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Background

Normal anatomy and histology of the airways

The airways of the lungs can be divided into two functional compartments; the
conducting airways and the respiratory airways. The conducting airways begin
outside the lungs with the nose/mouth and end at the terminal bronchioles. Their
main function is to transport air to the respiratory bronchioles and alveoli, where
blood is oxygenated and cleared from carbon dioxide. In order to allow effective
gaseous exchange, the airways of the lungs branch out to reach approximately 700
million alveoli.

Bronchial airways

The bronchial airways represent the large conducting airways. Originating from
the trachea, the left and right main bronchi enter the lungs where they later branch
into secondary and tertiary bronchi. The bronchial wall consists of several layers,
which can be organised into epithelium, lamina propria, muscularis mucosa, and

submucosa (Figure 1).
Mucus
/ Goblet cell

Basement membrane
s . ® ®

w— Smooth muscle

Lamina propria

Gland

- ———Cartilage

Figure 1.
Main structures of the bronchial wall.
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Bronchial epithelium

The luminal surface of bronchial airways is covered by a pseudostratified ciliated
columnar epithelium consisting of four different cell types: ciliated columnar cells,
mucus-producing goblet cells, basal cells, and neuroendocrine cells. Cilia are hair-
like projections on the apical surface of ciliated cells. Their main function is to
distribute mucus across the epithelial surface and to filter incoming air from
unwanted material. The latter process is carried out by mucociliary clearance,
where particles such as dust or bacteria adhere to mucus and get transported to the
pharynx by ciliary movement.' From the pharynx, the mucus can be swallowed to
the stomach for digestion or spitted out. Neuroendocrine cells in the epithelium
respond to neuronal input and are capable of releasing a variety of bioactive
amines and peptides that can affect autonomic nerve terminals or vasculature.’
Adjacent epithelial cells are connected tightly to each other by various tight
junctions and the epithelium itself is connected to the basal lamina by
hemidesmosome formations found on the surface of basal cells.’ Besides
anchoring the epithelium, basal cells are believed to be stem cells that can
differentiate to other epithelial cells when needed.*

Lamina propria

The lamina propria is a layer of connective tissue that is found beneath the
epithelium. Closest to the epithelium lies the basal lamina and the lamina
reticularis, which together form the subepithelial basement membrane (SBM).
This thin membrane consists of several collagens, laminin, and perlecan that are
highly cross-linked to form a dense extracellular matrix of connective tissue. The
composition of connective tissue beneath the basement membrane is on the other
hand loose and elastic, allowing many cells to infiltrate and populate this region.
Blood vessels, lymph vessels, glands, and autonomic nervous system components
are also found in the lamina propria.

Muscularis mucosa

Beneath the lamina propria comes a layer of smooth muscle, which separates the
lamina propria form the submucosa. The physiological role of airway smooth
muscle is currently unclear, as no consensus exists regarding what useful function
contraction might play. Some experts argue that this is a vestigial organ similar to
the appendix with no obvious physiological consequences if eliminated.’ In any
regards, abnormal smooth muscle function can cause airflow obstruction for
example in patients with asthma.

Submucosa

The bronchial submucosa contains cartilage that supports the bronchi and limits
the degree of airway narrowing during smooth muscle contraction. Serous and
mucous glands can also be found in this region.
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Bronchioles

The tertiary bronchi branch into bronchioles (or ‘small airways’) which in turn
branch into terminal and respiratory bronchioles. Bronchioles and terminal
bronchioles belong to the conducting airways whereas respiratory bronchioles
belong to the respiratory airways. The airway wall can be organised into
epithelium, lamina propria and muscularis mucosa.

Bronchiolar epithelium

The bronchiolar epithelium starts as ciliated/columnar but changes to
ciliated/cuboidal as the luminal diameter decreases. Goblet cells are present in the
large bronchioles, but not in the terminal or respiratory bronchioles that follow.
Instead, the epithelium here contains clara cells, which are non-ciliated cells that
secrete surfactant in order to reduce surface tension during respiration. Clara cells
also have detoxifying functions and are capable of dividing and differentiating into
other epithelial cells.” Similar to bronchi, adjacent epithelial cells are connected
tightly to each other and to the basal lamina.

Lamina propria and muscularis mucosa

The lamina propria and muscularis mucosa are analogous to that of the bronchi,
with the exception that glands cannot be found.

Alveoli

Alveoli are found scattered in the walls of respiratory bronchioles and in small
clusters called alveolar sacs at the end of bronchioles. The alveoli are gas
exchange units where carbon dioxide is removed from blood and replaced with
oxygen (Figure 2). It is estimated that the combined surface area of gas diffusion
in the alveoli reach above 100 square metres.® The alveolar wall, which is
distinctively different from that of the bronchi or bronchioles, can be organised
into epithelium, basal lamina, interstitium, and capillary endothelium.

Alveolar epithelium

The alveolar epithelium consists of type I and II pneumocytes. Although type I
pneumocytes are fewer than type Il pneumocytes (40% vs. 60%), they cover 96%
of the luminal surface.” Their main function is to form a structural barrier that
allows carbon dioxide and oxygen to diffuse between the lumen and capillaries.
The remaining 4% of the luminal surface is covered by type Il pneumocytes,
which secrete surfactant to reduce the surface tension during respiration. Type II
pneumocytes are also capable of dividing and differentiating into type I
pneumocytes. Similar to bronchi and bronchioles, the epithelial cells are connected
to each other and to a basal lamina.
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Figure 2.
Bronchioles lead air to the respiratory zone, where gas exchange occurs.

Basal lamina, interstitium and capillary endothelium

The basal lamina of the epithelium is most often fused with the basal lamina of the
capillary endothelium. This results in a very thin layer where most of the gaseous
exchange is believed to occur. In the remaining regions, the basal lamina of alveoli
and endothelium is separated by an interstitium (or ‘alveolar septum’) where
elastic fibres, collagen, and various cell types can be found. Adjacent alveoli may
share the same interstitium with each other.

Introduction to asthma

Asthma is a chronic respiratory disease affecting an estimated 300 million people
worldwide. It is more common in developed countries than developing ones, with
prevalence rates ranging between 1 to 18%. Asthma affects people of all ages: it is
one of the most common chronic diseases of childhood, adolescence and
adulthood. The disease can have a significant impact on school or work
performance and daily life activities. Unfortunately asthma can also lead to death,
especially if untreated. To raise awareness of asthma, the Global Initiative for
Asthma (GINA) was initiated in 1993 in collaboration with several collaborators,
including the World Health Organization (WHO).
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Definition

As of 2015, GINA defines asthma as follows: “Asthma is a heterogeneous disease,
usually characterised by chronic airway inflammation. It is defined by the history
of respiratory symptoms such as wheeze, shortness of breath, chest tightness and
cough that vary over time and in intensity, together with variable expiratory
airflow limitation”.'” Symptoms of asthma are usually triggered by non-specific
factors such as exercise, exposure to allergens, change in weather, or respiratory
infections. They may resolve spontaneously or in response to medication. Patients
with asthma may also experience episodic flare-ups (exacerbations) that may be
life-threatening. The diagnosis of asthma is based primarily on the pattern of
symptoms. Measuring variability in expiratory airflow obstruction is
recommended to aid diagnosis. Briefly, this can be assessed during spirometry by
measuring the volume of inhaled and exhaled air over time. An increase in forced
expiratory volume in one second (FEV,) of > 12% and > 200 mL after the
inhalation of a bronchodilator indicates variable airflow obstruction due to
asthma.'® Airway hyperresponsiveness (excessive airway narrowing in response to
a provoking stimulus) is a characteristic feature of asthma, although not exclusive
to the disease. This can also be assessed during spirometry by measuring the
decline in the predicted value of FEV, following the administration of a provoking
stimulus such as methacholine or histamine.

Risk factors and etiology

Asthma usually starts at young age. About half of all patients with asthma have an
onset of their disease before the age of ten. A family history of asthma, indicative
symptoms during preschool years, and allergic sensitisation (atopy) are strong
predictors of asthma in childhood and adolescence. In adult-onset asthma, a family
history of the disease is often non-existent and the occurrence of atopy is not
higher than in the general population. Risk factors for adult-onset asthma include
occupational exposure to sensitising agents or irritants, smoking, obesity, female
sex hormones, and respiratory infections.'' The etiology of asthma is not clear.
However, the disease is likely caused by a complex interplay between genetic
factors and environmental exposures happening at critical time points during the
course of life."”

Pathophysiology

The most prominent symptoms of asthma such as wheeze, breathlessness, chest
tightness, and cough are caused by airflow obstruction. Factors that contribute to
airflow obstruction in asthma include bronchoconstriction (bronchial airway
narrowing due to smooth muscle contraction), mucus overproduction leading to
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congestion or mucus plugs, and swelling of the bronchial wall resulting in airway
closure, as well as plasma extravasation.”"? (Figure 3). Bronchoconstriction is the
primary physiological event leading to airflow obstruction in asthma.

Relaxed smooth
muscle Smooth muscle
contraction

Swelling of the
bronchial wall

Air passage

Mucus
overproduction

(A) Healthy airway (B) Asthmatic airway

Figure 3.
Healthy airway (A) and events leading to airflow obstruction in asthma (B).

Histopathological changes in asthma

The asthmatic airways are structurally altered and infiltrated with inflammatory
cells. These histopathological changes are mainly thought to be restricted to the
bronchial airways, but may spread to include the small airways and alveoli. The
most prominent histopathological changes and their role in the pathophysiology of
asthma are summarised in the coming sections.

Structural changes

Airway wall thickening

Post-mortem studies of fatal and non-fatal asthma'*' and high-resolution

computed tomography studies involving non-deceased asthmatics'®'® have shown
that the airway wall is significantly thicker in asthmatics as compared with healthy
control subjects. Factors that contribute to wall thickening in asthma include
edema, subepithelial fibrosis, airway smooth muscle enlargement, and epithelial
alterations. The pathophysiological significance of wall thickening in asthma is
not completely understood. In vitro studies have indicated that the thickening
response can increase the extent of luminal narrowing caused by a given degree of
smooth muscle contraction.””?® However, a negative correlation between wall
thickening and airway hyperresponsiveness has later been demonstrated,
indicating that it may have a protective role instead.”’ In addition to this, it has
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been shown that wall thickening is less pronounced in asthmatics with highly
variable airflow obstruction as compared with asthmatics that present partial or
fixed airflow obstruction.*

Subepithelial fibrosis

Subepithelial fibrosis in asthma is characterised by thickening of the subepithelial
basement membrane (SBM). The thickening is caused by an increased deposition
of extracellular matrix proteins, particularly fibronectin and different collagens.”
SBM thickening is in an early feature of asthma. It has been shown to occur in
children with asthma, and to a similar degree to that seen in adult patients.” The
role of SBM thickening in the pathophysiology of asthma is unclear. It has
inconsistently been associated with airway hyperresponsiveness and fixed airflow
obstruction.”*

Airway smooth muscle enlargement

The airway smooth muscle layer is increased by 50-200% in fatal asthma and by
25-55% in non-fatal asthma as compared with normal control cases® (Figure 4).
The enlargement is caused by hyperplasia (increased cell numbers) and possibly
by hypertrophy (increased cell size) of smooth muscle cells. Deposition of
extracellular matrix proteins between the muscle cells has also been suggested to
play a role. Although abnormal smooth muscle function is fundamental to the
pathophysiology of asthma, the functional significance of its enlargement is not
entirely clear. In vitro studies have shown that increased smooth muscle thickness
allow greater contraction upon stimulation.” In this study it was concluded that
smooth muscle enlargement is likely the primary cause of airway
hyperresponsiveness in asthma. However, intrinsic changes of smooth muscle
cells (such as increased contractility) and/or altered mechanical properties of the
airway wall during muscle contraction may also contribute to airway
hyperresponsiveness.”’ Two bronchial biopsy studies have shown that airway
smoothzgnaqzuscle enlargement is associated with fixed airflow obstruction in
asthma.”™

Mucus metaplasia

Goblet cell hyperplasia and an increased amount of submucosal glands are
characteristic features of asthma. These abnormalities facilitate mucus
overproduction, which can lead to airflow obstruction due to mucus plugging.”

Increased vascularisation

Bronchial biopsy studies have reported increased vascularisation in the lamina
propria layer in patients with asthma as compared with normal control subjects.’*
36 This change is considered to worsen asthma by predisposing the airways to an
influx of inflammatory cells from the blood stream. Moreover, an increase
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microvasulature in asthmatic airways may also contribute to the aggravated
. . . . 13
plasma extravasation response seen in asthmatic patients.

Figure 4.

Bronchial airway from a normal control subject (a) and a fatal asthma patient (b). Fatal asthma in
particular is associated with a significant thickening of airway smooth muscle (ASM). Cartilage (C),
epithelium (Ep), lamina propria (LP), mucus plug (M), and submucosal glands (SMG) are also
shown in the pictures. Haematoxylin and eosin staining. Scale bars = 200 um. Reproduced with
permission of the European Respiratory Society ©. Eur Respir J 2008 32:1, 61-69; published ahead
of print 2008, doi: 10.1183/09031936.00147807.

Epithelial alterations

Other epithelial alterations associated with asthma include epithelial shedding, loss
of cilia, and disruption of tight junctions.”” These changes make it easier for
foreign material to reach the basal cells or the underlying airway tissue. As such,
an impaired epithelial barrier function may increase the risk of infection and
facilitate immunological reactions to environmental factors such as allergens or
irritants.

Th2 inflammation

Airway inflammation in asthma is a multi-cellular process that mainly involves T
helper type 2 (Th2) cells, eosinophils, and mast cells. Infiltration of eosinophils
into the airway tissue is the most striking feature of the disease. This type of
inflammation is linked to type 1 hypersensitivity reactions and chronic allergic
diseases.® Intriguingly, studies have shown that also non-atopic asthma is
associated with this type of inflammation.**** Allergen-induced asthma is
orchestrated by Th2 cells through their release of 1L-4, IL-5 and IL-13 (Figure 5).
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In brief, allergen exposure trigger mast cell degranulation and the release of
several potent mediators that are capable of inducing bronchoconstriction, mucus
overproduction, and edema formation i.e. all characteristic features of asthma.
This early asthmatic response, which is thought to represent a type 1
hypersensitivity reaction, is followed by a late-phase response. During the late-
phase response, Th2 cells are reactivated and the disecase adopts an
immunologically complex form characterised by ecosinophilic infiltration and
chronic mast cell activation. The functional role of each individual cell population
involved in allergen-induced asthma is summarised below.

IgE
y Yy {Y Feeri
*
Y P :x"‘
B cell - *,
Plasma cell > * i
* %
Allergen * «*
Mast cell Histamine
Basophil Leukotrienes Allerai
Prostaglandins ———» t(;rglc
IL-13 Cytokines asthma
Basic proteins & enzymes
7\

R
\ . **
) | > . *
‘ IL-5 o.
* Y *

Th2
cell

Antigen-presenting cell Eosinophil

Figure S.
Schematic illustration of the Th2 inflammatory response in allergic asthma. Drawing by Bergqvist A,
adapted from Holgate ST.*

Antigen-presenting cells

Antigen-presenting cells can internalize allergens and present allergen fragments
(antigens) on their surface in order to trigger an immunological reaction. Dendritic
cells are the principal antigen-presenting cells in the human airways. These
specialised cells are situated in the airway epithelium and subepithelium
throughout the respiratory tract.* During the sensitisation phase, dendritic cells
that have taken up and processed allergens migrate to the nearest draining lymph
node where initial antigen presentation take place.”® The antigens are loaded onto
MHC class II molecules and presented to undifferentiated T helper cells. The
ability of dendritic cells to secrete IL-12 during antigen presentation determines
the balance between T helper type 1 (Th1) and Th2 responses. Thus, a high degree
of IL-12 secretion favours Thl differentiation whereas a low degree of IL-12
secretion favours Th2 differentiation.”” After sensitisation, dendritic cells can
migrate back to the site of allergen exposure and reactivate Th2 cells by sustained
antigen presenta‘[ion.3 8
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Epithelial cells

Epithelial cells (not shown in figure 5) can enhance Th2 inflammation by secreting
TSLP, IL-25 and IL-33. Studies have identified TSLP as an important cytokine
that can activate dendritic cells during antigen presentation.’*’ Recently, IL-25
and IL-33 have been shown to activate type 2 innate lymphoid cells.*® These cells
can orchestrate a Th2 type of inflammation by releasing high amounts of IL-5 and
IL-13.*°" The role of type 2 innate lymphoid cells in asthma and other
immunological settings is currently an area under intense research.

Th2 cells

Following antigen presentation, Th2 cells interact with B cells to stimulate the
production of allergen-specific IgE antibodies. This process is depended on the
ability of Th2 cells to secrete IL-4 and IL-13. Th2 cells also recruit eosinophils to
the site of allergen exposure by releasing IL-5. Among the aforementioned
cytokines, IL-13 has also been shown to induce mucus overproduction,®
increase epithelial permeability,”* and stimulate the proliferation of airway smooth
muscle cells.” Th2 cells are difficult to detect in tissue samples due to the
complexity of T-cell biology. However, bronchial biopsy studies have reported
increased mRNA expression of Th2 cytokines and GATA-3 (a Th2 promoting
transcrip§i605191 factor) in patients with asthma as compared with normal control
subjects.”™

B cells

B cells that have been primed to secrete allergen-specific IgE clonally expand and
differentiate into plasma B cells. These specialised B cells are capable of secreting
high amounts of soluble IgE, which can bind to FceRI expressed on the surface of
mast cells and basophils.™

Mast cells

FceRI cross-linking upon allergen binding trigger mast cell degranulation and the
release of histamine, leukotrienes, and prostaglandins. These preformed mediators
are potent inducers of bronchoconstriction, mucus overproduction, and edema
formation. The significance of these mediators has been demonstrated during
experimental allergen challenge studies where inhibition of these mediators
attenuates the early fall in FEV,.°“® Inhibition of IgE has been shown to attenuate
both the early and late fall in FEV,, demonstrating the critical role of IgE in lung
function decline following allergen exposure.®*®* Mast cells are also considered to
promote late-phase inflammation by releasing a plethora of cytokines that can
recruit inflammatory cells to the site of allergen exposure.®® Importantly, studies
have shown that mast cells appear to be chronically activated in asthma, as
manifested by a constitutive release of different mediators.®”® With this in mind,
it should be mentioned that mast cells can be activated by non-IgE dependent
factors including Toll-like receptor ligands,””> complement factors,” and
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neuropeptides.””® Although the total number of infiltrating mast cells does not
appear to differ between asthmatics and non-asthmatics,”” studies have shown that
mast cells localize to different regions in asthma, Most notably is the infiltration of
mast cells in airway smooth muscle bundles.”® Since this is not as evident in
normal controls or patients with eosinophilic bronchitis (which shares several
immunopathological features with asthma), it is considered to be an important
determinant of asthma.” Indeed, mast cells in close proximity to airway smooth
muscle cells can be expected to induce bronchoconstriction as described above and
stimulate smooth muscle cell proliferation through cytokine release.®® Mast cells in
asthma have also been shown to infiltrate the epithelium and submucosal glands,
where they can stimulate mucus overproduction.®**

Basophils

Basophils express FceRI and contain histamine that can be released upon allergen
binding. They normally circulate in the blood stream as opposed to mast cells that
are tissue resident. The precise role of basophils in asthma is not yet clear. Studies
have reported a small infiltration of basophils in the airways of asthmatics as
compared to normal control subjects.*™*

Eosinophils

The inflammation in asthma is characterised by a prominent infiltration of
cosinophils into the airways.”*®” Eosinophils are recruited to the airways by IL-
5, which also promotes the survival and activation of these cells. The granules of
eosinophils contain cytotoxic proteins that can damage the airway epithelium.**’
Eosinophils are also a rich source of mediators that are involved in fibrogenesis
and angiogenesis.”’ Eosinophil activation does not seem to be dependent on IgE,
indicating that IL-5 and other factors are responsible for activation.”’ A critical
role of eosinophils in the pathophysiology of asthma has been questioned
following the results of IL-5 inhibition showing that a significant reduction of
cosinophils was not accompanied by symptom improvements.”””* However, later
studies reported symptom improvements following IL-5 inhibition, which may
indicate that a meaningful depletion of eosinophils was not achieved in the earlier
studies.””® Despite being a hallmarked feature of asthma, it has been estimated
that 25% of patients with asthma have normal levels of eosinophils.”” This has
lead to the concept that asthma can be divided into eosinophilic (Th2-associated)
and non-eosinophilic (non-Th2 associated) subtypes.”*

Neutrophilic inflammation
Neutrophils are phagocytic cells that can engulf and destroy foreign agents,

particularly pathogens. Being highly motile and abundant in the blood, neutrophils
are the first cells to arrive at the site of an infection. Their granules contain high
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levels of reactive oxygen species and antimicrobial proteins, which are used to
destroy ingested material during phagocytosis.'” Increased infiltration of
neutrophils into the airways has been observed in severe asthmatics with normal
levels of eosinophils as compared to healthy control subjects.'®" Other studies have
reported increased number of neutrophils in sputum (coughed up mucus)
particularly in patients with severe asthma.'®'®® These findings are unfortunately
difficult to interpret as the pharmacological treatment of severe asthma may act to
promote the survival of neutrophils.”®'® Nevertheless, neutrophilic inflammation
can worsen asthma by damaging airway epithelium and inducing mucus
overproduction as has previously been suggested.'®

Paucigranulocytic asthma

Histopathological changes in paucigranulocytic asthma (defined as normal levels
of eosinophils and neutrophils) are unknown. This form of asthma could be driven
by abnormal smooth function that is not necessarily dependent on immunological
components.43 o8

Treatment of asthma

The goals of asthma management are to achieve good symptom control, maintain
normal activity levels, and to minimize future risks of exacerbations, fixed airflow
obstruction and side-effects of treatment.'® Asthma can be managed by avoidance
of provoking factors and by treatment. The main pharmacological treatment
options, which can be classified as relievers and controllers, are reviewed below.

Relievers

Reliever medications are usually bronchodilators that quickly alleviate symptoms
of bronchospasm. These medications are also helpful in preventing exercise-
induced asthma symptoms. There are two types of bronchodilators: short-acting 3,
agonists (SABA) and anticholinergics. SABA bind to 3, receptors expressed on
the surface of smooth muscle cells. By activating these receptors, SABA induce
muscle relaxation through downstream signalling. Anticholinergics enable muscle
relaxation by blocking the action of acetylcholine, which is a neurotransmitter that
can be released from parasympathetic nerve endings. SABA are often more
effective than anticholinergics, and should be used on an as-needed basis only.
Daily use indicates deterioration of asthma control and may lead to side effects
such as tremor and tachycardia.'” During exacerbations, systemic administration
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of corticosteroids may also alleviate acute symptoms of asthma. However, these
drugs are normally used only as controllers.

Controllers

Inhaled corticosteroids

Inhaled corticosteroids (ICS) are the most effective anti-inflammatory medications
in the treatment of asthma. These medicines are to be taken on a daily basis for
long-term asthma management. ICS have consistently been shown to reduce
asthma symptoms, improve quality of life, improve lung function, decrease airway
hyperresponsiveness, reduce asthma exacerbations, decrease the risk of death, and
reduce the need for relievers.'”” If discontinued, deterioration of clinical control
follows within weeks to months.'®'” At a molecular level, corticosteroids enter
the cell cytoplasm where they bind to glucocorticoid receptors. The activated
receptors then translocate to the cell nucleus where they bind to glucocorticoid
responsive elements. This consequently inhibits the synthesis of inflammatory
cytokines and promotes synthesis of anti-inflammatory cytokines.''” In biopsy
studies, clinical benefits of corticosteroids are accompanied with reduced numbers
of T cells, eosinophils, mast cells and dendritic cells in the bronchial mucosa. >
3 Corticosteroids follow a log-dose linear effect, meaning that most of the
clinical benefits are seen at low-moderate doses.'"* Therefore, add-on therapies are
generally preferable to increasing the dose of ICS. Side-effects associated with
high dose of ICS include slow wound healing, adrenal suppression, decreased
bone mineral density, cataracts, and glaucoma.'"

Long-acting B, agonists

Long-acting {3, agonists (LABA) have a longer duration than SABAs
(approximately 12 hours versus 4-6 hours) and are most effective when combined
with ICS.'" Indeed, adding a LABA to a daily regimen of ICS improves symptom
control, improves lung function, reduces asthma exacerbations, decreases
nocturnal (nighttime) asthma, and reduces the need for SABA."'*"'® High doses of
LABA may lead to side-effects such as tremor and tachycardia.

Leukotriene modifiers

Leukotriene modifiers include receptor antagonists and 5-liopoxygenase
inhibitors. The receptor antagonists are designed to prevent the action of
leukotrienes whereas 5-liopoxygenase inhibitors are designed to prevent the
synthesis of leukotrienes. Treatment with leukotriene modifiers is associated with
reduced symptoms, improved lung function, reduced airway inflammation, and
fewer exacerbations.''?* However, their role in the treatment of asthma is not
clear as several studies have shown that leukotriene modifiers in combination with
ICS are less effective than LABA in combination with ICS.'**"'?
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Oral corticosteroids

Some patients with asthma may require systemic administrations of corticosteroids
such as oral corticosteroids (OCS) to achieve clinical control."”’ However, long-
term treatment with OCS is limited due to the risk significant side-effects such as
osteoporosis, hypertension, diabetes, obesity, hypothalamic-pituitary-adrenal axis
suppression, slow wound healing, muscle weakness, cataracts, and glaucoma.'*®

Anti-IgE

Patients that are not controlled with high doses of ICS and have elevated serum
levels of IgE may benefit from anti-IgE treatment.'"*' This treatment is made of
humanized monoclonal antibodies that prevent mast cell activation by inhibiting
soluble IgE and membrane-bound IgE on B cells."** Specifically, the anti-IgE
antibodies bind to the epitope on IgE molecules that overlaps with the FceRI
binding site. In addition to this, depletion of soluble IgE is linked with a down-
regulation of FceRI expression on the surface of cells."**'** Treatment with anti-
IgE is generally well-tolerated but its widespread use is limited due to high
economical costs.

Bronchial thermoplasty

Bronchial thermoplasty (BT) is a novel non-drug device-based therapy that
delivers temperature-controlled radiofrequency energy to the airway wall in a
series of bronchoscopy procedures. The treatment aims to reduce airway smooth
muscle mass in order to diminish bronchoconstriction. At 3 months and 1 year
after treatment, studies have shown that BT results in improved asthma control,
improved quality of life, fewer exacerbations, as well as reduced need for SABA
and corticosteroids."”"*” The short-term side effects of BT consist primarily of
symptoms typical of asthma lasting up to 7 days after treatment."** Long-term
safety data up to 5 years show no adverse side effects.”*”'*" The mechanisms by
which BT leads to clinical improvements are unclear. A reduction of smooth
muscle mass following BT has recently been confirmed in patients with
asthma,'*""'* yet the relationship to clinical improvements has not been evaluated.
Heat energy produced during BT can potentially alter other structural components,
meaning that additional mechanisms may underlie clinical improvements.

Difficult to control asthma

Classifications

Most patients with asthma can be controlled with 3, agonists with or without low
doses of ICS. However, an estimated 5-10% of the asthma population presents a

24



more troublesome disease often referred to as ‘severe asthma’. Severe asthma has
recently been defined as “asthma that requires treatment with high dose inhaled
corticosteroids plus a second controller and/or systemic corticosteroids to prevent
it from becoming ‘“uncontrolled” or that remains “uncontrolled” despite this
therapy”.'?’ By the same task force, uncontrolled asthma was defined as at least
one of the following: “(1) Poor symptom control: ACQ >1.5, or ACT <20 (or “not
well controlled” by NAEPP/GINA guidelines). (2) Frequent severe exacerbations:
two or more bursts of systemic corticosteroids (>3 days each) in the previous year.
(3) Serious exacerbations: at least one hospitalisation, ICU stay, or mechanical
ventilation in the previous year. (4) Airflow limitation: after appropriate
bronchodilator withhold FEV; <80% predicted (in the face of reduced FEV,/FVC
defined as less than the lower limit of normal”.'”” ACT in the first criteria stands
for the Asthma Control Test. This is a patient questionnaire form that can be used
to classify asthma based on clinical control. It has been shown that an ACT score
of <20 can be used as a threshold value to identify patients with poorly controlled
asthma.'* A score between 20 and the maximal value of 25 identifies patients with
well-controlled asthma. In present thesis, ACT score was used as one tool to
identify patients with poorly controlled asthma. In this context it should be
mentioned that patients with poorly controlled asthma according to ACT may not
necessarily meet the criteria for severe asthma as described above. Therefore, in
present thesis the term ‘difficult to control asthma’ refers to patients that are
poorly controlled despite treatment with ICS with our without OCS.

Mechanisms

Poor adherence to treatment is a significant problem in chronic disease that require
long-term therapy, including asthma.'** However, asthma is a complex disorder
and experts agree that it is important to gain more insights into the underlying
mechanisms in order to develop new therapeutic strategies.”'** Factors associated
with difficult to control asthma include steroid resistance, peripheral airway
inflammation, respiratory infections, and irreversible structural changes.'*®

Corticosteroid resistance

Corticosteroid resistance at a molecular level has been suggested to play an
important role in patients with severe, difficult to control asthma.'*’ This is
supported by in vitro studies showing that circulating cells form such patients are
less responsive to steroids than cells from well-controlled asthmatics.'**"*" The
notion that some patients with severe asthma continue to present Th2
inflammation despite heavy treatment with ICS and OCS provides additional
support.'”’ Factors that may contribute to steroid resistance include (1) down-
regulation in binding affinity to the glucocorticoid receptor, (2) up-regulation of
the inactive isoform receptor for glucocorticoids, (3) interferences during the
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activation of glucocorticoid responsive elements, or (4) lack of co-receptor
activity. These and other potential mechanisms have been extensively described.'"’
A more speculative underlying cause of steroid resistance involves type 2 innate
lymphoid cells, which have been suggested to be more steroid-resistant as
compared with Th2 cells.

Peripheral airway inflammation

Autopsy studies have shown that inflammation and structural changes in asthma
extend to the peripheral airways."”>'> In non-deceased asthmatics, transbronchial
biopsy sampling has been identified as a tool to evaluate peripheral
inflammation.">* Using this technique, it has been shown that T helper cells and
eosinophils infiltrate the alveolar tissue at night specifically in patients with
nocturnal asthma."”>'*® The contribution of peripheral airway inflammation in the
pathophysiology of asthma is unclear. However, small airway inflammation has
been linked to air trapping and to the severe asthma phenotype.””'*® Because
conventional ICS have poor access to the peripheral airways,””'® inflammation in
this region might explain the increased efficacy of extrafine-particle formulations
of ICS and systemic administration of corticosteroids.'®!

Respiratory infections and fungal sensitisation

Respiratory infections are strongly associated with asthma exacerbations, with the
common cold virus identified as being especially important.'*'®* Virus-induced
exacerbations in asthma are accompanied by neutrophilic airway inflammation'®*
and increased infiltration of T cells in the bronchial mucosa that is poorly
responsive to ICS treatment.'® Accumulating data suggest that viral infection and
allergy act synergistically to increase the risk of an exacerbation that neither alone
can produce.'*®'®” This could be due to allergic Th2 polarization, as it has been
shown that Thl polarization (as measured by interferon-y/IL-5 mRNA ratio) in
sputum is associated with milder colds and a faster clearance of the virus.'®
Certain bacteria are also associated with asthma exacerbations, particularly
Mycoplasma pneumonia and Chlamydia pneumonia.'® Fungal sensitisation is
strongly associated with an increased risk of developing fatal or near-fatal
asthmatic attacks.'””'” In contrast to viral and bacterial infections, fungal
allergens evoke a Th2 inflammatory response. Of importance is that many fungal
allergens contain proteases that can aggravate inflammation and damage the
airway epithelium.'”'”* These effects are likely to explain the link between fungal
sensitisation and fatal exacerbations.

Irreversible structural changes

Irreversible structural changes of the airways including airway smooth muscle
enlargement, fibrosis, mucus metaplasia, and increased vascularity are believed to
contribute to fixed airflow obstruction in asthma. While corticosteroids have been
shown to reduce accelerated lung function decline in asthma,'” they appear to
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have little effect on structural changes.'’® Although the in vivo effect of
corticosteroids on smooth muscle enlargement has not been evaluated, they fail to
inhibit proliferation of bronchial smooth muscle cells obtained from those with
asthma.'”” Bronchoconstriction plays a fundamental role in the pathophysiology of
asthma and studies have shown that airway smooth muscle enlargement is
associated with lower lung function.”®** To date, BT is the only FDA-approved
treatment that directly targets structural changes in asthma. However, the
mechanism of action of BT is not fully understood.
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Aims

The general aim of this thesis was to study the relationship between
histopathological alterations and clinical control in patients with asthma. Our
specific aims were as follows:

Paper I

- To investigate if poorly controlled asthma is associated with inflammation in
the alveolar parenchyma, a region where conventional ICS have poor access.

Paper 1

- To compare bronchial airway inflammation between stable severe asthmatics
and symptomatic severe asthmatics.

- To study structural changes that may be primary or secondary to the
underlying severity of the disease.

Paper III

- To study the long-term effects of bronchial thermoplasty on bronchial
structures and their association with clinical outcome in patients with
uncontrolled severe asthma.

Paper IV

- To study the long-term effects of bronchial thermoplasty on markers of
airway inflammation in patients with uncontrolled severe asthma.
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Methods

This section provides an overview of the methods that were used. Further details
can be found in the individual papers appended at the end of this thesis.

Study groups

Lung biopsies were obtained from healthy volunteers and patients with different
severities of asthma. The clinical characteristics are presented in Table 1 on the
next page.

Paper 1

This study included 8 healthy volunteers, 12 patients with well-controlled atopic
asthma, and 12 patients with poorly controlled atopic asthma. Asthma was
diagnosed according to GINA guidelines. A standardised skin-prick test was used
to screen for allergic sensitisation to ten different aeroallergens. Atopy was
defined as a positive response (weal reaction larger or equal to histamine) to at
least one them. An ACT score of 19 or less was used to identify patients with
poorly controlled asthma.'* From each subject, 5 bronchial and 5 transbronchial
biopsies were taken at the Department of Respiratory Medicine, Lund University
Hospital. The study was approved by the ethics committee in Lund, Sweden
(LU412-03) and all subjects gave written and informed consent.

Paper 11

This study included 25 patients with severe asthma according to ATS workshop
criteria.'*® The asthmatics could be divided into two groups based on symptom
profile according to patient journals, which included patient self-assessment data:
15 were classified as stable and 10 were classified as symptomatic. All patients
were on daily doses of OCS. From each subject, 2-4 bronchial biopsies were taken
at the Ear- Nose and Throat Department, Aarhus University Hospital. The ethics
committee in Aarhus, Denmark approved the study and all subjects gave informed
consent.
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Paper III and IV

Paper III and IV included 15 and 20 patients, respectively, with severe asthma
undergoing BT treatment at the Department of Pneumology A, Bichat University
Hospital. Key inclusion criteria were: uncontrolled severe asthma, assessed by
ACT < 15, despite optimal management and maximal medical treatment for at
least 12 months before entry; pre-bronchodilatory FEV, > 30% and < 80% of
predicted, and at least 3 exacerbations, defined as worsening of asthma symptoms
requiring OCS during the year before entry. Patients underwent 3 session of BT
treatment, separated by one-month intervals. Heat-activation was delivered in the
right lower lobe, the left lower lobe and the two upper lobes. No heat-activation
was delivered in the middle lobe. A total of 20 biopsies were taken per patient (10
before BT and 10 after BT). The study was approved by the CPP lle-de-France 1
Ethics committee (No. 2012-sept-13003) and all subjects gave written and
informed consent. This trial is registered with ClinicalTrials.gov, identification
number NCT01777360.

Tissue processing

Harvested biopsies were fixated in 4 or 10% buffered formaldehyde, dehydrated
and embedded in paraffin at the departments where they had been obtained. The
purpose of fixation is to minimize necrotic degradation that occurs once tissue is
detached from its source of nutrients. Biopsies with well-preserved morphology
were then selected for serial sectioning and immunohistochemistry. In Paper I, the
obtained biopsies were sectioned and stained with haematoxylin (a basic dye that
stains cell nuclei blue) in order to identify bronchial biopsies with well-preserved
lamina propria and transbronchial biopsies with well-preserved alveolar
parenchyma. A maximum of 2 bronchial and 2 transbronchial biopsies per
individual were selected. In Paper II, a rigid bronchoscope was used to obtain
large bronchial biopsies. A total of 25 biopsies (representing one biopsy per
patient) were selected and sent to our laboratory. In Paper III and IV, all biopsies
were serially sectioned and sent to our laboratory. To prepare samples for
immunohistochemistry, tissue sections (stored at 4 °C) were subjected to heat-
induced antigen retrieval. The purpose of this is to make antigens accessible for
antibody binding as tissue fixation might introduce conformational changes of
proteins.
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Immunohistochemistry

Immunohistochemistry is a staining method used to detect antigens (such as
proteins) in tissue sections. The method is based on the ability of a primary
antibody to recognise a specific antigen (such as the cell markers used in this
thesis). Once the primary antibody has bound its antigen, an enzyme-labelled
secondary antibody is usually required to detect the formation. In present thesis,
the secondary antibody was either directly or indirectly labelled with horseradish
peroxidase (HRP) or alkaline phosphatase (AP). By adding enzyme-specific
substrate chromogens, a coloured precipitate is produced around location of the
antigen. The HRP-specific chromogens used in present thesis were DAB (3’3
diaminobenzide; Dako, Denmark) to produce a brown precipitate, Vina Green
(Biocare Medical, USA) to produce a green precipitate and Deep Space Black
(Biocare Medical) to produce a black precipitate. The AP-specific chromogen
Permanent Red (Dako) was used to produce a red precipitate. The benefit of
having several chromogens is that more than one antigen can be detected on the
same tissue section. The primary antibodies that were used in this thesis have been
routinely used for staining on human paraffin-embedded tissue sections in research
and clinical diagnosis, or validated thoroughly in our laboratory. Antigen retrieval
and antibody concentrations were optimised for each primary antibody to achieve
a staining pattern in accordance with the literature. Blocking steps (such as
inhibition of endogenous enzyme activities) were used to avoid false positive
staining results.

Tissue analysis

Digitalisation of stained tissue sections

Stained tissue sections were digitalised in a slide-scanning robot operating with a
20x or 40x magnification lens (Aperio Technologies, USA). The generated images
were analysed with different image analysis software’s as outlined below.

Computerised image analysis

Stained sections were quantified by measuring the degree of immunoreactivity, i.e.
the number of stained pixels divided by the total number of pixels. Briefly, a
positive staining recognising algorithm is used to set a fixed threshold value for
coloured pixels (Figure 6). Once set, the algorithm is applied on all sections
stained for the specific marker(s). Single staining sections were analysed in
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ImageScope (Aperio Technologies) whereas multiple-staining sections were
analysed in Visiomorph DP (Visiopharm, Denmark). Computerised image analysis
is more rapid and reproducible compared to manual assessment under a
microscope.

Figure 6.

(A) represents DAB stained cells that are detected in (B) using a positive staining algorithm in
ImageScope. The accumulated number of orange (medium stained) and red (strong stained) pixels
corresponded to 3% of the total number of coloured pixels, as automatically measured by the
program. (C) represents DAB (arrows) and Permanent Red (arrowhead) stained cells that are
se;?z;grately detected in (D) using Visiomorph DP. Figure C and D are adapted from Sverrild A et
al.

Statistics

In Paper I and II, a non-parametric t-test was used to detect significant differences
between two patient groups. The spearman rank (rs) correlation test was used to
detect significant correlations. All tests were two-tailed and p < 0.05 was
considered significant. In Paper IV, a paired t-test was used to detect significant
difference before and after treatment. The spearman rank (r) correlation test was
used to detect significant correlations. All tests were two-tailed and p < 0.05 was
considered significant. Details concerning statistics in Paper I1I can be found in the
original manuscript appended at the end of present thesis.
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Summary of Results

Paper I:. Alveolar T-helper type-2 immunity in atopic
asthma is associated with poor clinical control

Clinical findings

The clinical characteristics are presented in Table 1 in Methods. A statistical
difference in age was found between the group of poorly controlled asthmatics
(mean, 47 years) and the group of well-controlled asthmatics (mean, 29 years; p <
0.0001). In addition, BMI was slightly higher in the group of poorly controlled
asthmatics (mean, 24.4 kg/m?) compared with the group of well-controlled
asthmatics (mean, 22.3 kg/m% p < 0.05). The dose of ICS did not differ between
the two groups (mean dose budesonide, 630 ug/day; p = 0.7) nor did the predicted
value of FEV, (mean 86.1 %; p = 0.2).

Leukocyte infiltration in the bronchial airways

No statistical difference in expression of T helper cells, T cytotoxic cells, B-cells,
natural killer cells, macrophages, neutrophils, eosinophils, or basophils was found
between the group of well-controlled asthmatics and the group of poorly
controlled asthmatics.

Leukocyte infiltration in the alveolar parenchyma

The expression of T helper cells was statistically higher in the group of poorly
controlled asthmatics compared with the group of well-controlled asthmatics (p <
0.01). Basophils were few in numbers, but statistically higher in the group of well-
controlled asthmatics (p < 0.05). No statistical difference in the expression of T
cytotoxic cells, B-cells, natural killer cells, macrophages, neutrophils, or
eosinophils was found between the two groups.
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Th2-scores and correlations to clinical control

To determine the degree of Th2 polarization, the log-value of the ratio between the
number of Th2 and Thl cells/mm? was used as a “Th2-score”. In the bronchial
airways, no statistical difference in Th2-score was found between the two groups
(p = 0.3, Figure 7A). However, the alveolar Th2-score was statistically higher in
the group of poorly controlled asthmatics (p < 0.05, Figure 7B). In contrast with
bronchial Th2-score, alveolar Th2-score correlated statistically with ACT score in
the pooled asthma group (rs = 0.62, p < 0.01, Figure 7C and D respectively).
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Figure 7.

Scattergrams showing Th2-scores (A and B) and correlations between Th2-scores and ACT score (C
and D) in well-controlled and poorly controlled asthma in bronchial airways and alveolar
parenchyma respectively. Each dot represents individual mean values and horizontal bars represent
the median value for each patient group. The triangle represents the patient with well-controlled
asthma who was treated with extrafine-particle formulation of ICS. *P < 0.05.

Infiltration of mast cells

We have previously shown that the poorly controlled asthmatics had an increased
number of alveolar mast cells, highly positive for FceRI and surface-bound IgE, as
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compared with the healthy controls.'” These results were in contrast with those
obtained from the bronchial biopsies (Figure 8).
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Figure 8

Scattergrams and micrographs showing mast cells positive for FceRI (A-D) and IgE (E-H) in healthy
controls and poorly controlled asthmatics in bronchial airways and alveolar parenchyma. Insets show
mast cells double-positive for tryptase (green staining) and FceRI or IgE (red staining). Each dot
represents individual mean values and horizontal bars represent the median value for each group.
Scale bars C, D, G =50 um; H =25 um. **P <0.01 and ***P < 0.001. From Andersson CK et al'”
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Paper II: Marked epithelial cell pathology and leukocyte
paucity in persistently symptomatic severe asthma

Clinical findings

The clinical characteristics are presented in Table 1 in Methods. The two groups,
stable SA (n = 15) and persistently symptomatic SA (n = 10), were matched in
terms of gender, age (mean, 45 years; p = 1.0), BMI (mean, 28.8 kg/m*; p = 0.3),
dose of OCS (mean, 19.8 mg/day; p = 0.8), and the predicted value of FEV,
(mean, 65.0%; p=0.9).

Leukocyte infiltration in the bronchial airways

The group of symptomatic SA patients had statistically lower numbers of
cosinophils (median 4,8 cells/mm?) compared with the group of stable SA patients
(median, 24.9 cells/mm? p < 0.05) (Table 2). In addition, the expression of Th2
cells and macrophages was lower in the group of symptomatic SA patients (p <
0.05 and p < 0.01, respectively). No statistical difference in the expression of T
cytotoxic cells, mast cells, B-cells, natural killer cells, neutrophils, or basophils
was found between the two groups.

Table 2. Leukocyte infiltration in the bronchial airways.

Stable SA Symptomatic

Leukocyte (Identification Marker[s]) (N = 15) SA(N=10) P Value*

T-helper cells (CD4") 1.3 (0.1-8.9) 0.8 (0.1-2.2) 0.37

Th2 cells (CD4* and GATA3™), 2.1(0.0-7.3)  0.8(0.0-2.2) <0.05
cells/mm?

T cytotoxic cells (CD8™) 21.1 (6.0-56.5) 13.9 (3.5-71.3)  0.26

B-cells (CD20*) 1.9 (0.4-14.9) 1.4(03-11.8)  0.64

Natural killer cells (CD57") 4.2 (0.9-10.4) 1.9 (0.2-7.8) 0.13

Macrophages (CD68™) 18.4 (7.5-82.0) 11.6 (4.9-34.3) <0.01

Neutrophils (MPO*) 4.3(1.2-20.2) 2.6 (1.1-9.3) 0.93

Eosinophils (EG2*), cells/mm? 24.9 (0.6-101.4) 4.75 (0.0-61.6) <0.05

Basophils (BB1*), cells/mm? 2.5 (0.0-25.5) 0.8 (0.0-4.8) 0.10

Total MC (MCy + MCro), 12.2(2.3-57.2) 11.0(1.1-65.9)  0.80
cells/mm?

MCr (tryptase” and chymase ), 6.1 (0.7-43.1) 6.0 (0.8-15.5) 0.89
cells/mm?

MCqc (tryptase” and chymase'), 3.9 (0.5-21.6) 3.8 (0.3-51.0) 0.45
cells/mm?

% MCrc 38.5 (17.5-83.6) 48.3 (25.0-77.8) 0.27

Definition of abbreviations: MC = mast cells; SA = severe asthma.

*Nonparametric Mann-Whitney test.

Values are presented as %o immunoreactivity and median (range) unless otherwise
stated.
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Epithelial morphology

The bronchial epithelium in both groups of severe asthmatics was abnormal.
Metaplastic or squamous metaplastic epithelium was present in 77% of patients
with stable SA and in 78% of patients with symptomatic SA. Furthermore,
regenerating epithelium was present in 8% of patients with stable SA and 33% in
patients with symptomatic SA. The epithelium in both groups was also associated
with patchy areas with a high degree of cell proliferation, as revealed by the
proliferation antigen Ki-67. The results are presented in Figure 9.
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Stable SA Symptomatic SA

504
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Figure 9.

Bright-field microscopic images exemplifying (A) normal columnar epithelium, (B) metaplastic
epithelium, (C) regenerating epithelium, and (D) squamous metaplastic epithelium with a high
degree of cell proliferation (Ki-67 positive cells in brown staining). (E) The number of patients
presenting the different types of epitheliums. No statistical differences were found between the two
groups.

Airway smooth muscle surface area
The surface area of airway smooth muscle was similar between stable SA (median

[25-75 interquartile range] = 11.4% [6.4-23.2]) and symptomatic SA (median [25-
75 interquartile range] = 15.6% [11.8-27.8]) (p=0.17) (data not shown).
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Paper III: Effectiveness of bronchial thermoplasty in
patients with severe refractory asthma: clinical and
histopathological correlations

Clinical findings

Clinical effects of BT were examined at 3 and 12 months after treatment. ACT
score improved from 8.5+2.8 (baseline) to 15.7+4.8 (at 3 months) to 16.4+6.9 (at
12 months) (overall p < 0.001). This was accompanied by a similar improvement
in AQLQ score. The number of severe exacerbations (adjusted for 3 months)
improved from 9.7+5.2 (baseline) to 0.7+1.1 (3 months) to 0.7+1.6 (12 months)
(overall p < 0.001). This was accompanied with fewer hospitalisations for asthma,
fewer visits to the emergency department, and fewer hospitalisations in the
intensive care unit (ICU). Treatment with BT also resulted in reduced need for
OCS, with a reduction from 31.5+11.1 mg/day (baseline) to 20.6+12.4 mg/day (3
months) to 13.8+5.2 mg/day (12 months) (overall p = 0.002). Furthermore, the
number of patients requiring anti-IgE treatment went down from ten (at baseline)
to none (at 3 and 12 months) (overall p < 0.001). A reduced need of anti-histamine
and of nebulized anti-cholinergics and 3, agonists was also observed (p < 0.05 and
< 0.001 respectively).

Effect of BT on bronchial structures

At baseline, the surface area of airway smooth muscle (ASM) ranged from 9.1 to
30.3% (median [25-75 interquartile range] = 19.7% [16.2-21.8]). BT resulted in a
significant reduction of the ASM area at 3 months, with a median [25-75
interquartile range] value of 5.2% [3.7-9.8] (p < 0.001) (Figure 10). This was
accompanied by a significant increase of collagen deposition (p < 0.003). BT also
resulted in a significant decrease of nerve fibres in the lamina propria region (p <
0.001), of ASM-associated nerve fibres (p < 0.05), and of epithelial
neuroendocrine cells (p < 0.05) (Figure 10). BT marginally decreased SBM
thickness (from 4.4 um to 3.9 wm, p < 0.05) without affecting blood vessels,
lymph vessels, submucosal glands, or epithelial morphology.
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Figure 10.

Effect of BT on (A) airway smooth muscle surface area, (B) nerve fibres in the lamina propria, (C)
ASM-associated nerve fibres, and (D) neuroendocrine epithelial cells. Each dot represent the median
value derived from the set of biopsies analysed per patient. Micrographs (E) and (F) illustrate
biopsies taken before and 3 months after BT, respectively. Micrograph (G) illustrates a
neuroendocrine epithelial cell (arrowhead). Micrograph (H) and (I) illustrate nerve fibres
(arrowheads) in the lamina propria before and after BT, respectively. Micrograph (J) illustrates
ASM-associated nerve fibres (arrowheads). Scale bars = 250 um in (E) and (F), 40 um in (G), (H),
(D and (J). Smooth muscle (sm), blood vessles (bv), and lymph vessels (Iv) are shown in the
micrographs. IR = immunoreactivity.
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Because 4 out of the 15 patients showed only partial clinical improvements after
treatment, we performed a separate analysis where we compared their values to the
BT-responsive patients (Figure 11). The group of partially responsive patients had
a mean value of ASM area of 14.6%, as compared with 5.7% for the group of
responsive patients (p < 0.05). There were no differences in terms of nerve fibres
between the two groups. However, the number of neuroendocrine cells was
statistically higher in group of partially responsive patients (p < 0.05).
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Figure 11.

Assessment of (A) airway smooth muscle (ASM) surface area, (B) subepithelial basement membrane
(SBM) thickening, (C) nerve fibres in lamina propria, (D) ASM-associated nerve fibres, and (E)
epithelial neuroendocrine epithelial cells before and at 3 months after BT treatment. Patients were
separated into two groups based on clinical responsiveness: 11 patients were responsive (yellow
bars) and 4 patients were partially responsive (red bars). Overall p values were < 0.01 (A), 0.31 (B),
< 0.01 (C), 0.06 (D), and < 0.01 (E). * p < 0.05, as compared to values obtained before BT, { p <
0.05, as compared to patients responsive to BT.
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Correlations to clinical outcomes

The structural changes correlated significantly with several measurements of
clinical control at 3 and 12 months after treatment (Table 3). At 3 months, the
surface area of ASM correlated significantly with ACT score (p < 0.001), with the
number of severe exacerbations (p < 0.001), with the number of visits to the
emergency department (p < 0.001) and with the number of hospitalisations for
asthma (p = 0.01). Similar findings were found at 12 months. The reduction of
neuroendocrine cells was the unique parameters that correlated significantly with
all elements of control, including the number of hospitalisations in the ICU.
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Paper IV: Immunological effects induced by bronchial
thermoplasty in patients with severe refractory asthma

Effect of BT on mast cell populations

At 3 months after treatment, the total mast cell content in the lamina propria region
decreased by 49% (p < 0.001) (Figure 12). This was accompanied by a significant
decreased of both MCr and MCrc (p < 0.01 and p < 0.05 respectively). In the
smooth muscle mass the expression of MCr decreased by 58% (p < 0.05) whereas
no statistical changes were observed for total mast cells or MCrc. The expression
of mast cells in the epithelium was not significantly modulated by BT. The relative
proportion of MCrc remained similar before and after BT treatment in all
anatomical regions (data not shown).
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Figure 12.

Effect of BT on total MC, MCr, and MCrc in lamina propria (A, B and C respectively) in airway
smooth muscle (D, E and F respectively) and in epithelium (G, H and I respectively). Each dot
represent the median value derived from the set of biopsies analysed per patient. IR =
immunoreactivity.
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Effect of BT on other leukocyte populations

The expression of T cell subtypes in the lamina propria was significantly lower
after BT treatment. T cytotoxic cells decreased by 30% (p < 0.01) whereas T
helper cells decreased by 59% (p < 0.001) (see Figure 13). No change in the
expression of eosinophils, B-cells, plasma cells, neutrophils, macrophages, or
basophils was found after BT in the lamina propria.
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Figure 13.

Effect of BT on (A) T cytotoxic cells, (B) T helper cells, (C) eosinophils, (D) B cells, (E) plasma B
cells, (F) neutrophils, (G) macrophages, and (H) on basophils in the lamina propria at 3 months after
treatment. Each dot represent median value derived from the set of biopsies analysed per patient. IR
= immunoreactivity.
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Discussion

Alveolar Th2 inflammation in poorly controlled asthma (Paper I)

In this study, we found no difference in bronchial airway inflammation between
poorly controlled and well-controlled asthma. These data suggest that ICS control
bronchial inflammation in both groups. However, poorly controlled asthma was
associated with a Th2 polarization of the alveolar parenchyma. This leads to the
question whether allergic reactions may take place in this part of the lungs.
Common aeroallergens such as house dust mite and pollen grains are likely too
large to reach beyond the large airways. However, it has been shown that allergens
of smaller particle size such as cat allergens can reach the small airways.'®
Moreover, air pollutants (such as diesel exhaust) may act as carriers to transport
allergen fragments into the alveolar region.'®""'® We have previously shown that
the poorly controlled asthmatics had an increased number of alveolar mast cells,
highly positive for FceRI and surface-bound IgE, as compared with the healthy
controls.'” Therefore, alveolar deposition of allergens could be expected to trigger
mast cell degranulation in these patients. The consequence of such response
remains to be investigated. Considering the combined surface area of alveoli and
its close proximity to blood vessels, it could be speculated that activated
leukocytes in this region could “leak” inflammatory cytokines into the blood
stream. Cytokines released into the blood circulation can effect allergic airway
responses according to mouse studies.'™'®* With regards to this, it would be
interesting to evaluate if circulating cytokines from Th2 cells or mast cells can
influence the clinical control of asthma. In summary, our data show that all
immunological components are present to trigger an alveolar allergic reaction in
patients with poorly controlled asthma. Although more research is needed in this
field, our two studies provide a rationale to target peripheral airway inflammation
in patients who remain symptomatic despite standard ICS treatment.

External assaults in eosinophilic-low severe asthma (Paper II)

In this study, we found that symptomatic severe asthma was associated with lower
number of eosinophils as compared with stable severe asthma. Eosinophilic
asthma is associated with a better responsiveness to ICS,”'®* but it is likely that
the latter group of patients had a severe underlying inflammation that required
OCS to control, as has previously reported."®® Surprisingly, all leukocyte
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populations were numerically lower in the group of patients with symptomatic
severe asthma. This suggest that no further clinical improvement is likely to be
achieved by increasing the dose of OCS. In both patient groups, we found
stretches of metaplastic epithelium, squamous metaplastic epithelium, and
regenerating epithelium. Epithelial metaplasia is considered to be a precursor of
squamous epithelial metaplasia, which in the airways can be induced by a variety
of external assaults."™ It can be induced by tobacco smoke and other agents,
including viruses and bacteria."**'* Although our group of patients had a history
of smoking, we detected squamous epithelium in one never-smoking individual
and one ex-smoker since over ten years. Of note is that in Paper III, which
included 13 never-smokers, 1 ex-smoker and 1 active smoker, we detected
squamous epithelial metaplasia in 8 out of the 15 patients before BT treatment.
These data indicate that squamous bronchoepithelial metaplasia in severe asthma
can be induced by external assaults other than tobacco smoke. In the group of
patients with eosinophilic-low symptomatic severe asthma, such assaults may
include episodic pathogen infections where resulting epithelial alterations
generally out-last acute inflammatory responses. In light of this, it has been shown
that eosinophil-low severe asthma is more responsive to add-on treatment with
antibiotics as compared with eosinophilic-high severe asthma.'®' In summary, our
data suggest that eosinophilic-low severe asthma is: (1) more symptomatic and (2)
not associated with on-going bronchial inflammation, as compared with
eosinophilic-high severe asthma. Factors that trigger metaplasia and squamous
metaplasia of the bronchoepithelium in symptomatic/uncontrolled severe
asthmatics merit further investigation.

BT in uncontrolled severe asthma: clinical and histopathological
correlations (Paper III)

In this study, we found that BT treatment drastically improved clinical control in a
group of uncontrolled severe asthmatics. The clinical improvements persisted to
12 months after treatment, with a 92% decrease in the number of severe
exacerbations, 90% fewer visits to the emergency department, 88% fewer visits to
the ICU, and 93% and 62% improvements in ACT and AQLQ, respectively. It
should be mentioned that these effects were of greater magnitude compared to
previous studies where less severe asthmatics had been treated.”**'"*” Consistent
with these studies, we found that BT failed to alter pre or post-bronchodilator
FEV,. BT resulted in a significant reduction of airway smooth muscle surface
area, as previously revealed.'*""'** Of novelty, we found this reduction correlated
significantly with several measurements of clinical control. Unexpectedly, we
found a significant decrease of nerve fibres in the lamina propria that also
correlated with several elements of clinical control. Because we used a pan marker
to detect neural structures (PGP 9.5), further work is needed understand this
mechanism. It could be speculated that BT resulted in a depletion of cholinergic
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nerve endings, which upon stimulation can induce bronchoconstriction and mucus
secretion.”” Also unexpectedly, we found that the number of neuroendocrine
epithelial cells decreased by approximately 95% following BT treatment. The role
of neuroendocrine cells in the pathophysiology of asthma is currently unclear.
However, these specialised cells express chemoreceptors that can respond to
stimulus such as O, concentration by modulating airway tone and control of
breathing.” The reduction of neuroendocrine cells was the unique parameter that
correlated with all elements of control, including visits to the ICU. In the 4 out of
15 patients that remained uncontrolled as assessed by ACT and AQLQ scores, BT
failed to decrease airway smooth muscle surface areca and the number of
neuroendocrine cells. This indicates a causal relationship between the ablation of
these structures and clinical benefit. Taken together, this study shows that BT is an
effective treatment option in patients with uncontrolled severe asthma. The clinical
improves were associated with a down-regulation of structures involved in airway
narrowing and hyperreactivity including airway smooth muscle, neuroendocrine
epithelial cells, and mucosal nerve fibres.

Long-term immunological effects of BT in uncontrolled severe asthma
(Paper IV)

In this study, we found that BT resulted in a significant reduction of mast cell and
T cell subtypes. Other leukocyte populations including eosinophils, B cell
subtypes, neutrophils, macrophages, and basophils were not altered at 3 months
after treatment. Previous work have reported the immunological effects of BT on
inflammatory indices in BAL fluid at 3 and 6 weeks post treatment.'”> Our study
was designed to look at more long-term immunomodulatory effects in the
bronchial mucosa. Heat shock induced by BT can potentially damage the airway
epithelium, which should trigger an inflammatory response. However, we found in
Paper III that the structure of the epithelium at 3 months after treatment was
similar to baseline conditions. Furthermore, in present study we found that
immune cells associated with damage and repair, such as neutrophils and
macrophages, were not elevated after treatment. Collectively, these data indicate
that any heat-induced inflammation caused by BT resolves within 3 months. The
down-regulation of mast cells in the lamina propria and to some extent in smooth
muscle bundles could explain some of the clinical benefits associated with BT,
although this remains to be investigated. BT treatment also resulted in a reduction
of T helper cells in the lamina propria. This was not accompanied by a reduction
of eosinophils, suggesting that BT has no long-term modulatory effect on Th2
associated inflammation in asthma. Due to the lack of neutrophilia, which is
strongly associated with Th17 polarization, it could be speculated that Thl cells
were decreased by BT in present study. Thl cells have been implicated in the
pathogenesis of asthma although their role is not well understood."”* Intriguingly,
a recent mouse study has shown that the main effector cytokine of Th1 cells (IFN-
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y) can enhance mast cell activity and promote airway hyperresponsiveness.'”
Furthermore, a human study has shown that IFN-y can induce the expression of a
chemokine that attracts mast cells to smooth muscle bundles.'”® In present study,
we also found a significant reduction of T cytotoxic cells following BT treatment.
Their role in asthma is poorly understood, however T cytotoxic cells are also
known to secrete IFN-y. It is of note that down-regulation of leukocyte populations
observed in present study took place despite a decreased need for daily OCS
treatment. Taken together, this study shows that BT treatment has clear and long-
lasting effect of mast cell and T cell populations. The relationship to clinical
improvements remains to be investigated.

52



Conclusions

- Alveolar Th2 polarization is associated with poor clinical control (as assessed
by ACT < 20) in patients with atopic asthma who are on standard ICS
treatment.

- Eosinophilic-low severe asthma is: (1) more symptomatic and (2) not
associated with on-going bronchial inflammation, as compared with
eosinophilic-high severe asthma. Epithelial metaplasia in the former patient
category suggests that external assaults, possibly episodic pathogen
infections, may play an important role in this type of asthma.

- Bronchial thermoplasty is an effective treatment option in patients with
uncontrolled severe asthma. Clinical improvements were associated with a
down-regulation of structures involved in airway narrowing and hyper-
responsiveness, including airway smooth muscle, neuroendocrine cells and
nerve fibres.

- Bronchial thermoplasty treatment has clear and long-lasting immunological
effects on the airway tissue in patients with uncontrolled severe asthma.
Specifically, we show that the treatment is associated with a down-regulation
of mast cell and T cell populations in the lamina propria region and in airway
smooth muscle bundles.
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Future Perspectives

The results in this thesis provide new histopathological data that are associated
with clinical control in patients with asthma. During the course of our work, a
number of questions have emerged that merit further investigation. Firstly, more
research is needed to understand the role of peripheral airway inflammation in
asthma. This is of particular interest since asthma is still mainly regarded and
pharmacologically treated as an inflammatory disorder of the large conducting
airways. Based on our results and others, inflammation in asthma may spread to
include not only small airways but also alveoli. This gives a rationale to target
peripheral airway inflammation in more severe forms of the disease, especially
before adding oral corticosteroids to a daily treatment regimen. With regards to
severe asthma, more research is needed to identify factors that may be involved in
the eosinophilic-low subtype. We found that this symptomatic form of asthma is
associated with bronchoepithelial metaplasia, possibly induced by episodic
pathogen infections. The concept that infections may promote “asthma” is
controversial. However, the study by Brusselle and co-workers showing that
eosinophilic-low severe asthma is specifically responsive to antibiotic treatment
indicate that pathogen infections may indeed play an important role in this form of
asthma. With regards to novel therapeutic strategies for severe asthma, we show
that bronchial thermoplasty is an effective treatment option for highly
symptomatic patients. Apart from airway smooth muscle, we identify
neuroendocrine epithelial cells and, to a lesser extent, nerve fibres as important
targets whose down-regulation after treatment correlated with clinical efficacy.
Because we used a pan marker to detect nerve fibres, follow-up studies are needed
to identify what type of nerves that were affected. More studies are also needed to
understand the role of neuroendocrine cells in asthma. Bronchial thermoplasty is
also associated with a long-term down regulation of mast cell and T cell
populations in the bronchial mucosa. Follow-up studies are needed to establish
how these immunomodulatory effects are associated with clinical improvements.
Bronchial thermoplasty was introduced in 2010 as a non-drug intervention for
uncontrolled severe asthma. The first patient to receive this treatment in Sweden
was in 2015, at the Department of Respiratory Medicine and Allergology, Lund
University Hospital, Sweden.

55






Acknowledgements

I wish to express my sincere gratitude to the people who have helped and
supported me during my time as a PhD student. I would especially like to thank
the following persons.

Jonas Erjefilt, for guiding me in this field of research. Thank you for all support,
encouragement and kindness that you’ve shown throughout the years. It has been a
great experience to work as a PhD student under your supervision and certainly
very fun too!

Leif Bjermer, for the wonderful opportunity to be part of pioneering research
performed at the Department of Respiratory Medicine and Allergology. Thank you
for all kind support and for providing clinical expertise to the papers.

Britt-Marie Nilsson and Karin Jansner, thank you both for kindly helping me
so much at the lab and for creating such a nice and friendly work environment.

Michiko Mori, thank you for always being so helpful and supportive, especially
during my first year of studies when I asked so many questions. It has certainly
been fun sharing this PhD experience with you!

Premkumar Siddhuraj, my colleague and close friend, thank you for fruitful
discussions and for all the good times we shared so far, both inside and outside of
lab.

Prajakta Jogdand, thank you for all kind help and support. Not to forget our nice
conversations regarding photography! I also want to take photos of flamingos in
India some day!

57



My former colleagues at the lab, Cecilia Andersson, Medya Shikhagaie,
Caroline Sandén, Abraham Roos, and Chris Van Hove, for all their help and
support.

All my co-authors. Michel Aubier, Marina Pretolani, and Camille Taillé, thank
you for the wonderful opportunity to be part of your exciting bronchial
thermoplasty study. I stained and analysed almost 10 kg of sections, but incredibly
the boxes are not yet empty! Definitely looking forward to see our work published
in the near future. I’d also like to give a special thank to Hans Jiirgen Hoffmann
for a fruitful collaboration on severe asthma, and to Asger Sverrild, Celeste
Porsbjerg, and Vibeke Backer, for fruitful collaborations on mild asthma.

Colleagues at the Department of Respiratory Medicine and Allergology.
Especially Ellen Tufvesson and group members, Anna Sikesjo, and Jonas Olsson,
for helping me with questions regarding the Arini study. I would also like to thank
Eva Korner Muhrbeck for administrative help.

My other co-workers. Lena Uller, Gunilla Westergren-Thorsson, Arne Egesten,
and their respective group members, for interesting discussions regarding
respiratory research, and for other nice conversations. Beata Olejnicka, for nice
conversations and for surprising me with funny gifts! Martin Nystrom, for
technical support and funny conversations. Katarina Danielson, for administrative
help and nice conversations.

Everyone else at BMC D12, for creating a nice work environment!

My friends “from the old school yard” Thomas, Marten, Mans, and Johan.
Thank you for always being so supportive and for making days off work fun. I’'m
very fortunate to have had you as friends since the beginning of things!

Last but not least, my wonderful family.¥ Mom and Dad for their unconditional
love and support. My sister Helena for always being there for me and inspiring me
to make a difference. My beautiful girlfriend Tina, for bringing so much love, joy
and harmony to my life.

58



References

10.

11.

12.
13.

14.

15.

16.

Wanner A, Salathe M, O'Riordan TG. Mucociliary clearance in the airways. Am J Respir
Crit Care Med 1996;154:1868-902.

Linnoila RI. Functional facets of the pulmonary neuroendocrine system. Lab Invest
2006;86:425-44.

Godfrey RW. Human airway epithelial tight junctions. Microsc Res Tech 1997;38:488-99.

Rock JR, Randell SH, Hogan BL. Airway basal stem cells: a perspective on their roles in
epithelial homeostasis and remodeling. Dis Model Mech 2010;3:545-56.

Mitzner W. Airway smooth muscle: the appendix of the lung. Am J Respir Crit Care Med
2004;169:787-90.

National Asthma Education and Prevention Program, Third Expert Panel on the Diagnosis
and Management of Asthma. Expert Panel Report 3: Guidelines for the Diagnosis and
Management of Asthma. Bethesda (MD): National Heart, Lung, and Blood Institute (US);
2007 Aug. Section 2, Definition, Pathophysiology and Pathogenesis of Asthma, and
Natural History of Asthma. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK7223/.

Reynolds SD, Malkinson AM. Clara cell: progenitor for the bronchiolar epithelium. Int J
Biochem Cell Biol 2010;42:1-4.

Patton JS, Byron PR. Inhaling medicines: delivering drugs to the body through the lungs.
Nat Rev Drug Discov 2007;6:67-74.

Castranova V, Rabovsky J, Tucker JH, Miles PR. The alveolar type II epithelial cell: a
multifunctional pneumocyte. Toxicol Appl Pharmacol 1988;93:472-83.

From the Global Strategy for Asthma Management and Prevention, Global Initiative for
Asthma (GINA) 2015. Available from http://www.ginaasthma.org/.

de Nijs SB, Venekamp LN, Bel EH. Adult-onset asthma: is it really different? Eur Respir
Rev 2013;22:44-52.

Martinez FD, Vercelli D. Asthma. Lancet 2013;382:1360-72.

Persson CG, Erjefalt JS, Greiff L, et al. Plasma-derived proteins in airway defence, disease
and repair of epithelial injury. Eur Respir J 1998;11:958-70.

Carroll N, Elliot J, Morton A, James A. The structure of large and small airways in
nonfatal and fatal asthma. Am Rev Respir Dis 1993;147:405-10.

James AL, Pare PD, Hogg JC. The mechanics of airway narrowing in asthma. Am Rev
Respir Dis 1989;139:242-6.

Awadh N, Muller NL, Park CS, Abboud RT, FitzGerald JM. Airway wall thickness in
patients with near fatal asthma and control groups: assessment with high resolution
computed tomographic scanning. Thorax 1998;53:248-53.

59



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

60

Niimi A, Matsumoto H, Amitani R, et al. Airway wall thickness in asthma assessed by
computed tomography. Relation to clinical indices. Am J Respir Crit Care Med
2000;162:1518-23.

Okazawa M, Muller N, McNamara AE, Child S, Verburgt L, Pare PD. Human airway
narrowing measured using high resolution computed tomography. Am J Respir Crit Care
Med 1996;154:1557-62.

Wiggs BR, Bosken C, Pare PD, James A, Hogg JC. A model of airway narrowing in
asthma and in chronic obstructive pulmonary disease. Am Rev Respir Dis 1992;145:1251-
8.

Wiggs BR, Moreno R, Hogg JC, Hilliam C, Pare PD. A model of the mechanics of airway
narrowing. J Appl Physiol (1985) 1990;69:849-60.

Niimi A, Matsumoto H, Takemura M, Ueda T, Chin K, Mishima M. Relationship of
airway wall thickness to airway sensitivity and airway reactivity in asthma. Am J Respir
Crit Care Med 2003;168:983-8.

Paganin F, Seneterre E, Chanez P, et al. Computed tomography of the lungs in asthma:
influence of disease severity and etiology. Am J Respir Crit Care Med 1996;153:110-4.

Elias JA, Zhu Z, Chupp G, Homer RJ. Airway remodeling in asthma. J Clin Invest
1999;104:1001-6.

Payne DN, Rogers AV, Adelroth E, et al. Early thickening of the reticular basement
membrane in children with difficult asthma. Am J Respir Crit Care Med 2003;167:78-82.

Siddiqui S, Mistry V, Doe C, et al. Airway hyperresponsiveness is dissociated from airway
wall structural remodeling. J Allergy Clin Immunol 2008;122:335-41, 41 e1-3.

Chetta A, Foresi A, Del Donno M, Bertorelli G, Pesci A, Olivieri D. Airways remodeling
is a distinctive feature of asthma and is related to severity of disease. Chest 1997;111:852-
7.

Boulet LP, Laviolette M, Turcotte H, et al. Bronchial subepithelial fibrosis correlates with
airway responsiveness to methacholine. Chest 1997;112:45-52.

Benayoun L, Druilhe A, Dombret MC, Aubier M, Pretolani M. Airway structural
alterations selectively associated with severe asthma. Am J Respir Crit Care Med
2003;167:1360-8.

James A. Remodelling of airway smooth muscle in asthma: what sort do you have? Clin
Exp Allergy 2005;35:703-7.

Lambert RK, Wiggs BR, Kuwano K, Hogg JC, Pare PD. Functional significance of
increased airway smooth muscle in asthma and COPD. J Appl Physiol (1985)
1993;74:2771-81.

Martin JG, Duguet A, Eidelman DH. The contribution of airway smooth muscle to airway
narrowing and airway hyperresponsiveness in disease. Eur Respir J 2000;16:349-54.

Pepe C, Foley S, Shannon J, et al. Differences in airway remodeling between subjects with
severe and moderate asthma. J Allergy Clin Immunol 2005;116:544-9.

Shifren A, Witt C, Christie C, Castro M. Mechanisms of remodeling in asthmatic airways.
J Allergy (Cairo) 2012;2012:316049.

Hoshino M, Takahashi M, Aoike N. Expression of vascular endothelial growth factor,
basic fibroblast growth factor, and angiogenin immunoreactivity in asthmatic airways and
its relationship to angiogenesis. J Allergy Clin Immunol 2001;107:295-301.



35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Salvato G. Quantitative and morphological analysis of the vascular bed in bronchial biopsy
specimens from asthmatic and non-asthmatic subjects. Thorax 2001;56:902-6.

Orsida BE, Ward C, Li X, et al. Effect of a long-acting beta2-agonist over three months on
airway wall vascular remodeling in asthma. Am J Respir Crit Care Med 2001;164:117-21.

Holgate ST. The sentinel role of the airway epithelium in asthma pathogenesis. Immunol
Rev 2011;242:205-19.

Larche M, Akdis CA, Valenta R. Immunological mechanisms of allergen-specific
immunotherapy. Nat Rev Immunol 2006;6:761-71.

Humbert M, Menz G, Ying S, et al. The immunopathology of extrinsic (atopic) and
intrinsic (non-atopic) asthma: more similarities than differences. Immunol Today
1999;20:528-33.

Humbert M, Durham SR, Ying S, et al. IL-4 and IL-5 mRNA and protein in bronchial
biopsies from patients with atopic and nonatopic asthma: evidence against "intrinsic"

asthma being a distinct immunopathologic entity. Am J Respir Crit Care Med
1996;154:1497-504.

Amin K, Ludviksdottir D, Janson C, et al. Inflammation and structural changes in the
airways of patients with atopic and nonatopic asthma. BHR Group. Am J Respir Crit Care
Med 2000;162:2295-301.

Barnes PJ. Intrinsic asthma: not so different from allergic asthma but driven by
superantigens? Clin Exp Allergy 2009;39:1145-51.

Holgate ST. Pathogenesis of asthma. Clin Exp Allergy 2008;38:872-97.

Vermaelen K, Pauwels R. Pulmonary dendritic cells. Am J Respir Crit Care Med
2005;172:530-51.

Kuipers H, Heirman C, Hijdra D, et al. Dendritic cells retrovirally overexpressing I1L-12
induce strong Th1 responses to inhaled antigen in the lung but fail to revert established
Th2 sensitization. J Leukoc Biol 2004;76:1028-38.

Soumelis V, Reche PA, Kanzler H, et al. Human epithelial cells trigger dendritic cell
mediated allergic inflammation by producing TSLP. Nat Immunol 2002;3:673-80.

Ito T, Wang YH, Duramad O, et al. TSLP-activated dendritic cells induce an inflammatory
T helper type 2 cell response through OX40 ligand. J Exp Med 2005;202:1213-23.

Mjosberg JM, Trifari S, Crellin NK, et al. Human IL-25- and IL-33-responsive type 2
innate lymphoid cells are defined by expression of CRTH2 and CD161. Nat Immunol
2011;12:1055-62.

Spits H, Artis D, Colonna M, et al. Innate lymphoid cells--a proposal for uniform
nomenclature. Nat Rev Immunol 2013;13:145-9.

Walker JA, Barlow JL, McKenzie AN. Innate lymphoid cells--how did we miss them? Nat
Rev Immunol 2013;13:75-87.

Brusselle GG, Maes T, Bracke KR. Eosinophils in the spotlight: Eosinophilic airway
inflammation in nonallergic asthma. Nat Med 2013;19:977-9.

Lordan JL, Bucchieri F, Richter A, et al. Cooperative effects of Th2 cytokines and allergen
on normal and asthmatic bronchial epithelial cells. J] Immunol 2002;169:407-14.

Zhen G, Park SW, Nguyenvu LT, et al. IL-13 and epidermal growth factor receptor have
critical but distinct roles in epithelial cell mucin production. Am J Respir Cell Mol Biol
2007;36:244-53.

61



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

62

Ramirez-Icaza G, Mohammed KA, Nasreen N, et al. Th2 cytokines IL-4 and IL-13
downregulate paxillin expression in bronchial airway epithelial cells. J Clin Immunol
2004;24:426-34.

Bosse Y, Thompson C, Audette K, Stankova J, Rola-Pleszczynski M. Interleukin-4 and
interleukin-13 enhance human bronchial smooth muscle cell proliferation. Int Arch
Allergy Immunol 2008;146:138-48.

Hamid Q, Azzawi M, Ying S, et al. Expression of mRNA for interleukin-5 in mucosal
bronchial biopsies from asthma. J Clin Invest 1991;87:1541-6.

Nakamura Y, Ghaffar O, Olivenstein R, et al. Gene expression of the GATA-3
transcription factor is increased in atopic asthma. J Allergy Clin Immunol 1999;103:215-
22.

Naseer T, Minshall EM, Leung DY, et al. Expression of IL-12 and IL-13 mRNA in asthma
and their modulation in response to steroid therapy. Am J Respir Crit Care Med
1997;155:845-51.

Ying S, Durham SR, Corrigan CJ, Hamid Q, Kay AB. Phenotype of cells expressing
mRNA for TH2-type (interleukin 4 and interleukin 5) and TH1-type (interleukin 2 and
interferon gamma) cytokines in bronchoalveolar lavage and bronchial biopsies from atopic
asthmatic and normal control subjects. Am J Respir Cell Mol Biol 1995;12:477-87.

Davis BE, Todd DC, Cockcroft DW. Effect of combined montelukast and desloratadine on
the early asthmatic response to inhaled allergen. J Allergy Clin Immunol 2005;116:768-72.

Hamilton A, Faiferman I, Stober P, Watson RM, O'Byrne PM. Pranlukast, a cysteinyl
leukotriene receptor antagonist, attenuates allergen-induced early- and late-phase

bronchoconstriction and airway hyperresponsiveness in asthmatic subjects. J Allergy Clin
Immunol 1998;102:177-83.

Leigh R, Vethanayagam D, Yoshida M, et al. Effects of montelukast and budesonide on
airway responses and airway inflammation in asthma. Am J Respir Crit Care Med
2002;166:1212-7.

Roquet A, Dahlen B, Kumlin M, et al. Combined antagonism of leukotrienes and
histamine produces predominant inhibition of allergen-induced early and late phase airway
obstruction in asthmatics. Am J Respir Crit Care Med 1997;155:1856-63.

Boulet LP, Chapman KR, Cote J, et al. Inhibitory effects of an anti-IgE antibody E25 on
allergen-induced early asthmatic response. Am J Respir Crit Care Med 1997;155:1835-40.

Fahy JV, Fleming HE, Wong HH, et al. The effect of an anti-IgE monoclonal antibody on
the early- and late-phase responses to allergen inhalation in asthmatic subjects. Am J
Respir Crit Care Med 1997;155:1828-34.

Cruse G, Bradding P. Mast cells in airway diseases and interstitial lung disease. Eur J
Pharmacol 2015.

Broide DH, Gleich GJ, Cuomo AlJ, et al. Evidence of ongoing mast cell and eosinophil
degranulation in symptomatic asthma airway. J Allergy Clin Immunol 1991;88:637-48.

Casale TB, Wood D, Richerson HB, et al. Elevated bronchoalveolar lavage fluid histamine
levels in allergic asthmatics are associated with methacholine bronchial
hyperresponsiveness. J Clin Invest 1987;79:1197-203.

Wenzel SE, Fowler AA, 3rd, Schwartz LB. Activation of pulmonary mast cells by
bronchoalveolar allergen challenge. In vivo release of histamine and tryptase in atopic
subjects with and without asthma. Am Rev Respir Dis 1988;137:1002-8.



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Supajatura V, Ushio H, Nakao A, et al. Differential responses of mast cell Toll-like
receptors 2 and 4 in allergy and innate immunity. J Clin Invest 2002;109:1351-9.

Kulka M, Alexopoulou L, Flavell RA, Metcalfe DD. Activation of mast cells by double-
stranded RNA: evidence for activation through Toll-like receptor 3. J Allergy Clin
Immunol 2004;114:174-82.

McCurdy JD, Olynych TJ, Maher LH, Marshall JS. Cutting edge: distinct Toll-like
receptor 2 activators selectively induce different classes of mediator production from
human mast cells. J Immunol 2003;170:1625-9.

Varadaradjalou S, Feger F, Thieblemont N, et al. Toll-like receptor 2 (TLR2) and TLR4
differentially activate human mast cells. Eur J Immunol 2003;33:899-906.

el-Lati SG, Dahinden CA, Church MK. Complement peptides C3a- and C5a-induced
mediator release from dissociated human skin mast cells. J Invest Dermatol 1994;102:803-
6.

Johnson D, Krenger W. Interactions of mast cells with the nervous system--recent
advances. Neurochem Res 1992;17:939-51.

Guhl S, Lee HH, Babina M, Henz BM, Zuberbier T. Evidence for a restricted rather than
generalized stimulatory response of skin-derived human mast cells to substance P. J
Neuroimmunol 2005;163:92-101.

Bradley BL, Azzawi M, Jacobson M, et al. Eosinophils, T-lymphocytes, mast cells,
neutrophils, and macrophages in bronchial biopsy specimens from atopic subjects with
asthma: comparison with biopsy specimens from atopic subjects without asthma and
normal control subjects and relationship to bronchial hyperresponsiveness. J Allergy Clin
Immunol 1991;88:661-74.

Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord ID. Mast-cell
infiltration of airway smooth muscle in asthma. N Engl J Med 2002;346:1699-705.

Bradding P, Walls AF, Holgate ST. The role of the mast cell in the pathophysiology of
asthma. J Allergy Clin Immunol 2006;117:1277-84.

Laitinen LA, Laitinen A, Haahtela T. Airway mucosal inflammation even in patients with
newly diagnosed asthma. Am Rev Respir Dis 1993;147:697-704.

Pesci A, Foresi A, Bertorelli G, Chetta A, Olivieri D. Histochemical characteristics and
degranulation of mast cells in epithelium and lamina propria of bronchial biopsies from
asthmatic and normal subjects. Am Rev Respir Dis 1993;147:684-9.

Carroll NG, Mutavdzic S, James AL. Increased mast cells and neutrophils in submucosal
mucous glands and mucus plugging in patients with asthma. Thorax 2002;57:677-82.

Kepley CL, McFeeley PJ, Oliver JM, Lipscomb MF. Immunohistochemical detection of
human basophils in postmortem cases of fatal asthma. Am J Respir Crit Care Med
2001;164:1053-8.

Macfarlane AJ, Kon OM, Smith SJ, et al. Basophils, eosinophils, and mast cells in atopic
and nonatopic asthma and in late-phase allergic reactions in the lung and skin. J Allergy
Clin Immunol 2000;105:99-107.

Bentley AM, Hamid Q, Robinson DS, et al. Prednisolone treatment in asthma. Reduction
in the numbers of eosinophils, T cells, tryptase-only positive mast cells, and modulation of
IL-4, IL-5, and interferon-gamma cytokine gene expression within the bronchial mucosa.
Am J Respir Crit Care Med 1996;153:551-6.

63



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

64

Bousquet J, Chanez P, Lacoste JY, et al. Eosinophilic inflammation in asthma. N Engl J
Med 1990;323:1033-9.

Louis R, Lau LC, Bron AO, Roldaan AC, Radermecker M, Djukanovic R. The relationship
between airways inflammation and asthma severity. Am J Respir Crit Care Med
2000;161:9-16.

Motojima S, Frigas E, Loegering DA, Gleich GJ. Toxicity of eosinophil cationic proteins
for guinea pig tracheal epithelium in vitro. Am Rev Respir Dis 1989;139:801-5.

Filley WV, Holley KE, Kephart GM, Gleich GJ. Identification by immunofluorescence of
eosinophil granule major basic protein in lung tissues of patients with bronchial asthma.
Lancet 1982;2:11-6.

Kay AB, Phipps S, Robinson DS. A role for eosinophils in airway remodelling in asthma.
Trends Immunol 2004;25:477-82.

Kita H, Kaneko M, Bartemes KR, et al. Does IgE bind to and activate eosinophils from
patients with allergy? J Immunol 1999;162:6901-11.

Leckie MJ, ten Brinke A, Khan J, et al. Effects of an interleukin-5 blocking monoclonal
antibody on eosinophils, airway hyper-responsiveness, and the late asthmatic response.
Lancet 2000;356:2144-8.

Kips JC, O'Connor BJ, Langley SJ, et al. Effect of SCH55700, a humanized anti-human
interleukin-5 antibody, in severe persistent asthma: a pilot study. Am J Respir Crit Care
Med 2003;167:1655-9.

Flood-Page P, Swenson C, Faiferman I, et al. A study to evaluate safety and efficacy of
mepolizumab in patients with moderate persistent asthma. Am J Respir Crit Care Med
2007;176:1062-71.

Bel EH, Wenzel SE, Thompson PJ, et al. Oral glucocorticoid-sparing effect of
mepolizumab in eosinophilic asthma. N Engl J Med 2014;371:1189-97.

Ortega HG, Liu MC, Pavord ID, et al. Mepolizumab treatment in patients with severe
eosinophilic asthma. N Engl J Med 2014;371:1198-207.

Bradding P. Asthma: eosinophil disease, mast cell disease, or both? Allergy Asthma Clin
Immunol 2008;4:84-90.

Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular approaches. Nat
Med 2012;18:716-25.

Woodruff PG, Modrek B, Choy DF, et al. T-helper type 2-driven inflammation defines
major subphenotypes of asthma. Am J Respir Crit Care Med 2009;180:388-95.

Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation and
regulation of innate and adaptive immunity. Nat Rev Immunol 2011;11:519-31.

Wenzel SE, Schwartz LB, Langmack EL, et al. Evidence that severe asthma can be
divided pathologically into two inflammatory subtypes with distinct physiologic and
clinical characteristics. Am J Respir Crit Care Med 1999;160:1001-8.

Jatakanon A, Uasuf C, Maziak W, Lim S, Chung KF, Barnes PJ. Neutrophilic
inflammation in severe persistent asthma. Am J Respir Crit Care Med 1999;160:1532-9.

Moore WC, Hastie AT, Li X, et al. Sputum neutrophil counts are associated with more
severe asthma phenotypes using cluster analysis. J Allergy Clin Immunol 2014;133:1557-
63 e5.



104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Kato T, Takeda Y, Nakada T, Sendo F. Inhibition by dexamethasone of human neutrophil
apoptosis in vitro. Nat Immun 1995;14:198-208.

Woodruff PG, Fahy JV. A role for neutrophils in asthma? Am J Med 2002;112:498-500.

Bateman ED, Hurd SS, Barnes PJ, et al. Global strategy for asthma management and
prevention: GINA executive summary. Eur Respir J 2008;31:143-78.

U.S. Department of Health and Human Services, National Institutes of Health, National
Heart, Lung, and Blood Institute Expert Panel Report 3: Guidelines for the Diagnosis and
Management of Asthma, Full Report 2007 National Asthma Education and Prevention
Program. Available at: http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.pdf.

Rank MA, Hagan JB, Park MA, et al. The risk of asthma exacerbation after stopping low-
dose inhaled corticosteroids: a systematic review and meta-analysis of randomized
controlled trials. J Allergy Clin Immunol 2013;131:724-9.

Waalkens HJ, Van Essen-Zandvliet EE, Hughes MD, et al. Cessation of long-term
treatment with inhaled corticosteroid (budesonide) in children with asthma results in
deterioration. The Dutch CNSLD Study Group. Am Rev Respir Dis 1993;148:1252-7.

Barnes PJ. Glucocorticosteroids: current and future directions. Br J Pharmacol
2011;163:29-43.

Booth H, Richmond I, Ward C, Gardiner PV, Harkawat R, Walters EH. Effect of high dose
inhaled fluticasone propionate on airway inflammation in asthma. Am J Respir Crit Care
Med 1995;152:45-52.

Djukanovic R, Wilson JW, Britten KM, et al. Effect of an inhaled corticosteroid on airway
inflammation and symptoms in asthma. Am Rev Respir Dis 1992;145:669-74.

Moller GM, Overbeek SE, Van Helden-Meeuwsen CG, et al. Increased numbers of
dendritic cells in the bronchial mucosa of atopic asthmatic patients: downregulation by
inhaled corticosteroids. Clin Exp Allergy 1996;26:517-24.

Raissy HH, Kelly HW, Harkins M, Szefler SJ. Inhaled corticosteroids in lung diseases.
Am J Respir Crit Care Med 2013;187:798-803.

Dahl R. Systemic side effects of inhaled corticosteroids in patients with asthma. Respir
Med 2006;100:1307-17.

Wenzel SE, Lumry W, Manning M, et al. Efficacy, safety, and effects on quality of life of
salmeterol versus albuterol in patients with mild to moderate persistent asthma. Ann
Allergy Asthma Immunol 1998;80:463-70.

Kesten S, Chapman KR, Broder I, et al. A three-month comparison of twice daily inhaled
formoterol versus four times daily inhaled albuterol in the management of stable asthma.
Am Rev Respir Dis 1991;144:622-5.

Pearlman DS, Chervinsky P, LaForce C, et al. A comparison of salmeterol with albuterol
in the treatment of mild-to-moderate asthma. N Engl J Med 1992;327:1420-5.

Barnes NC, Miller CJ. Effect of leukotriene receptor antagonist therapy on the risk of
asthma exacerbations in patients with mild to moderate asthma: an integrated analysis of
zafirlukast trials. Thorax 2000;55:478-83.

Liu MC, Dube LM, Lancaster J. Acute and chronic effects of a 5-lipoxygenase inhibitor in
asthma: a 6-month randomized multicenter trial. Zileuton Study Group. J Allergy Clin
Immunol 1996;98:859-71.

65



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

66

Israel E, Cohn J, Dube L, Drazen JM. Effect of treatment with zileuton, a 5-lipoxygenase
inhibitor, in patients with asthma. A randomized controlled trial. Zileuton Clinical Trial
Group. JAMA 1996;275:931-6.

Barnes NC, Pujet JC. Pranlukast, a novel leukotriene receptor antagonist: results of the
first European, placebo controlled, multicentre clinical study in asthma. Thorax
1997;52:523-7.

Deykin A, Wechsler ME, Boushey HA, et al. Combination therapy with a long-acting
beta-agonist and a leukotriene antagonist in moderate asthma. Am J Respir Crit Care Med
2007;175:228-34.

Fish JE, Israel E, Murray JJ, et al. Salmeterol powder provides significantly better benefit
than montelukast in asthmatic patients receiving concomitant inhaled corticosteroid
therapy. Chest 2001;120:423-30.

Nelson HS, Busse WW, Kerwin E, et al. Fluticasone propionate/salmeterol combination
provides more effective asthma control than low-dose inhaled corticosteroid plus
montelukast. J Allergy Clin Immunol 2000;106:1088-95.

Ringdal N, Eliraz A, Pruzinec R, et al. The salmeterol/fluticasone combination is more
effective than fluticasone plus oral montelukast in asthma. Respir Med 2003;97:234-41.

Chung KF, Wenzel SE, Brozek JL, et al. International ERS/ATS guidelines on definition,
evaluation and treatment of severe asthma. Eur Respir J 2014;43:343-73.

Walsh LJ, Wong CA, Oborne J, et al. Adverse effects of oral corticosteroids in relation to
dose in patients with lung disease. Thorax 2001;56:279-84.

Humbert M, Beasley R, Ayres J, et al. Benefits of omalizumab as add-on therapy in
patients with severe persistent asthma who are inadequately controlled despite best
available therapy (GINA 2002 step 4 treatment): INNOVATE. Allergy 2005;60:309-16.

Busse W, Corren J, Lanier BQ, et al. Omalizumab, anti-IgE recombinant humanized
monoclonal antibody, for the treatment of severe allergic asthma. J Allergy Clin Immunol
2001;108:184-90.

Milgrom H, Fick RB, Jr., Su JQ, et al. Treatment of allergic asthma with monoclonal anti-
IgE antibody. rhuMADb-E25 Study Group. N Engl J Med 1999;341:1966-73.

Schulman ES. Development of a monoclonal anti-immunoglobulin E antibody
(omalizumab) for the treatment of allergic respiratory disorders. Am J Respir Crit Care
Med 2001;164:S6-11.

MacGlashan DW, Jr., Bochner BS, Adelman DC, et al. Down-regulation of Fc(epsilon)RI
expression on human basophils during in vivo treatment of atopic patients with anti-IgE
antibody. J Immunol 1997;158:1438-45.

Prussin C, Griffith DT, Boesel KM, Lin H, Foster B, Casale TB. Omalizumab treatment
downregulates dendritic cell FeepsilonRI expression. J Allergy Clin Immunol
2003;112:1147-54.

Cox G, Thomson NC, Rubin AS, et al. Asthma control during the year after bronchial
thermoplasty. N Engl J Med 2007;356:1327-37.

Pavord ID, Cox G, Thomson NC, et al. Safety and efficacy of bronchial thermoplasty in
symptomatic, severe asthma. Am J Respir Crit Care Med 2007;176:1185-91.

Castro M, Rubin AS, Laviolette M, et al. Effectiveness and safety of bronchial
thermoplasty in the treatment of severe asthma: a multicenter, randomized, double-blind,
sham-controlled clinical trial. Am J Respir Crit Care Med 2010;181:116-24.



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Dombret MC, Alagha K, Boulet LP, et al. Bronchial thermoplasty: a new therapeutic
option for the treatment of severe, uncontrolled asthma in adults. Eur Respir Rev
2014;23:510-8.

Wechsler ME, Laviolette M, Rubin AS, et al. Bronchial thermoplasty: Long-term safety
and effectiveness in patients with severe persistent asthma. J Allergy Clin Immunol
2013;132:1295-302.

Pavord ID, Thomson NC, Niven RM, et al. Safety of bronchial thermoplasty in patients
with severe refractory asthma. Ann Allergy Asthma Immunol 2013;111:402-7.

Chakir J, Haj-Salem I, Gras D, et al. Effects of Bronchial Thermoplasty on Airway
Smooth Muscle and Collagen Deposition in Asthma. Ann Am Thorac Soc 2015.

Pretolani M, Dombret MC, Thabut G, et al. Reduction of airway smooth muscle mass by
bronchial thermoplasty in patients with severe asthma. Am J Respir Crit Care Med
2014;190:1452-4.

Schatz M, Sorkness CA, Li JT, et al. Asthma Control Test: reliability, validity, and
responsiveness in patients not previously followed by asthma specialists. J Allergy Clin
Immunol 2006;117:549-56.

Sabate E. Adherence to long-term therapies: evidence for action. Geneva: World Health
Organization, 2003. Available from:
http://www.who.int/chp/knowledge/publications/adherence _full report.pdf.

Holgate ST. Stratified approaches to the treatment of asthma. Br J Clin Pharmacol
2013;76:277-91.

Proceedings of the ATS workshop on refractory asthma: current understanding,
recommendations, and unanswered questions. American Thoracic Society. Am J Respir
Crit Care Med 2000;162:2341-51.

Barnes PJ. Corticosteroid resistance in patients with asthma and chronic obstructive
pulmonary disease. J Allergy Clin Immunol 2013;131:636-45.

Bhavsar P, Hew M, Khorasani N, et al. Relative corticosteroid insensitivity of alveolar
macrophages in severe asthma compared with non-severe asthma. Thorax 2008;63:784-90.

Corrigan CJ, Brown PH, Barnes NC, Tsai JJ, Frew AJ, Kay AB. Glucocorticoid resistance
in chronic asthma. Peripheral blood T lymphocyte activation and comparison of the T
lymphocyte inhibitory effects of glucocorticoids and cyclosporin A. Am Rev Respir Dis
1991;144:1026-32.

Hew M, Bhavsar P, Torrego A, et al. Relative corticosteroid insensitivity of peripheral
blood mononuclear cells in severe asthma. Am J Respir Crit Care Med 2006;174:134-41.

Leung DY, Martin RJ, Szefler SJ, et al. Dysregulation of interleukin 4, interleukin 5, and
interferon gamma gene expression in steroid-resistant asthma. J Exp Med 1995;181:33-40.

Haley KJ, Sunday ME, Wiggs BR, et al. Inflammatory cell distribution within and along
asthmatic airways. Am J Respir Crit Care Med 1998;158:565-72.

Saetta M, Di Stefano A, Rosina C, Thiene G, Fabbri LM. Quantitative structural analysis
of peripheral airways and arteries in sudden fatal asthma. Am Rev Respir Dis
1991;143:138-43.

Balzar S, Wenzel SE, Chu HW. Transbronchial biopsy as a tool to evaluate small airways
in asthma. Eur Respir J 2002;20:254-9.

67



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

68

Kraft M, Martin RJ, Wilson S, Djukanovic R, Holgate ST. Lymphocyte and eosinophil
influx into alveolar tissue in nocturnal asthma. Am J Respir Crit Care Med 1999;159:228-
34.

Kraft M, Djukanovic R, Wilson S, Holgate ST, Martin RJ. Alveolar tissue inflammation in
asthma. Am J Respir Crit Care Med 1996;154:1505-10.

Contoli M, Kraft M, Hamid Q, et al. Do small airway abnormalities characterize asthma
phenotypes? In search of proof. Clin Exp Allergy 2012;42:1150-60.

Goldin JG, Tashkin DP, Kleerup EC, et al. Comparative effects of hydrofluoroalkane and
chlorofluorocarbon beclomethasone dipropionate inhalation on small airways: assessment
with functional helical thin-section computed tomography. J Allergy Clin Immunol
1999;104:5258-67.

Leach CL, Davidson PJ, Hasselquist BE, Boudreau RJ. Lung deposition of
hydrofluoroalkane-134a beclomethasone is greater than that of chlorofluorocarbon

fluticasone and chlorofluorocarbon beclomethasone : a cross-over study in healthy
volunteers. Chest 2002;122:510-6.

Leach C, Colice GL, Luskin A. Particle size of inhaled corticosteroids: does it matter? J
Allergy Clin Immunol 2009;124:S88-93.

Martin RJ, Price D, Roche N, et al. Cost-effectiveness of initiating extrafine- or standard
size-particle inhaled corticosteroid for asthma in two health-care systems: a retrospective
matched cohort study. NPJ Prim Care Respir Med 2014;24:14081.

Nicholson KG, Kent J, Ireland DC. Respiratory viruses and exacerbations of asthma in
adults. BMJ 1993;307:982-6.

Johnston SL, Pattemore PK, Sanderson G, et al. The relationship between upper
respiratory infections and hospital admissions for asthma: a time-trend analysis. Am J
Respir Crit Care Med 1996;154:654-60.

Wark PA, Johnston SL, Moric I, Simpson JL, Hensley MJ, Gibson PG. Neutrophil
degranulation and cell lysis is associated with clinical severity in virus-induced asthma.
Eur Respir J 2002;19:68-75.

Grunberg K, Sharon RF, Sont JK, et al. Rhinovirus-induced airway inflammation in
asthma: effect of treatment with inhaled corticosteroids before and during experimental
infection. Am J Respir Crit Care Med 2001;164:1816-22.

Green RM, Custovic A, Sanderson G, Hunter J, Johnston SL, Woodcock A. Synergism
between allergens and viruses and risk of hospital admission with asthma: case-control
study. BMJ 2002;324:763.

Corne JM, Marshall C, Smith S, et al. Frequency, severity, and duration of rhinovirus
infections in asthmatic and non-asthmatic individuals: a longitudinal cohort study. Lancet
2002;359:831-4.

Gern JE, Vrtis R, Grindle KA, Swenson C, Busse WW. Relationship of upper and lower
airway cytokines to outcome of experimental rhinovirus infection. Am J Respir Crit Care
Med 2000;162:2226-31.

Johnston SL, Martin RJ. Chlamydophila pneumoniae and Mycoplasma pneumoniae: a role
in asthma pathogenesis? Am J Respir Crit Care Med 2005;172:1078-89.

Black PN, Udy AA, Brodie SM. Sensitivity to fungal allergens is a risk factor for life-
threatening asthma. Allergy 2000;55:501-4.



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

O'Hollaren MT, Yunginger JW, Offord KP, et al. Exposure to an aeroallergen as a possible
precipitating factor in respiratory arrest in young patients with asthma. N Engl ] Med
1991;324:359-63.

Targonski PV, Persky VW, Ramekrishnan V. Effect of environmental molds on risk of
death from asthma during the pollen season. J Allergy Clin Immunol 1995;95:955-61.

Bush RK, Prochnau JJ. Alternaria-induced asthma. J Allergy Clin Immunol 2004;113:227-
34.

Kauffman HF, Tomee JF, van de Riet MA, Timmerman AJ, Borger P. Protease-dependent
activation of epithelial cells by fungal allergens leads to morphologic changes and
cytokine production. J Allergy Clin Immunol 2000;105:1185-93.

Lange P, Scharling H, Ulrik CS, Vestbo J. Inhaled corticosteroids and decline of lung
function in community residents with asthma. Thorax 2006;61:100-4.

Berair R, Brightling CE. Asthma therapy and its effect on airway remodelling. Drugs
2014;74:1345-69.

Roth M, Johnson PR, Borger P, et al. Dysfunctional interaction of C/EBPalpha and the
glucocorticoid receptor in asthmatic bronchial smooth-muscle cells. N Engl ] Med
2004;351:560-74.

Sverrild A, Bergqvist A, Baines KJ, et al. Airway responsiveness to mannitol in asthma is
associated with chymase-positive mast cells and eosinophilic airway inflammation. Clin
Exp Allergy 2015.

Andersson CK, Bergqvist A, Mori M, Mauad T, Bjermer L, Erjefalt JS. Mast cell-
associated alveolar inflammation in patients with atopic uncontrolled asthma. J Allergy
Clin Immunol 2011;127:905-12 e1-7.

Zeidler MR, Goldin JG, Kleerup EC, et al. Small airways response to naturalistic cat
allergen exposure in subjects with asthma. J Allergy Clin Immunol 2006;118:1075-81.

Salvi S, Holgate ST. Mechanisms of particulate matter toxicity. Clin Exp Allergy
1999;29:1187-94.

Ormstad H, Johansen BV, Gaarder PI. Airborne house dust particles and diesel exhaust
particles as allergen carriers. Clin Exp Allergy 1998;28:702-8.

Shore SA, Schwartzman IN, Mellema MS, Flynt L, Imrich A, Johnston RA. Effect of
leptin on allergic airway responses in mice. J Allergy Clin Immunol 2005;115:103-9.

Shore SA, Terry RD, Flynt L, Xu A, Hug C. Adiponectin attenuates allergen-induced
airway inflammation and hyperresponsiveness in mice. J Allergy Clin Immunol
2006;118:389-95.

McGrath KW, Icitovic N, Boushey HA, et al. A large subgroup of mild-to-moderate
asthma is persistently noneosinophilic. Am J Respir Crit Care Med 2012;185:612-9.

Chakir J, Hamid Q, Bosse M, Boulet LP, Laviolette M. Bronchial inflammation in
corticosteroid-sensitive and corticosteroid-resistant asthma at baseline and on oral
corticosteroid treatment. Clin Exp Allergy 2002;32:578-82.

Kerr KM. Morphology and genetics of pre-invasive pulmonary disease. Curr Diagn Pathol
2004;10:259-68.

Leube RE, Rustad TJ. Squamous cell metaplasia in the human lung: molecular
characteristics of epithelial stratification. Virchows Arch B Cell Pathol Incl Mol Pathol
1991;61:227-53.

69



189.

190.

191.

192.

193.

194.

195.

196.

70

Bejui-Thivolet F, Liagre N, Chignol MC, Chardonnet Y, Patricot LM. Detection of human
papillomavirus DNA in squamous bronchial metaplasia and squamous cell carcinomas of
the lung by in situ hybridization using biotinylated probes in paraffin-embedded
specimens. Hum Pathol 1990;21:111-6.

Philippon S, Streckert HJ, Morgenroth K. In vitro study of the bronchial mucosa during
Pseudomonas aeruginosa infection. Virchows Arch A Pathol Anat Histopathol
1993;423:39-43.

Brusselle GG, Vanderstichele C, Jordens P, et al. Azithromycin for prevention of
exacerbations in severe asthma (AZISAST): a multicentre randomised double-blind
placebo-controlled trial. Thorax 2013;68:322-9.

van der Velden VH, Hulsmann AR. Autonomic innervation of human airways: structure,
function, and pathophysiology in asthma. Neuroimmunomodulation 1999;6:145-59.

Denner DR, Doeing DC, Hogarth DK, Dugan K, Naureckas ET, White SR. Airway
Inflammation after Bronchial Thermoplasty for Severe Asthma. Ann Am Thorac Soc
2015;12:1302-9.

Salvi SS, Babu KS, Holgate ST. Is asthma really due to a polarized T cell response toward
a helper T cell type 2 phenotype? Am J Respir Crit Care Med 2001;164:1343-6.

Yu M, Eckart MR, Morgan AA, et al. Identification of an IFN-gamma/mast cell axis in a
mouse model of chronic asthma. J Clin Invest 2011;121:3133-43.

Brightling CE, Ammit AJ, Kaur D, et al. The CXCL10/CXCR3 axis mediates human lung
mast cell migration to asthmatic airway smooth muscle. Am J Respir Crit Care Med
2005;171:1103-8.






LUND UNIVERSITY

Faculty of Medicine

Lund University, Faculty of Medicine

Department of Respiratory Medicine and Allergology
Doctoral Dissertation Series 2015:141

ISBN 978-91-7619-221-4

ISSN 1652-8220

510z Ausiaaun puni “Ai-eipain Aq paulid



