not the mild group. Asthmatics had 60 % higher mRNA levels

of MUC5AC compared to healthy controls. Along with increased MUC5AC

protein expression in IHC, they concluded that this gene is both the principal

mucin in the airway, but its up-regulation may contribute to the increased

levels of mucin present in the asthmatic airway. Other post mortem studies

also showed the mucins from patients who have died from their asthma lacked

covalent cross-links that help maintain their structural integrity and these

abnormalities could be attributed to the high mucin concentrations in the

asthmatic airway.67

Fibroblast Hyperplasia

Increased numbers of fibroblasts or myofibroblasts in the submucosa of the

asthmatic airway has been a long established feature of airway remodelling.
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Fibroblasts, which are of mesenchymal origin, have a role in maintaining the

extra cellular matrix (ECM) while myofibroblasts are important in wound

closure and healing. The expression of α-smooth muscle actin (α-SMA) is

the most common marker that is used to distinguish between fibroblasts

and myofibroblasts. This increase in fibroblast number is thought to con-

tribute to the increased collagen deposition below the basement membrane.68

Transforming growth factor beta (TGF-β) is a potent and key profibrogenic

cytokine whose expression is increased in asthma.69 The damaged epithelium

is capable of up regulating TGF-β2 and this is postulated to work in a

paracrine fashion to act on the underlying fibroblasts and contribute to the

subepithelial fibrosis observed in the remodelled asthmatic airway. It has

been shown in vitro that primary fibroblast cultures, obtained from bronchial

biopsies, undergo differentiation into myofibroblasts and expression of α-

SMA when treated with TGF-β2.
70

Angiogenesis

Angiogenesis, the process of forming new blood vessels from existing ones, is

thought to be an important pathological feature of asthma. In 1960, Dunnill

first described hypervascularity as a striking feature of the submucosa in

twenty post-mortem asthmatic patients71 and this was further supported

in several other studies including Kuwano et al. in 1993, who showed

increase in the absolute number and percentage of blood vessels in the

small airways.72 Increased levels of proangiogenic factors have been correlated

to disease severity and accelerated decline in FEV1.
73,74 Important factors

include vascular endothelial growth factor (VEGF), angiopoietin (Ang-1), a

regulator of VEGF and angiogenin. VEGF plays many key roles in both

vascular embryogenesis and angiogenesis. Inactivation of a single VEGF

allele resulted in embryonic lethality between days 11 and 12.75,76 Co-

expression of Ang-1 and VEGF for example have been shown to enhance

angiogenesis, increase capillary diameter, remodelling of the basal lamina

and proliferation and migration of endothelial cells; the building blocks of
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blood vessels.72 Another important aspect of angiogenesis is involvement of

proteolysis; this is discussed later in the introduction (Section 1.5).

Pericytes play an important role in angiogenesis. Studies have shown that

pericytes differentiate into smooth muscle as blood vessels are remodelled and

become larger.77 Pericytes are contractile cells that are embedded within

the basement membrane of capillaries and post-capillary venules.78 They

are thought to stabilise the vessel walls as well as control endothelial cell

proliferation in a paracrine fashion which involves a variety of factors in-

cluding TGF-β, VEGF, PDGF-B and angiopoietins (Angs).78,79 Chondroitin

sulphate proteoglycan 4 (CSPG4), also known as neuron-glial antigen 2

(NG2) is expressed by microvascular pericytes in newly formed blood vessels

and can be used as a marker for pericyte activity.

Epithelial Mesenchymal Trophic Unit (EMTU)

Introduced by Evans et al. in 1999,80 the EMTU describes the interactions

of the extracellular matrix, epithelial, mesenchymal, and neural tissue during

key homeostatic functions in the lung, such as development, repair of dam-

aged tissue, and regulation of the inflammatory response. Its purpose is to

enable local exchange of information between the different tissue elements.

An important component of this unit is the attenuated fibroblast sheath.

This consists of a layer of mesenchymal cells apposing a layer of epithelial

cells. This close proximity to the epithelium allows cell-cell communication

and epithelial-mesenchymal interactions in the airways.80 The resident sub

epithelial fibroblasts are capable of differentiating into myofibroblasts which

secrete both ECM proteins and inflammatory mediators81 and their numbers

have been shown to the elevated in asthmatic subjects.42 The secretion of

ECM proteins leads to the increased deposition of ECM in the lamina retic-

ularis and inner airway wall. This altered structure is suggested to underlie

the abnormal responses to the inhaled environment and continued activation

of the EMTU causing tissue remodelling may lead to loss of reversibility

and permanent structural alterations.81,82 This abnormal activation, which is

likely to manifest from the increased susceptibility of the epithelial to injury
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has been reported in a variety of in vitro studies. In cultured asthmatic

epithelial cells with mechanically induced wounds, repair is prolonged and

undergoes a greater epithelial to mesenchymal transition (EMT).81,82 As

already mentioned, co-culture of damaged epithelial cells with fibroblasts

showed that the TGF-β2 release from these damaged cells augmented fibrob-

last activity to further drive a remodelling response that includes deposition

of interstitial collagens83 and promoted the transformation of fibroblasts into

myofibroblasts to facilitate remodelling. It is clear that the EMTU plays

an important role in a variety of biological processes and influenced by

external stimuli and the consequential effects these stimuli may have on the

airway. The deposition of ECM in the lamina reticularis, which is believed to

initiate the chronic wound-like response in the epithelium, overexpression of

EGFR and increased nuclear translocation of the cell cycle inhibitor p21waf1

all contribute to an impaired epithelium. These factors along with airway

vulnerability contribute to airway inflammation and remodelling driven by

the EMTU and subsequent asthma persistence.47

1.3 Lung Development and Early Life Ori-

gins of Asthma

Lung Morphogenesis

The development of the lungs involves complex developmental interactions

between two distinct tissues, the endodermally derived epithelium and the

mesoderm. Each tissue contributes to development by regulation of the

spatial and temporal pattern of gene expression, with growth factors playing

an essential role. The development of the lung involves a process termed

branching morphogenesis and involves a wide variety of endodermally de-

rived growth regulators including thyroid transcription factor-1 (TTF-1),

forkhead orthologs (FOX), ETS family members, GATA and SOX, as well

as mesenchymally located proteins including HOX family members, POD1

and GLI.84 In both the human and the mouse, the initial stages of lung

20



Chapter 1. Introduction

branching and budding occur as a ventral outgrowth from the primitive

gut, known as the laryngeo-tracheal groove in the endodermal epithelium.

In the human, lung development can be split into five distinct stages; the

embryonic phase occurs in weeks 5–7, the pseudoglandular stage during

weeks 7–16, the canalicular phase from week 16–24, during weeks 24–36 the

terminal sac stage occurs and finally alveolarisation occurs from 36 week and

continues post partum.85–87 Development of the mouse respiratory system

is similar, although because of the much shorter gestation window (around

twenty days compared to nine months), the process is much more rapid

(Figure 1.5). One important difference to note, however, is that in the mouse,

alveolarisation occurs post partum, whereas in the human it occurs from

week 36 and so is relatively advanced by birth.87 The resulting lungs have

significant anatomical differences. The human lung consists of a tri-lobular

upper, middle and lower right lung and the bi-lobular upper and lower left

lung,87 while the right mouse lung characteristically has four major lobes;

apical cardiac, diaphragmatic and azygous and the left consists only of one

large lobe (Figure 1.6)

Weeks 24 36 16 18 20 22 8 10 12 14 26 28 30 32 34 38 2 4 6 BIRTH 

Human 

ED P1 16 17 18 19 12 13 14 15 5 9 30 10 11 BIRTH 

Embryonic 
Pseudoglandular 
Canalicular 
Saccular 
Alveolar 

Mouse 

Figure 1.5: Summary of the time course of lung development in the human and
mouse. The diagrams depict the differentiation of the airways and subsequent
generations of bronchioles. The stages in development are similar, however, the
duration is much longer for the human one. Alveolarisation, however, begins

prenatally in the human and postnatally in the mouse.
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Figure 1.6: Schematic representation of the lung anatomy of a) human and b)
mouse. The human lung is divided into a tri-lobular upper, middle and lower right
lobe and a bi-lobular upper and lower left lobe. The mouse lung is comprised of a
4-lobed right lung; apical, cardiac, diaphragmatic and azygous lobes and a single

left lobe.
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Embryonic Phase

During the 4th week of gestation the lungs begin their development as

an outgrowth from the ventral surface of the primitive gut, which is of

endodermal origin. This is known the as the respiratory diverticulum (lung

bud). Retinoic acid, produced by the adjacent mesoderm is responsible for

the location of the lung bud.84,88 This retinoic acid also up-regulates activity

of the transcription factor TBX4, which is necessary for the continuation

of bud growth and differentiation.88 The fibroblast growth factor (FGF)-

10 is also important, stimulating proliferation and activation of cells that

express the thyroid transcription factor (TTF)-1.84 It is critical for develop-

ment. Aberrant signalling however, can also cause issues, and to this end

Sonic Hedgehog (Shh) can suppress factors such as FGF-10 signalling to

prevent branching at sites where it is deemed unnecessary.89 As the lung

bud elongates into the splanchnic mesoderm, it begins to separate off from

the gut to form two distinct tubes, the oesophagus and the trachea, which

has developed two lateral outgrowths, the main left and right bronchi. The

right main bronchus is orientated more vertically is slightly larger than the

left because when they further divide, the right side forms three secondary

bronchi, while the left only forms two.88,90

Pseudoglandular Phase

Repeated branching of the primitive airways occurs during the pseudoglan-

dular phase of lung development occurs in weeks 7–16. This is characterised

by rapid growth and proliferation of the airways. The airways are filled

with fluid and are lined with tall columnar epithelium. These cells begin to

differentiate into goblet cells, mucous glands, and ciliated epithelial cells and

around 70 % of the total airway has been generated.89

Canalicular Phase

The canalicular phase was given its name due to canalisation of the potential

airspaces91 and occurs during weeks 16–24. The lumen of the bronchi and
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terminal bronchioles enlarge both in diameter and length. Angiogenesis is

an important driver of this growth and thus vascular endothelial growth

factor (VEGF) and platelet-derived growth factor (PDGF) are both im-

portant growth factors at this stage. The terminal bronchioles sub-divide

dichotomously so that in approximately 17 generations of subdivisions have

formed.92 The beginnings of the terminal saccules can be observed.

Saccular Phase

This phase is characterised by further branching and growth of the terminal

saccules and occurs between weeks 24 and 36. These saccules represent the

future alveoli. The growth of the saccules is accompanied by differentiation

of the cuboidal cells lining the bronchioles into type I and II alveolar

epithelial cells and proliferation of the underlying capillary network. The

type I cells are abundant near the capillaries as their thin epithelium enables

intimate contact with the endothelial cells to construct the future blood:gas

barrier.90–93 Whilst the type I cells are important in gas exchange, the type

II alveolar epithelial cells are responsible for the production of surfactant, a

phospholipid-rich substance that is responsible for lowering surface tension

at the air-alveolar interface. This rapid epithelial differentiation makes it the

most abundant cell type in the lung.91 Elastin is an important protein in-

volved in tissues regaining their original shape after stretching or contracting.

It reaches maximal levels of expression during the saccular stage to result in

a strong elastic fibres surrounding the developing saccules.94

Alveolar Phase

There is debate as to when alveolar development begins, but the general

consensus is in the final weeks of pregnancy, around 36 weeks. It then

continues through childhood, with 95 % of alveolar development occurring

postnatally.90 During alveolarisation, septation of the distal saccules to form

the definitive alveoli occurs. The capillaries protrude into the terminal sacs

to form the fully functional blood:gas barrier. Alveolarisation continues to
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occur into the childhood years, with the alveoli increasing 10-fold compared

to birth.89 This occurs because the immature alveoli have the capacity to

subdivide through the formation of a secondary connective tissue septa which

is capable of gas exchange.90 It is at this point that they become mature

alveoli and only have the capacity to increase in size, not number. There is

no increase in airway number at this point.

The Maternal Influence in Asthma

During pregnancy it is necessary for immune responses generated from the

mother’s adaptive immune system to be suppressed in order for the foetus

not to be seen as foreign and therefore rejected. Under normal conditions,

the maternal environment during pregnancy promotes an initial Th2 skewed

immune response in the offspring which transitions to a non-allergic Th1

type response after birth. The shift in balance reduces the production of

type one cytokines: TNF-α, interferon (IFN)-λ and IL-2 which are known to

be harmful to pregnancy.

Allergens have been shown to cross the placenta and thus there is a

potential effect for environmental stimuli to influence the immune system

during foetal development and early life. In a murine study by Hamada

et al.,95 mothers were sensitised by intraperitoneal (IP) injection of saline

containing ovalbumin (OVA) at 3 and 7 days of age. After weaning they were

exposed to aerosols of allergens for 10 minutes on 3 consecutive days at 4, 8,

and 12 weeks of age. After the last allergen challenge they were mated. At

around day 18 after mating, some females were challenged with OVA again.

After birth, offspring were treated with a single IP injection of OVA on day

3 and aerosol OVA on days 12–14. Offspring of allergic mothers (sensitised

and repeatedly exposed to OVA Ag) showed airway hyperresponsiveness

and inflammation after an intentionally suboptimal OVA sensitisation and

exposure protocol that had little effect on normal offspring.

After birth the neonatal lung is vulnerable to insults from the external

environment. These may come in the form of viruses (RV being the most
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common), allergens such as pollen and animal dander, environmental pollu-

tants, tobacco smoke and even cold air during the winter months. Whilst

these insults would be innocuous to most airways, to vulnerable airways

(i.e. lungs expressing genes that causes predisposition to development of

asthma, which is discussed later), this can cause irritation, which can lead

to airway inflammation and tissue remodelling. Both of these hallmarks of

asthma progress through childhood and puberty when exacerbations occur

(Figure 1.7).47

Evidence of Remodelling in Childhood

As previously mentioned asthma is prevalent in children in both the UK and

most westernised cultures. Initially airway remodelling was thought to be a

secondary consequence, driven by the persistent inflammation that occurred

in chronic asthma and thus not be evident in childhood.96 However, evidence

now supports the concept that remodelling of the airways might occur

early in childhood disease.58,97,98 Studies as early as 1978 by Cutz have re-

ported lamina reticularis thickening is an important feature of remodelling.99

More recently Cokugras et al.100 and Payne et al.56 demonstrated a similar

phenomenon in biopsies taken from children during clinical bronchoscopy.

Cokugras examined moderate asthmatics that had not taken steroids or

sodium chromoglycate treatment for four weeks prior to the study. They

saw thickening and hyalinisation of the basement membrane in 9 of the 10

patients. Payne recruited 19 children with poorly controlled asthma and

was able to show that lamina reticularis thickening was present in these

children, to a similar extent to that seen with adults suffering from asthma.

Considerable research has also been done into preschool wheezers. Saglani

et al. were able to show that thickening of the lamina reticularis and

eosinophilic inflammation, two of the hallmarks of asthma could be identified

in preschool children with severe and recurrent wheeze.63 They could then

attribute this to the onset of lung function differences.

Remodelling occurs early, and can be present even before a clinical

diagnosis of asthma. A study by Pohunek et al. demonstrated this when
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Figure 1.7: EMTU activation. Interactions of factors that contribute to impaired
epithelial repair and prolonged activation of the EMTU, leading to BHR and

eventual asthma persistence. Taken from Holgate et al.47

they examined biopsies from children bronchoscopied for recurrent or chronic

respiratory symptoms who were then followed up 22–80 months later to

ascertain if they developed asthma. The children that went on to develop

asthma had significant eosinophilia in the bronchial mucosa and thickening of

the lamina reticularis supporting the idea that remodelling is not a secondary

feature to inflammation in asthma.101
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Another study done in 2006 by Kicic et al. demonstrated both bio-

chemical and functional differences in the asthmatic epithelium compared

to a healthy control. They compared the epithelial cells from non-atopic

healthy children (NAH), atopic healthy children (AH) and atopic asthmatic

children (AA). They showed AA child-derived human bronchial epithelial

(CHBE) cells produced significantly greater amounts of IL-6, PGE2 and

EGF, but significantly lower amounts of TGF-β1 compared to AH CHBE.102

The AA CHBE also proliferated at nearly double the rate of the healthy

cells, with expression of proliferating cell nuclear antigen (PCNA) being

markedly up-regulated. Taken with the diminished TGF-β1, it is likely the

abnormal differentiation is occurring. Their finding that low molecular weight

cytokeratins (marker of undifferentiated cells) are significantly elevated in the

asthmatic epithelium and conversely that high-weight cytokeratin (marker

of differentiated cells) are significantly decreased is consistent with this

hypothesis.102

A very recent study by Lopez-Guisa et al. looked at several factors

believed to influence sub-epithelial airway remodelling and their effect on

airway epithelial cells. They showed that airway epithelial cells from asth-

matics express significantly more TGF-β2 and VEGF than healthy controls

and this increases further when stimulated with IL-4/IL-13.98 The expression

of periostin was also higher. The increase in the levels of these mediators

(TGF-β2,
103,104 VEGF105,106 and periostin107,108) is consistent with findings

in adults, and supports the idea that the asthmatic epithelium is dysregulated

throughout asthma.

1.4 Genetic Susceptibility to Asthma

There is a strong genetic component to the inheritance of asthma. Family

history of allergy predisposes children to allergic disease. Those with a parent

who suffers from asthma are at greater risk of developing the disease, and

those with parents who both suffer from asthma are at double the risk.

Maternal asthma and IgE levels have been shown to be a higher risk factor
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than paternal atopy.109,110 Inheritance also does not follow conventional

Mendelian traits, which are characteristic of single gene disorders.111 Instead,

asthma should be considered a complex genetic disorder, which may result

from the presence of multiple susceptibility genes whose roles vary from a

mild to moderate influence on lung function and the asthma phenotype.

Whilst some of these genes are associated with normal airway function, some

are involved in regulation of the immune system. The susceptibility varies

between ethnic groups, and thus there are discrepancies between studies,

however, this just highlights the complexity of the disease.

A wide range of genetic studies have been conducted to better understand

asthma. Both positional cloning and candidate gene approaches have been

successfully used to identify asthma susceptibility genes. In these studies,

subjects with a strong hereditary component are routinely used. Genome-

wide association studies (GWAS) focus on the families affected by the

disease of interest. Approximately 20 genome-wide linkage screens have been

reported in different populations investigating chromosomal regions that are

linked to asthma.112 In 2002, ADAM33 was the first asthma gene to be

identified by positional cloning.113 Genome-wide association studies focus

on comparing many SNPs between diseased and healthy individuals. In

2007 Moffatt et al. identified multiple markers on chromosome 17q21 that

were reproducibly associated with childhood-onset asthma. The findings

were replicated in German and British populations too.112 Some asthma

susceptibility genes are described below.

Orosomucoid 1-like protein 3 Polymorphism

Orosomucoid 1-like protein 3 (ORMDL3) is located on chromosome 17q21.

There are 3 members of the ORMDL family, and their role is to encode trans-

membrane proteins located at the endoplasmic reticulum.114 It was reported

as an asthma susceptibility gene in 2007 by Moffatt et al.115 They studied

a Caucasian cohort of English and German subjects with childhood asthma

and control subjects mapping the 17q21 region to asthma susceptibility, with

a common C/T polymorphism having been identified.115 ORMDL3 has high
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expression in a variety of tissues, but abundance has been shown in cells that

participate in the inflammatory response,115,116 which would be consistent

with the asthmatic phenotype.

5-Lipoxygenase Structural Variants

5-lipoxygenease is an enzyme encoded by ALOX5 on chromosome

10q11.2.117,118 It is responsible for the synthesis of leukotrienes from essential

fatty acids, and interruption of the pathway using ALOX5 antagonists is

a common treatment for asthma.117 Many studies have been done to

understand if polymorphisms of the core promoter region of ALOX5

contribute to the clinical response to these antagonists as differences in

efficacy is evident. The region contains between three and six tandem repeats

of Sp1 and Egr-1 transcription factor binding units.117–119 Genotyping of

asthmatics identified three groups: homozygous for the most common

allele were wildtype and contained five of the binding units, heterozygotes

contained one wildtype allele and one mutant allele (addition/deletion of

binding site) and mutants were identified as those with no wildtype allele.117

When the response to the ALOX5 antagonist was measured it was seen that

after treatment an improvement in FEV1 was evident in the wildtype and

heterozygotes only. Whilst only a small population of asthmatics lacked the

wildtype allele, it demonstrates a pharmacogenetic effect, in which genetic

variation influences a patient’s response to treatment.

IL-4 Variants

Interleukin (IL)-4 is critical for the differentiation of näıve T-cells into Th2

cells. SNPs within the IL-4 gene have been studied in considerable detail.

Located on chromosome 5q31, variants in the IL-4 promoter have been linked

to BHR. The IL-4589CT (rs2243250) polymorphism for example is located

in the promoter region of the IL-4 gene and is present in about 27 % of

Caucasians;120 it has shown to be a risk factor for atopy, allergic rhinitis

and wheeze.121,122 Analysis of the C-589T locus showed that those who were
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homozygous or heterozygous for the allele had a predicted FEV1 lower than

the wildtype genotype.123 The difference in FEV1 between the homozygote

for C-589T and the wildtype was 4.5 %.

In addition to IL-4, polymorphisms in the α-subunit of the IL-4R gene

have also been linked to asthma and atopy. The IL-4RA gene encoding IL-

4Rα plays a role in the signalling of IL-4 and IL-13. Located on chromosome

16, studies have shown a gain of function polymorphism IL-4Rα. Multiple

SNPs have been located in exon 12; the intracellular signalling element

of IL-4Rα can have several mis-sense mutations that include rs1805011,

rs1805015 and rs1801275, whilst the mis-sense mutation rs18051010 is lo-

cated extracellularly.123–129 The mutation rs1801275 for example is a guanine

substitution which causes arginine to be placed in the cytoplasmic domain

of the protein at position 576 (R576), resulting in a change of charge form

negative to positive.124 This allele was then common among patients with

allergic inflammatory disorders,124 and conferred enhanced signalling of the

IL-4R leading to increased CD23 expression.130

β2 Adrenergic Receptor (β2 AR) Structural Variant

As a G-protein coupled receptor (GPCR), the β2 AR has an extracellu-

lar amino terminus, seven transmembrane domains, and an intracellular

carboxyl-terminus. The β2 AR is present in high numbers in lung tissue,

particularly airway smooth muscle, having been identified in both rat and

human tissue.131 Inhaled β2 agonists exert their effect on these receptors to

promote bronchodilation by relaxing the airway smooth muscle. The β2 AR is

located on chromosome 5q31 and missense mutations with the coding region

of the receptor have been linked to changes in receptor function. Three loci

at amino acid positions 16, 27 and 164 have been shown to significantly alter

receptor function.132 The change at position 164 for example alters coupling

to adenylyl cyclase and thus downstream receptor activity. There is no over

presentation of these allelic variations in the asthmatic population, neither

is there relationship with disease severity.
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High Affinity IgE Receptor β Chain Structural Variant

As previously discussed, the high affinity IgE receptor (FcεR1) plays a

vital role in mast cell degranulation and has been localised to chromosome

11q13.133 In 1996 Hill et al. identified a new polymorphism in exon 7 of

the coding region of the β subunit of the receptor. The adenine to guanine

substitution changed amino acid residue 237 to glycine, which is predicted to

introduce a hydrophobic change into the carboxyl-terminus.134 They showed

that it had a strong association with BHR and atopy.134,135

MHC Class II Gene Structural Variant

The MHC gene cluster is located on chromosome 6, it is a key component

in both innate and adaptive immunity and has shown consistent linkage to

a variety of asthma-related phenotypes.133 Studies have shown that human

leukocyte antigen, HLA-G is an asthma susceptibility gene and linked to

BHR. Highly expressed in placental cells, it plays a vital role at the foetal-

maternal interface to promote maternal tolerance to the foetus, skewing

the Th2 balance. Furthermore, possession of the different HLA-G variants

conferred susceptibility to asthma, with maternal BHR contributing to the

risk.136 This finding further supports the maternal influence of asthma dis-

cussed earlier.

In addition, the T-cell receptor α locus on chromosome 14q has been

shown to have an immunoregulatory factor from sibling pair studies for atopy.

Evidence was also obtained from genome screening of the Collaborative Study

on the Genetics of Asthma Caucasian families.133 Moffatt et al. also did a

similar study; investigating the genetic linkage between IgE responses to

known allergens including Der p 1, pet dander, grass pollen and mould in

sib-pair conditions in independent family sets. There was a significant linkage

to the T-cell receptor α locus seen, consistent with other studies.137
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1.5 The Asthma Susceptibility Gene ADAM33

ADAM33 was discovered as an asthma susceptibility gene in 2002 by a

collaborative study between the University of Southampton and a group

from the United States. It is a member of the ADAM (A Disintegrin And

Metalloproteinase) gene family. Genetic linkage analysis and association

studies of 460 asthmatic Caucasian sib-pairs in both the UK and the USA

led to the identification of a region on chromosome 20p13 that was linked

to asthma and BHR.113 This discovery was significant because of the link to

BHR, which is a fundamental feature of asthma.138,139 The LOD score, which

compares the likelihood of obtaining a specific phenotype if the two loci are

indeed linked, to the likelihood of observing the same data purely by chance,

was 2.94. 135 single nucleotide polymorphisms (SNPs) in 23 genes spanning

the 95 % confidence interval were assessed and it was shown a significant

cluster lay within the ADAM33 gene. This association was also replicated in

the Dutch,140 German,141 Korean, Indian,142 Australian, African American,

US Hispanic143 and Japanese144 populations. However, in some populations

including Icelandic and Mexican the results could not be replicated. Addi-

tionally, in support of a key role for ADAM33 in regulating BHR is the finding

that the quantitative trait locus for airway hyperresponsiveness (bhr1) maps

to a region on mouse chromosome 2 (74cM) that is very close to the mouse

ortholog of Adam33 (73.9cM).145

ADAM33 shows almost exclusive expression in tissue of smooth muscle

origin such as the trachea, bronchus, bladder, intestine, urethra and the

vasculature, whereas in epithelial derived organs, no expression could be

detected.146,147 This was confirmed via RTqPCR and northern blotting. This

localisation was also similar in the mouse.148 Of interest here is the expression

in the lung. Studies have shown ADAM33 is preferentially expressed in

smooth muscle and (myo)fibroblasts from bronchial biopsies of healthy and

asthmatic subjects.149 A study by Foley et al. showed staining of ADAM33

in bronchial epithelial cells150, but this remains an area of controversy as

no expression of mRNA could be detected in epithelial cells from bronchial

brushings.151
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1.5.1 ADAM Structure

The ADAMs are a family of type I transmembrane proteins weighted between

70 and 90kDa (the unprocessed precursors are about 20kDa larger due to the

presence of their pro-domain).152 They belong to the zinc metalloprotease

superfamily. To date, 40 members have been identified in multiple species.

25 have been identified in Homo sapiens while 35 have been described in

Mus musculus.153 The family is subdivided according to the structure of their

catalytic sites — the ADAM family belongs to the metzincin subgroup and is

then further characterised as both a matrixin and adamlysin.154–156 The snake

venom metalloproteinases (SVMPs) also belong to this group and they share

a common catalytic site sequence, HEXGHXXGXXHD, which is activated

by removal of the pro domain mediated by a proprotein convertase.156,157

Numerous experiments support this method of activation; furin for example

has been shown to cleave ADAM15 in vitro,158 whilst overexpression of

proprotein convertases such as PC7 led to the increase in amount of processed

ADAM10.159

All ADAMs share a common structure. Unlike other asthma susceptibilty

genes, ADAM33 is a complex gene with 22 exons and more than 100 SNPs,

many of which are in the non coding intronic regions (Figure 1.9a). When

all exons are spliced together as in Figure 1.9b, it forms a complex molecule

consisting of eight domains with multiple functions. The first six encode

the signal sequence and pro-, catalytic (MP), disintegrin, cysteine rich and

EGF-like domains which are anchored at the cell surface or Golgi appara-

tus by a transmembrane domain, followed by a cytoplasmic domain.149,160

(Figure 1.9c). Each of these domains are responsible for different functions,

such as activation, proteolysis, migration, adhesion, fusion and intracellular

signalling.20 It has been shown a number of ADAM33 transcripts are ex-

pressed in human airway fibroblasts and these splice variations in ADAM33

might be a genetic determinant for BHR.161 Generation of these spliced

transcripts, which have been mapped to introns within ADAM33 give rise

to proteins that might have distinct functions. This occurs by deletion
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of functional domains or by the altering the cellular localisation through

production of secreted or intracellular forms and are shown in Figure ??.161

1.5.2 ADAM Functions

Disintegrin – Integrin Interactions

As already mentioned, the multiple domains possessed by ADAM proteins

means they are involved in a variety of functions and linked to an array

of biological processes. The presence of the disintegrin domain enables the

ADAMs to interact with integrins, which are found on the surface of cells

and important in interactions with ECM molecules such as fibronectin.163,164

The fibronectin integrins α4β1 and α5β1 in particular have been well char-

acterised in respect to cell motility. It was first shown in 2005 that ADAMs

can selectively regulate integrin mediated cell migration. The study used

Chinese Hamster Ovary (CHO) cells that expressed α4β1, α5β1 or both

integrins and expressed 4 ADAMs (12, 17, 19 and 33) to measure cell

migration on full-length fibronectin or its α4β1 and α5β1 binding fragments.

The result showed that the different ADAMs influence integrin migration in

different ways; ADAM12 inhibited cell migration mediated by α4β1 but not

α5β1 integrin, whilst ADAM17 had an opposing effect, inhibiting α5β1 but

not α4β1 mediated cell migration. ADAMs 19 and 33 inhibited migration

mediated by both α4β1 and α5β1 integrins.163,164 From this they concluded

that the pattern of the disintegrin domain was responsible for the migratory

patterns. Integrin α9β1 has also been implicated with many interactions,

associated with multiple human and mouse ADAMs.165

Cysteine-Rich – Syndecan Interactions

Syndecans are transmembrane heparin sulphate proteoglycans (HSPGs)

known to be involved in many cellular processes including growth factor

signalling, cell adhesion to ECM and cytoskeletal organisation.166 As dis-

cussed earlier, the disintegrin domain was the main domain associated with
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Figure 1.9: ADAM33 splice variants. During alternate splicing, various ADAM33
mRNA transcripts containing different exon combinations are produced. These
would be anticipated to encode the various protein domains shown above the 6

alternatively spiced transcripts.161

cell adhesion, however, in ADAM12 studies showed the cysteine-rich domain

supports cell adhesion. The study by Iba et al. first showed ADAM12

staining along tumour cell membranes, and they then went on to examine the

potential role in adhesion. To do this they used recombinant polypeptides

expressed in E. Coli to look at the role of the individual domains on ADAM12

and 15 on cell adhesion. Whilst ADAM15 supported the role of integrins,

ADAM12 demonstrated the role of the cysteine-rich domain.167 They then

showed the tumour cells were using heparin sulphate proteoglycans (HSPGs)

to attach to each other, demonstrating a novel role for the cysteine-rich

domain. The importance of the cysteine-rich domain has been highlighted

by ADAM13 in the development of the Xenopus. The expression of cement

gland tissue (necessary for tadpole attachment to the embryo) is dependent

on this domain. Substitution of ADAM13 with the MP domain of ADAM10

failed to induce this critical developmental process.165
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Sheddase Activity

Any protease that cleaves a protein to release the extracellular domain can

be said to have sheddase activity which leads to the release of proteins

from the cell surface. ADAMs act as sheddases via proteolytic release of

their ectodomain.165 The proteolytic activity of ADAMs is defined by the

presence of the catalytic site sequence, HEXGHXXGXXHD.156,157 Different

proteins have been shown to shed a variety of substrates and one of the most

characterised is ADAM17, or TNF-α converting enzyme (TACE). It cleaves

the membrane-bound precursor of TNF-α into its mature soluble form. It was

first characterised in 1997, where it was shown to be present in smooth muscle

cells, endothelial cells, peripheral blood T-cells, neutrophils and monocytes,

indicating that like TNF-α it is widely expressed.168 The study then went

on to demonstrate that if ADAM17 was knocked out of the mouse, it was

possible to inhibit TNF-α synthesis by 80–90 %, the remaining TNF-α was

not affected by an inhibitory ADAM17 compound, but this did substantially

block activity in the wildtype cells. The catalytic activity of ADAM33 has

been confirmed by Umland et al. They used four synthetic peptides with

different cleavage sites to identify peptide substrates and cellular activity of

ADAM33169 and then went on to establish a specificity profile and a highly

efficient peptide to closely define the protease activity of ADAM33.170

1.5.3 ADAM33 and Asthma

The function of ADAM33 in asthma is largely unknown, but due to its

selective expression in bronchial smooth muscle and other mesenchymal

cells,149 it has been suggested that its function is linked to airway remodelling,

which is an important component of asthma pathophysiology. Numerous

studies have been conducted to try and further understand the role ADAM33

plays. A study in 2005 by Lee et al. showed correlation between ADAM33

expression in BALF and disease severity. A 55 kDa protein was expressed

more strongly in the BALF of moderate and severe asthmatics compared

with those of mild and controls. Detection of the band by western blotting

38



Chapter 1. Introduction

was blocked by an immunising peptide to show these are real isoforms of

ADAM33.171 They postulated this is the soluble form of the protein, which

is of a similar size due to a 37-bp deletion in exon R.161,172

Based on this association with lung function, in 2006 Chen et al. gen-

erated an Adam33 knock-out mouse (Adam33 −/−) mouse to examine the

roles of ADAM33 in mammalian development and in models of asthma.

They found mice developed normally, with no anatomical or histological

abnormalities detected in any tissues.173 To assess the potential role in

asthmatic models, Adam33 −/− mice and appropriate controls were sensitised

and then challenged intranasally with OVA to cause an allergic response in

the lung and airways. The Adam33 −/− was able to generate an allergic

humeral response similar to the controls as generated by increased serum

OVA-specific IgE levels. The BALF was also examined for the recruitment

of inflammatory cells, and loss of ADAM33 was shown not to affect allergen-

induced inflammation by way of the infiltration of inflammatory cells. In

all OVA-sensitised mice, there was increased recruitment of inflammatory

cells, but recruitment was slightly lower in the Adam33 −/− mice. This was

however not quite statistically significant and not commented on any further.

In 2007 Foley et al. showed increased mRNA and protein expression

of ADAM33 was associated with increasing severity of the disease, to im-

plicate its remodelling role. They further supported the link to disease

severity by demonstrating the glucocorticoid dexamethasone had no effect

on ADAM33 levels, suggesting that disease itself caused the increase and

not the treatment.150 They also showed that ADAM8, a strong inducer

of murine asthma, was also up regulated in the submucosal inflammatory

cells in asthmatic subjects, suggesting interplay between different ADAMs in

asthma pathogenesis. The increased endobronchial staining of ADAM33 in

the biopsies of moderate and severe asthmatics compared to healthy controls

remains controversial. Whilst Yang et al. saw silencing of ADAM33 due to

DNA methylation,151 Lopez-Guisa et al. were able to detect ADAM33 in

airway epithelial cells, but no differences in expression between healthy and

asthmatics was seen.98
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A number of metalloproteinase and ADAM proteins have been shown to

influence the balance of growth factors during specific stages of lung devel-

opment and play an important role in branching morphogenesis. ADAM33

increases during lung development, significantly so during the pseudoglandu-

lar and saccular stages as well as post partum.174 In a recent study by Haitchi

et al., it was demonstrated that the maternal allergic environment affected

the expression of ADAM33 during human and mouse lung development. Mice

were sensitised by IP injection with saline containing OVA at day 21 and day

7 before mating. During pregnancy some of the mice were then exposed to

a further aerosol challenge for 1 hour a day, 3 days a week, for 3 weekly

cycles. Maternal allergy significantly suppressed ADAM33 mRNA in the

lungs of the newborn pups, and there was increased processing of the full

length ADAM33 protein and generation of smaller ADAM33 species such

as sADAM33 (55kDa).174 As already mentioned, sADAM33 had previously

been shown to be present in the BALF of asthmatic subjects and signifi-

cant correlation was shown between its presence and FEV1% predicted and

symptom severity, indicating a potential role in the development of airway

obstruction.172

TGF-β2 has also been shown to induce ADAM33 ectodomain shedding.175

The presence of its catalytically active MP domain or another protease might

cleave ADAM33 from the transmembrane domain and thus the ectodomain

is released in the form of sADAM33. In this study it was shown that clonal

cell lines of HEK-293 cells transfected with cDNA encoding the full-length

ADAM33 were able to process the 120kDa ADAM33 pro-protein to yield a

100kDa form detected by an antibody to the cytoplasmic domain. A 45kDa

band was also detected with the same antibody in ADAM33 expressing cells

and not in mock-transfected cells, suggesting shedding of the ectodomain

has occurred. Furthermore, a 55kDa sADAM33 was detected in culture of

TGF-β treated cells using an antibody to the MP domain.175 As mentioned

previously, one of the functions of ADAM33 is proteolysis, which is an

important component of angiogenesis. This is the process of blood vessel

formation, which involves both an increase in vessel number as well as an
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increase in vessel size. It has been shown to play an important role in asthma

pathogenesis as an increase in expression of angiogenic mediators has been

correlated with severity and an accelerated decline in lung function.73,74 The

newly formed vessels may supply nutrients to the inflamed tissue to facilitate

the proliferation of structural cells such as fibroblasts, myofibroblasts and

smooth muscle cells.175 Their effect is exerted by degrading the basement

membrane to allow the release of proangiogenic factors and processing of

cytokines.72 The MP domain of sADAM33 has been shown to promote

angiogenesis. Chinese hamster ovary (CHO) cells were transfected with

cDNA encoding the ADAM33 Pro and MP domains with a FLAG-tag. The

supernatant was collected and tested in a Matrigel assay where it was shown

to promote endothelial differentiation by way of increase in cell number and

branching points compared with controls.175 It was also shown with a highly

purified ADAM33 MP domain, but not in inactive mutants in different in

vitro and ex vivo models. As illustrated, since the original knock out work

was done, the work in Southampton which showed ADAM33 had an effect

on angiogenesis has not been examined in the knockout. Therefore, there is

a need to re-evaluate the Adam33 −/− mouse both for effects on vessels and

inflammation.

The role of ADAM33 in allergic airway inflammation has also been stud-

ied. Jie et al. sensitised and challenged C57/BL6 mice with OVA and showed

significant Th2 inflammation by way of eosinophilic inflammation as well as

sub-epithelial fibrosis and mucus hypersecretion. In in vitro studies IL-4 and

IL-13 significantly up-regulated ADAM33 mRNA in human fibroblast which

might suggest inflammatory cytokines can influence ADAM33 expression.176

More recently Lin et al. used rats sensitised to OVA to mimic asthma

symptoms to investigate whether ADAM33 protein expression was correlated

with the mechanics of airway smooth muscle cells including cell stiffness

and contractility, They showed that in sensitised rats ADAM33 expression

time dependently increased in smooth muscle cells and resulted in a positive

correlation with both viniculin and F-actin, both of which are cytoskeletal
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proteins. This demonstrated that ADAM33 might be associated with the

aberrant smooth muscle deposition in asthma.177
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1.6 Objectives and Hypothesis

1.6.1 Aims

A Disintegrin And Metalloprotease (ADAM)33 is a susceptibility gene as-

sociated with asthma, bronchial hyperresponsiveness (BHR) and reduced

lung function in young children. High levels of a 55kDa soluble fragment of

ADAM33 (sADAM33) have been found in bronchial lavage fluid (BALF) of

asthmatic subjects where levels correlate with reduced lung function. Studies

at Southampton have demonstrated sADAM33 promotes angiogenesis, lead-

ing to the hypothesis that sADAM33 facilitates inflammation by increasing

the number of blood vessels in the airways. In addition to this, maternal

allergy and environmental interactions have been shown to influence asthma

disease expression. Impaired lung function in childhood asthma has been

associated with polymorphisms in ADAM33 and thus as ADAM33 expression

has shown to be both developmentally regulated and influenced by IL-

13,174 it is likely that these series of interactions are important in asthma

pathogenesis. To assess the involvement of ADAM33 in lung structure,

vessel formation and inflammation, gain and loss of function studies will

be conducted.

1.6.2 Hypothesis

Alteration in the expression of ADAM33 will influence lung structure, affect-

ing vessel and smooth muscle formation and these subsequent changes will

impact on pulmonary function in airway inflammation.

1.6.3 Objectives

The following questions will be addressed:
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1. Does murine airway inflammation (IL-13 overexpression and HDM

challenge) induce ectodomain shedding of enzymatically active soluble

ADAM33?

2. Does release of sADAM33 affect airway remodelling (angiogenesis and

myogenesis) and inflammation?

3. What is the effect of ADAM33 gene deletion on vessel, smooth muscle

formation and inflammation in the murine models of allergic inflamma-

tion?

These questions will be studied in the following ways: A lung specific Il-

13 overexpressing mouse and a HDM challenged mouse model will be used

to study the role of sADAM33 in BALF, the effect of sADAM33 expression

on airway remodelling at baseline and in response to allergen challenge will

be assessed using a tet-regulated conditional transgenic mouse expressing

human sADAM33 and an Adam33 −/− murine model will be used for studies

of airway remodelling (vessels and smooth muscle) in correlation with HDM

induced airway inflammation and pulmonary function.
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Materials and Methods

2.1 Materials

The reagents were obtained from suppliers as detailed below.

2.1.1 In vivo Experiments

IDT, Coralville, IA, USA Primers for Ccsp-rtTA, Il-13, Adam33 null

allele, Adam33 wildtype allele, ADAM33-PPP-3FLAG.

Life Technologies, Paisley, UK RNAlater (R0901), TrackIt 1Kb+ DNA

Ladder (10488085).

Promega, Southampton, UK GoTaq Green (M7113).

Roche, Southampton, UK Proteinase K (03115801001).

Sigma Aldrich, Poole, UK Agarose (A9539), Ethidium Bromide (E1510),

Ethanol (32221), Ethylenediaminetetraacetic Acid (EDTA) (03690), Glacial

Acetic Acid (27221), Isopropanol (I9516), Methacholine (A2251), Potassium

Acetate (P1190), Red Blood Cell Lysis Buffer (R7757), Sodium Chloride

(NaCl) (S9625), Tris-Base (T1503).

Test Diet Ltd, London, UK Doxycycline Diet (T5W3A1815699).
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2.1.2 Cell Culture

Life Technologies, Paisley, UK Dulbecco’s Modified Eagles Medium

(DMEM) (11960044), Opti-MEM (11058021), Heat-Inactivated Foetal

Bovine Serum (FBS) (10108165), Penicillin Streptomycin (15070-063), L-

Glutamine (25030-024), Sodium Pyruvate (11360-039), Minimum Essential

Medium Non Essential Amino Acids (11140-035), 0.5 % Trypsin-EDTA

(15400054), Hank’s balanced salt solution (HBSS) without Ca2+Mg2+(14170-

0880).

Lonza, Wokingham, UK BEBM Basal Medium (CC-3171), UltraCulture

(12-725F).

Sigma-Aldrich, Poole, UK Dimethylsulphoxide (DMSO) (D2650), Try-

pan Blue (T8154).

2.1.3 Cell Treatments

PeproTech, London UK TGF-β1 (100-21), TGF-β2 (100-35)

Roche Applied Science, Burgess Hill, UK X-treme Gene 9 Transfection

Reagent (06 365 787 001).

2.1.4 RNA Extraction, Reverse Transcription and

Quantitative Polymerase Chain Reaction (PCR)

Ambion Applied Biosciences, Warrington, UK DNase Kit including

10× DNase Buffer (AM1906).

Invitrogen, Paisley, UK Trizol (15596018).

PrimerDesign, Southampton, UK Precision MasterMix (Precision-ic),

Precision MasterMix with SybrGreen (Precision-iC-SY) Primers (DD-mo-

600/PP-mo-600/SY-600-mo) for Gapdh, Acta2, Col1a1, Col3a1, Fn1, Tgb1,

Tgfb2, Pecam1, Col4a1 and Cspg4. Primers (DD-Hu-900) for ADAM33 GH,

Reverse Transcription Kit (RT-Std).
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Sigma-Aldrich, Poole, UK Chloroform (C2432), Ethanol (32221), Iso-

propanol (I9516).

2.1.5 SDS-PAGE and Western Blotting

Abcam, Cambridge, UK Rabbit Anti-Human ADAM33-Pro (ab39190),

Rabbit Anti-Mouse CSPG4 (ab50009).

BioRad, Hertfordshire, UK 2x Laemmli Sample Buffer (165-1779),

PVDF Membrane (162-0177), Clarity Western ECL Substrate (1705061).

Boston Bioproducts, Boston, MA, USA 6x Laemmli Sample Buffer

(BP111NR).

Calbiochem, Darmstadt, Germany Rabbit Anti-Goat IgG HRP

(401515)

Dako, Cambridgeshire, UK Rabbit Anti-Mouse IgG HRP (PO260)

Fisher Scientific, Milton Keynes, UK Donkey Anti Rabbit HRP-Linked

IgG (NA9340), Enhanced ECL X-Ray Film (28906837), Full Range Rainbow

Molecular Weight Marker (GZRPN800E).

Fotospeed, Corsham, UK Print Developer (FX20), Rapid Fixer (PD5).

GeneFlow, Lichfield, UK 30 % Acrylamide/Bis-Acrylamide (37:1) (A200-

72)

Marvel, Dublin, ROI Skimmed Dried Milk.

R&D Systems, Abingdon, UK Goat Anti-Mouse ADAM33 Ectodomain

(AF2434)

Roche Applied Science, Burgess Hill, UK Complete Protease Inhibitor

Cocktail Tablets (11697498001), PhosStop Phosphatase Inhibitor Cocktail

Tablets (04906837001).

Sigma-Aldrich, Poole, UK Ammonium Persulphate (APS) (A9164), β-

mercaptoethanol (B-8026), Bromophenol Blue (M7522), Bovine Serum Albu-

min (BSA) Fraction V (A3059), Concanavalin A Beads (C9017), Coomassie

Brilliant Blue R (B0149), Glacial Acetic Acid (27221), Glycine (G7126),
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Hydrochloric Acid (HCl) (07102), Isopropanol (24137), Methanol (24229),

N,N,N’,N’-tetramethylethylenediamine (TEMED) (T7024), Ponceau Red

Stain (P7170), Sodium Chloride (NaCl) (S9625), Sodium Dodecyl Sulphate

(SDS) (L6026), Tris-Base (T1503), Tween-20 (P1379).

Tebu-bio, Peterborough, UK True Blot Anti-Goat Secondary Antibody

(18881433), True Blot Anti-Mouse Secondary Antibody (18881733), True

Blot Anti-Rabbit Secondary Antibody (18881633).

2.1.6 Immunohistochemistry/Immunofluorescence

Jackson Immuno Research, Newmarket, UK Alexafluor 647 Goat Anti

Rat IgG (H+L) (112605003).

Life Technologies, Paisley, UK Alexafluor 546 Donkey Anti Rabbit IgG

(H+L) (A10040), Alexafluor 555 Donkey Anti Goat IgG (H+L) (A21432),

ProLong AntiFade Reagent with DAPI (P36935), TO-PRO-3 (T3605).

Sigma-Aldrich, Poole, UK Citric Acid (251275), Hydrochloric Acid (HCl)

(07102), Methanol (24229), Sodium Phosphate Dibasic (Na2HPO4 (S9763),

Sodium Phosphate Monobasic Dihydrate (NAH2PO4·H2O) (71505), Triton-

X-100 (T8787), FITC Anti-Mouse α-SMA (F3777)
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2.2 Methods

2.2.1 Understanding Transgenics and Knockouts

Since the introduction of transgenic animals in the 1980’s, they have proved

to be a pivotal tool towards understanding the roles genes plays in de-

velopment, physiology and disease. There are various definitions of the

term ‘transgenic animal’; the Federation of European Laboratory Animal

Associations defines the term as an animal in which there has been a

deliberate modification of its genome, the genetic makeup of an organism

responsible for inherited characteristics.178 In 1974, Brinster produced the

first chimeric mice by culturing cells derived from two different strains at

the 8-cell stage of development to form a single embryo that expressed

characteristics from each strain.92,179 The next major development came in

1981 when Gordon and Ruddle successfully used microinjection to transfer

exogenous DNA into the genomes of mice (discussed later).180 This was later

followed by other groups181–183 and also in other species including sheep,

rabbits, rats and zebrafish. In addition to microinjection, other techniques

including embryonic stem cell-mediated gene transfer and retroviral-mediated

transgenesis can be used.

Mircoinjection of exogenous DNA has proven to be very successful since

its development, and has been used successfully in many different areas of

disease immunology, oncology and developmental biology, to name but a

few. Figure 2.1 demonstrates how a transgenic mouse is created. Once the

transgene has been designed and integrated into a vector, it is then ready to

be integrated into the mouse DNA. Female donor mice are super-ovulated to

ovulate a greater yield of eggs. This is achieved by an injection of pregnant

mares serum on day 1 followed by human chorionic gonadotropin (hCG)

on day 3, at which point they are immediately mated. Ovulation occurs

approximately 12 hours after the hCG injection, at which time the eggs can

be fertilised. Mice are then checked for vaginal plugs the following day and

the fertilised eggs are removed at ED1.5-2.5. The DNA is injected into the

male pronucleus of the fertilised eggs to deposit several hundred copies of
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the new gene.180 Because cell division has not yet occurred, the inserted

DNA has the potential to integrate into the embryonic chromosomes. The

eggs are then put into a pseudo pregnant female, who carries them to term.

The vectors carrying the genes coding for the proteins of interest are of

unpredictable efficiency and integration is random, with only approximately

15 % of the offspring carrying the new microinjected genetic material and

therefore transmitting that on to their own offspring.184 The mice born

expressing the transgene are known as the founders, and are responsible

for generating the transgenic lines by transmitting the transgene stably.

While transgenic mice are generated to express a protein, much infor-

mation can be learned from the elimination of a gene or the deletion of a

functional domain of the protein, thus the −/− mouse is an extremely useful

tool for understanding how specific genes work. The phenotypes of −/− mice

can be very complex because all tissues of the mouse are affected, deletion

of the gene can range embryonic lethality to showing no phenotype at all.

To overcome this problem, a conditional −/− was designed so that deletion

of the gene only occurs in the tissue of interest.

The Adam33 −/− mouse was originally generated by gene targeting at

University of California, San Francisco by the Sheppard Group. To generate

a −/−, it is necessary to design a construct, which is to be inserted into

the chromosome in place of the wild-type allele. Initially, ADAM33 genomic

DNA was amplified by 3 PCRs from mouse 129/SVJae genomic DNA.173 The

engineered construct contained the alteration, several kilobases of identical

of DNA homologous to the genome flanking the mutation, and positive

selection marker in the form of antibiotic resistance (specifically neo, which

confers resistance to Geneticin R©, G418). This was flanked to DNA that

was identical to the original sequence to ensure the best chance of successful

homologous recombination. Embryonic stem (ES) cells are isolated from

mice blastocysts and then grown in vitro. Using electroporation, the target

vector is introduced into the ES cells; the construct moves to the nucleus and

finds the target gene, then within the flanking DNA sequence, homologous

recombination occurs so that the vector is incorporated into the chromosome.
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Micro injection of 
transgene and vector into 

male pro nucleus 

Fertilised eggs removed 
from donor female 

Implant injected embryos into 
pseudo pregnant female 

X X 

Breed recipient female with 
sterile male 

Breed out founder mice with single 
transgenics to get expressing line 

Genotype pups 
for gene of 

interest 

Breed superovulated donor female with male 

X X 

Plasmid with gene of interest 

Figure 2.1: Generation of transgenic mice. Superovulated donor females are bred
with a male. Fertilised eggs are removed from the donor female and the transgene
microinjected in the male pronucleus. The recipient, and pseudo pregnant female
(who was bred to a sterile male) has the embryos injected into her, and carries the

transgenic offspring to term.

The ES cells in which the vector was successfully integrated (identified

by southern blot) were micro injected into mouse blastocysts to generate

chimeric mice (contain cells from 2 different zygotes, the host and those that

contain the vector). The chimeras were bred to C57/BL6 to generate mice

that were heterozygous for the −/− gene, allowing it to be transmitted as a

Mendelian trait in future generations.
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2.2.2 Generation of Transgenic Mice

FVB/N was the strain of mouse used to generate the transgenic mice. It is a

popular strain for the generation of transgenics because it yields a high litter

number, but also the pronucleus is large to facilitate successful microinjection

of exogenous DNA.185 Production of large litters is particularly beneficial

when considering Mendelian’s inheritance, which is the description of how

genes are passed on to offspring. Mendal’s law was evolved from in-depth

studies with pea plants, where he observed that traits from parents were not

‘blended’, but rather remained in the two distinct forms. His findings were

summarised in two laws; the law of segregation (offspring acquires one allele

from each parent) and the law of independent assortment (separate genes for

separate traits are passed on independently of each other). In this way there

are many possible combinations of breeding pairs to generate the different

genotypes at different ratios. The heterogeneity of the parents also plays an

important role in determining genotype, and breeding heterozygotes confers

a greater variety of double and single transgenic combinations compared to

breeding homozygotes.

2.2.3 Reconstitution of Adam33 −/− Mice

Adam33 knock out (Adam33 −/−) were generated in the lab of Dr Dean

Sheppard, Lung Biology Center, Dept. of Medicine, University of Califor-

nia, San Francisco173 and cryopreserved sperm couriered in liquid nitrogen

to Cincinnati Children’s Hospital Medical Center (CCHMC). Briefly 3–

5 months old mice were sacrificed and their epididymis and vas deferens

removed to collect the sperm. The epididymis has good sperm concentration

and motility, and although the vas deferens has a lower concentration it has a

higher motility, and in combination overall motility seems to be increased.186

Sperm was analysed prior to freezing for viability factors including motility

(head movement), concentration and progressive motility (movement in a

linear direction of at least 50µm/s).186 Sperm, which was collected in cryopro-

tectant solution was then progressively cooled to −120◦C in liquid nitrogen
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vapour before long-term storage in liquid nitrogen at −196◦C. Reconstitution

of the sperm was done by the transgenic core facility in CCHMC. Female

donor mice were prepared by superovulation by an injection of pregnant

mares serum on day 1 and hCG on day 3. Ovulation occurs approximately

12 hours after the hCG injection. 13–14h post hCG injection, the females

were sacrificed and oviduct removed. The cryopreserved sperm was thawed,

centrifuged to remove the cryopreservant and cultured in human tubal fluid.

The now motile sperm, which must be at a minimum count of 1x106/ml

was incubated with the oocytes at 37◦C, 5 % O2/5 % CO2/90 % N2 for 5h.

2-cell embryos were identified and implanted into pseudo pregnant females

who carried the litter to term. The resultant pups were all heterozygotes

(Adam33 +/−). These were then bred with other Adam33 +/− in order to

generate Adam33 −/− and wild-types (Adam33 +/+) based on Mendelian law.

All mice were subsequently transported to Southampton and rederived

for continuation of experiments there. Embryos were taken from pregnant

females and transferred to ‘clean’ recipient females, who carried the litter to

term in the specific pathogen free (SPF) unit in the Biomedical Research

Facility here at the University of Southampton. Breeding pairs of each

strain were maintained in the SPF facility and animals brought out for use

in experiments. Figure 2.2 depicts the mice used in this thesis.

2.2.4 Breeding of Mice

Mice were kept in a pathogen-free rodent barrier facility in a temperature

and light (12 hour dark and 12 hour light cycle) controlled room with food

and water given ad libitum. Pups were sexed, ear tagged and clipped between

16 and 18 days post partum before being weaned between 21–28 days. At

this stage mice were kept in single sexed cages, with a maximum of four mice

per cage.

Mice are sexually mature around 6 weeks of age and the younger they

are the more efficiently they can reproduce – this is especially true for the

female, who comes into oestrus every 3–4 days once she is mature. Three
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Fulkerson, Fischetti, Hassman, et al.: Expression of IL-13 in the Lung 339

expression of IL-13 to the lung. An inducible dual-construct expres-
sion system was employed to externally regulate IL-13 expression
in the lung (Figure 1A). At 5–6 wk of age, double-transgenic
(CC10-iIL-13) mice were fed normal food pellets or dox food.
Transgene mRNA was detectable by Northern blot analysis after
24 h on dox food and peaked within 1 wk (Figure 1B). After
withdrawal of dox food, the IL-13 transgene was still detectable,
but markedly reduced, after 7 d and was undetectable by 14 d
(Figure 1B). In the absence of dox, BAL IL-13 protein levels

Figure 1. Inducible IL-13 expression in the lung. (A ) Constructs used
in the generation of CC10-iIL-13 mice. (B) Kinetics of IL-13 induction
and cessation. Dual transgene positive mice were grown to adulthood
on normal food pellets and then switched to dox-impregnated food.
The levels of pulmonary IL-13 mRNA (B ) were assessed at intervals
before and after the addition of dox food. RNA was isolated from the
lungs of CC10-iIL-13 mice fed dox-impregnated food for the indicated
time periods. Each lane represents an individual mouse. In C, dual
transgene positive mice received dox food for 28 d and then the dox
food was removed. The levels of BALF IL-13 protein (C ) were assessed
at intervals before and after dox removal. Protein levels represent the
mean ! SD of 4–6 mice at each time point.

were 29 ! 9 pg/ml (n " 4 experiments with three mice per experi-
ment). In comparison, IL-13 protein levels in naı̈ve nontransgenic
mice were 48 ! 14 pg/ml (n " 8 mice). Increased (60-fold) levels
of IL-13 protein expression were noted within 24 h of dox adminis-
tration and peaked within 1 wk (107 ! 48 ng/ml; Figure 1C).
IL-13 protein levels declined (95%) within 1 wk of dox with-
drawal, and continued to decrease to baseline levels or below
with time (Figure 1C). Together, these data demonstrate an
expression system that involves externally regulatable and re-
versible exposure to the IL-13 in the lung.

Effects on Pulmonary Inflammation

To define the reversibility of IL-13–induced inflammation and
tissue remodeling, we developed a resolution model that in-
volved pulmonary IL-13 expression for 4 wk (DOX ON), fol-
lowed by a 4-wk rest period (DOX OFF; Figure 2A). We first
examined the effect of transgene regulation on the kinetics and
resolution of IL-13–induced pulmonary inflammation. Dox-
induced IL-13 expression resulted in inflammatory cell infiltra-
tion into the airway with increased macrophages, neutrophils,
eosinophils and lymphocytes (Figures 2B–2D). Total BALF cells
recovered from the airway increased 2-fold within 24 h of dox
exposure (P " 0.005) and peaked (5–6 fold, P " 0.0004) after
4 wk of dox compared with control mice (Figure 2B). Interest-
ingly, the marked cell accumulation (6-fold, P " 0.001) in the
airways was sustained 14 d after dox withdrawal. Notably, after
4 wk on normal food, total inflammatory cell infiltration re-
mained 2-fold greater than in control mice (Figure 2B). Macro-
phage infiltration significantly increased within 24 h of dox expo-
sure (from 8 ! 1.5 # 104 to 16.9 ! 1.8 # 104, P " 0.006) and
continued to increase over time with IL-13 expression (Figure
2C). After dox withdrawal, macrophage accumulation continued
to increase, peaked 2 wk after dox withdrawal, then decreased
after another 2 wk; however, this level was still higher than
baseline (P " 0.002, Figure 2C). Neutrophil, eosinophil, and
lymphocyte accumulation followed macrophage infiltration, sig-
nificantly increasing after 6 d on dox food (1.1 ! 0.13 # 105

from 5.7 ! 2.3 # 103, 21 ! 4 # 103 from 1.5 ! 0.6 # 103, and
8.4 ! 1.2 # 103 from 1.9 ! 0.6 # 103, respectively; P $ 0.005,
Figures 2C and 2D). Similar to macrophages, BAL neutrophils
and lymphocytes remained elevated 3 wk after dox withdrawal
(P $ 0.006, Figures 2C and 2D). After 4 wk on normal food,
neutrophils remained increased (4-fold, P " 0.05) compared
with control mice. In contrast, BAL eosinophilia dramatically
decreased 1 wk after dox withdrawal, returning to baseline within
3 wk (Figure 2D).

Peribronchial and perivascular inflammatory cell accumula-
tion is a prominent feature of pulmonary IL-13 overexpression;
we therefore examined the reversibility of IL-13–induced lung
tissue inflammation. IL-13 overexpression resulted in a marked
increase in peribronchial and perivascular inflammatory cell ac-
cumulation when compared with control mice (Figure 3A). The
inflammation was more pronounced surrounding the larger air-
ways with inflammatory cells, especially eosinophils, surrounded
by extracellular matrix (Figure 3B). Large, and occasionally mul-
tinucleated, airway macrophages contained granular and crystal-
line intracellular material (Figure 3C). Notably, significant in-
flammatory cells remained in the lung 3 wk after dox withdrawal
(Figure 3D).

Recent studies have demonstrated a prominent role for IL-13
in allergen-induced eosinophil recruitment and have implicated
eosinophils in allergen-induced airway remodeling (17–20). As
such, we next investigated the kinetics of pulmonary eosinophilia
in our resolution model. IL-13 expression resulted in eosinophil
infiltration around bronchioles that increased over time; 10-fold
within 10 d of dox exposure (P " 0.008) and 54-fold after 28 d

Species Strain Vector 

CCSP-rtTA (line 1)/Il-13 
 
Mouse courtesy of Dr. 
Jeffrey Whitsett 
 
 
 
 

Mouse FVBN  
 
 
 
 
 
Vector map taken from Fulkerson et 
al. (2005)184 

CCSP-rtTA (line 2)/ADAM33-
PPP-3Flag 
 
 
 
 
 
 

Human FVBN  
 
 
 
 
 
 
Vector generated by Dr. Liqian 
Zhang, CCHMC 

Adam33-/- 

 
Mouse courtesy of Dr. Dean 
Sheppard 

 
 
 
 
 
 
 
 
 
 
 

Mouse Mixed  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vector map taken from Chen et al. 
(2006)170 

Figure 2.2: Overview of the mice used in this thesis; their transgene, their
mammalain target and the mouse strain: CCSP-rtTA/IL-13187 (a), CCSP-

rtTA/ADAM33-PPP-3Flag (b) and Adam33−/−173 (c)

different breeding scenarios were possible. The first; a single female is housed

with a single male, secondly, a single male can be housed with 3 females,

however, the females should be checked around 10–14 days after the male

is introduced to separate any potential pregnant females. If a specific stage

in embryonic development needs to be studied, it is necessary to do a timed

mating. Conception usually occurs during the middle of the ‘dark cycle’.

If copulation occurs, the male ejaculates a viscous substance to plug the

female’s vagina to prevent any further males mating. This plug can visible

for about 12 hour, and this is identified as embryonic day (ED)0.5. It can

then be calculated when the female will give birth; with the typical mouse
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gestation period being 18–20 days depending on the mouse strain. Figure 2.3

depicts the standard breeding schedule for mice.

ED0.5 ED19-20 D16-18 
Birth Ear tag and clip 

for genotyping 

D21 
Wean 

D35 
Sexually Mature 

Mate 
ED0.5 

Birth 
ED19-20 

Figure 2.3: Timeline of breeding schedule for mice

2.2.5 Genotyping of Mice

At 15–18 days post partum, mice pups were sexed and tagged in their left ear

with an individual identification number. Less than 5mm of tail was then

clipped using scissors heated to 150–200◦C to allow immediate cauterisation.

Mice were less than 21 days old for genotyping (at this age, the tail tissue

is soft because vertebra are not yet calcified) and the yield of DNA is high.

The tails were placed in 500µl tail digestion buffer with 10µl proteinase

K and incubated at 60◦C overnight. The following day tails were vortexed

briefly before addition of solution III. They were then kept on ice for 15

minutes, before centrifugation at 12000 g for 10 minutes. The supernatant

was transferred to a fresh tube with 450µl isopropanol and centrifuged at

12000 g for 10 minutes to allow the DNA to precipitate. The supernatant

was then discarded and the resulting pellet washed in 500µl 70 % ethanol.

Once again the supernatant was discarded and once the pellet was dry, it was

resuspended in 250µl dH2O and incubated for 2 hours at 60◦C. DNA was then

stored at 4◦C. Alternatively ear notches were collected and the same protocol

followed, using half volumes of chemicals. This achieved the same results,

and was amended to comply with the BRF regulations in Southampton.

The DNA underwent PCR amplification for the appropriate genes with

a positive and negative control. Each reaction required 10µl 2xGoTaq

Green, 10µl dH2O, 1µl 5′ and 3′ primer mix (1µl each 5′ and 3′ diluted

in 98µl ddH2O) and 2µl tail DNA. The PCR was run for 35 cycles at the
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appropriate annealing temperature. After amplification, samples were run on

a 1.5 % agarose gel with 0.1 % ethidium bromide at 125 V for 23 minutes and

then bands visualised under UV light. Photographs were taken for record

keeping. See Appendix A.2.5 for primer sequences, annealing temperatures

and predicted product sizes.

2.2.6 House Dust Mite Sensitisation and Challenge

Mice and littermate control mice were sensitised with 10µg/200µl HDM

on days 0 and 7 by intra-peritoneal injection. Subsequently on days 14

and 19, mice were lightly anaesthetised by isofluorane inhalation and were

challenged with 25µg/100µl HDM or with 100µl saline alone (litter mate

controls) by intra-tracheal aspiration. Anaesthetised mice were hung by their

front teeth, and their tongue gently pulled down with forceps to close the

pharynx and gently open the larynx (this ensures the HDM/saline reached

the lungs as opposed to the oesophagus. The HDM/saline was pipetted into

the pharynx and aspiration could be heard. The mouse was allowed to take

approximately 10 breaths to ensure the solution was properly aspirated. This

took approximately 30 seconds. Mice were observed until they recovered and

left until day 22 when they were sacrificed for lung function and necropsy.

2.2.7 Doxycycline Treatment

Tetracycline-controlled transcriptional activation is a method of inducible

gene expression which is reversibly turned on and off in the presence of the

antibiotic tetracycline or one of its derivatives, doxycycline (DOX). It is the

most widely used regulatory system. The “Tet-On” system was designed by

Gossen and Bujard in 1995, it is similar to the “Tet-Off” system that requires

continuous DOX administration to turn off transgene expression.188,189 How-

ever, with the “Tet-On” system the regulatory protein is based on a “reverse”

Tet repressor (rTetR) which was created by four amino acid changes in the

TetR moiety to convey reverse phenotype of the repressor.190,191 The system

consists of a 37kDa fusion of the rTetR and a VP16 (produced by the herpes
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simplex virus) activation domain to create a reverse transcriptional activator

(rtTA). This binds specifically to the tetracycline response element (TRE),

which consists of 7 repeats of the 196bp bacterial tet-o sequence (tetO7)

separated by spacer sequences, and activates transcription in the presence

of DOX. rtTA is placed under the control of a tissue-specific promoter, to

achieve specificity within the tissue. In this case it is the Club Cell Secretory

Protein (CCSP) promoter, as this gene product is expressed and secreted

specifically by non-ciliated epithelial cells lining the respiratory and terminal

bronchioles.192,193 Mice were fed DOX-containing food for a minimum of 72h

to ensure there has been sufficient time for it to be able to have an effect.

DOX is used because it is both low cost and activates the rtTA system at

levels below cytoxicity.189 Figure 4.4 demonstrates how the “Tet-On” system

works, using ADAM33 as an example.

sTg 

dTg 

CCSP 

CCSP/ADAM33 
+/+ 

X 

CCSP mouse
 
  

ADAM33 mouse
 
  

ADAM33 

ADAM33 

ADAM33 

ADAM33 

Figure 2.4: Induction of transgene via DOX treatment via the “Tet-On” system.
Single transgenic mice positive for CCSP were bred with single transgenic mice
positive for the gene of interest (ADAM33) to create double transgenic mice. When
fed DOX, in those mice carrying both the promotor and the gene of interest,
transcription will occur due to activation of the TRE to by the rtTA to drive gene

expression of ADAM33.
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2.2.8 Assessment of Lung Function

The FlexiVent machine (SciReq, Montreal, Canada) was used to assess lung

function after methacholine challenge and thus measure the degree of airway

hyperresponsiveness. Anaesthetised mice were weighed in order for the

FlexiVent software to calculate the appropriate tidal volume, which was used

to ventilate at a rate of 150 breaths min. The FlexiVent machine was then

calibrated to the manufactures instructions. A flap of skin was removed

overlying the trachea and the salivary submadibulary glands were dissected

back to expose the trachea. A small incision was then made into the trachea

in order to cannulate the mouse. It was then held in place with tied suture

material. The mouse was then attached to the calibrated machine and the

default ventilation begun. Once the ventilation was settled and the positive

end expiratory pressure (PEEP) was constant at 3cm H2O, 120µl PBS control

was nebulised into the lungs for 10 seconds, before readings for resistance were

taken. This was then repeated for 25, 50 and 100mg/ml methacholine before

the lungs were harvested as described below.

2.2.9 Tissue Sample Collection

Mice were anaesthetised with 100µl of triple anaesthetic containing a 4:1:1

mixture of ketamine, acepromazine and xylazine. When the mice were

unresponsive to pinching of the paws, tails were cut for repeat genotyping and

then the animals opened along the midline of the stomach to expose the un-

derlying viscera. The inferior venae cavae and abdominal aorta were severed

to euthanise the mouse before the diaphragm was opened using blunt-ended

scissors to expose the now collapsed lungs. The left lobe (LL) was removed

and split. Half was put into RNAlater R© solution to preserve the RNA for

later extraction, whilst the other half was snap frozen for protein analysis.

The right lobe (RL) was used for BALF collection (described below) before

it was inflated with 4 % paraformaldehyde or 10 % neutral buffered formalin

in order to be embedded in paraffin and used for immunohistochemistry.
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2.2.10 BALF Collection and Processing

A total of 2-3ml sterile PBS was flushed through the lungs in 0.8-1ml aliqouts

using 1ml syringes to wash the lungs effectively. The lavage fluid was then

withdrawn and placed on ice. BALF was centrifuged at 300g for 5 minutes.

BALF-supernatant was harvested into 1ml aliquots and stored at -80◦C until

use. If running a cytospin, the cell pellet was resuspended in 230µl red blood

cell lysis buffer, washed in PBS and then resuspended in 300µl sterile PBS.

A cell count was then done with a haematocytometer (Neubauer chamber)

using 20µl cell suspension and 20µl 0.4 % trypan blue. Cell suspension

containing 100,000 cells was then loaded into cytospin funnel and centrifuged

at 300g for 5 minutes. Slides were air-dried overnight before staining with

Diff-Quick stain set (Siemens). Cells were fixed, followed by eosin and then

haematoxylin staining, each for 10 seconds. Slides were washed in dH2O and

air-dried before being cover slipped for a differential cell count. Briefly, 300

cells were counted in different magnification fields to examine the types of

inflammatory cells present/total BALF volume.

2.2.11 Tissue Homogenisation

Lung tissue collected from necropsy, either stored in RNAlater or frozen

in liquid nitrogen, was transferred into 2ml tubes with Zirmyl beads and

1ml Trizol Reagent for RNA extraction or radio immunoprecipitation assay

(RIPA) buffer for protein assays. Tissue was homogenised using a Savant

FastPrep FP12 Ribolyser (Qbiogene, Cedex, France) for 40s on speed 6

before being transferred to ice for 2 minutes. This was repeated if needed.

Samples were pulse spun to allow the debris to be collected at the bottom

and supernatant was used for RNA or protein analysis.
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2.2.12 Reverse Transcription Quantitative Polymerase

Chain Reaction (RTqPCR)

RNA Isolation

Total RNA was extracted from the lung tissue previously stabilised in

RNAlater solution using Trizol Reagent. Trizol is a mono-phasic solution

of guanidine isothiocyanate and phenol that allows total RNA isolation by

a single extraction.194 1ml Trizol was added to the samples to isolate and

maintain RNA integrity whilst the cells were lysed. 200µl/ml chloroform was

added to the samples and they were shaken vigorously by hand before being

incubated 10 minutes at room temperature (RT). They were then centrifuged

at 12000g for 15 minutes at 4◦C to separate the phases. The chloroform

separated the sample into 3 layers; the upper aqueous phase (RNA isolation),

the interphase (DNA extraction) and the organic phenol phase (which can be

used for protein extraction). The aqueous phase was transferred to a fresh

tube with 500µl isopropanol, shaken vigorously, incubated for 10 minutes at

RT and then centrifuged at 12000g for 30 minutes at 4◦C. The supernatant

was removed and the RNA pellet washed with 1 ml 75 % ethanol before being

air-dried and re-suspended in 20µl DNase treatment to remove any traces of

genomic DNA (gDNA) contamination.

DNase Treatment

To remove possible contamination of gDNA in Trizol extracted samples, the

samples were treated with DNase. Briefly, 1µl DNase was diluted in 17µl

dH2O and 2µl 10x DNase buffer. The air dried pellet was resuspended in

20µl and incubated for 1 hour at 37◦C. 5µl neutralisation buffer was added

and the samples pulse spun for 2 minutes to separate the slurry for the RNA

sample. A NanoDrop ND-1000 Spectrophotometer was used to determine

both the quantity and quality of the RNA in each sample, by measuring

absorbance at the 230, 260 and 280 nm wavelengths. The quality of the
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RNA was analysed by the ratio between the wavelengths 260 and 280 nm (a

value of between 1.8 and 2 is desirable and denotes good quality RNA).

Reverse Transcription

The RNA (1µg) was added in the initial, annealing step of reverse tran-

scription along with 2µl Oligo dT primer and dNTP mix and 1µl Random

hexamer primer. This was then made up to 10µl using RNase/DNase free

H2O. The reaction was carried out in thin-walled 200µl tubes to allow rapid

heating and cooling. The samples were heated to 65◦C for 5 minutes,

followed by immediate cooling in an ice bath or in a dry-ice and ethanol

bath. For the extension, a master mix containing 4µl 5x MMLV buffer,

0.2µl RNase/DNase free H2O and 0.8µl MMLV enzyme was added to each

of the tubes. The samples were then mixed in a picofuge, and incubated at

37◦C for 10 minutes and 42◦C for 1 hour in a thermal cycler (T100, BioRad).

After incubation, the cDNA was diluted 1:10 in DNase/RNase free water and

stored at −20◦ for RTqPCR.

Quantitative Polymerase Chain Reaction (qPCR)

Real time quantitative polymerase chain reaction (RTqPCR) was performed

using the BioRad CFX96 system. There are 2 common methods of qPCR;

using a non specific fluorescent dye such as SybrGreen which binds to any

dsDNA (thus will detect primer dimers in addition to the target product)

or a sequence-specific probe labelled with a fluorescent reporter which only

detects cDNA containing the complementary sequence to the probe. Due

to the potential for non-specific detection of products using the SybrGreen

assay, a melt curve analysis was also performed. The melt curve assesses the

dissociation characteristics of the dsDNA amplicon, and the measurement

is taken as the temperature at which 50 % of the amplicon is denatured.

This ensures that the correct product has been amplified. This should be

consistent with the predicted melting temperature of the amplified product

to confirm the target gene of interest has been correctly identified.
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Reactions were set up in duplicate in white 96-well plates. Each re-

action contained 5µl 2x master mix (either Precision Plus or SybrGreen

depending on the primer), 0.5µl primers (and probe, if used) (Appendix

A), 2µl dH2O and 2.5µl cDNA in a total reaction volume of 10µl. For

Taqman primers/double dyes, qPCR consisted of an initial holding period

of 10 minutes at 95◦C in order to heat activate the Taq-polymerase as a

denaturation step, followed by 49 cycles of 15 seconds at 95◦C and 1 minute

at 60◦C for the annealing stage (at which point data were collected), whilst

for SybrGreen the qPCR cycle consisted of 10 minutes at 95◦C followed by

40 cycles of 15 seconds at 95◦C and 1 minute at 60◦C (at which point data

were collected). When required a melt curve analysis was performed (95◦C

for 3 minutes followed by 1 minute at 60◦C, a further 5 seconds at 60◦C (at

which point data is collected) and 95◦C for 50 seconds.

The Ct value is determined from the amplification curve of the PCR re-

action. During the reaction, the fluorescent dye is released, and the intensity

is recorded through every cycle until it exceeds the threshold at which point

the Ct value is determined. The earlier the threshold is reached and thus

the lower the Ct value, the greater the expression of the gene of interest.

Relative gene expression was calculated using the ∆∆Ct method195 using

the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh).

2.2.13 Sodium Dodecyl Sulphate Polyacrylamide Elec-

trophoresis (SDS-PAGE) and Western Blotting

Western blotting remains one of the key ways to identify proteins in a complex

sample. Samples are loaded into sample buffer containing a detergent such

as SDS, which binds and gives all the proteins a net negative charge; heating

is used to denature the protein and a reducing agent is added to reduce the

disulphide bonds. The samples are then loaded onto gels to separate the

proteins according to size, with smaller proteins migrating further. The

proteins are the transferred onto nitrocellulose of PVDF membranes for

detection using antibodies with chemiluminescent detection.
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SDS-PAGE

Samples were solubilised in 2x Laemlli buffer (1:1) or 6x Laemlli buffer (5:1),

and reduced by addition of β-mercaptoethanol. After heating at 95◦C for 5

minutes to denature the proteins, they were loaded onto either precast 10 %

SDS/PAGE gels (Life Technologies, USA) or self-prepared gels. 10 % gels

were used because they give the best resolution of proteins between 40 and

100kDa, which is within the range for the molecular weight of full length

ADAM33 (110kDa) and its soluble products (around 20-70kDa).

To prepare 10 % gels for SDS-PAGE, a resolving gel solution was made

and the gels were cast and left to polymerise in the Protean III system

(BioRad). Isopropanol was gently overlaid onto the top of the resolving gel

to prevent an oxidation of the gel. Once polymerised, a 4 % stacking gel was

mixed and added over the resolving gel with a plastic comb inserted to cast

the wells.

Gels were run at 100V for 105 minutes in running buffer with a wide range

molecular weight ladder to estimate protein size. Proteins were then either

used for Western Blotting (and transferred to a PVDF membrane) or the

gel was stained with Coomassie Brilliant Blue Stain for 1h before destaining

overnight.

Western Blotting

The gels were pre-shrunk in chilled transfer buffer for 15 minutes prior to

protein transfer. Proteins were then transferred onto polyvinylidene di-

flouride (PVDF) membranes. Before use, PVDF membranes were saturated

in methanol, rinsed in dH2O, and put in transfer buffer. The pre-shrunk gel

and PVDF were assembled between Scotchbrite pads and filter paper, and

inserted into a transfer cassette with the PVDF membrane closest to the

anode. The proteins were transferred onto the PVDF membrane at 90V for

2 hours on ice with constant stirring.
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Ponceau Staining

Once the proteins were transferred, the membranes were air dried (so the

molecular ladder could be annotated) and then rinsed with methanol, rehy-

drated with dH2O and stained with Ponceau S stain. This was to confirm

transfer of the proteins from the gel to the membrane. The stain binds

reversibly to the protein bands on a PVDF membrane, and can be easily

removed by washing with water without affecting the protein bound to the

membrane. Membranes were dried and the bands visualised for optional

analysis of protein loading.

Antibody Incubation

After rehydration, the membranes were blocked in 5 % skimmed milk powder

in wash buffer (TBS, 0.01 % Tween-20) at room temperature for 1 hour.

Membranes were then incubated overnight at 4◦C with primary antibody at

the appropriate dilution (Table 2.1) in blocking buffer with constant shaking.

Membranes were subsequently washed 3 times in wash buffer and incubated

with an appropriate horseradish peroxidase (HRP) conjugated antibody in

blocking buffer for 1 hour.

Antibody Species Stock Concentration Dilution

Mouse ADAM33 Goat 0.2mg/ml 1:1000

FLAG Mouse 3.8mg/ml 1:5000

ADAM33-Pro Rabbit 1.0mg/ml 1:5000

HRP Conjugated Anti-Goat Rabbit 2.0mg/ml 1:10000

HRP Conjugated Anti-Mouse Rabbit 1.0mg/ml 1:2000

HRP Conjugated Anti-Rabbit Donkey 1.0mg/ml 1:1500

Table 2.1: Western blotting antibody dilutions. 2◦ = Secondary antibody, HRP =
Horseradish Peroxidase
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Protein Visualisation

Membranes were washed using wash buffer and peroxidase activity was visu-

alised using Clarity Western ECL Substrate according to the manufacturer’s

instructions. Briefly, 1ml of solution A was mixed with 1ml of solution B for

each membrane. Chemiluminesence was captured using LAS4000 machine or

exposing an X-ray film and developing manually. The latter was performed

in a dark room where autoradiography film was exposed to the membrane

for 1 minute. The X-ray film was developed in Print Developer for 1 minute

with rocking, and fixed in Rapid Fixer for one minute with rocking before

immersion in water. If necessary, this initial exposure was used to determine

the subsequent exposure times, which varied from generally between 10

seconds and 10 minutes.

2.2.14 Immunohistochemistry (IHC)

Murine lungs were inflation-fixed in 4 % paraformaldehyde (PFA) or 10 %

neutral buffered formalin at 25cm of water pressure for 5 minutes to en-

sure adequate inflation. Tissue was immersion-fixed overnight, before the

lobes were dissected and sectioned along the main airways, washed in PBS,

dehydrated through an alcohol series and xylenes, before being embed-

ded in paraffin for sectioning. 5µm sections were cut and dried onto 3-

Aminopropyltriethoxysilane (APES) or poly-L-lysine (PLL) coated slides.

Haematoxylin and eosin stain was usually performed, or IHC was undertaken

using a specific primary antibody. Briefly, slides were washed twice in

clearene (a less toxic form of xylene) to remove the residual paraffin, before

being rehydrated in graded ethanol. Sections were washed in TBS followed by

methanol containing hydrogen peroxide for 10 minutes and another wash in

TBS. This blocks endogenous peroxide activity in the tissue that could react

to cause non-specific background staining during the later antibody detection

stages. Heat-mediated antigen retrieval followed using citrate buffer. This

disrupted the protein cross-links that formed during fixation which can mask

antigenic sites on the tissue sections and thus potentially give weak or false
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negative staining. Slides were then rinsed in dH2O and TBS before blocking

in avidin, biotin and blocking medium or 5 % blocking serum such as goat

or swine (the serum must be different to the animal the antibody is raised

in) for 30 minutes each. These blocking stages are important to eliminate

background staining by blocking the endogenous biotin in the section. The

slides were then incubated overnight with 150µl primary antibody (Table 2.2)

in TBS using the overlay method in humidified chambers.

On day two, slides were incubated for 30 minutes in biotinylated sec-

ondary antibodies, followed by avidin-biotin complex (ABC solution), with

washes of TBS in between. The ABC complex is mixed prior to use, to

prevent avidin saturation. This complex is then incubated with the tissue and

the biotin-avidin complex can bind to the biotinylated antibody to increase

signal intensity of the antigenic site. The sections were then stained with

3,3-diaminodenzidine (DAB), which in the presence of hydrogen peroxide

produces a brown precipitate that is insoluble in alcohol. Finally after the

target antigen was stained, the slides were counter stained with haematoxylin

and mounted with pertex. Figure 2.5a illustrates the way the IHC staining

process works and how the protein of interest can be visualised.

2.2.15 Immunofluoresent Histochemistry (IFHC)

As per standard IHC, 5µm sections were cut from paraffin blocks for im-

munofluorescent staining. Sections were cleared in clearene and rehydrated

through graded alcohols before being washed in TBS. For this type of staining

blocking of endogenous peroxide activity is not necessary, because the DAB

substrate is not being used. After the slides were rinsed in TBS, antigen

retrieval followed (see Immunohistochemistry section for details). Once the

slides have been returned to room temperature they are washed twice in TBS,

for 5 minutes each. The slides are blocked in 5 % blocking serum for 1 hour at

RT. Sections were blocked overnight with the desired primary antibody and

depending on whether direct or indirect staining was being performed, the

protocol may vary (see below) and Figure 2.5b. The following day, slides were
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Figure 2.5: Staining Techniques. Schematic representation of a) DAB staining
and b) immunofluorescent staining, both directly, where the primary antibody is
conjugated to a fluorophore such as an Alexafluor dye prior to use and indirectly,
where the primary and secondary incubation steps are independent of each other.
The secondary antibody is conjugated to a fluorophore (e.g. Alexafluor 488, 546

or 647).

removed from the fridge and allowed to equilibrate to RT before 3x 5 minute

washes in PBS-Triton-X-100. Indirect staining required incubation with a

fluorescently labelled secondary antibody (Table 2.2), but the direct method

(i.e. where the antibody was already fluorescently conjugated) went straight

to the counterstaining of the nuclei. To counter stain the nuclei, 2 methods

were used; sections were either incubated for 10 minutes at RT with TO-

PRO3 Iodide, 1:1000 dilution, washed in PBS-Triton-X-100 and mounted

with coverslips or the sections were mounted in a solution which contains

4′,6-diamidino-2-phenylindole (DAPI) such as ProLong Anti-Fade Gold with

DAPI. Both TO-PRO3 and DAPI stain the nuclei and are constitutively
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shown. It is important to note, that all the day 2 steps should be performed in

minimal light as to not interfere with the fluorescent integrity of the sections.

Direct Staining

Direct staining involves either having a directly labelled primary antibody, or

conjugating a primary antibody to a fluorescent dye, such that no secondary

antibody is needed. Zenon AlexaFluor labelling kits are commonly used. To

conjugate the antibody, 1µg is prepared in PBS and 5µl Zenon IgG labelling

reagent is added and incubated for 5 minutes at RT. The complex is then

ready to be used as per a normal primary antibody, but must be put onto the

sections with 30 minutes of conjugation. Sections are incubated overnight

at 4◦C with the conjugated primary antibody at the appropriate dilution in

4 % blocking serum using the overlay method.

Indirect Staining

Indirect staining uses a fluorescent secondary antibody that binds to the

primary antibody. Sections are incubated overnight at 4◦C with a primary

antibody at the appropriate dilution in 4 % blocking serum using the overlay

method. The following day, slides are removed from the fridge and allowed

to equilibrate to RT before 3x 5 minute washes in PBS-Triton-X-100. An

appropriate fluorescently labelled secondary antibody is then incubated on

the sections for 30 minutes at RT on a shaker. Slides are then washed a

further 3 times in PBS-Triton-X-100.

Antibody Titration

Because the antibodies had not been tested for IHC, it was necessary to

perform antibody titration. This is because it is necessary to find the

optimum dilution that gives the best staining with minimal non-specific

binding and background. Generally 4-5 doubling dilutions were tested.

If the antibody concentration was 1mg/ml, it is anticipated it will work
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optimally for IHC at 1:100 this would be the middle dilution assessed and

then 2 dilutions above and below this. Alternatively, if the western blotting

antibody concentration had been titrated, the optimal IHC concentration

would be a factor of 10x higher (so if the antibody works at 1:1000, for IHC

it is likely to be 1:100). Further titration dilutions may need to be done after

the initial titration series. When titrating, if no information is given about

antigen retrieval, both enzymatic (pronase) and heat mediated (citrate or

EDTA in the presence of a microwave) methods must be tested, together

with no treatment. A positive control antibody from the same host and

isotype control should also be included as well as a negative control.

Antibody Labelled

With

Working Dilution Species Manufacturer

ADAM33-Pro AF 1:1000 Rabbit AbCam

α-SMA FITC 1:250 Mouse Sigma-Aldrich

PECAM1 AF 1:75 Rat Dianova

CSPG4 AF 1:100 Rabbit AbCam

Table 2.2: Immunohistochemistry antibody dilutions. 2◦ = Secondary antibody,
AF = Alexafluor, FITC = Fluoroscein

2.2.16 Tinctorial Staining

Masson’s Trichrome Stain

Masson’s trichrome stain is as the name suggests a stain composed of 3

different coloured dyes, which is used to stain for collagen in tissue sections.

As per the IHC protocol, 5µm sections have the excess paraffin removed

and are hydrated through graded alcohols. The sections are then put

through a series of dyes to stain the different tissue components. The

staining time should be optimised to the specific tissue. First they are

stained with Weigart’s Haematoxylin for 5 minutes and ‘blued’ in running

tap water for 5 minutes. Staining in ponceau-acid fuchsin for 2-3 minutes,

a wash with tap water follows this and the sections are differentiated in
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1 % phosphomolybdic acid for 10 minutes. The acid is washed off and then

the sections are counterstained with aniline blue for 5 minutes. Finally, the

sections are washed in water, dehydrated through the graded alcohols and

xylene before being mounted in pertex. Under the microscope, the staining

can be identified as follows: nuclei are blue/black, muscle/RBC/fibrin are

red and the connective tissue such as collagen is blue.

Movat’s Pentachrome Stain

As per the IHC protocol, 5µm sections have the excess paraffin removed and

are hydrated through graded alcohols. The sections are then put through a

series of dyes to stain the different components. Initially they are stained in

alcian blue for 20 minutes and then washed before being placed in alkaline

alcohol for 1-2 hours - this converts the soluble alcian blue into non-soluble

monastral fast blue. The alkaline solution must be properly washed off

as failure to do so will inhibit the further staining process. The second

stain is Verheoff’s haematoxylin for 15 minutes, followed by differentiation

in 2 % ferric chloride. Slides are then placed in sodium thiosuplhate for one

minute, washed and then the 3rd stain, crocein scarlet-acid fuchsin (8:2)

is applied for 90 seconds. Slides are washed, rinsed in 0.5 % acetic acid

and differentiated again, this time in 5 % phosphotungstic acid (aq) for 5-

10 minutes. At this point the collagen appears a pale pink colour and the

ground substance initially red, will become blue. The phosphotungstic acid

is removed via washing in 0.5 % acetic acid water and then 3x rinses in 100 %

alcohol. The final step is to stain in saffrin for 15-20 minutes, to stain the

collagen properly. Slides are then dehydrated through the graded alcohols

and xylene before being mounted with pertex. Under the microscope, the

staining can be identified as follows: nuclei are black, collagen and reticular

fibres are yellow, mucin or ground substance is blue, fibrin stains intense red

and muscle stains red.
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2.2.17 Fluorescence Resonance Energy Transfer

(FRET) Assay

A FRET assay is a common method used to assess proteolytic enzyme

activity. The principle of the assay is to modify a peptide known to be cleaved

by a particular proteinase, so that one terminus is linked to a fluorescent

reporter dye and the other is labelled with a quencher dye. In its normal

state (i.e. not cleaved), the quencher absorbs the fluorescence emitted by the

reporter dye and so minimal fluorescent activity can be detected. However,

when the peptide is cleaved by the proteinase, the peptide is split and the

quencher is released and can no longer absorb the fluorescence emitted by

the reporter dye and consequently an increase in fluorescent activity can

be seen (Figure 2.6). FRET assays were performed on a BioRad CFX96

qPCR machine using the FAM filter. Each reaction contained 4.4µM FRET

peptide (DABCYL-YRVAFQKLAE(FAM)K-NH2), and was incubated with

BALF or purified ADAM33 at 37◦C in 5x assay buffer (20mM HEPES pH

7, 0.5M NaCl, 10mM CaCl2, 10µM ZnCl2) and 0.2mg/ml BSA. Enzymatic

activity was determined by plotting the relative fluorescent units (RFU) after

the background had been subtracted against time. The rate at which the

RFU changed could be determined from the line of best fit. All rates were

determined in the linear phase of the assay.

2.2.18 Cell Culture

Mammalian cells were cultured on Nunc tissue culture plastic, and were kept

in an Heraeus humidified incubator at 37◦C with 5 % CO2 in air. Cos-7

cells (derived from the kidney of an African Green Monkey) were grown

in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10 %

heat inactivated foetal bovine serum (FBS), 50U/ml penicillin, 50µg/ml

streptomycin, 2mM L- glutamine, 1mM non- essential amino acids, and 1mM

sodium pyruvate. This is henceforth known as DMEM complete.
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Figure 2.6: Principal of FRET assay. When the peptide is intact, the close
proximity of the quencher to the reporter dye causes the fluorescence emitted by
the reporter to be absorbed by the quencher. However, in the presence of a specific
proteinase, the peptide is cleaved and released into 2 fragments. The separation
of the quencher and the reporter results in increased fluorescence signal that can

be detected over a certain period of time.

Trypsinisation of Confluent Monolayers

When cells achieved 90-100 % confluence, they were passaged for either

routine maintenance or use in experiments. Monolayers were washed with

Hank’s Balanced Salt Solution (HBSS) without Ca2+ or Mg2+ to remove any

traces of FBS (which will inhibit the action of the trypsin). For a 75cm2

tissue culture flask, 1ml 0.05 % trypsin-EDTA was added, allowed to cover

the monolayer, and then removed, before the flask was incubated for 3-5

minutes at 37◦C, 5 % CO2 or until the cells could be seen to be visibly

detached. To halt the action of the trypsin-EDTA, DMEM complete was

added. Cells could then be split 1:4 into new flasks or pelleted at 300g for 5

minutes for a cell count (described below) and subsequent plating.

Viable Cell Count

After trypsinisation the trypan blue exclusion method was used to count

the number of live cells. Live cells, with an intact membrane excluded the

dye, whilst those with a damaged membrane stained blue and therefore were

excluded from the viable cell count. 20µl cell suspension was diluted into

50µl HBSS and 30µl 0.4 % trypan blue and added to the slide by capillary
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action. 1mm2 counts were done using an Improved Neubauer Haemocytome-

ter (depth 0.1mm; 1/400mm2) visualised under the light microscope. On

each quadrant, the central 5x5 square and the 4 corners were counted. This

eliminated the dilution factor and the average was then multiplied by 104

(this takes into account the 0.1mm depth of the chamber, and 1000mm3 is

equivalent to 1ml).

Cryopreservation of Cells

Cells that were to be frozen were trypsinised as previously described before

being pelleted at 300g for 5 minutes at 4◦C. The medium was removed

and the cells resuspended in 1ml of chilled cryopreservation media (DMEM

complete/10 % DMSO). A confluent T75 flask was split 1:3 or 1:4 (roughly

1x106 cells/ml, therefore an additional 2-3ml cryopreservation medium was

added to the resuspended pellet before being 1ml being transferred into

cryovials. These were frozen in “Mr Frosty’s” (cools samples at a rate of -1◦C

/minute) overnight at -80◦C, before long-term storage in liquid nitrogen at

-196◦C.

Transfection of Cos-7 Cells With ADAM33 Plasmids

Confluent Cos-7 cells were trypsinised as previously described and plated in

6-well tissue culture plates at a density of 2x105/well (thus 1x105/ml) in 2ml

DMEM complete. Cells were left to adhere for 24h and to achieve 60-70 %

confluence. On the day of transfection, medium was exchanged for Opti-

MEM, a serum-free medium. A transfection mixture was made using the

X-treme Gene 9 reagent. Briefly, 1ml Opti-MEM and 30µl X-treme Gene

9 were incubated together for 5 minutes and then 1µg/well plasmid was

added and incubated for 30 minutes. The transfection process is shown in

Figure 2.7. Plasmids to generate positive controls for both the human and

mouse forms of ADAM33 were used as well as a Green Fluorescent Protein

(GFP) control. The full length mouse Adam33 plasmid was acquired from

OriGene and FLAG-tagged. The vector map and cloning sites are shown
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in Figure 2.8 (blue lines). The human ADAM33 plasmid was generated by

Liqian Zhang (CCHMC) and the GFP control was donated by Yutaka Maeda,

CCHMC. The GFP plasmid was used to ascertain transfection efficiency

using fluorescent microscopy. The FLAG-tag is a polypeptide protein tag

with the sequence DYKDDDDK and serves as an additional aid of detection

using an antibody to the FLAG peptide which itself is only 1012Da, thus

there is little change to the predicted molecular weight of the protein of

interest. The transfection complex was added drop-wise to the cells and

incubated for 48-72 hours. After transfection, the supernatant was collected

and centrifuged to remove any cellular debris and the monolayer was lysed

in RIPA buffer (with complete protease inhibitor to inhibit any protein

degradation) and used for western blotting. Where indicated, 24 hours after

transfection cells were treated with TGF-β or IL-13 for 48 hours to assess its

involvement in the ectodomain shedding of ADAM33. The stock was stored

at 1µg/ml and used at the concentrations indicated.

Concanavalin A Pull Down

Concanavalin A Sepharose (ConA) beads bind glycosylated proteins. They

were used to pull down soluble ADAM33 using supernatant from the Cos-7

cells transfected with the mouse ADAM33 plasmid or GFP (control), after

treatment with TGF-β1 or IL-13. ConA beads were activated in 5x bead

volume activation buffer, washed and resuspended 1:2 in wash buffer. 20µl

beads are required per millilitre of supernatant to pull down. Samples were

adjusted to contain 0.5M NaCl and 20mM Tris-HCl pH7.4 and protease

inhibitors to a 1x working concentration. The activated beads were added to

the sample and because the beads are diluted 1:2 in buffer, to achieve 20µl

of beads, a total volume of 40µl of beads in buffer is added per millilitre of

sample. The samples were incubated overnight on a rotary mixer at 4◦C.

Samples were spun down and the supernatant discarded. The beads were

washed twice in cold wash buffer and then washed in 20mM Tris-HCl pH 7.4

to remove excess salt. Beads were lysed into SDS sample buffer for analysis

by western blot.
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Figure 2.7: Principle of transfecting the plasmid. A complex forms between the
DNA plasmid and the transfection reagent due to the negative charge of the genetic
material and the positive charge of the lipid transfection reagent. The DNA-
lipid complex has an total net positive charge and can thus merge with the cell
membrane by endocytosis. The DNA is released into the nucleus where it is

transcribed into mRNA, which is in turn translated into protein

2.2.19 Statistics

Data were collected and plotted as mean ± standard error of the mean

(SEM), mean + standard deviation (SD) or as boxes representing the median,

with 25 and 75 % interquartiles. Whiskers represent minimum and maximum

values. Parametric and non-parametric analyses in the form of Student’s t-

Test and Mann-Whitney U-test were used for statistical analyses of single

comparisons of 2 groups and ANOVA used for multiple comparisons, with
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Cloning Site 

Figure 2.8: Mouse ADAM33 vector map. Adam33 was cloned by PCR, digested
and cloned into the pCMV-Entry Vector between the Sgf1 and Mlu1 restriction
sites. The fidelity of the cloned sequence was confirmed by sequencing. The
cytomegalovirus (CMV) promoter drives high levels of expression. Figure down-

loaded from the OriGene website.

a Bonferroni post test included when appropriate. Data were plotted and

statistical analyses were performed on GraphPad Prism v6.0b (GraphPad

Software Inc, San Diego, CA, USA). Results were considered significant if

p < 0.05, where ? = p < 0.05, ?? = p < 0.01, ? ? ? = p < 0.001.
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Il-13 and HDM Models of
Allergic Inflammation

3.1 Introduction and Objectives

ADAM33 was discovered as an asthma susceptibly gene in 2002.113 Since

then a number of studies have been conducted to understand the precise

function of ADAM33. Maternal allergy (OVA-induced) and exogenous in-

flammatory stimuli such as IL-13 have been shown to increase the processing

of ADAM33 in murine and human embryonic lung.174 It is well documented

that IL-13 is a critical mediator of allergic inflammation and an important

mediator of asthma pathogenesis.39,196,197 It is produced when CD4+ Th2

lymphocytes become activated. Previous studies looking at IL-13 transgene

overexpression in the lung have demonstrated features of chronic lung inflam-

mation, which have included eosinophilia and smooth muscle hypertrophy

and hyperplasia,38,198–200 however effects in ADAM33 processing have not

been studied.

Therefore, objectives of this study were to:

i) evaluate models of allergic airways inflammation for BHR and remod-

elling,

ii) establish whether this allergic inflammation leads to increased

ectodomain shedding of enzymatically active sADAM33 into BALF.
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For these studies a murine model driving conditional Il-13 overexpres-

sion in the lung epithelium through the use of a tet-regulated Club Cell

Secretory Protein (CCSP) promoter. Mice expressing both CCSP-rtTA and

Il-13 (double transgenic, dTg) and mice expressing CCSP-rtTA only (single

transgenic, sTg) were fed DOX for 7 days to induce overexpression of Il-13.

Control mice were the sTg mice, which when fed DOX had no expression

IL-13. After 7 days, mice were tested for BHR, sacrificed and tissue and

BALF were harvested for further analysis. As a second model for allergic

airway inflammation, a house dust mite (HDM) sensitisation and challenge

model was used (Figure 3.1).

0 7 14 19 21-22 

S S 

Sensitisation Challenge 

Sal/HDM Sal/HDM Sac 

Days 

Figure 3.1: HDM sensitisation and challenge mouse model. 6–8 week old male mice
were sensitised (S) to house dust mite (HDM) extract by intraperitoneal injection
(i.p) at day 0 and 7 and then challenged by intratracheal instillation (i.t) of HDM
in saline or saline alone (Sal) at day 14 and 19. At day 21–22 anaesthetised mice

were tested for BHR and lungs were harvested for further analysis.

3.2 Results

3.2.1 IL-13 and HDM Induced Allergic Airway Inflam-

mation

Expression of IL-13 was confirmed as demonstrated in Figure 3.2 where Il-13

mRNA is shown to be signifcantly increased in the Il-13 dTg mice. After

induction of allergic airway inflammation either by IL-13 or HDM, lungs

were fixed and examined for remodelling. Lungs were fixed in 4 % PFA and

embedded in paraffin so that H&E staining and IHC could be performed.
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H&E staining revealed that there was a significant increase in airway in-

flammation in the lungs of the Il-13 dTg compared to the littermate control

mice after they had been on DOX for 7 days (Figure 3.3). Smooth muscle

deposition, goblet cell hyperlasia and inflammatory cell infiltration could all

be seen. This was confirmed using the differential inflammatory cell count

from the BALF (Figure 3.4a). Interestingly however, unlike the previous

studies mentioned,38,198 there was a significant increase in neutrophils in the

Il-13 dTg mice with a mean of 76,535 ± 14,308 neutrophils/ml BALF being

identified (Figure 3.4b) compared to negligible numbers in the littermate

controls. Eosinophils were also elevated in these mice compared to the

littermate controls, but not to the same extent as the neutrophils and it

was not significant. Similar numbers of lymphocytes were seen and while

there was a trend for macrophages to be elevated compared to the control

group, the difference was not significant.
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Figure 3.2: Expression of Il-13 mRNA to verify the model of allergic inflammation.
After 7 days of feeding DOX to induce IL-13, RNA was isolated from whole lung
lysates of Il-13 overexpressing (n = 23) and littermate controls (n = 22). RNA
was reverse transcribed for cDNA analysis of Il-13. Data were analysed using
the ∆∆Ct method normalising to the housekeeping gene Gapdh and expressed
relative to the control lung. Individual data points are shown for each mouse. Box
plots represent median, with 25 and 75 % interquartile range. Whiskers represent
minimum and maximum values. ? ? ? p < 0.005 significant difference between

groups using Mann-Whitney U test.

Subsequently, the chemotactic mediators for eosinophils (IL-5) and neu-

trophils (CXCL1, KC), the mouse analogue of IL-8 were measured at both

the mRNA and protein level. Figure 3.5 supports the cellular infiltration
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Control 

Il-13 
 dTg 

Figure 3.3: H&E staining of Il-13 overexpressing and littermate control mice.
After 7 days of feeding DOX to induce IL-13, mice were sacrificed and lungs
formalin fixed. Paraffin embedded lungs were sectioned and a H&E stained
performed to analyse general lung architecture. The arrows on the left indicate
the area of magnification, whilst the grey arrow on the magnified image represents
the goblet cell hyperplasia, whilst the black arrow indicates the smooth muscle

deposition. Images are representative of each group (n = 6).

seen; Il-5 mRNA shows no difference in expression in the Il-13 transgenic

mice compared to the controls, however, Cxcl1 was significantly increased

when Il-13 was overexpressed (Figure 3.5a and b). This was replicated at

the protein level, where IL-5 was largely undetectable in BALF, lung lysate

and serum, whereas CXCL1 was significantly increased in the BALF and lung

lysate of the Il-13 dTg mice (Figure 3.5c and d). Even though a predominant

neutrophilic inflammation was observed in the Il-13 mouse model, goblet

cell metaplasia was also observed, which is consistent with previous Il-13

transgenic studies in murine lungs.198,199
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Figure 3.4: Differential cell count of inflammatory cells from BALF of the Il-13
overexpressing mice. Mice were treated as per Figure 3.2. BALF was collected and
a cytospin performed. A DiffQuick stain was used to identify the inflammatory
cells present from littermate controls (left panels) (n = 6) and Il-13 dTg mice
(right panels) (n = 6) (a) and this was quantified by counting a total of 300 cells
and the ratios calculated in the Il-13 dTg (purple) and sTg control (blue) mice
(b) (where macrophages; M∅, lymphocytes; Ly, neutrophils; Neu and eosinophils;
Eo). Individual data points are shown for each mouse. Box plot represents median,
with 25 and 75 % interquartile range. Whiskers represent minimum and maximum
values. ? ? p < 0.01 significant difference between groups using Mann-Whitney

U test.

In the HDM airway inflammation model wild-type mice were sensitised

and challenged with HDM as alternative mechanism of inducing an allergic

inflammatory airway environment. In mice sensitised and challenged with

HDM, significant airway inflammation (Figure 3.6) and inflammatory cell

infiltration occurred, this was not present in those mice that were sensitised

with HDM but challenged only with saline. Unlike in the Il-13 model, a sig-

nificant and predominant eosinophilia was observed in this model (Figure 3.7a

and b). When comparing the total inflammatory cells in the BALF, whilst

there were differences in the proportions of individual cell types (neutrophils

predominating in the Il-13 mice, and eosinophils in the HDM model), the

total number of inflammatory cells in the BALF was similar (Figure 3.8).
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Figure 3.5: Analysis of IL-5 and Cxcl1 /CXCl1 mRNA and protein expression.
After 7 days of driving IL-13 by feeding DOX, IL-13 overexpressing (n = 23) mice
(purple) and littermate control (n = 22) mice (blue) were sacrificed and RNA
was isolated from lung homogenate and reverse transcribed for cDNA analysis.
Expression of Il-5 (a) and Cxcl1 (b) were analysed relative the housekeeping
gene Gapdh expressed relative to the control lung. Mesoscale was used to analyse
protein expression of IL-5 and CXCL1 (n = 11 per group) (c and d). Individual
data points are shown for each mouse. Box plots represents median, with 25
and 75 % interquartile range. Whiskers represent minimum and maximum values.
??? p < 0.001 significant difference between groups using Mann-Whitney U test.

3.2.2 IL-13 induced BHR and increased smooth mus-

cle

Mice who had been fed DOX for 7 days were anaesthetised and a cannula

inserted into their trachea for pulmonary function and BHR testing. When

challenged with methacholine at even low concentrations of 0.65, 1.25, 2.5,

5 and 10mg/ml, Il-13 mice showed a significant increase in BHR when com-

pared to the controls (Figure 3.9a). At the baseline the Il-13 dTg mice had
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Figure 3.6: H&E staining of HDM challenged mice. Mice were sensitised with
HDM at day 0 and 7, before being challenged with 2 further doses of HDM (n =
6)(or saline for control mice) (n = 6) (days 14 and 19) before sacrifice at day 21.
Lungs were inflation fixed and embedded in paraffin for H&E staining to analyse
general lung architecture. The arrow indicates the area of magnification. Images

are representative of each group.

an almost doubling mean resistance (0.75 cmH2Oxs/ml ± 0.002) compared

to the controls (0.49 cmH2Oxs/ml ± 0.02), at 2.5mg/ml methacholine, this

had increased to a 5x greater resistance (3.46 cmH2Oxs/ml ± 2.43 vs 0.58

cmH2Oxs/ml ± 0.24). At the highest concentration of methacholine, there

was more variability in results, due to almost complete blocking of the
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Figure 3.7: Differential cell count of inflammatory cells from BALF of the wildtype
mice. Mice were treated as per Figure 3.5. BALF was collected and a cytospin
performed. A DiffQuick stain was used to identify the inflammatory cells present
from littermate controls (left panel) (n = 6) and wildtype mice (right panels)
(n = 6) (a) and this was quantified by counting a total of 300 cells and the
ratios calculated in the HDM challenged (green) and control (red) mice (b)
(where macrophages; M∅, lymphocytes; Ly, neutrophils; Neu and eosinophils;
Eo). Individual data points are shown for each mouse. Box plot represents median,
with 25 and 75 % interquartile range. Whiskers represent minimum and maximum
values. ??? p < 0.001 significant difference between groups using Mann-Whitney

U test.

trachea from the methacholine challenge. Littermate controls showed little

to no response to even the highest concentrations of methacholine, with no

significant difference to their baseline PBS resistance. It is important to note

that the mice used for lung function were not used for mRNA, protein and

FRET analysis to ensure that the ventilation during lung function testing

and methacholine challenge did not affect the IL-13 derived changes. Lungs

were also inflation fixed with 4 % PFA and embedded in paraffin for IHC

analysis. Staining for α-SMA demonstrated an increase of smooth muscle

around the airways in the Il-13 dTg mice compared to the littermate controls

(Figure 3.9b).

These lung function tests were also performed on the HDM challenged

mice and a significant increase in resistance was seen compared to the control

mice (Figure 3.10a). The lungs of these mice were less reactive at the lower

doses of methacholine so a higher dosing regime was used to ensure adequate
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Figure 3.8: Comparison of total cell number in BALF in the Il-13 and HDM
induced allergic airway models. Mice were treated and BALF collected previously
described. Differential cell count of inflammatory cells present in BALF of Il-13
overexpressing mice (purple) (n = 6) and HDM challenged mice (green) (n =
6) (macrophages; M∅, lymphocytes; Ly, neutrophils; Neu and eosinophils; Eo).
Individual data points are shown for each mouse. Box represents median, with 25
and 75 % interquartile range. Whiskers represent minimum and maximum values.
? p < 0.05, ? ? ? p < 0.001 significant difference between groups using Mann-

Whitney U test.

differentiation of reactivity. Similar thickening of the smooth muscle was also

seen in the lungs of the HDM challenged mice (Figure 3.10b).

85



Chapter 3. Il-13 and HDM Models of Allergic Inflammation

Control Il-13 dTg 

x10 x10 

0 2 4 6 8 10
0
2
4
6
8

10
12
14
16

Methacholine in PBS (mg/ml)

R
es

is
ta

nc
e 

(c
m

 H
2O

/s
m

l) Control

Il-13

a) 

b) 

** 

** 

** 
** 

Figure 3.9: Il-13 induced BHR and increase in smooth muscle. Il-13 dTg (n = 6)
and littermate control mice (n = 6) were put onto DOX for 7 days to drive IL-13
expression in the lungs. Mice were anaesthetised to measure airway resistance after
methacholine challenges at different concentrations (a). Lungs were inflation fixed
and embedded in paraffin for sectioning. 5µm sections were immunofluorescently
stained for α-SMA:FITC (green). The images shown are representative of the
control group (b)(left panel) and the Il-13 expressing mice (right panel). The
nuclei were counterstained with DAPI. The arrow indicates the smooth muscle
staining. Data shown as mean ± SEM. p < 0.002 significant difference between

groups.

86



Chapter 3. Il-13 and HDM Models of Allergic Inflammation

x10 

HDM b) Control 

x10 

0 12.5 25 50 100
0

5

10

15

20

Methacholine in PBS [mg/ml]

R
es

is
ta

nc
e 

(c
m

H
2O

s/
m

L) Control
HDM

a) 

* 

Figure 3.10: HDM induced BHR and increase in smooth muscle. Mice were
sensitised and then challenged with HDM (n = 6) or saline control (n = 6). Mice
were anaesthetised to measure airway resistance after methacholine challenges at
different concentrations (a). Lungs were inflation fixed and embedded in paraffin
for sectioning. 5µm sections were immunofluorescently stained for α-SMA:FITC
(green). The images shown are representative of the control group (b)(left panel),
HDM challenged wildtype mice (right panel). The nuclei were counterstained
with DAPI. The arrow indicates the smooth muscle staining. Data shown as mean

± SEM. p < 0.05 significant difference between groups.
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3.2.3 The Effect of IL-13 and HDM on Adam33 /

ADAM33

In contrast with the increase in α-SMA protein levels, RTqPCR analysis of

the alpha smooth muscle actin gene Acta2 ; its mRNA revealed unchanged

levels in the Il-13 dTg mice (Figure 3.11a). However, Adam33 mRNA

showed suppression in the overexpressing mice (Figure 3.11b), which supports

previous findings in human embryonic and juvenile mouse lungs.174 Similar

results for Acta2 and Adam33 mRNA were also observed in the lungs from

HDM compared to the saline challenged mice (Figure 3.11c and d).

To further investigate the effects of allergic inflammation on ADAM33

expression, lung tissue from the Il-13 mice was homogenised in normal saline

with protease inhibitors and analysed by western blotting with an antibody

against the ectodomain of ADAM33. Figure 3.12a demonstrates that all

mice expressed ADAM33, however there was a significant increase in both

the unprocessed pro-ADAM33 (at around 110kDa) and processed full length

ADAM33 (just below 100kDa) in the Il-13 mice, suggesting a loss of the pro-

domain resulting in enzymatically active form. A smaller isoform at around

52kDa was also significantly higher in the Il-13 overexpressing mice. These

findings suggest again that mRNA levels of ADAM33 do not reflect protein

expression levels.149

3.2.4 Analysis of ADAM33 Protein Expression in

BALF

Next, ADAM33 protein expression was studied in the BALF. Using an

antibody against the ectodomain of ADAM33, western blotting revealed a

distinct strong band in the Il-13 mice around 76kDa (Figure 3.13a). Two

smaller bands were also identified between 38 and 52kDa (Figure 3.13a).

Full length pro-ADAM33 and its processed forms have molecular weights

of approximately 110kDa and 100kDa respectively and so the identification

of the smaller protein suggests the ADAM33 has been processed and shed
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Figure 3.11: mRNA analysis of Acta2 and Adam33. RNA was isolated from
whole lung lysates of Il-13 overexpressing (n = 23) and HDM challenged mice
(n = 6) alongside their corresponding controls (n = 22 and 6 respectively). RNA
was reverse transcribed for cDNA analysis. Acta2 mRNA expression (a and c),
and Adam33 mRNA expression (b and d). Data were analysed using the ∆∆Ct
method normalising to the housekeeping gene Gapdh and expressed relative to the
control lung. Individual data points are shown for each mouse. Box plots represent
median, with 25 and 75 % interquartile range. Whiskers represent minimum and
maximum values. ? p < 0.05, ? ? p < 0.05 significant difference between groups

using Mann-Whitney U test.

from the cell membrane. No full length ADAM33 was identified. Having

identified ADAM33 protein bands in the BALF of the Il-13 mice, a FRET

assay was performed on the BALF to ascertain if the protein exhibited

enzymatic activity. Activity was measured as the amount of fluorescence

released when the ADAM33 proteinase cleaves its specific FRET-peptide so

that the fluorescent reporter is separated from its quencher. Figure 3.13c

demonstrates there was a significant increase in the enzymatic activity in

the BALF of the Il-13 dTg compared to the control mice. In the BALF

of wildtype mice sensitised and challenged with HDM a similar pattern of
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Figure 3.12: Western blot of lung lysate after IL-13 overexpression for 7 days.
Homogenised lungs were analysed by western blot using a goat pAb against
ADAM33. The arrowheads represent un-processed pro-ADAM33 (at around
110kDa) and processed full-length ADAM33 (below 102kDa) and a smaller isoform
around 52kDa. As a control, lysates from Cos-7 cells transfected with the full
length of mouse ADAM33 were used (a). Data (n = 6 per group) were analysed
semi quantitatively by densitometry where the ponceau stain was used as a loading
control (b). Individual data points are shown for each mouse. Box plots represent
median, with 25 and 75 % interquartile range. Whiskers represent minimum and
maximum values. ?? p < 0.01 significant difference between groups using Mann-

Whitney U test.

protein expression was observed. Consistent with the Il-13 overexpressing

model, a band of 76kDa was present in the HDM challenged mice, and not

in the saline controls (Figure 3.14a) (blot with accompanied densitometry)

and smaller bands were also observed at 38kDa (Figure 3.14b) (blot with

accompanying densitometry).
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Figure 3.13: Analysis of ADAM33 protein in BALF and its associated enzymatic
activity. BALF was collected from the mice after 7 days of being fed DOX. The
same amount of total protein in BALF was concentrated and analysed for western
blotting using a goat pAb against ADAM33. The arrowheads indicate sADAM33
isoforms at 76kDa and 38/42kDa in the Il-13 dTg mice (n = 8) compared to the
control mice (n = 8) (a). Data were analysed semi quantitatively by densitometry
(with the ponceau stain used as the loading control) and expression of the 76kDa
band and 38/42 kDa band are shown (b). A FRET assay with a specific ADAM33-
FRET peptide was used to determine if BALF from IL-13 overexpressing mice
(n = 23) and littermate control mice (n = 22) showed enzymatic activity by
determining the increase in relative fluorescence after BALF was incubated with
the FRET peptide for 60 minutes (c). Individual data points are shown for
each mouse. Box plots represent median, with 25 and 75 % interquartile range.
Whiskers represent minimum and maximum values. ? ? ? p < 0.001 significant

difference between groups using Mann-Whitney U test.
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Figure 3.14: ADAM33 protein expression in BALF after HDM/Saline challenge.
Mice were treated as per Figure 3.6. BALF was collected from the mice,
concentrated at the same total protein concentration and analysed by western
blotting using a goat pAb against ADAM33. Processed ADAM33 (76kDa) and
sADAM33 (38/42kDa) were identified (a). Data were analysed semi quantitatively
by densitometry (with the ponceau stain used as the loading control) (n = 6
HDM challenged and = 6 control mice)(b). Individual data points are shown for
each mouse. Box plots represent median, with 25 and 75 % interquartile range.
Whiskers represent minimum and maximum values. ? ? ? p < 0.001 significant

difference between groups using Mann-Whitney U test.
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3.2.5 TGF-β and ADAM33 synergy

The peptides TGF-β1 and TGF-β2 are members of the multifunctional

TGF-β super family that signal via type I and II transmembrane proteins

which target the downstream SMAD proteins. TGF-β is implicated in airway

remodelling, and TGF-β2 staining has been shown to be increased in the

asthmatic epithelium103 as well as in eosinophils.201–203 IL-13 is an important

Th2 cytokine that induces the release of TGF-β from epithelial cells.204

Previous studies have shown that the TGF-β2, which has been implicated in

epithelial repair,205 caused enhanced release of sADAM33 in a time and dose

dependent manner from HEK-cells that had been transfected with full-length

human ADAM33.175 Thus, it was decided to look at Tgfb1 and Tgfb2 mRNA

expression to see if it was elevated in the Il-13 dTg mice and could contribute

to the increased release of sADAM33. Tgfb1 mRNA levels showed a trend to

be decreased in the Il-13 overexpressing mice, but this was surprisingly not

significant. Tgfb2 mRNA was significantly suppressed compared to control

mice (Figure 3.15a and e). At the protein level, TGF-β1 was significantly

increased in the BALF of the Il-13 mice, but no significant difference was

detected in the lung lysate or serum (Figure 3.15b-d). TGF-β2, however,

could not be detected at the protein level at all.

Further to the studies by Puxeddu et al. that described TGF-β induced

release of the soluble form of human ADAM33,175 it was hypothesised that a

similar effect may be seen with murine ADAM33. Therefore, Cos-7 cells were

transfected with full length mouse Adam33 for 24 hours before treatment

with several doses of TGF-β (0, 5, 25 and 100ng/ml) to see if mouse

ADAM33 was similarly regulated by TGF-β. Supernatant were collected

and glycosylated proteins pulled down using ConA beads to bind ADAM33

protein that is glycosylated for western blot analysis. Western blotting

showed a dose dependent increase in the ectodomain shedding of ADAM33

when cultured with TGF-β. The release of sADAM33 was not observed in

medium alone or with 5ng/ml TGF-β, however, at 25 and 100ng/ml TGF-β,

sADAM33 was detected in the supernatant (Figure 3.16a). As a control cells

expressing GFP were tested and in this case TGF-β did not cause release
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Figure 3.15: TGF-β analysis of lung lysate and BALF. RTqPCR analysis of Tgfb1
(a) and Tgfb2 (e) mRNA expression in the lung homogenate of Il-13 expressing
(n = 23) versus control mice (n = 22) who were fed DOX for 7 days. Data were
analysed using the ∆∆Ct method normalising to the housekeeping gene Gapdh
and expression relative to the control lung. TGF-β1 protein levels were measured
in BALF (b), lung lysate (c) and serum (d) using an ELISA (n = 6 per group).
Individual data points are shown for each mouse. Boxes represent median, with 25
and 75 % interquartile range. Whiskers represent minimum and maximum values.
? p < 0.05, ? ? ? p < 0.001 significant difference between groups using Mann-

Whitney U test.

of any detectable bands. Cells were also treated with IL-13, and whilst this

also caused an increase in ectodomain shedding of ADAM33 (Figure 3.16b),

it was not as prominent as the TGF-β.
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Figure 3.16: Mouse sADAM33 released by TGF-β or IL-13 treatment of mouse
ADAM33 transfected cells. Cos-7 cells were transfected with full length mouse
ADAM33 for 24 hours before a dose response treatment with TGF-β (a) or
IL-13 (b) for 48 hours. Supernatants were collected and glycosylated proteins
pulled down using Concanavalin A beads before analysis by western blotting for
ADAM33. Data were analysed semi quantitatively by densitometry (with the
ponceau stain used as the loading control) and total expression of the 76kDa band
band is shown. Data (n = 3) are plotted as mean + SD. ? p < 0.05, ?? p < 0.01,
? ? ? p < 0.001 significant difference between groups using a one-way ANOVA

with Bonferroni’s multiple comparisons.
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3.3 Discussion

Conditional overexpression of IL-13 in the mouse lungs for 7 days not only

induced breathing difficulties similar to patients suffering from asthma but

also lung function tests showed a significant increase in BHR to metha-

choline, even at the lowest doses. This demonstrated that an IL-13 induced

inflammatory response in the airways induced increased airway resistance

above the expected baseline than with normally innocuous low doses of

methacholine. A noteworthy result here, was the significant predominant

induction of neutrophils compared to eosinophilia that had been previously

documented in the Il-13 transgenic mouse studies.198,206 Neutrophilia is an

important feature in severe asthma.207 Wenzel et al. showed that lavage fluid

from severe asthmatics contained a significantly higher number of neutrophils

compared to both healthy controls and mild to moderate asthmatics.208 These

patients had a poor response to inhaled corticosteroids. Because of this, it

is possible that this Il-13 transgenic mouse could be used as a model of the

severe asthma phenotype, that is often associated with steroid resistance

in the future. Pilot experiments from the lung lysates and BALF from

these mice have also shown that CXCL1, the mouse analogue of IL-8209 was

elevated in these dTg, which would support the neutrophilic inflammation

seen. CXCL1 and IL-8 are a neutrophil chemotactic factor,210 and thus data

suggest CXCL1/IL-8 will direct the neutrophils to the lungs in response to

the Il-13 overexpression.

Adam33 mRNA levels were suppressed in the Il-13 mice which was

consistent with findings in human embryonic and juvenile mouse lungs.174

Analysis of protein expression in the BALF by western blot showed that in

the Il-13 mice there was a 76kDa protein consistent with the ectodomain

of ADAM33 as well as 2 smaller bands at 38/44kDa suggesting smaller

processed forms of ADAM33, while in the lung lysates the full length and

processed forms of ADAM33 were increased. These results were mirrored in

the HDM challenged mice. Haitchi et al. saw a similar effect when looking at

the new born offspring from murine dams sensitised and challenged with OVA

during pregnancy. Those offspring, from the allergen challenged mothers
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showed higher levels of ADAM33 protein and an accumulation of smaller

bands suggesting processing such as ectodomain shedding.174 This suggested

that the over expression of Il-13 or allergen challenge in form of HDM induced

release of sADAM33 which may drive airway remodelling and include events

such as angiogenesis and myogenesis. This might be facilitated through yet

unknown mechanisms involving the enzymatic activity of the ADAM33 MP,

which was confirmed in the BALF from the Il-13 dTg mice using a ADAM33

specific FRET assay.

One potential explanation for the suppression of Adam33 mRNA, but

increase in ADAM33 protein and shedding of its soluble form is the tight

regulation of total levels of ADAM33 at the transcription level. As such a

feedback mechanism might be in place, so that the high protein levels inhibit

transcription until homeostatic levels have been resumed. Ectodomain shed-

ding may be influenced by additional factors such as TGF-β that caused a

dose and time-dependent increase in shedding of ADAM33 in cells transfected

with full length ADAM33.

Collectively, these data support the findings from previous studies that

expression of IL-13 drives inflammatory processes in the lung that included

goblet cell hyperplasia with increase of smooth muscle in the airways and

BHR. Interestingly however, in the this Il-13 mouse model a predominant

CXCL1 induced neutrophilia has been observed compared to the common

eosinophilia in previously described Il-13 models. While studying ADAM33

in the Il-13 and HDM model of allergic airway inflammation, a significant

induction of different ADAM33 protein isoforms in lungs and BALF of al-

lergic airway inflammation (Il-13 or HDM induced) was show. Furthermore,

increased ADAM33 specific enzymatic activity was seen in the BALF and

this might be due to an active soluble form of ADAM33, which has also

been shown to be present in BALF of patients with allergic asthma.172 The

suppression of Adam33 mRNA in these mouse models is consistent with

previous findings149,174 and let us speculate that allergic airway inflammation

induces TGF-β (via Il-13), which suppresses Adam33 mRNA expression via

histone modification in fibroblasts211 but facilitates ADAM33 ectodomain
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shedding175 via induction of unknown sheddase (protease) which results

in soluble and enzymatically active ADAM33 in the airways. This might

be associated with airway remodelling in form of increase myogenesis and

angiogenesis leading to BHR, a typical feature of asthma.

3.4 Conclusion

Together these data demonstrate that, in this model, IL-13 was able to induce

neutrophilic inflammation, and whilst it decreased the expression of Adam33

mRNA, it induced an increase of full length ADAM33 and released of soluble

forms of ADAM33, which possessed enzymatic activity. HDM may act in a

similar manner with regard to ADAM33 and as such it is speculated that

the release of sADAM33 may play a role in airway remodelling, initiated

by the accumulation of bronchial smooth muscle and growth of new vessels,

which may ultimately lead to BHR and increased inflammation. In order to

study the effect of sADAM33 on airway remodelling, a human ADAM33-MP

overexpressing mouse model needs to be studied and this will be discussed

in the next chapter.
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ADAM33 Transgenic Mouse

4.1 Introduction and Objectives

As allergic inflammation causes ectodomain shedding of ADAM33 which

is associated with the α-SMA positive bronchial smooth muscle and an

increase in BHR, studies were performed to assess the effects of conditionally

expressing human ADAM33 containing the active metalloprease and pro-

domain in a transgenic mouse model to see if there was any gain-of-function

phenotype demonstrated in Figure 4.1.

It had long been thought that remodelling was a secondary consequence of

inflammation in asthma, however, there is now growing evidence to support

the idea that these are two independent processes.99 ADAM33 was first

identified as an asthma susceptibility gene in 2002, identified by positional

cloning. Genetic linkage analysis associated a region on chromosome 20p13

to the asthma phenotype of bronchial hyperresponsiveness.113

Clinical studies have found a soluble form of ADAM33 in the bronchial

lavage fluid of asthmatic patients and its levels are inversely correlated with

FEV1.
172 This soluble form has been shown to promote angiogenesis in vitro,

in vivo and ex vivo and may lead to an increase in the number of blood

vessels in the asthmatic airway.175 These studies led to the hypothesis that

during shedding of the ectodomain of ADAM33, the membrane anchor is

lost and thus sADAM33 is released and this soluble form is dysregulated
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Ectodomain shedding 

TM 

EGF 
Cys 

Dis 
MP TGF-β 

sADAM33 

Figure 4.1: Ectodomain shedding of ADAM33. TGF-β can up-regulate the
ectodomain shedding of ADAM33. The presence of the catalytic sequence in the
MP domain or other activated proteases might cleave ADAM33 from the trans-
membrane domain and thus the ectodomain is released in the form of sADAM33.

and may lead to a gain of function in asthma. The characteristic features

of airway remodelling are thickening of the lamina reticularis, increases in

smooth muscle and neo-vasculogenesis/angiogenesis.

Consequently, we hypothesised that overexpression of soluble human

ADAM33 in a mouse model would cause the remodelling changes that occur

in the asthmatic airway that contribute to the pathological features of the

disease.

The objectives of this study were to:

i) produce an ADAM33 plasmid which contained the ADAM33-MP do-

main,

ii) create a conditional (tet regulated) transgenic mouse to overexpress

ADAM33,

iii) induce sADAM33 expression in the transgenic mouse through feeding

DOX and establish a phenotype for the transgenic mouse.
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4.2 Generation of Plasmids

The plasmid pC-hADAM33-PPP-Fc containing the human Pre-, Pro- and

MP domains was generated in Southampton. Dr Liqian Zhang generated

the pTRES-hADAM33-PPP-3FLAG construct that was used for generation

of a transgenic ADAM33 mouse. This was done in the lab of Dr Jef-

frey Whitsett in Cincinnati. Briefly, the human ADAM33-PPP (Pre-Pro-

MP) was cut with the restriction enzymes HindIII (type II site-specific

endonuclease isolated from Haemophilia influenza) at position 5330 and

EcoRV (type II endonuclease isolated from certain Escherichia coli strains)

at position 6596 from a pCMV-hADAM33-PPP-Fc plasmid (7419bp) and

cloned into a C-terminal p3xFLAG-CMV-14 (6310bp) plasmid using HindIII

at position 924 and EcoRV at position 958 to create pCMV-ADAM33-PPP-

3FLAG (7502bp) (Figure 4.2a). ADAM33-PPP-3FLAG was cut with the

endonucleases HindIII and AleI from the pCMV-ADAM33-PPP-3FLAG

plasmid and cloned into a pTRE2 (3.8kb) plasmid using HindIII at posi-

tion 515 and Xbal at position 533 to form pTRES-hADAM33-PPP-3FLAG

(5.2kb) (Figure 4.2b). The plasmid DNA was then purified from transformed

bacteria and its concentration determined by UV spectroscopy. The plasmid

was digested using AatII and SapI, and the final product confirmed by gel

electrophoresis and sequencing. The purified DNA was then ready to be used

for embryonic injection.

To test the expression of ADAM33, the pCMV plasmid was transfected

into Cos-7 cells and the cells lysed after 48–72 hours for western blot analysis

of ADAM33 protein expression (Figure 4.2c). An active mutant form of the

plasmid (E346A) was also transfected into the cells and can also be identified

on the blot.

4.3 Mice

As described in Chapter 2, single transgenic TRES-ADAM33 mice were

generated in an FVB/N mouse background and crossed with CCSP-rtTA
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(line 2) mice that were generated by Whitsett et al. The CCSP-rtTA (line 2)

was generated by Whitsett et al. rtTA expression in this model is restricted

to the conducting airway only. This was a modification on the existing

CCSP-rtTA (line 1) where rtTA expression was directed to both the epithelial

cells of the conducting airways and a subset of alveolar type II cells. These

mice commonly developed emphysema-like symptoms,212 whilst the new line

2 mice did not develop these symptoms, and their long term survival was

shown by GFP recombination. Thus, the line 2 mouse is now favoured over

the previous line, and both in a FVB/N background was used to generate

the ADAM33 mice. Therefore, ADAM33 expression was driven using the

“Tet-on” system with the CCSP promoter.

4.4 Identification of Founders

Around 3 weeks after the zygote injection, potential founders were born. At

weaning age, ear clippings or tail tips were taken and used to isolate DNA

for genotyping to screen for the ADAM33. Because insertion of the gene is

random, the number of mice expressing the gene will vary. Once the founders

had been correctly identified (Figure 4.3a), they were cross-bred with CCSP-

rtTA to generate a double transgenic line. Figure 4.3b shows the PCR gel

identifying the presence of the CCSP-rtTA promoter and/or the ADAM33

gene.

After generation of the F1 line, these offspring were fed DOX to induce

expression of ADAM33 in the airways. Figure 4.4 demonstrates the different

DOX exposure regimes used in this work. Initially animals were sacrificed

after one week of DOX exposure (regime 1) and lungs removed to test for

ADAM33 expression via RTqPCR and western blotting. Using a primer

specific to exons G and H in the MP domain of human ADAM33, ADAM33

mRNA expression was confirmed in the ADAM33 dTg mice, however, when

protein was analysed, no expression could be detected (data not shown). In

order to generate a line that also expressed ADAM33 protein, the process

of embryonic injection and identification of founders and breeding these to
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a) 

b)  

Figure 4.3: Genotyping of ADAM33 mice. Standard PCR was run using DNA
isolated from mouse tails to identify the ADAM33-PPP-3FLAG expression in
founders (arrowhead) (a). Founders were bred with CCSP-rtTA mice to generate
double transgenic animals (b). Single transgenic denoted as +/− and −/+ and a
double transgenic denoted as +/+. Negative (−) and (+) controls were also run

to the left of the DNA ladder.

generate a transgenic line was repeated. Analysis of the second group of

founders using the F1 offspring identified both ADAM33 mRNA and protein

expression (via western blot and IFHC) (Figure 4.5a–c) confirming that

several ADAM33 transgenic lines had been successfully generated.

4.5 Phenotypic Characterisation of ADAM33

Transgenic Lungs After 4 Weeks on DOX

Having established ADAM33 expression, adult mice were then fed DOX for

4 weeks (Figure 4.4, regime 2) to induce ADAM33 expression before being

sacrificed by phenobarbital injection in order to analyse any changes in the

lung. Either whole lungs were formalin fixed for histochemical analysis, or
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Mate 
 

Birth 

ON DOX 

1 Month  2 Months  

Sacrifice 
Regime 1: Confirmation of protein and gene expression 

ON DOX 

ON DOX 
Sacrifice 
Regime 2: Phenotype characterisation 

Sacrifice 
Regime 3: Further analysis of of phenotype  

Figure 4.4: Schematic of the different DOX regimes for ADAM33 induction. Mice
were fed DOX to induce ADAM33 for varying amounts of time. 3 different regimes
have been used as indicated above. Regime 1: 7 days of DOX induction, regime
2: one month of DOX induction and regime 3: DOX induction in utero until 2

months post partum. Mice were sacrificed as indicated

BALF was collected before isolating the right lung for RNA and protein

analysis and then formalin fixing the left lung.

4.5.1 Histological Analysis

RTqPCR and protein analysis of ADAM33 was consistent with that of the F1,

thus DOX successfully induced ADAM33 expression. To initially assess if

there were any structural changes occurring, tinctorial staining including

H&E and Masson’s trichrome and stains were performed. H&E showed

there was a significant increase in smooth muscle deposition around the

airways in the ADAM33 dTg mice which was less present in the control

lungs (Figure 4.6a). Smooth muscle deposition around the vessels was also

increased in the ADAM33 dTg mice. Trichrome stain showed that lungs from

the ADAM33 dTg mice also have increased collagen deposition beneath the

lamina reticularis which was absent in the littermate controls (Figure 4.6b).

4.5.2 Remodelling and Inflammation

To further characterise the phenotypic changes that were occurring in the

ADAM33 transgenic lungs, remodelling and inflammatory genes were as-

sessed at the mRNA level. α-SMA, interstitial collagens and fibronectin
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Figure 4.5: Analysis of ADAM33 expression in mouse lung. ADAM33 dTg
and littermate control mice were fed DOX for 7 days to drive overexpression
of ADAM33. To confirm overexpression in the dTg mice, they were euthanised
and their lungs harvested for ADAM33 /ADAM33 analysis at the mRNA (a) and
protein levels; first by western blotting (b) and then by IFHC (c) where ADAM33 is
stained red, and the nuclei are counterstained blue with DAPI. The arrow indicates

the area of magnification. Images are representative of their group.

are all associated with remodelling. Platelet endothelial adhesion molecule

(PECAM1/CD31) and collagen IV are associated with angiogenesis, and thus

also important in remodelling. α-SMA, Collagen I, Collagen III, fibronectin,
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b) 
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Figure 4.6: Histological analysis of mouse lung after ADAM33 overexpression.
Adult ADAM33 dTg and control mice were fed DOX for one month before being
euthanised for harvesting of lung tissue. Lungs were formalin fixed and paraffin
embedded. 5µm sections were cut for staining and subsequent analysis. Sections
were stained for either (a) H&E and (b) trichrome stain. The arrow indicates the

area of magnification. Images are representative of their group.
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Lysysl oxidase, TGF-β1 and -β2, PECAM1 and Collagen IV (Acta2, Col1a1,

Col3a1, Fn1, Lox, Tgfb1, Tgfb2, Pecam1 and Col4a1 respectively) were all

assessed, and were all significantly increased after ADAM33 was overex-

pressed (Figure 4.7a–h). In contrast, no differences in the inflammatory genes

KC, IL-5, exotaxin and IL-13 (Cxcl1, Il-5, Ccl11 respectively) and Il-13 or

the epithelial remodelling genes (Muc5ac and Spdef ) were seen between the

ADAM33 overexpressing mice and the littermate controls (Figure 4.8a–f).

Thus, these data suggest that ADAM33 induced mesenchymal cell induced

airway remodelling changes in the absence of inflammation.

4.6 Timing of ADAM33 Induction

Given the importance of ADAM33 in the early life origins of asthma, it

was important to establish at what point the remodelling changes caused by

ADAM33 induced occurred and especially if there were any in utero effects

and if the timing or duration of expression affected remodelling post partum.

Therefore, from the pilot study, it was decided to examine a variety of time

points to see if the changes were greater if induced over a longer period, and

whether induction in utero could cause remodelling in early life. Females

were fed the DOX diet throughout mating, pregnancy and lactation. Pups

were sacrificed at a variety of points; ED17.5 and 10, 30 (1 month) or 60

days (2 months) post partum.

The CCSP promoter is specific to the conducting airways and drives

overexpression of ADAM33 under the influence of DOX at around ED14.5.

Thus, mice were time mated, and when a vaginal plug was noted and this

was classified as ED0.5. Consequently at ED14.5 ADAM33 was switched

on in the ADAM33 expressing pups in utero. At ED17.5, female mice were

sacrificed and the foetuses collected. They were then either embedded in

paraffin in their entirety or the lungs harvested for mRNA analysis. The data

presented will concentrate on the in utero until 2 months DOX (Figure 4.4

regime 3).

108



Chapter 4. ADAM33 Transgenic Mouse

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Acta2 mRNA

**

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Col3a1 mRNA

*

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Tgfb2 mRNA

**

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Fn1 mRNA

*

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Lox mRNA

*

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Pecam1 mRNA

**

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Col1a1 mRNA

*

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Tgfb1 mRNA

**

C
on

tr
ol

A
D

A
M

33
02468

Rel expression 
Col4a1 mRNA

**
*

a)
b)

c)

d)
e)

f)

g)
h)

i)

F
ig

u
re

4
.7

:
R

T
q
P

C
R

a
n

al
y
si

s
of

re
m

o
d

el
li

n
g

ge
n

es
fo

r
p

h
en

ot
y
p

ic
an

al
y
si

s
of

A
D

A
M

33
ad

u
lt

tr
an

sg
en

ic
m

ic
e

fe
d

D
O

X
fo

r
4

w
ee

k
s.

A
D

A
M

33
w

as
in

d
u

ce
d

as
fo

r
(F

ig
u

re
4.

6)
.

R
N

A
w

as
is

ol
at

ed
fr

om
lu

n
gs

of
A

D
A

M
3
3

ex
p

re
ss

in
g

(n
=

13
)

or
co

n
tr

ol
m

ic
e

(n
=

16
)

a
n

d
cD

N
A

sy
n
th

es
is

ed
to

an
a
ly

se
ge

n
e

ex
p

re
ss

io
n

of
th

e
fo

ll
ow

in
g

ge
n

es
as

so
ci

at
ed

w
it

h
re

m
o
d

el
li

n
g:

(a
)

A
ct

a
2
,
(b

)
F

n
1
,
(c

)
C

o
l1

a
1
,
(d

)
C

o
l3

a
1
,
(e

)
L

o
x,

(f
)

T
gf

b1
,
(g

)
T

gf
b2

,
(h

)
P

ec
a
m

1
an

d
(i

)C
o
l4

a
1
.

D
at

a
w

er
e

an
al

y
se

d
u

si
n

g
th

e
∆

∆
C

t
m

et
h

o
d

n
or

m
a
li

si
n

g
to

th
e

h
o
u

se
ke

ep
in

g
ge

n
e

G
a
pd

h
an

d
ex

p
re

ss
ed

re
la

ti
ve

to
th

e
co

n
tr

ol
lu

n
g.

In
d

iv
id

u
al

d
at

a
p

oi
n
ts

ar
e

sh
ow

n
fo

r
ea

ch
m

o
u

se
.

B
ox

p
lo

ts
re

p
re

se
n
ts

m
ed

ia
n

,
w

it
h

25
an

d
75

%
in

te
rq

u
ar

ti
le

ra
n

ge
.

W
h

is
ke

rs
re

p
re

se
n
t

m
in

im
u

m
a
n

d
m

ax
im

u
m

va
lu

es
.
?

=
p
<

0.
05

,
??

=
p
<

0
.0

1
si

gn
ifi

ca
n
t

d
iff

er
en

ce
b

et
w

ee
n

gr
ou

p
s

u
si

n
g

M
an

n
-W

h
it

n
ey

U
te

st
.

109



Chapter 4. ADAM33 Transgenic Mouse

C
ontrol

A
D

A
M

33
0 2 4 6

Rel expression 
Cxcl1 mRNA

C
ontrol

A
D

A
M

33
0 2 4 6

Rel expression 
Il-13 mRNA

C
ontrol

A
D

A
M

33
0 2 4 6

Rel expression 
Il-5 mRNA
C

ontrol
A

D
A

M
33

0 2 4 6

Rel expression 
Muc5ac mRNA

C
ontrol

A
D

A
M

33
0 2 4 6

Rel expression 
Ccl11 mRNA

C
ontrol

A
D

A
M

33
0 2 4 6

Rel expression 
Spdef mRNA

a)
b)

c)

d)
e)

f)

F
igu

re
4.8:

R
T

q
P

C
R

a
n

aly
sis

of
in

fl
a
m

m
atory

gen
es

an
d

ep
ith

elial
rem

o
d

ellin
g

gen
es

in
ad

u
lt

A
D

A
M

3
3

m
ice.

M
ice

w
ere

treated
as

p
er

F
ig

u
re

4.5.
R

N
A

w
a
s

iso
la

ted
from

lu
n

g
h

om
ogen

ates
of

A
D

A
M

3
3

d
T

g
m

ice
(n

=
13)

an
d

sT
g

con
trol

m
ice

(n
=

16
)

a
n
d

cD
N

A
sy

n
th

esised
to

an
a
ly

se
gen

e
ex

p
ression

of
th

e
follow

in
g

gen
es

asso
ciated

w
ith

in
fl

am
m

ation
an

d
m

u
cu

s
p

ro
d

u
ction

:
(a

)
C

xcl1
,

(b
)

Il-5
,

(c)
C

cl1
1
,

(d
)

Il-1
3
,

(e)
M

u
c5

a
c

an
d

(f)
S

pd
ef.

D
ata

w
ere

an
aly

sed
u

sin
g

th
e

∆
∆

C
t

m
eth

o
d

n
o
rm

alisin
g

to
th

e
h

ou
sekeep

in
g

gen
e

G
a
pd

h
an

d
ex

p
ressed

relativ
e

to
th

e
con

trol
lu

n
g.

In
d

iv
id

u
al

d
ata

p
oin

ts
are

sh
ow

n
fo

r
each

m
ou

se.
B

ox
es

rep
resen

t
m

ed
ia

n
,

w
ith

25
an

d
75

%
in

terq
u

artile
ran

ge.
W

h
iskers

rep
resen

t
m

in
im

u
m

an
d

m
ax

im
u

m
valu

es.
N

o
sig

n
ifi

ca
n
t

d
iff

eren
ces

w
ere

seen
b

etw
een

grou
p

s
u

sin
g

a
M

an
n
-W

h
itn

ey
U

test.

110



Chapter 4. ADAM33 Transgenic Mouse

4.6.1 In Utero and Post Partum Remodelling

As with the initial experiments, tinctorial staining was first performed to

identify any immediate histological changes. Masson’s trichrome and Movat’s

pentachrome stain were performed to analyse collagen distribution. In

the ADAM33 mice, an increase in collagen deposition below the lamina

reticularis was seen as demonstrated by the blue staining in the trichrome

(Figure 4.9a) and yellow in the pentachrome (Figure 4.9b) stains. The pen-

tachrome stain also served to indicate levels of epithelial remodelling which

are often secondary to inflammation as one of the 5 staining components,

alcian blue, stained mucous producing cells. No difference could be seen in

the production of the mucous cells, which further supported the data that

induction of ADAM33 and the remodelling changes occurred independent of

any inflammation.

Mice were harvested 2 months after in utero exposure and qPCR for

remodelling genes was performed to study their expression at this time point.

Similar to the adult ADAM33 overexpressing mice harvested at 4 weeks,

there was an even more significant increase in the expression of Acta2, Fn1,

Col1a1 and Col3a1 (Figure 4.10a–d) suggesting possible changes to the

composition of the airway tissue. The collagen cross-linking enzyme LOX

was also examined, and was increased, but not significantly (Figure 4.10e).

Tgfb1 and Tgfb2 were significantly increased in the ADAM33 overexpressing

mice (Figure 4.10f and g) consistent with an increase in α-SMA expressing

(myo)fibroblasts. Finally, the angiogenic factors Pecam1 (Figure 4.10h)

and Col4a1 were also significantly elevated in the ADAM33 dTg mice.

As expected, the degree of ADAM33 mRNA was varied, with some mice

expressing higher amounts than others. When looking at the correlation

between ADAM33 expression and the fold increase in the mRNA of the

remodelling genes, there was a significant correlation between ADAM33 and

the following: Acta2, Fn1, Col1a1 and Lox (Figure 4.11a–d).
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Figure 4.9: Trichrome stain for collagen analysis from ADAM33 mice on DOX
from in utero. Females were fed DOX to examine the effects of ADAM33 when
induced in utero. Offspring were continued on DOX until the point of sacrifice at
2 months of age. Mouse lungs were formalin fixed and paraffin embedded. 5µm
sections were cut for analysis. Sections were stained for either (a) trichrome or (b)
pentachome stain for collagen analysis, where collagen stained blue and brown-
yellow for the respective stains. The arrow indicates the area of magnification.

Images are representative of their group.
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Figure 4.11: Correlation between levels of ADAM33 mRNA expression and the
following remodelling genes of ADAM33 dTg mice (n = 10): (a) Acta2, (b) Fn1,
(c) Col1a1 and (d) Lox. Individual data points are shown for each mouse. ? = p <
0.05, ?? = p < 0.01 significant correlation using Pearson’s correlation coefficient.
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Smooth Muscle and Endothelial Immunofluoresecent Staining

As seen in Figure 4.9, tinctorial staining of lung tissue from ADAM33

transgenic mice demonstrated smooth muscle deposition both around the

airways and the blood vessel. Therefore immunofluorescent staining was used

to ascertain whether these changes could be visualised using fluorescently

labelled antibodies. When α-SMA was co-stained with PECAM1, in the

overexpressing mice, it was evident that staining for α-SMA (green) increased

below the lamina reticularis of the airways and around the vessels; this was

consistent with the mRNA data where the genes were also significantly in-

creased. Most notably, the smooth muscle was shown to be thickened around

the vessels. PECAM1 was also increased around the lumen vessels in the

ADAM33 mice and this strongly suggests vascular remodelling (Figure 4.12).

Having identified the increased deposition of muscle around the vessels,

it was of interest to examine pericytes as these are thought to be a stem

cell population. Studies have shown that pericytes differentiate into smooth

muscle as blood vessels are remodelled and become larger.77 Pericytes are

contractile cells that are embedded within the basement membrane of cap-

illaries and post-capillary venules (Figure 4.13a).78 They are thought to

stabilise the vessels walls as well as control endothelial cell proliferation

in a paracrine fashion which involves a variety of factors including TGF-β,

VEGF, PDGF-B and angiopoietins (Angs).78,79 Chondroitin sulphate proteo-

glycan 4 (CSPG4), also known as neuron-glial antigen 2 (NG2) is expressed

by microvascular pericytes in newly formed blood vessels and can be used

as a marker for pericyte activity. Consequently, the expression of CSPG4

was analysed. Figure 4.13b demonstrates that in ADAM33 dTg mice, the

expression of Cspg4 was also significantly increased at the mRNA level

compared to littermate controls. Immunofluorescent staining was performed,

and demonstrated the presence of some CSPG4 staining around the vessels of

the ADAM33 dTg mice that could not be detected in the littermate control

mice (Figure 4.13c)
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Figure 4.13: Analysis of the pericyte marker CSPG4. Schematic representation
of a blood vessel and the interaction between endothelial cells and pericytes.
The pericyte embeds into the basement membrane of the vessel and controls
proliferation of the endothelial cells via paracrine signalling (a). ADAM33 was
switched on as already described. RNA was isolated from lungs and cDNA
synthesised to analyse gene expression of the pericyte marker Cspg4 in ADAM33
dTg mice (n = 10) and control mice (n = 10) (b). Lung was stained for CSPG4
(green) and counterstained with DAPI (blue) (c) The arrows indicate positive
staining for CSPG4. Data were analysed using the ∆∆Ct method normalising
to the housekeeping gene Gapdh and expressed relative to the control lung. The
arrows indicate CSPG4 staining around the vessels. Individual data points are
shown for each mouse. Box plot represents median, with 25 and 75 % interquartile
range. Whiskers represent minimum and maximum values. ? ? ? = p < 0.001

significant difference between groups using Mann-Whitney U test.

117



Chapter 4. ADAM33 Transgenic Mouse

4.6.2 Analysis of Inflammation

BALF was collected for cytospin analysis to determine if induction of

ADAM33 caused an inflammatory response. Cells were isolated from the

BALF and resuspended in PBS before being spun onto slides. Slides were

then stained using the Romanowsky stain. Figure 4.14a shows that inducing

expression of ADAM33 did not cause an inflammatory response in the

ADAM33 mice. The predominant cell seen was the macrophage and there

was no evidence of an increase in neutrophils, eosinophils or lymphocytes.

The differential cell count showed no significant differences in cell numbers

(Figure 4.14b) between the ADAM33 dTg and littermate control which is

consistent with the RTqPCR data of the inflammatory mediators Cxcl1, Il-

5, Ccl11, Il-13 and the mucus producing genes Muc5ac and Spdef (Fig-

ure 4.15a–f), suggesting that ADAM33 is not pro-inflammatory.

4.7 Reversibility of ADAM33 Airway Re-

modelling

Treatments in asthma have not changed in recent years and current treat-

ments are aimed at control rather than cure. The aim of such treatments is

to manage the disease in such a way that sufferers can go about their daily

life in a normal way. However, as ADAM33 is an asthma susceptibility gene,

modulation of its activity offers the potential to be disease modifying and to

affect the natural history of the disease.

If ADAM33 were to be a potential target for asthma treatment, it was

necessary to ascertain whether the phenotype characterised in this chapter

could be reversed by removal or blockade of ADAM33. To this effect, a

reversibility experiment was conducted where mice were fed DOX to induce

ADAM33 from in utero up to 1 month post partum. At this point, a group

of mice were harvested for analysis, whilst 2 further groups were taken out

to 2 months post partum; one group remaining on DOX, whilst the second
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Figure 4.14: Differential cell count from ADAM33 mice. Cells were isolated
from the BALF, spun onto slides and stained for differential cell analysis (a).
Quantitative analysis of proportion of different inflammatory cells present in the
BALF of ADAM33 dTg (n = 6, green) and littermate control mice (n = 6, orange)
(where macrophages; M∅, lymphocytes; Ly, neutrophils; Neu and eosinophils; Eo)
(b). Individual data points are shown for each mouse. Box plot represents median,
with 25 and 75 % interquartile range. Whiskers represent minimum and maximum
values. No significant differences were seen between groups using a Mann-Whitney

U test.

group were taken off DOX to halt expression of ADAM33. This is depicted

in Figure 4.16.

This experiment has shown promising results regarding reversibility.

ADAM33 GH mRNA was only detected in those harvested whilst still on

DOX, therefore, in the group taken off DOX, no ADAM33 expression could

be seen (Figure 4.17a) Significant increases in the expression of remodelling

genes was seen at the one month time point at the mRNA level. By 2

months, these markers were further elevated at both the mRNA and protein

level. However, when mice were taken off DOX at 1 month and their lungs

analysed at 2 months the remodelling gene expression seen at one month had

been reversed almost back to baseline. Thus, Acta2, Fn1, Lox, Col1a1 and
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Figure 4.16: Schematic of reversibility experimental plan. Mice were on DOX from
in utero until 1 month post partum at which point they were split into 3 groups: 1
group were harvested for analysis, 1 group remained on DOX for a further month
and harvested at 2 months of age and the final group were also continued to 2

months, however, DOX was removed for the final month.

Col3a1 as well as Tgfb1, Tgfb2 and Pecam1 were all significantly decreased

compared to both the one month and 2 month time points when DOX was

administered. More importantly, the level of expression was similar to the

control mice (Figure 4.17b–i). To confirm the mRNA data at the protein

level, lungs were stained for α-SMA and PECAM1. Figure 4.18 shows that

ADAM33 dTg juvenile mice sacrificed at 4 weeks of age had significant

α-SMA deposition in the airways and around the vessels. There was also

an increase in PECAM1 compared to the littermate controls (Figure 4.18a

and b). At 8 weeks, as previously described in this chapter, there is further

increase in smooth muscle and PECAM1 (c), however, when mice were taken

off DOX at 4 weeks of age and their lungs harvested a further 4 weeks later,

there was a decrease in both α-SMA and PECAM1 staining (d) compared

to the 4 and 8 week mice ADAM33 dTg who were continuously fed DOX.

Whilst it has not been quantified, the expression also appears similar to the

littermate control mice.
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4.8 Discussion

ADAM33 has long been thought of as a remodelling gene. It has genetic

associations with asthma and bronchial hyperresponsiveness,113 has been

shown to predict accelerated decline in lung function in both chronic asthma

and COPD,213,214 predicts impaired lung function in children215 and is up-

regulated in branching morphogenesis.149 Although these numerous studies

have been conducted, the role of ADAM33 in asthma has still yet to com-

pletely elucidated. By artificially expressing huADAM33 in the mouse, we

sought to investigate whether ectopic expression of sADAM33 will influence

lung structure; affecting vessels, smooth muscle formation and ECM such as

the lamina reticularis, and if changes have a knock on impact on pulmonary

function and airway inflammation. By use of the “Tet-On” doxycycline sys-

tem, a mouse model conditionally overexpressing huADAM33 was generated.

Remodelling is one of the two characteristic features of asthma. Much of

the existing literature focuses on the hypothesis that remodelling is secondary

to inflammation. This is based on the idea that inflammation is an early

feature in asthma, and whilst acute inflammation is beneficial and a normal

response to tissue injury, the chronic inflammatory process that is seen in

asthma leads to an aberrant healing response, with consequential excessive

connective tissue deposition and increased smooth muscle.216

Initial phenotyping experiments demonstrated the induction of ADAM33

caused remodelling of the airway by increased smooth muscle, interstitial

collagens and angiogenic factors including PECAM1 and collagen IV. This

occurred in the absence of any visible inflammation confirmed by RTqPCR

of inflammatory mediators as well as analysis of inflammatory cells. The

increase in angiogenesis is consistent with original functional work done in

vitro and ex vivo showing ADAM33 is proangiogenic. Current results confirm

and extend these studies by showing ADAM33 not only drives myogeneis,

but also increases collagen. Changes in smooth muscle are most commonly

measured by staining of α-SMA as done in this thesis. Image analysis can be

used to semi quantitatively analyse the amount of positive staining on the
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lung section, but this data has limited extrapolation value when it comes to

determining changes in smooth muscle.217 Staining of a more extensive range

of smooth muscle markers (desmin, calponin and smooth muscle myosin

heavy chain) could be undertaken to get a more definitive understanding

about smooth muscle deposition.218,219 Additionally, cell proliferation studies

using bromodeoxyuridine (BrdU) could be used to measure the cumulative

smooth muscle growth in the airways.220

It would seem that there is also marked remodelling activity around

the blood vessels, with increased smooth muscle evident. The interstitial

collagen was also laid down in abundance nearer the vessels. The increase in

vascularisation could be the result of both angiogenesis and remodelling of the

microvasculature itself. As already described, angiogenesis is the formation

of new vessels whilst microvascular remodelling refers to the changes in pre-

existing vessels. Both of these processes are highly correlated with asthma.71

Angiogenesis is driven by a variety of factors including FGF, VEGF, TGF-β,

PDGF, TNF-α and interleukins. Pericytes are active during the angiogenic

process and not only have they been shown to have a role in stabilisation the

vessels, it has also been shown that the endothelial cell-pericyte interaction

can regulate the expression of basement membrane constituents including

fibronectin and laminin.78 In addition to this, in various organs of the body

(including the brain, kidney and eye), the pericyte regulates angiogenesis and

vascular permeability, whilst in other organs a role has been demonstrated for

pericytes as a myofibroblastic precursor cell, and thus a fibrotic cell.221,222 At

this point, they lose their pericyte functions and consequently the endothe-

lium becomes unstable.223 Huang et al showed that 68 % of pericyte-derived

myofibroblasts were α-SMA positive after injury from Foxd1-expressing cells

in Foxd1-Cre; Rs26-tdTomato-R mice. An increase in Fn1 mRNA was

one consequence of driving ADAM33 expression as well as an increase in

smooth muscle activity around the vessels along with an increase in mRNA

expression of the pericyte marker Cspg4. This may suggest that these stem

cells are activated and could contribute the the smooth muscle deposition

and remodelling.
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Similar to extending the analysis of the smooth muscle, furthering the

understanding of the interstitial collagens could be done by using a hydrox-

yproline assay to measure collagen content. The hydroxyproline assay is

a direct colourimetic measure of collagen in tissue homogenates based on

the alkaline hydrolysis of the tissue and subsequent determination of free

hydroxyproline in hydrolysates.224 Hydroxyproline is a major component of

collagen and its presence makes it an ideal collagen marker. It is a very

common method employed during bleomycin-induced lung fibrosis.

The reversibility in remodelling genes and protein demonstrated by the

removal of DOX in the pilot experiment is encouraging. Changes were seen

at both the mRNA and protein level, and they both demonstrated that

removal of DOX and subsequent removal of ADAM33 expression halted the

remodelling changes occurring in the lung, but not only that, the changes

that had already occurred could be reverse to near baseline levels. Previous

experiments in the chronic asthma model have showed that cessation of the

antigenic challenge causes a cessation in the presence of eosinophils and

chronic inflammatory cells, however, no evidence of reversal of the fibrosis in

the airway could be seen.225 These two independent findings would support

the hypothesis that these phenomena are independent of each other.

Currently, there are no effective treatments that halt or reverse the

changes of airway remodelling and its effects on lung function. Several studies

using intervention at an early stage have used lung function as a measure

of improvement, rather than remodelling itself.226–228 Corticosteroids have

been the principle drug so far aimed at reversing remodelling and fibrosis,

and the data are conflicting.229 Jeffrey et al. used electron microscopy to

examine airway mucosal biopsies of patients before and after budesonide

treatment, and showed little differences in the depth of sub-epithelial collagen

deposition,230 while in a study by Trigg et al., IHC showed a reduction in

collagen III deposition in the basement membrane of beclomethasone dipro-

prionate treated patients compared to the control group.231 The conflicting

results may be due to the concentration of corticosteroids administered or

the duration or severity of the asthma studied. In a review by Chetta
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et al., they documented that high doses of ICS can significantly reduce

not only inflammatory cells but also components of remodelling including

vascular wall angiogenesis and thickening of the lamina reticularis, whereas

lower doses acted on the inflammatory cell infiltration only.232 This effct of

corticosteroids in the ADAM33 overexpressing need to be evaluated in future

studies.

4.9 Conclusion

These results suggest that ADAM33 expression is driving an airway remod-

elling process in the absence of inflammation supporting the idea that the

remodelled airway can occur before diagnosis.101 ADAM33 might become a

target for novel preventative or anti-remodelling therapies for asthma. The

next step forward is to study if these remodelled airways have abnormal lung

function or if a second hit is needed of allergen exposure or viral infection.

In the next chapter, the rederived Adam33 −/− will studied to whether the

changes attributed to ADAM33 described so far are attenuated in order to

better understand the role of ADAM33.
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Adam33 Knock Out Mouse

5.1 Introduction and Objectives

Having established that the ADAM33 transgene caused airway remodelling,

it was proposed to study the Adam33 −/− mice to see if the absence of

ADAM33 influenced the way a murine model of airway inflammation (in-

duced by HDM) responded in regard to inflammation, BHR and remod-

elling. The Adam33 −/− mouse was originally generated by Chen et al.173

in San Francisco. They examined the roles of ADAM33 in mammalian

development and in OVA challenge model for asthma. Mice deficient of

ADAM33 developed without any histological and anatomical abnormalities.

After sensitisation and intra-tracheal challenge with OVA to cause an allergic

inflammatory response in the airways, there were also no significant differ-

ences reported between the knock-outs and heterozygote control mice. Thus,

the inflammatory cell infiltration was examined and no significant differences

were seen between the average numbers of eosinophils and neutrophils in the

Adam33 −/− and the Adam33 +/− mice when challenged with OVA. However,

the data generated by Chen et al were limited due to the low number of mice

they tested (each group n = 4–5). Therefore, we re-derived the Adam33 −/−

mouse in order to assess whether these results are indeed reproducible using a

HDM (as a human aeroallergen)/saline challenge model, and also to examine

whether gene deletion has effects on airway remodelling (angiogenesis and

myogenesis), BHR and airway inflammation.
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The objectives of this study were to:

i) rederive the Adam33 −/− mice,

ii) determine if the loss of ADAM33 has an effect on inflammation in murine

models of allergic inflammation.

5.2 Results

5.2.1 Establishing the Adam33 −/− Mice

Adam33 −/− sperm was obtained from San Francisco and the Adam33 −/−

mice were re-derived onto an FVB/N background in the animal facility in

Cincinnati. Pups born from the cryopreserved sperm were heterozygotes,

and these were mated with further heterozygotes to obtain the 3 different

genotypes; knock out (Adam33 −/−), wild-type (Adam33 +/+) and heterozy-

gous (Adam33 +/−). PCR was performed on tail DNA to distinguish between

the different groups and demonstrated in Figure 5.1a. RNA was extracted

from lung tissue and cDNA synthesised to confirm that the mice were true

knockouts. RTqPCR showed no expression in the Adam33 −/− mice, strong

Adam33 expression in the Adam33 +/+ mice and moderate expression in

the Adam33 +/− mice. Therefore, this confirmed their correct genotyping,

but more importantly, showed no translatable message could be detected in

Adam33 −/− mice (Figure 5.1a and b).

5.2.2 Effect of HDM on Inflammation

Eight to ten weeks old age and sex matched Adam33 −/−, +/− and +/+ mice

were sensitised intra-peritonally with 10µg/200µl HDM at days 0 and 7, and

then challenged intra-tracheally with 100µl of 25µg/100µl at days 14 and 19

(controls at this time were given saline only). 3 days after the 2nd challenge

on day 22, mice were anaesthetised for lung function tests and then sacrificed

for necropsy.
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Figure 5.1: Identification of genotypes. DNA was extracted from tail tips and a
standard PCR assay done to ascertain mouse genotype. Using 2 primer sets173:
Adam33 null allele (PCR product size of 630bp) and Adam33 wild-type allele
(PCR product size of 440bp). A single band in the Adam33 null allele denotes an
Adam33−/−, a single band in the Adam33 null wild-type denotes an Adam33 +/+

and bands in both the Adam33 null allele and Adam33 null wild-type denote a
Adam33 +/− (a). Total RNA was extracted from the whole lungs (n = 6 per group)
and reversed transcribed to synthesise cDNA. RTqPCR was run for Adam33.
Adam33 mRNA expression in single lungs from Adam33−/− (cyan), Adam33 +/+

(red) and Adam33 +/− (purple) (b) mean Adam33 mRNA expression (c). Data
were analysed using the ∆∆Ct method normalising to the housekeeping gene
Gapdh and expressed relative to the Adam33−/− lungs. Data shown as mean + SD.

To assess the influence of knocking out Adam33 on the degree of inflam-

matory cell infiltration in BALF, the mouse lungs were flushed by repeated

intra-tracheal injection and subsequently withdrawal of 2× 1 ml PBS during

necropsy. After centrifugation of the BALF the cell pellets were resuspended,

counted and a cytospin of 100,000 cells performed. These were stained with

a DiffQuick stain in order to do an inflammatory cell count. Using a light

microscope at a 40× magnification, a total of 300 cells were counted per

slide, with macrophages, neutrophils, eosinophils and lymphocytes counted
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in each field of view. In the saline control from all genotypes, similar numbers

of macrophages, eosinophils and lymphocytes were observed (Figure 5.2a,

panels A–C). There was a tendency for more macrophages in the BALF

of Adam33 −/− compared to the Adam33 +/− and Adam33 +/+ mice. After

HDM challenge, however, there was a rapid infiltration of eosinophils in all

genotypes (Figure 5.2, panels D–F), but it was much less marked in the

Adam33 −/−(panel F). 91095± 16891 (SEM) eosinophils/ml BALF were de-

tected in the Adam33 −/− compared to the Adam33 +/+ where 185837±40204

eosinophils/ml BALF were observed (panel D). Similarly, there was greater

lymphocytic infiltration in the Adam33 +/+ compared to the Adam33 −/−

(134166 ± 29167 lymphocytes/ml BALF vs 54193 ± 21640 lymphocytes/ml

BALF). In the Adam33 +/− similar levels of inflammatory cells were seen to

that of the Adam33 +/+. The data however, were not statistically significant

(Figure 5.3) as the initial study groups only contained an n of 3. Further

studies will be required to increase the statistical power of the studies by

increasing the sample size.

5.2.3 Effect of Methacholine on Airway Resistance

On day 22, mice were anaesthetised, the trachea canulated for airway re-

sistance and BHR measurements in response to increasing nebulised doses

of methacholine challenges. Briefly, mice were intubated via tracheostomy

and mechanically ventilated. They were then subjected to increasing con-

centrations of methacholine nebulisations (PBS control, 12.5, 25, 50 and

100mg/ml), where between doses, lung resistance was measured as a measure

for BHR using a FlexiVent machine. The results of the lung function

and BHR tests showed that when challenged with HDM, the Adam33 −/−

mice showed evidence of increased BHR compared to saline challenged mice

(Figure 5.4a), however, the Adam33 +/+ showed a much greater resistance

when challenged with the HDM compared to both their equivalent controls

(Figure 5.4b) and to the Adam33 −/− (Figure 5.4c). In both, the BHR

increases above 25mg/ml, however, it takes nearly a 4× greater dose of

methacholine (100mg/ml vs. 25mg/ml) for the Adam33 −/− to generate a
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Figure 5.2: Inflammatory cell infiltration ± HDM in knockout and wildtype lung.
Mice were sensitised with HDM at day 0 and 7, before being challenged with 2
doses of HDM (saline for control mice) on days 14 and 19 before sacrifice at day 21.
BALF was collected and cells spun onto slides. These were stained with DiffQuick
to identify inflammatory cells from Adam33−/−, Adam33 +/+ and Adam33 +/−

(n = 3 per group).

similar BHR compared to the Adam33 +/+. This meant that the Adam33 −/−

might prevent BHR when challenged with HDM.
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Figure 5.3: Differential cell count analysis after HDM challenge in knock out and
wildtype mice. Analysis of inflammatory cells spun onto slides in the previous
figure: macrophages (M∅), neutrophils (Neu), eosinophils (Eo), and lymphocytes
(Ly) in Adam33−/− (cyan), Adam33 +/+ (red) and Adam33 +/− mice (purple)
after HDM challenge (n = 3 per group). Images taken at a 40× magnification and

300 cells were counted in total. Data are shown as mean + SEM.

5.2.4 Analysis of ADAM33 Protein Expression in

Adam33 −/− Mice

To confirm release of ADAM33 into BALF of wild-type mice challenged with

HDM (and absence in knockout mice), BALF from Adam33 −/−, Adam33 +/+

and Adam33 +/− was solubilised in Laemlli sample buffer and loaded onto

Tris/Glycine gels to perform a western blot to analyse ADAM33 expression.

As shown in Chapter 3, little ADAM33 could be detected in BALF of

unchallenged mice. However, when treated with HDM, bands around 76kDa

and 38kDa could be detected in the Adam33 +/+. However, these bands were

also evident in the Adam33 −/− compared to the saline controls (Figure 5.5).

These findings suggested some non-specific recognition of proteins in BALF

which were not ADAM33. Therefore further studies were undertaken to

characterise the antibody used in this study.
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Figure 5.4: Airway resistance in response to methacholine in Adam33−/− and
Adam33 +/+ after HDM/Saline challenge. On day 21 or 22, 2 to 3 days after the
2nd Sal/HDM challenge, airway resistance was measured in response to increasing
methacholine concentrations to assess bronchial hyperresponsiveness. Resistance
in Adam33−/− mice (cyan) (n = 3) (a), Adam33 +/+ (red) (n = 3) (b) where solid
lines represents saline challenge and hashed line represents HDM challenge and

overall comparisons (c). Data are represented as mean ± SEM. ? p < 0.05.

5.2.5 Transfection of Full Length Mouse ADAM33 into

Cos-7 Cells

In order to have a positive control to use on western blots to correctly

identify the ADAM33 protein, Cos-7 cells were transiently transfected with

the full-length mouse ADAM33 plasmid for 48-72h using the X-treme Gene

9 transfection reagent. To confirm transfection efficiency some Cos-7 cells

were also transfected with the fluorescent GFP protein, which can be readily

visualised under UV light. Cells were lysed in RIPA buffer and western blots

performed to detect ADAM33. (Figure 5.6b) demonstrates that in the Cos-
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Figure 5.5: Protein analysis for ADAM33 in BALF after HDM challenge. BALF
in Laemlli buffer was loaded on a 10 % Tris-Glycine gel. The gel was transferred
onto a PVDF membrane, and blocked in 5 % milk (in TBST) overnight with a goat
pAb against ADAM33. Secondary antibody incubation was with rabbit anti goat,
1:10000, before chemiluminescence with ECL+ and then visualised using the X-ray
film which was developed manually. Each band represents BALF from one mouse
lung from Adam33−/−, Adam33 +/+ or Adam33 +/− mice challenged ± HDM.

7 cells transfected with ADAM33, a distinct band can be identified whose

approximate molecular weight is between 102kDa and 76kDa suggesting a

processed form of ADAM33. This band is not detected in GFP lysates

or cells that have not been transfected. The plasmid transfected into the

cells was also FLAG-tagged, and this could be identified by western blotting

using a monoclonal mouse anti-FLAG antibody, but only in the ADAM33

transfected cells (Figure 5.6b).

5.2.6 Antibody Validation

Antibody validation is a critical step in being able to critically evaluate results

using these reagents. Western blotting and IHC/IFHC are the most common

ways to test an antibody. The easiest way to determine specificity would

be to see a single band at the correct molecular weight of the protein of

interest. However, multiple bands could suggest the presence of breakdown
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Figure 5.6: Transfection of mouse ADAM33 plasmid. Cos-7 cells were transfected
with full length mouse ADAM33, GFP or mock transfected. Cells were lysed for
western blotting. Cells were lysed in RIPA buffer, diluted in 1:1 in Laemlli sample
buffer and loaded on a 10 % Tris-Glycine gel. The gel was transferred onto a
PVDF membrane, and blocked in 5 % milk (in TBST) overnight with a goat pAb
against ADAM33 1:1000 (a) or a mouse mAb against FLAG 1:5000 (b) before
chemiluminescence with ECL+ and then visualised using X-Ray film which was

developed manually.

products or splice variants, but could also be non-specific. Immunising

peptides can be used to confirm the protein of interest. They contain the

same epitope as the protein of interest and are used in great excess so that

the antibody binds them rather than the sample. The pre-adsorbed and non-

absorbed antibodies are then tested in parallel, either by WB or staining. If

the antibody is specific, the addition of the blocking peptide will result in

loss of the band on the blot/staining on the tissue section. As mentioned

earlier, the appearance of a band at the approximate molecular weight of

ADAM33 in the Adam33 −/− raised the question of the specificity of the

antibody. Therefore, it was necessary to do some experiments to work out

the issues associated with this problem. To address this, numerous blots

were run under different conditions, examining both the properties of the

primary and different secondary antibodies, using the whole lung lysates as

blocking proteins and performing a ConA pulldown to isolate the glycosylated

proteins.

However, even this is misleading and so absence of staining in a knockout

is the gold standard for antibody validation. They obviously should not
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express the protein of interest, as there is no mRNA signal that can be trans-

lated into a functional protein. Thus, lungs were extracted from Adam33 −/−

and Adam33 +/+ to isolate fibroblasts for culture and lung lysates. These were

prepared for WB and the specificity of the mouse anti-ADAM33 examined.

Initially, a dose response was performed to ascertain whether the lysate from

Adam33 +/+ could block ADAM33 protein from Cos-7 cells transfected with

the full length ADAM33 plasmid. This was also done with the Adam33 −/−

lysate in order to block any of the non-specific bands. There was a dose

dependent inhibition of detection of the recombinant ADAM33 when pre-

adsorbed with the Adam33 +/+ lysate (Figure 5.7a [left blot]) and as would

be expected the Adam33 −/− lysate had no effect on blocking detection of

the recombinant ADAM33 (Figure 5.7a [right blot]). The lung lysate was

also diluted in PBS to run a ConA pulldown to collect all the glycosylated

proteins including ADAM33. This would hopefully remove all the non specific

bands on the blot. These samples were then blotted for ADAM33. This

made a marked difference, demonstrating a single band around 102kDa in

the Adam33 +/+ that was absent in the Adam33 −/−. As this was consistent

with the size of the plasmid positive control, it supports the basis that the

detected band is indeed ADAM33 (Figure 5.7b).

Due to these discrepancies seen, it was necessary to also determine if

the bands in the Il-13 dTg mice were indeed ADAM33. Consequently, the

Adam33 −/− lysate was also used to pre-adsorb the ADAM33 antibody before

blotting for ADAM33 in the BALF of these mice. 1ml BALF underwent

ConA pulldown and was then blotted for the pre-adsorbed antibody. Fig-

ure 5.8 shows that the bands at 76kDa remain in the Il-13 overexpressing mice

and the smaller bands around 52kDa can also still be identified. Again, this

would suggest that the bands are indeed ADAM33 and ectodomain shedding

has occurred.
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b) 

a) 

Figure 5.7: Blockade of ADAM33 protein to assess antibody specificity. Cos-7 cells
were transfected with mouse ADAM33 (+) or mock transfected (–). Cells were
then lysed in RIPA buffer for western blotting. Antibody was pre-adsorbed with
either Adam33 +/+ or Adam33−/− lung lysate to assess antibody specificity (a).
Homogenised lung from Adam33 +/+ and Adam33−/− were prepared for blotting
and the antibody pre-adsorbed with the Adam33−/− to remove the non-specific

bands (b).
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Figure 5.8: Confirmation of ADAM33 in BALF of Il-13 dTg mice. Adam33−/−

lysate was used to pre-adsorb the ADAM33 antibody before blotting of BALF from
Il-13 (n = 3) and litter mate control mice (n = 3) to confirm antibody specificity.
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5.3 Discussion

Chen et al. generated an Adam33 −/− mouse to determine if the absence of

ADAM33 had an effect on mammalian development and the modulation of

OVA induced BHR.173 After airway challenge with OVA and measurement of

airway responsiveness to acetylcholine, the Adam33 −/− mice showed normal

OVA allergen induced hyperresponsiveness. The inflammatory cell data

showed a trend for the Adam33 −/− mice to show less of an eosinophilic and

neutrophilic inflammatory response than Adam33 +/+ littermates, but due to

the low n number, it was not statistically significant or discussed in the paper.

We therefore sought to see if an alteration in Adam33 gene expression would

influence lung structure, affect vessel and smooth muscle formation and the

subsequent changes this might have on pulmonary function and inflammation

in the airway.

This initial study using male Adam33 −/− mice demonstrated that when

sensitised and then repeatedly challenged with HDM, BHR was observed

similarly to the littermate wild-type controls. The hyperreactivity was not as

marked as in the Adam33 +/+ mice, and this was also mirrored in the inflam-

matory response, which showed a trend for less eosinophilic, neutrophilic and

lymphocytic infiltration. In the asthmatic situation, the result of an inflam-

matory response is the release of inflammatory mediators and growth factors

such as IL-13, VEGF, PDGF and TGF-β. These cytokines have a variety

of effects, TGF-β for example has potent remodelling properties,233 while

VEGF has shown to be one of the most important pro-angiogenic factors in

vascular remodelling,234 and has been correlated with disease severity and

accelerated lung function decline.73,74 It has also been shown that the MP

domain of ADAM33 promotes angiogenesis.175 In the Adam33 −/− mice with

HDM (human aeroallergen) induced airway inflammation, it appears that

whilst the absence of ADAM33 does not completely abrogate inflammatory

cell infiltration and BHR after methacholine challenge, it does reduce the

extent to which it occurs and thus the severity of the response even at an

n = 3. These preliminary data show a similarity to the original study

by Chen. They too showed a tendency for there to be less inflammatory
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cell infiltration (eosinophil and neutrophil) in the Adam33 −/− compared to

their Adam33 +/+ littermates, but not significantly so, and they could see no

difference in BHR after methacholine challenge.

Whilst, a major limitation so far is the low experimental number, which

has not yet resulted in significance, it is likely that by repeating the experi-

ments and increasing the n-number this would likely show novel significant

and biologically meaningful results of suppressed BHR as well as reduced

airway inflammation in Adam33 −/− mice. Clearly, whilst increasing the

experimental number is necessary to more reliably make inferences about

the knock-outs compared to the rest of the population, it is also necessary to

keep animal numbers low but sufficient (according to guidelines by NC3Rs).

To this end, a sample size calculation was conducted, which is a hypothesis

test of the mean when the population standard deviation is known. Based

on estimates of differences in the means and standard deviations taken from

the data in this chapter, power calculations for BHR measurements were

performed using Statistic Solutions LLC.235 Assuming an 80 % power, a

5 % significance level, a two-sided test, and difference in airway resistance

of 5.1cmH2Oxs/ml between wild type and knockout mice is likely to be of

scientific interest, calculations estimated that a sample size of 18 mice would

be required when testing concentrations of methacholine at 0, 25, 50 and

100mg/ml. Whilst this remains important, it also should be noted that

because the lung function tests were spread over consecuative days, there

might be acute differences in the inflammatory environment within the mice.

Therefore, to increase reliablity and reproducabilty of the results, harvesting

of any subsequent mice would be performed on the same day. In view of

the effects of sADAM33 transgenic expression, loss of ADAM33 might be

expected to alter smooth muscle accumulation and BHR.

The analysis of protein expression in the lung lysate and BALF however,

is more perplexing. In the BALF, whilst as expected no specific bands

could seen in the unchallenged mice bands at 76kDa and around 38kDa were

demonstrated in some of the BALF from the Adam33 +/+ mice, which would

be consistent with processed ADAM33. However similar bands were also seen
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in the Adam33 −/− after challenge with HDM compared with BALF from

saline challenged controls. This is all very difficult to explain as RTqPCR

analysis demonstrated there was no mRNA expression in the Adam33 −/− so

the protein should not be able to be transcribed. One explanation would be

the antibody used is not specific enough and detects other proteins also, and

thus, although at the right molecular weights, the bands identified are in fact

not ADAM33. However, the antibody can detect mouse ADAM33 protein in

lysates from full-length transfected Cos-7 cells. To this end, the ADAM33

plasmid was incubated with antibody pre-adsorbed with Adam33 +/+ or

Adam33 −/− lysate to block specific and non-specific bands. The blockade of

the around 100kDa using the Adam33 +/+ which could not be blocked with

the Adam33 −/− would indicate the band detected by the antibody is indeed

ADAM33. Similarly, when the antibody was pre-adsorbed with Adam33 −/−

to block the detection of any non specific bands and used to detect ADAM33

in the lysate of the mice, ADAM33 was identified in the Adam33 +/+ only.

These results suggest that the antibody is specific to ADAM33, however, it

has not yet been possible to repeat this experiment in HDM challenged lungs

due to mice and machine availability, and so this still needs to be validated.

5.4 Conclusion

In summary, these results suggest that Adam33 −/− mice show a trend

towards decreased eosinophilic and neutrophilic inflammation and decreased

airway resistance compared to the Adam33 +/+ mice. Whilst the response is

not completely abrogated, it did reduce the severity of the response. Most

importantly, the n number needs to be increased, to conclude significance,

and further elements of airway structure need to be studied to elucidate if

the loss of ADAM33 has an effect on airway remodelling (smooth muscle

and ECM deposition as well as increased vessel formation) and phenotype.

As loss of ADAM33 function might results in decrease of BHR and airway

inflammation, this lets us speculate that inhibition of ADAM33 protein might

become a novel treatment for asthma in the future.
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Asthma is prevalent across the globe, and is one of the most common diseases

in the western world. GINA describe the condition as a chronic inflammatory

disease of the airways characterised by recurrent, but reversible airflow

obstruction and BHR to a variety of innocuous stimuli These episodes are

usually associated with widespread, but variable, airflow obstruction within

the lung that is often reversible either spontaneously or with treatment such

as an inhaled short-acting β2-agonist such as salbutamol.1

Asthma is a very complex disease, involving a combination of genetic

and environmental factors. In 2006 a review of nearly 500 papers on disease

association studies identified 25 genes that have been associated with an

asthma or atopy phenotype in six or more populations, with an additional

54 genes have been associated in 25 populations.236 ADAM33 is an asthma

susceptibility gene discovered in 2002,113 and is in particular associated with

the phenotype of BHR. Additionally, the quantitative trait locus for BHR

(bhr1) maps to a region on mouse chromosome 2 (74cM) that is very close

to the mouse ortholog of Adam33 (73.9cM).145

ADAM33 has a complex structure consisting of eight different domains,

which each conveys their own function. For example, the metalloprotease

domain is responsible for its sheddase activity,156,157,165 while the disintegrin

domain allows it to interact with integrins on the surface of neighbouring

cells.18,163,164 The function of ADAM33 in asthma however, still remains

largely unknown. There have been several studies to try and elucidate the
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function of ADAM33 and to identify a definitive role for ADAM33 polymor-

phism in asthma; current hypotheses include a role in airway remodelling

and BHR. The purpose of this study, through a variety of mouse models was

to understand better the role ADAM33 plays in the pathogenesis of asthma.

6.1 Novel Findings

Two mouse models have been used to study ectodomain shedding of

ADAM33 in the context of allergic airway inflammation, and transgenic

and knockout mice have been employed in gain and loss of function studies

to explore the biological function of sADAM33. First, the identification of

sADAM33 in the BALF of either Il-13 and HDM challenged Adam33 +/+

mice confirmed a link between allergy and ectodomain shedding of ADAM33.

In vivo measurements and in vitro studies linked the observed shedding of

ADAM33 of elevated levels of TGF-β, consistent with the studies of Puxeddu

et al using human ADAM33.175 Second, using a transgenic approach to

dissect function, the findings in this study provide novel data showing an

increase in aspects of airway remodelling including collagen deposition and

an increase in smooth muscle around the vessels as well as the airways. The

data also confirm expression of sADAM33 in vivo causes an increase in the

the levels of the endothelial cell marker, Pecam1 /PECAM1 at the mRNA and

protein level. This all extends previous work which showed ADAM33 is pro-

angiogenic.175 What was interesting to note was the increase in the pericyte

marker CSPG4 which is a progenitor cell for vascular smooth muscle. This

was seen at both the mRNA and protein level and could explain the increase

in smooth muscle around the vessels and may also point to a broader role for

pericytes in airway remodelling in asthma. Another important finding was

that the remodelling observed in the lungs of juvenile mice was reversible,

which suggests that therapies directed against sADAM33 may be useful

in early life. In addition to considering the function of ADAM33, loss of

function studies were also explored. Whilst data on the Adam33 −/− had
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been generated previously, the small experimental number warranted a re-

examination. Data in the current study was also limited due to the transfer

of mice to Southampton from Cincinnati and their subsequent rederivation.

However, the data, although limited have shown a trend towards a decrease

in BHR and inflammation when the animals sensitised and challenged with

allergen. These data warrant further in-depth studies of the knock out mouse

phenotype.

In addition to the studies on ADAM33, another interesting observation

was made with the Il-13 overexpression model. In this model, significant

neutrophilia was noted, which differed from the eosinophilia that had been

previously documented in Il-13 transgenic mouse studies.38,198 This neu-

trophilic response may well have been driven by the chemotactic factor KC,

which is the mouse analogue of IL-8 and was elevated in the lung lysate

at both the mRNA and protein level and also in the BALF of the Il-13

mice. The eosinophilic chemotactic factor IL-5 showed no difference between

the sTg and dTg mice. Such a response is similar to that seen in severe

asthmatics where, neutrophils are the predominant infiltrating inflammatory

cell. To this end, the idea of using this mouse to model the severe asthmatic

state could be a plausible option, and could be investigated by treating mice

with corticosteroids expecting to see little difference in their condition.

The following sections elaborate on each of these novel findings.

6.2 Allergic Airway Inflammation and

ADAM33

Studies of asthmatic BALF have shown there is an inverse relationship

between sADAM33 and lung function172 and Haitchi et al. had previously

shown that in murine models of maternal allergy (via OVA challenge) en-

hanced processing of the full length ADAM33 to generate smaller soluble

fragments of the protein.174 Based on these studies, it was hypothesised that
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in a murine model driving Il-13 overexpression with the use of the CCSP-

rtTA promoter and DOX to switch on expression, it would be possible to

induce the release of enzymatically active sADAM33 in BALF of Il-13 dTg

mice, and this would be associated with BHR and inflammation. Consistent

with this hypothesis, mice overexpressing Il-13 had increased BHR when

challenged with methacholine and this was associated with an increase of α-

SMA around their airways. sADAM33 could also be detected in the BALF

of these mice and it was also shown to have enzymatic activity. In addition

to these studies, a series of experiments were performed using the more

conventional HDM model of allergic inflammation and this provided results

similar to the Il-13 transgenic mouse. Thus, three models (OVA,174 Il-13,

and HDM) have all demonstrated a link between allergic inflammation and

processing of ADAM33 to release the enzyme as a soluble protein.

Further work needs to be done to establish the functional link between IL-

13, TGF-β and shedding of ADAM33. In a previous study by Puxeddu et al.,

it had been shown that TGF-β2 enhanced release of sADAM33 from cells

expressing full length ADAM33.175 Whilst TGF-β2 protein was not detected

in the Il-13 dTg mice, TGF-β1 was significantly elevated in the BALF and

lung lysate of these mice. To further evaluate the association of TGF-β

and the ectodomain shedding of ADAM33, SMAD2 phosphorylation could

be examined. SMAD2 mediates the downstream signalling of TGF-β to

regulate multiple cellular processes, such as cell proliferation, apoptosis, and

differentiation. SMADs bind to TGF-β receptors and are phosphorylated

to induce the association with the family member SMAD4, which aids

translocation to the nucleus, where it binds to target promoters and forms

a transcription repressor complex with other cofactors. However, a more

direct approach would be to use an intervention to block TGF-β activity

in the airways (e.g. a TGF-β neutralising antibody), to assess its effect on

shedding of sADAM33. Although time did not permit these studies to be

done, in vitro studies showed cells transfected with full length ADAM33 and

then treated with TGF-β caused a dose dependent increase in the ectodomain

shedding of ADAM33, which is consistent with the results seen in the mouse
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model. A similar experiment was also done treating the cells with IL-13, and

whilst there was some ectodomain shedding of ADAM33, it was not shed

to the same extent as to when transfected cells were treated with TGF-β.

However, as these experiments were performed in Cos-7 cells, this may reflect

differences in affinity of the human ligands for monkey cells.

The work presented here is beginning to define more closely how ADAM33

may interact with allergic airway inflammation to drive BHR and remod-

elling. Asthma is a complex disease influenced by both environmental factors

and genetic susceptibility. It is possible that when an atopic individual

encounters allergens, IL-13 is released, causing epithelial cells to induce

release of TGF-β as shown by Richter et al.204 The released TGF-β increases

ectodomain shedding of ADAM33 to promote a gain-of-function phenotype

caused by release of ADAM33 from its membrane anchor, and enabling it to

access substrates that it would not normally encounter. This is depicted in

Figure 6.1.

Although it was possible to show that there was a correlation between

shedding of sADAM33 and BHR in the two mouse models, further work needs

to be conducted to establish the direct contribution of sADAM33 towards

airway remodelling as well as BHR in these models. Blockade of ADAM33 in

the Il-13 transgenic model would be a possible way to ascertain if there is a

link between ADAM33 and BHR, although in the Il-13 model, because the

promoter is so strong and IL-13 drives a variety of inflammatory responses,

it would be much more difficult to abrogate such a response. Thus, gain

and loss of function studies were employed to assess the effect of sADAM33

without the confounding effects of other pathways being activated.

6.3 Gain and Loss of Function Studies of

ADAM33

Generation of transgenic mice to overexpress specific genes has proved to be

pivotal towards understanding the roles genes play in development, physi-
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Figure 6.1: ADAM33 in allergic airways inflammation. There is an interaction
between environment factors (allergens, etc) and the genetic susceptibility of an
individual. The dual combination of allergen and allergy stimulates the release of
IL-13 which triggers the release of TGF-β, which in turn promotes the release of

ADAM33.

ology and disease; similarly, much information can also be gained from the

elimination of a gene or the deletion of a functional domain of the protein,

using a knock-out mouse. The precise role of ADAM33 still remains elusive,

but by driving overexpression of ADAM33 it was hoped potential influences

in remodelling of the airway would become more evident. A phenotype for the

ADAM33 mouse has now been successfully characterised. When sADAM33

was overexpressed, a remodelled airway was identified; smooth muscle and

ECM components were laid down in excess and angiogenesis was increased.

Two of the two most striking features of the ADAM33 dTg mouse were

the induction of remodelling and the complete absence of any inflammation.

Thus, at the mRNA level, key remodelling genes including Acta2, Fn1, Lox,
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Pecam1 and the interstitial collagens were significantly elevated. This was

then mirrored at the protein level, where smooth muscle was increased around

both the airways and the vessels of the ADAM33 dTg mice. Trichrome

staining also demonstrated the deposition of collagen beneath the lamina

reticularis in these mice. In contrast, inflammatory genes or inflammatory

cell numbers were unaffected by sADAM33 expression. Most interestingly,

if DOX was removed from a group of mice to halt ADAM33 expression, the

remodelling changes were reduced, and reversal of the phenotype was evident

with both mRNA and protein levels similar to the littermate control mice.

This was a very promising finding from a therapeutic perspective.

Whilst initial phenotyping was conducted in adult mice, the majority

of the experiments were conducted in juvenile mice, which had ADAM33

switched on in utero. The changes seen in both the adult and juvenile

lungs were similar. As expected, the longer the duration of ADAM33

induction, the greater the remodelling changes seen. It would be expected

that the developing lung would be more susceptible to the changes induced

by ADAM33, but because these changes were also seen in the adult lung, it

suggests that the changes are continuously inducible in susceptible lungs. The

remodelled airway seen in these juvenile dTg mice is consistent with studies

examining remodelling of the airways in children. It was these observations

in children that first led to speculation that remodelling was independent of

inflammation rather than a secondary phenomenon.5 Saglani et al. demon-

strated that in infants with recurrent wheeze, the lamina reticularis was

thickened,63 and similarly other studies have shown the epithelial cells from

asthmatic children had elevated levels of TGF-β,103,104 consistent with adult

asthmatics.

Mechanisms surrounding these structural changes still need to be eval-

uated in more detail, but cross-talk between different cell types including

pericytes and their associated mediators appear to play a possible role. Little

is known about the role of pericytes in asthma or lung disease. Johnson et al.

applied a novel model of HDM induced allergic asthma to study mechanisms

of myofibroblast accumulation and tissue remodelling in mouse airways.237
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They showed vascular smooth muscle cells and pericytes appeared to detach

from vessels and migrate under the tracheal epithelium where α-SMA was up-

regulated. A recent study by Huang et al. identified pericytes as significant

contributors to the production of ECM proteins of lung tissue damaged by

the fibrotic agent bleomycin.223 They were shown to be a major contributor to

collagen deposition as well as major progenitors of fibrogenic myofibroblasts.

Together with these existing data, and those presented in this thesis, it

would suggest that these pericytes, may be implicated in the origins of the

accumulation of smooth muscle in asthma.

At the start of this study, the pre-existing work on the Adam33 −/− was

limited and provided a negative view of the role of ADAM33 in models

of allergic airway inflammation and asthma.173 Adam33 −/− mice developed

normally, with no anatomical or histological abnormalities detected in any

tissues. To assess the potential role in asthmatic models, Adam33 −/− mice

and appropriate controls were sensitised and then challenged intranasally

with OVA to cause an allergic response in the lung and airways. Sensitised

and challenged Adam33 −/− mice were able to generate an allergic humeral

response similar to the controls and loss of ADAM33 did not significantly af-

fect allergen-induced inflammation by way of the infiltration of inflammatory

cells or BHR. However, closer examination of data for inflammation showed

a tendency for decreased inflammation in the Adam33 −/− mice, thus the

lack of any significant data could well have been due to low sample number.

These data also pre-dated the discovery of the proangiogenic functionality

of ADAM33, which could have suggested a link between ADAM33 and

facilitation of an inflammatory response through increased vessel number.

Rederivation of the Adam33 −/− mice showed they also had a trend for

a decreased inflammatory response compared to the wild-types (but again

these numbers were low), and they also lacked any ectodomain shedding of

ADAM33 as expected. Further work is required to increase the number of

mice studied to definitively show a link between ADAM33 and inflammation.

These contrasting responses from gain and loss of function studies support the
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idea that ADAM33 plays an important part in the asthmatic airway98,103,104

and this is depicted in Figure 6.2.
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Figure 6.2: ADAM33 in remodelling. Ectodomain shedding to release sADAM33
can induce remodelling changes in the airway including: increased in airway
wall thickness, increased smooth muscle, increased angiogenesis and microvascular

leakage, which can facilitate inflammation.

One of the fundamental aspects that still needs to addressed is the

baseline lung function and BHR data from the lung function tests. It

would be hypothesised that there would be an increased resistance in the

ADAM33 dTg mice, however, it is also plausible that due to the increase in

smooth muscle and collagen below the lamina reticularis, the airway could

be less compliant due to increased rigidity. It will also be important to

ascertain the consequences of a dual effect, i.e. whether a remodelled airway

is more sensitive to the effects of allergens, both in terms of sensitisation

and responsiveness. If the ADAM33 overexpressing mice were sensitised

and challenged in a similar fashion to the knock-out mice or with a dose of

HDM just enough to elicit an inflammatory response, it would be realistic

to expect increased BHR after methacholine challenge. If this were the case

it would support the idea that in an already vulnerable airway, allergen

challenge propagates an exaggerated response culminating in the chronic

activation of the airway and would mirror more closely the asthmatic airway
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environment where a chronic inflammatory process can be seen. In addition

to this, the effect of maternal allergy in utero could be studied to see if this

enhances any predisposition. In the Adam33 −/− mice, after sensitisation and

challenge with HDM there was a decreased inflammatory response compared

the Adam33 +/+, therefore it would also be reasonable to assume that by

titrating down the dose of HDM, similar to the proposal in the ADAM33

overexpressing mice, it would be possible to distinguish effects of BHR

between the knock-outs and wildtypes.

6.4 Future Work

There is an array of further work that can be conducted utilising these mouse

models to characterise ADAM33 as in depth as possible and these have been

described in the preceding sections. As detailed below, there are many other

studies that could be undertaken based on the current work.

6.4.1 ADAM33 Inhibitors

If ADAM33 was to be a target for any potential treatment with the hope

of halting the structural changes associated associated with remodelling,

these could be instilled in vivo. The preliminary results for reversibility

were promising; with removal of DOX and thus abrogation of sADAM33

expression resulting in suppression of mRNA levels of remodelling genes to

similar to levels of the control mice as well as decreased protein staining,

indicating at least a partial reversal of the remodelled airway. The extent

of reversal needs to be examine more closely. While early data here have

shown partial reversal of the remodelling airway by demonstrating smooth

muscle deposition similar to control mice as opposed to ADAM33 dTg mice

on DOX continuously for one or two months, speculation about long term

remodelling changes remains. One of the enzymes shown to increase in the

ADAM33 dTg mice was LOX. LOX functions to post-translationally modify

collagens in the ECM to catalyse the covalent cross-linking of fibres.238,239
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Collagen cross-linking is essential for the stabilisation of collagen fibres and

thus matrix rigidity. One of the major substrates for LOX is collagen I

and this is synthesised by activated fibroblasts. In healthy lungs, fibrob-

lasts are quiescent, and collagen turnover is low, however, during diseases

including asthma, the fibroblasts are activated and start producing excess

ECM components such as collagen and fibronectin.240 Consequently, with

the results demonstrating both an increase in collagen I and LOX, over time

it would be expected that the matrix laid down might become more cross-

linked compared to the juvenile lung which then may affect lung mechanics.

Therefore, longer time points and older mice would need to be examined

to see whether ECM deposition could be halted and reversed in a more

mature lung where ECM cross-linking is more established. To this end, over

time ADAM33 inhibitors could be a potential therapeutic option, and in

collaboration with the chemistry department, in vitro experiments examining

their effect on ADAM33 enzymatic activity have begun using FRET assays

to assess inhibition of sADAM33 enzymatic activity.

6.4.2 ADAM33-Ecto Mouse

In addition to the ADAM33-PPP transgenic mouse which contains the MP

domain discussed in this thesis, another transgenic has been generated which

expresses the whole ectodomain of ADAM33. Whilst it is known that certain

functions can be attributed to specific domains of the ADAM33 protein, for

example, ectodomain shedding to the MP domain and cell adhesion to the

disintegrin domain,241 some domains still remain elusive and this mouse will

allow any potential contribution of the other domains of ADAM33 to be

studied. This mouse will be used to determine if the other domains have

any influence in cellular changes. Other members of the ADAM family

have been more closely characterised in carcinogenesis where the adhesion

of tumour cells is important. ADAM12, an evolutionary close relative of

ADAM33, has been shown to have 2 alternatively spliced forms; of these,

ADAM12-S, lacks the transmembrane and cytoplasmic domains and could

be secreted in vitro to provoke myogenesis.242 Iba et al. have also shown that
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in different ADAMs, the domain that facilitates these interactions is varied;

whilst the disintegrin domain of ADAM15 aided tumour cell adhesion, it was

the cysteine-rich domain of ADAM12 that was responsible in another.167 If

these other domains of ADAM33 were investigated, they may complement

new migratory patterns or modify the activity of the MP domain. For

example it could facilitate binding of sADAM33 to a specific cell type via the

disintegrin domain so providing it with additional protease capability or it

could affect the presentation of the substrate to the ADAM33 protease active

site.

6.4.3 Links With Genetic Studies

The exact role of ADAM33 in asthma is unclear.243 Various studies have

reported a cluster of SNPs in the ADAM33 gene that have significant asso-

ciation with asthma and related phenotypes.143,244 These SNPs occur across

multiple parts of the gene that map to several domains of the protein. These

genetic variations could be responsible for the alterations in the function of

ADAM33. A number of ADAM33 transcripts are expressed in human airway

fibroblasts and SNPs are found in introns close to splice sites. Generation of

these multiple spliced variants has been reported, and gives rise to proteins

that may have distinct functions.161 Although a spliced variant has been

identified that encodes a putative soluble form, its expression level is low

and not different in asthma.161 Therefore, it is more likely that sADAM33

arises by ectodomain shedding. Therefore, when thinking about these genetic

links, the two regions of interest for this work are the MP and transmembrane

and cytoplasmic domains. The MP domain has shown to be important

based on the phenotype of the ADAM33 transgenic mice, thus, SNPs in

and around the MP domain should be considered. Figure 6.3 highlights

the MP domain in red and the associated polymorphism labelled L1 which

contains a switch. Secondly, the process in which ADAM33 is shed from the

surface also warrants closer analysis, and so SNPs in the transmembrane and

cytoplasmic domains need to also be considered. Multiple SNPs have been

identified in these regions; S2 and T1 in the transmembrane domain (yellow
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Figure 6.3: ADAM33 SNPs. The reported SNPs in the ADAM33 gene with
highlighted SNPs of interest; F1 and L1 in the catalytic domain (red), S2 and
T1 in the transmembrane domain (yellow) and T2, V1 and V2 (green) in the

cytoplasmic domain (green).162

line) and T2, V1 and V2 in the cytoplasmic domain (green line). Holgate

et al. had identified L1 as an asthma-associated SNP of interest thought to

influence substrate binding as well as I2 which is likely to influence proteolytic

activity to due its contribution to the cysteine switch.162,169 Polymorphisms

that encode in the transmembrane or cytoplasmic domain for example, could

lead to alterations in the ectodomain shedding, which could cause ADAM33

to have the potential to exert its effects where it would not usually have

access to in its membrane bound form. Mutations in the ADAM33 protein

could be inserted into cells in vitro or another transgenic model in vivo to

see if this influenced the shedding of ADAM33.

6.4.4 Models of the Asthmatic Environment

It is well documented that animal models of asthma are limited as asthma

is a uniquely human disease. Cats (eosinophilic bronchitis)245,246 and horses

(heaves)247 are sometimes considered the exception, thus the most common

used animals to model asthma which includes mice do not exhibit any of

the asthma like symptoms. Asides from the obvious anatomical differences,

mice do not exhibit spontaneous BHR and have a more limited airway

musculature,248,249 however, they allow the whole physiological system to

157



Chapter 6. Final Discussion

be studied rather than one particular organ system. Mice still remain the

ideal model for modelling asthma because of the complex knowledge that is

known about their genetics.250 Although no mouse model fully mimics the

full range of clinical symptoms in asthma, many do reproduce a collection

of these features which enables the basic phenotype to be mimicked. As

mentioned in the results section, the predominant neutrophilia observed from

Il-13 overexpression suggests that further investigation of this as a model of

severe asthma may be useful for studying corticosteroid refractory disease.

To study this, different situations could be modelled. For instance Il-13

could be switched on in the Il-13 dTg mice to induce neutrophilia and then

split into experimental groups to test the effects of corticosteroids. Different

regimes of steroid treatment could be tested. After the set time period, mice

would be sacrificed for analysis. Identification of steroid insensitive responses

may give new insight into disease mechanisms and targets for further study.

6.4.5 Final Conclusion

The data presented in this thesis shed further light on to the elusive role

of ADAM33 in airway inflammation, airway remodelling and asthma. Both

the genetic and environmental components highlight the complex nature of

asthma. It has been demonstrated that on its own ADAM33 can cause

remodelling of the airway, independent of inflammation. This is significant

in furthering understanding of the early life pathogenesis of the disease where

in pre-school children, changes in the airway are evident before any clinical

diagnosis. In the context of maternal allergy, it is hypothesised that the

susceptible foetus (with pre existing ADAM33 polymorphism), IL-13 from

the mother propagates a series of responses that begins with release of TGF-

β which causes ADAM33 to lose its membrane-bound anchor and as such

ectodomain shedding occurs. The knock on effects of this airway remodelling

are: an increase in airway wall thickness, smooth muscle proliferation and

an increase in angiogenesis, which will in turn facilitate inflammation. After

birth, the remodelling airway may facilitate allergen sensitisation and/or

challenge leading to increased inflammation and BHR. In addition, IL-13
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will continue to drive ectodomain shedding of ADAM33. Thus, while both

inflammation and remodelling can independently lead to the alterations seen

in the asthmatic airway, when together they synergise to cause chronic

asthma and are able to drive each other in a paracrine fashion. This is

demonstrated in Figure 6.4.

While the focus of this study was the interaction with allergy, several

other mechanisms may lead to increases in TGF-β that may affect ADAM33

shedding. For example the TGFB2 promoter polymorphisms have been

reported in asthma and many give rise to the observed epitheial expression of

TGF-β2.
251 In addition, epithelial injury can give rise to TGF-β expression.205

Since the epithelium is more susceptible to injury in asthma51,252 this may

also have underlying genetic predisposition (e.g. CDHR3 253 or PCDH1 254).

Further work will be required to explore these interactions.
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Figure 6.4: The involvement of ADAM33 in remodelling. Remodelling can be
propagated in two different manners. In the first instance there is an interaction
between environment factors (allergens, etc) and the genetic susceptibility of an
individual. The dual combination of allergen and allergy stimulates the release of
IL-13 which triggers the release of TGF-β, which in turn promotes the release of
ADAM33. In the second instance aberrant ADAM33 processing drives ectodomain
shedding without the need for allergic stimulation. The resultant ectodomain
shedding in both cases can then drive remodelling processes including: an increase
in airway wall thickness, increased smooth muscle, increased angiogenesis and

microvascular leakage, which can facilitate inflammation.
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Appendix A

Reagents, Media and Buffers

A.1 Cell Culture Media

A.1.1 DMEM Complete

Dulbecco’s Modified Eagles Medium (DMEM)

10 % (v/v) Heat-inactivated foetal bovine serum (FBS)

50 IU/ml Penicillin

50 µg/ml Streptomycin

2 mM L-glutamine

1 mM Sodium pyruvate

1 mM Nonessential amino acids (MEM)

A.1.2 Serum Free Medium (SFM)

UltraCulture

50 IU/ml Penicillin

50 µg/ml Streptomycin

2 mM L-glutamine
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A.2 Genotyping

A.2.1 Tail Digestion Buffer

50 mM Tris

100 mM EDTA

100 mM NaCl

1 % SDS

A.2.2 Solution III

5M Potassium Acetate

Glacial Acetic Acid

A.2.3 50x Electrophoresis Buffer (TAE)

2 M Tris

50 mM EDTA

5.7 % Glacial Acetic Acid

A.2.4 1.5 % Agarose Gel

1.5 % Agarose

0.0001 % Ethidium Bromide
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A.2.5 Genotyping Primers

Ccsp-rtTA

Sense Primer ACTGCCCATTGCCCAAACAC

Anti-sense Primer AAAATCTTGCCAGCTTTCCCC

Product Size 440bp

Annealing Temp. 57◦C

Il-13

Sense Primer CACCGGGACCGATCCAGC

Anti-sense Primer TGGAGATGTTGGTCAGGGAATC

Product Size 300bp

Annealing Temp. 57◦C

ADAM33-PPP-3FLAG

Sense Primer CAGCTTCTCAGGACTCTGGACATTC

Anti-sense Primer CGGGATCACTACTTGTCATCGTC

Product Size 636p

Annealing Temp. 55◦C

Adam33 null allele

Sense Primer TCAACACGAAAGCAATGTCC

Anti-sense Primer GTTGTAAAAC GACGGGATCG

Product Size 463bp

Annealing Temp. 54◦C

Adam33 wildtype allele

Sense Primer TCAACACGAAAGCAATGTCC

Anti-sense Primer TGGCGTTATCTGCAACA ATC

Product Size 440bp

Annealing Temp. 54◦C
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A.3 RTqPCR Primers

ADAM33-(Exons G&H)

Sense Primer CCTGGAACTGTACATTGTGGCA

Anti-sense Primer GTCCACGTAGTTGGCGACTTC

Assay Type Taqman

Source PrimerDesign

Acta2

Sense Primer CTCTTCCAGCCATCTTTCATTG

Anti-sense Primer GTTGTTAGCATAGAGATCCTTCCT

Assay Type Taqman

Source PrimerDesign

Col1a1

Sense Primer TCGTGGCTTCTCTGGTCTC

Anti-sense Primer CCGTTGAGTCCGTCTTTGC

Assay Type Primer/Perfect Probe

Source PrimerDesign

Col3a1

Sense Primer ATATGCCCACAGCCTTCTAC

Anti-sense Primer CAGGAATGCCAGGAGGAC

Assay Type Primer/Perfect Probe

Source PrimerDesign

Fn1

Sense Primer AAGAGGACGTTGCAGAGCTA

Anti-sense Primer AGACACTGGAGACACTGACTAA

Assay Type SybrGreen

Source PrimerDesign
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Lox

Sense Primer GACATTCGCTACACAGGACAT

Anti-sense Primer AACACCAGGTACGGCTTTATC

Assay Type Primer/Perfect Probe

Source PrimerDesign

Tgfb1

Sense Primer TGGACACACAGTACAGCAAG

Anti-sense Primer GTAGTAGACGATGGGGCAGTG

Assay Type Taqman

Source PrimerDesign

Tgfb2

Sense Primer AAAAACATCAAAACAAAACAGGAAAAT

Anti-sense Primer GCAGAGAGCAATACAGAGGAA

Assay Type Taqman

Source PrimerDesign

Pecam1

Sense Primer TCCAACAGAGCCAGCAGTAT

Anti-sense Primer GCGATGACCACTCCAATGAC

Assay Type SybrGreen

Source PrimerDesign

Col4a1

Sense Primer ATAGCCAAAGCCAAACCCATT

Anti-sense Primer CGCAGAGCAGAAGCAAGAA

Assay Type SybrGreen

Source PrimerDesign
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Cspg4

Sense Primer ATGCTCCCGTCCTCACTAAC

Anti-sense Primer GAAGAGGTGGTCGGCAGAA

Assay Type SybrGreen

Source PrimerDesign

A.4 SDS-PAGE Buffers

A.4.1 RIPA Buffer

50 mM Tris

150 mM NaCl

1 mM EDTA

1 % Triton-X-100

1 % Sodium Deoxycholate

0.1 % Sodium Dodecyl Sulphate (SDS)

A.4.2 Separation Gel

10 % (w/v) Acrylamide/0.8 % Bis-acrylamide

375 mM Tris-HCl pH 8.8

0.1 % (w/v) SDS

0.05 % (w/v) Ammonium persulphate (APS)

0.05 % (v/v) TEMED

A.4.3 Stacking Gel

3.75 % (v/v) Acrylamide/0.8 % Bis-acrylamide

125 mM Tris-HCl pH 6.8
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0.1 % (w/v) SDS

0.05 % (w/v) APS

0.1 % (v/v) TEMED

A.4.4 Tris-Glycine-SDS Running Buffer pH 8.3

25 mM Tris

192 mM Glycine

0.1 % (w/v) SDS

A.4.5 Coomassie Brilliant Blue Stain

0.01 % Coomassie Brilliant Blue R

45 % (v/v) Methanol

10 % (v/v) Glacial Acetic Acid

A.4.6 Gel Destain

25 % (v/v) Methanol

10 % (v/v) Glacial Acetic Acid

A.5 Western Blotting Buffers

A.5.1 Transfer Buffer pH 8.0-8.3

25 mM Tris

192 mM Glycine

20 % (v/v) Methanol

201



Appendix A. Reagents, Media and Buffers

A.5.2 Tris Buffered Saline (TBS)

137 mM Sodium Chloride

50 mM Tris

Adjust to pH 7.6 with HCl

A.5.3 Blocking/Antibody Buffer

0.1 % (v/v) Tween 20, 5 % Dried milk powder in TBS

A.5.4 Wash Buffer

0.1 % (v/v) Tween 20 in TBS

A.5.5 Stripping Buffer

100 mM β-mercaptoethanol

2 % (w/v) SDS

62.5 mM Tris pH 6.7

A.6 IHC/IFHC Buffers

A.6.1 Citrate Antigen Retrieval Buffer

0.01 M Citric Acid pH 6.0

A.6.2 10x Phosphate Buffered Saline (PBS)

727 mM NaCl

45 mM Na2HPO4

5.7 mM Na2HPO4·H2O
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A.6.3 Wash Buffer

1:10 dilution 10× PBS & 0.2 % Triton-X-100

A.7 Concanavalin A Pulldown Buffers

A.7.1 ConA Activation Buffer

20 mM Tris-HCl pH 7.4

1 M NaCl

5 mM CaCl2

5 mM MgCl2

5 mM MnCl2

A.7.2 10x Tris/NaCl Stock

200 mM Tris-HCl pH 7.4

5 M NaCl

A.7.3 Wash Solution

1:10 dilution of 10x Tris-HCl/NaCl stock

A.7.4 Final Wash Solution (without NaCl)

20mM Tris-HCl pH 7.4
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A.7.5 ConA Sample Buffer

62.5 mM Tris HCl pH6.8

2 % SDS

10 % -D-mannopyranoside

0.01 % bromophenol blue

5 % 2-mercaptoethanol
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Publication List

B.1 Publications

Davies, ER; Chen, G; Holgate, ST; Davies, DE; Whitsett JA; Haitchi, HM

(2014) Soluble ADAM33 Is Increased And Enzymatically Active In BALF

And Is Associated With Bronchial Hyperresponsiveness In Il-13 Overexpress-

ing Mice. (Manuscript in Preparation)

Davies, ER; Zhang, L; Holgate, ST; Davies, DE; Whitsett JA; Haitchi,

HM (2014) Soluble Human ADAM33 Induces Airway Remodelling Indepen-

dent Of Airway Inflammation In a Conditional Transgenic Mouse Model.

(Manuscript in Preparation)

B.2 Oral Presentation

Davies, ER; Chen, G; Holgate, ST; Davies, DE; Whitsett JA; Haitchi, HM

(2012) Soluble Adam33 Is Increased And Enzymatically Active In BALF And

Is Associated With Bronchial Hyperresponsiveness In Il-13 Overexpressing

Mice. Winter British Thoracic Society Meeting 2012
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B.3 Poster Discussion

Davies, ER; Zhang, L; Holgate, ST; Davies, DE; Whitsett JA; Haitchi, HM
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Of Airway Inflammation In a Conditional Transgenic Mouse Model. Amer-

ican Thoracic Society International Meeting, San Diego, USA. Abstract
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B.4 Poster Presentation

Davies, ER; Chen, G; Holgate, ST; Davies, DE; Whitsett JA; Haitchi, HM
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