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Abstract

Introduction: Obesity and asthma are associated but the mechanism is poorly understood.
Enhanced systemic inflammation may underlie the obesity-asthma paradigm. Although there is good
mechanistic data that obesity augments the immune response as well as promoting immune
dysregulation by reducing regulatory T cell numbers, there is little work relating this to obesity and
asthma.

Methods: A case-control study examined 6 groups of pre-menopausal women (n=84): non-obese,
overweight and obese individuals with and without asthma. Measures of adiposity and lung function
were taken and peripheral blood collected during the first 7 days of the menstrual cycle. Innate
immune parameters measured included: full blood count and differential; chemiluminescence
recorded whole blood reactive oxygen species; neutrophil related cytokines; neutrophil and
monocyte activation markers by flow cytometry, and LPS induced whole blood cytokine responses.
Insulin resistance, adipokine levels and free fatty acid levels were recorded. Dendritic cell and
lymphocyte subtypes including FoxP3* regulatory T cells (Tregs) were quantified by flow cytometry
and PHA-induced cytokine responses measured in whole blood.

Results: Obesity and asthma appeared to have synergistic effects with regards to circulating
neutrophil count, plasma IL-6 and leptin with obese asthmatics having the highest levels. Reactive
oxygen species production followed a similar trend. Increasing BM! within asthmatics was associated
with a reduction in eosinophils and myeloid dendritic cells, and increased PHA-induced IFNy. Obesity
across the entire study group was associated with increased neutrophil counts and neutrophil
related cytokines, reduced FoxP3* Tregs and increased PHA-induced IL-17 response.

Conclusions: Systemic changes in immunity occur in obesity and asthma; some of these are
additive. Within asthmatics, obesity is associated with responses suggesting T helper 1 (Th1) rather
than Th2 bias. Obesity-associated systemic changes in immunity might encourage a loss of immune
tolerance. These findings suggest that obesity might mediate its effects in asthma through systemic
inflammatory mechanisms.
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Chapter 1

Introduction



1.1 Overview

Asthma is one of the most important and common chronic diseases in the UK affecting 1 in 9 adults
[1]. Itis a chronic inflammatory disease of the conducting airways characterised by variable airflow
obstruction, inflammation and bronchial hyper-responsiveness (BHR). The pathogenesis is far from
well understood but involves complex gene-environment interactions. Atopy is the greatest risk
factor for asthma development and is defined as a genetic pre-disposition towards a type |
hypersensitivity reaction against common environmental antigens (allergens), manifested clinically
by epithelial inflammation. However, aeroallergen sensitisation is only estimated to contribute
towards 30% of the disease, suggesting that the remainder is an inflammatory response to an as yet
unidentified trigger [2].

Whilst atopic asthma has been traditionally thought of as a T-helper 2 (Th2) mediated disease, it is
increasingly recognised that changes in innate immune system priming and behaviour determine the
resultant adaptive immune response. The hygiene hypothesis for allergy suggests that a lack of early
childhood exposure to microbial triggers: pathogen associated molecular patterns (PAMPs), primes
the innate immune system to promote a Th2 biased adaptive immune response [3]. Dendritic cells
are important primers of the adaptive immune response and may play an important role in asthma
pathogenesis [4]. Whilst Th1/Th2 skewing may play a role in atopic disease, it is increasingly
recognised that other Th subsets are important [5], including regulatory T cells (Tregs) [6].

The heterogeneity of asthma is further highlighted by the existence of distinct clinical phenotypes. A
phenotype is defined as “the visible characteristics of an organism resulting from the interaction
between its genetic makeup and the environment” [7]. Although it has been apparent to clinicians
for many years that different clinical presentations exist within the syndrome of asthma, recent
cluster analyses have more clearly defined these entities [8]. These phenotypes differ in their clinical
features in terms of age of onset, sex predominance, degree of symptoms and response to
treatment. This is likely to reflect different underlying pathophysiological processes, with the type of
airway inflammation and its concordance with patient symptoms varying between phenotypes [8].
Such distinct pathophysiological mechanisms underpinning different asthma phenotypes now
termed “endotypes”, warrant further exploration as this could lead to the development of more
personalised and effective treatments [9].

Globally there is an obesity epidemic with 1.6 billion individuals affected in 2006 [10]; the situation is
predicted to escalate and it is estimated that by 2050 up to 60% of adults in the UK will be obese
[11]. Asthma is a common co-morbidity amongst the morbidly obese with a comparable prevalence
to more traditionally obesity-related disorders such as diabetes [12]. Cross-sectional and
subsequently longitudinal studies have repeatedly shown that obesity is associated with increased
asthma prevalence [13] and incidence [14] and the relationship appears to be stronger in women
[13, 15]. Two cluster analyses have identified an obese female predominant phenotype
characterised by an absence of eosinophilic airway inflammation [8, 16] and in keeping with this,
studies suggests that these individuals have a poor response to inhaled corticosteroid (ICS), the
cornerstone of traditional asthma therapy [17, 18]. Therefore the underlying pathophysiology needs
to be determined in order to adequately manage this increasingly common disease phenotype.



The mechanism which underpins the obesity-asthma association is not well understood. Obesity has
a number of systemic effects which could be of relevance to asthma and is associated with co-
morbidities including gastro-oesophageal reflux disease and obstructive sleep apnoea which could
mimic or exacerbate this disease [19]. However, over diagnosis of asthma is not a greater issue in
the obese than the wider population [20]. In the obese state, adipose tissue becomes infiltrated with
pro-inflammatory macrophages, and systemic changes are seen in the numbers and activation of
cells derived from the innate arm of the immune system [21]. Hormones (adipokines) released by
adipose tissue, the most studied being leptin can also impact on innate and adaptive immunity and
more specifically regulatory T cells [22] adipokines may also have more direct effects on airway
function [23]. Studies in humans to date suggest that whilst leptin may associated with asthma this
appears to be independent of BMI [24].

The idea that obesity therefore mediates its effects on asthma through systemic inflammation is an
appealing one, but work to date, whilst finding evidence of changes in systemic immunity with
obesity and asthma, have shown them to co-exist rather than interact in a synergistic fashion [25].
The larger studies have not always used stringent asthma definitions [26], a potential limitation in a
disease with a high rate of mis-diagnosis albeit independent of BMI [20]. In many cases these studies
have not been able to control for a large number of confounders which is particularly important in
asthma where disease activity will fluctuate, and in obesity which can be associated with a vast
number of co-morbidities. The effects of sex hormones have also not been taken into account, which
is of particular importance in a phenotype with a preponderance for pre-menopausal women. Small
well-designed studies have tried to address this question and, for the limited number of parameters
examined, have not shown evidence that systemic immunity plays a role [25]. However in perhaps
the most tightly controlled of these studies, the majority of patients were exacerbating at the time
of blood sampling and therefore work is needed to focus on these individuals during periods of
disease stability [25].

What seems clear from clinical data is that whatever the underlying pathophysiology, at least within
the airways, it is not typical eosinophilic inflammation as evident in atopic disease when measured
using sputum cell counts [25] or exhaled nitric oxide (FeNO) [27-29]. There is good mechanistic data
that innate immune function is altered in obesity [21] , including systemic changes in numbers and
activation markers of neutrophils [30] and the monocyte/macrophage compartment [31] which
could have relevance in asthma. Furthermore, the response of innate cells to danger signals such as
PAMPs, including lipopolysaccharide (LPS) could also be enhanced in the obese [32] and to the
candidate’s knowledge innate immunity has not been examined in obese asthmatics. Dendritic cells
could also play a role and early work suggests that obesity might modify numbers and function of
these cells [33]. In addition, Tregs may also be down regulated in obesity and its related diseases
[34] previous work to date suggests that this area of immune regulation is important in asthma
pathogenesis, although studies have been limited by a lack of surface markers. These areas of
immunity have not been addressed in this asthma subpopulation.



1.2 Study aims

The aim of this work is to perform a case control study in normal, overweight and obese
premenopausal women with and without asthma confirmed by objective criteria. It will attempt to
control as far as possible for potentially confounding co-morbidities including the effects of cyclical
hormonal changes. Whilst the participants are stable and free of exacerbation, the study will
examine whether detectable changes in systemic immunity can be observed in the obese asthmatics
compared to the other groups with a specific focus on the following areas which have not been
examined to date.

1.2.1 Study hypotheses

1: Systemic changes in innate immunity are important in the obese asthma phenotype.

2: Obesity in asthma is associated with changes in adaptive immunity including a reduction in
circulatory Tregs.

3: Changes in systemic immunity seen in obese asthmatics are associated with changes in adipokine
levels.

- 1.2.2 Research objectives

e To examine the innate immune system in obese females with and without asthma looking at
whether there are changes in the number or percentage of circulating leukocytes, markers
of neutrophil and monocyte activation, and the cytokine response to an inflammatory
stimulus in the form of LPS.

e To study systemic markers of long term oxidative stress (TBARS and TAOS) in these
individuals as well as acute reactive oxygen species (ROS) response to a non-specific
inflammatory stimulus.

e To study metabolic parameters which might impact on immunity including; adipokines
encompassing those in which there has been very little work; insulin resistance and free
fatty acids.

e To measure changes in dendritic cell populations.

¢ To examine changes in adaptive immunity including the percentage of circulating Tregs.




Chapter 2

Background



2.1: Asthma overview

Asthma is a chronic, complex disorder of the airways. Salter, a London physician, in 1860 described a
condition characterised by “Paroxysmal dyspnoea of a peculiar character with intervals of healthy
respiration between attacks” [35]. There are no gold standard criteria for asthma and the diagnosis
is a clinical one. Central to more modern definitions are the presence of chronic airways
inflammation, recurrent and variable symptoms and airflow obstruction that is reversible either
spontaneously or with treatment [36]. Asthma is a disorder of the conducting airways (bronchi and
bronchioles) within the lungs, therefore affecting approximately the first 15 generations of these but
the disease can spread proximally and distally with time [37]. Inflammation is a cardinal feature; the
release of potent mediators causes constriction of the airway smooth muscle and airway wall
oedema with thickening of up to 300%, accounting for the characteristic variable airflow obstruction
seen. As this continues chronically, changes to the structure of the airway wall are seen in a process
called remodelling [38].

Asthma is common with approximately 1 in every 9 adults in England and Wales affected [1].
Mortality rates from the disease are continuing to fall but it is estimated that 15 individuals per
million die from the condition. Atopy is the greatest risk factor for asthma development, However it
is estimated that aeroallergen sensitization contributes to only 30% of the disease [2]. This
observation suggests that the vast majority of asthma results from inflammatory response to as yet
unidentified triggers.

The aetiology of asthma is not well understood but it is clear that many sufferers have a genetic
susceptibility which interacts with environmental factors at critical stages in early life (Table 2 taken
from Pynn et al [39]), resulting in disease expression. Early twin studies provided evidence that
genetics were important in asthma development with the observation that concordance rates are
significantly higher in monozygotic than dizygotic twins [40]. Some studies estimate the heritability
of asthma to be as high as 60-70%, particularly in pre-school children [41, 42]. No single gene has
been identified that can explain the majority of asthma cases or determine severity, however linkage
analysis and more recently, genome wide association studies have suggested that more than 100
genes might contribute to asthma risk with the impact of each being relatively small [43]. Such gene-
environmental interactions result in inappropriate activation of the immune defences within the
lung resulting in perpetual inflammation.




Allergens

Pollutants

Viral
infections

Smoking

Medication
use

Obesity

Early
menarche

Peri-natal

House dust mite

Animal allergens:
Cat/Dog

Nitrogen dioxide (N02)

Diesel exhaust particles

Active smoking

Second hand smoking

Antibiotic use in
childhood

Hormonal replacement

therapy

Maternal diet

Prematurity

Breast feeding

Prospective

Prospective
cohort

Prospective

Mechanistic

Prospective
cohort

Prospective
cohort

Prospective
cohort

Meta-analysis of
prospective and
retrospective
studies

Prospective

Prospective

Cross-sectional
Longitudinal

Prospective
cohort

Retrospective
meta-analyses

Cross-sectional

Sensitization increases asthma risk
Early childhood exposure increases asthma risk
Minimal threshold level of allergen exposure [44]

Exposure decreases sensitization to other aeroallergens
No protective effect on asthma [45]

Proximity to roads - elevated NO02 T asthma risk [46]

Diesel exhaust particles promote dendritic cell maturation [47]
Diesel exhaust particles cause airway epithelial activation and
pro-inflammatory cytokine release [48]

Increased infant viral infections - -T risk of asthma and atopy [49]

Smoking - T risk of asthma development [50]

Prenatal maternal smoking - T asthma risk [51]

Adult passive smoking - T doctor diagnosed asthma [52]

Childhood antibiotic use in first year of life- T asthma risk [53]

HRT use - T asthma incidence [54]

Dose dependent effect between BMI and asthma risk [14]
Weight loss studies improve disease control [55]

Early menarche - Tasthma risk [56]

TMaternal vitamin E- -T child wheeze in second year of life [57]
Maternal vitamin D- T wheeze [58]

Prematurity - higher asthma risk [59]

Breast feeding - 4, non atopic wheeze, no effect on atopic
wheeze [60]

Table 2.1: Summary of the main environmental factors implicated in the aetiology of asthma. The

findings listed here are taken from some of the main studies examining this area. The papers listed are

predominantly observational and data in many of these areas is conflicting, reflecting the complex

nature of this area.



2.2: The immune system and the lung

The immune system consists of physical barriers, specialised cells and molecules which protect the
body from harmful environmental organisms (pathogens). This system is nowhere more pertinent
than in the lung, which with a surface area of >100m? comes into contact with >10,000 litres of
inhaled air per day. The immune system can be divided into two arms. The innate immune system is
evolutionarily ancient and provides an immediate response to potentially harmful pathogens. It
recognises generic molecules (pathogen associated molecular patterns (PAMPs)) found in various
types of micro-organisms through a limited number of germ-line encoded receptors termed pattern
recognition receptors (PRR) [61]. The adaptive immune system provides a temporally delayed
response which is highly specific, recognising peptides unique to a particular pathogen by the use of
an almost infinite number of randomly generated, clonally expressed receptors [62]. Upon
stimulation, clonal expansion of these cells results in immunological memory, enabling a much faster
specific response on subsequent encounter of the same antigen. The two arms of the immune
system therefore complement each others’ strengths and weaknesses; the innate immune system
with its fast yet non-specific response which can lead to collateral tissue damage and the acquired
immune system with its highly specific response conferring memory and limiting neighbouring tissue
damage at the expense of a temporal delay.

2.2.1 Innate immunity

The innate immune system encompasses physical and chemical barriers preventing the entry of
noxious substances across surface epithelia. Via the use of PRRs, it produces non-specific responses
in the form of inflammation and activates the adaptive immune system. PRRs detect the principal
components of pathogens; pathogen associated molecular patterns (PAMPS). There are a number of
families of PRRs expressed by cells of the innate immune system; these include those families that
consist of trans-membrane receptors - Toll like receptors (TLRs) and C-type lectin receptors (CLRs),
and those with cytoplasmic receptors such as nucleotide-binding oligomerisation domain receptors
(NLRs) and retinoic acid-inducible gene (RIG} like receptors (RLRs) [63]. The most widely described
family of PRRs are the TLRs. TLRs were originally identified as being important in the dorsal-ventral
patterning of the fruit fly, Drosophila melanogaster, but were subsequently found to be important
in recognising a variety of PAMPs [63]. In humans 11 TLRs have been identified to date [64].
Activation of these receptors initiates an extensive signal transduction cascade leading to activation
of nuclear transcription factor kB (NFkB), and expression of pro-inflammatory cytokines including
tumour necrosis factor alpha (TNFa), interleukin 1B (IL-1B), IL-6 and IL-8 [65, 66].

2.2.1 (i) The airways’ epithelium

At the most superficial level, surface barriers exist at environmental interfaces preventing pathogens
entering the body. The conducting airways of the lung are lined by a stratified epithelium which is



bound together by tight junctions: complexes consisting of interacting proteins and receptors which
prevent noxious molecules from penetrating the epithelium [67]. Mucosal epithelia are wet surfaces
lined with mucus, providing further protection [68]. The airway epithelium consists of ciliated
columnar epithelial cells and secretory cells (Clara and Goblet cells) [69]. The secretory cells
continuously produce mucin, a heavily glycosylated protein which forms a gelatinous layer which is
removed through the continuous beating movement of cilia located on the columnar epithelia cells
[70]. In the larger airways, sub-mucosal glands also contribute towards this mucous layer. The
mucous layer forms a physical barrier which is up to 10um thick; this glycoprotein rich substance
prevents microbes recognising and binding to surface epithelial glycoproteins and contains
antimicrobial products (lysozymes, defensins and IgA) and immunomodulatory molecules (cytokines)
[69]. Diseases of abnormal mucous composition such as cystic fibrosis [71], and impaired mucous
clearance, such as primary ciliary dyskinesias [72], result in chronic infection and inflammation
within the airways leading to irreversible dilatation (bronchiectasis), illustrating the importance of
this basic defence mechanism. The epithelium is also bombarded constantly with noxious
substances, mediating their tissue damage through the generation of free radicals, and is well
equipped to deal with such insults utilising antioxidant enzymes and free radical traps [73].

In addition to providing a mechanical and chemical barrier, the airway epithelium expresses TLRs
[64]. Activation of these receptors on the epithelial surface results in the expression of inflammatory
cytokines including TNFa and IL-8 [65, 66], placing the epithelium physically and functionally in the
ideal position to coordinate an inflammatory response to noxious stimuli.

2.2.1 (ii) The inflammatory response

Inflammation is a protective response which promotes both the removal of pathogens and tissue
healing [74]. It is characterised clinically by pain, swelling, erythema, heat and loss of tissue function.
These clinical manifestations reflect increased vascular permeability and inflammatory cell infiltrate
at the tissue level. Cytokines including TNFa, IL-1B and IL-6 orchestrate the inflammatory response
and their production is regulated at a transcriptional level through the activation of PRRs. However,
IL-1B goes through a two step process involving the synthesis of a pro-IL-1B form of the molecule in
response to TLR signalling which is then cleaved to produce the active cytokine. Cleavage takes place
via a complex containing the enzyme caspase 1, referred to as the inflammasome [75].

The inflammatory response involves the influx of a number of white blood cells, or leukocytes,
derived from myeloid progenitors (Figure 2.1) which form part of the innate immune system.
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Figure 2.1: Schematic representation of haematopoeisis. Multi-potential haemopoetic stem
cells differentiate into common myeloid and lymphoid progenitors. Cells of the innate immune
system are typically of myeloid lineage (NK cells being the exception to this), whilst
lymphocytes of the adaptive immune system develop from Iymphoid progenitors. B
lymphocytes subsequently mature in the bone marrow whilst T lymphocytes mature in the

thymus.

Macrophages are the most abundant immunologically active cell in the lungs. They are phagocytes
and upon activation via PRRs serve to eradicate the lung of noxious substances, pathogens and
debris. As well as resident macrophages in the lung, others are recruited from the blood from
circulating pro-inflammatory CD16+monocytes [76]. This mature subset of monocytes accounting for
5-8% of all those circulating, is responsible for cytokine production in acute (e.g. sepsis) and chronic
inflammatory (e.g. tuberculosis) processes [77]. Two classes of macrophage reside in the lung and
develop according to the cytokine environment to which they are exposed. Exposure to interferon
gamma (IFNy), predominantly produced by T helper 1 cells (Thl) (see section 2.2.4), results in the
development of pro-inflammatory M | macrophages, which are efficient at phagocytosis and antigen
presentation [78]. M| macrophages are important in the response to intracellular bacteria including
Mycobacterium tuberculosis. The T helper 2 (Th2) cytokines IL-4 and IL-13 promote the development
of an Alternatively Activated Macrophage (AAM) or M2 macrophage which has traditionally been
thought to have anti-inflammatory properties, but may also have a role in defence against parasites

(791,
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Eosinophils are granulocytes and contain highly toxic granular proteins which are released upon
their activation [80]. IL-5 along with IL-3 and granulocyte/macrophage colony stimulating factor
(GM-CSF) are important in promoting recruitment of eosinophil progenitor cells from the bone
marrow and their maturation [81]. Eosinophils are important in Th2 related immunity, they respond
to helminth infections [82] and are also important in the pathophysiology of atopic conditions
including atopic eczema [83], allergic rhinitis {84], and asthma (see section below (2.3.1 (ii}). Upon
activation they release a plethora of active mediators including major basic protein, cationic protein
and eosinophil peroxidise, as well as a number of cytokines and chemokines. Basophils are also
important in the response to helminth infections and can function as antigen presenting cells
initiating Th2 responses [85].

Mast cells, named “mastzellen” - meaning well fed cells reflecting their stuffed cytoplasm - by Erlich
in 1876, reside in connective tissue in the skin and at mucosal surfaces including the lung; they do
not circulate in the blood [86]. Mast cells differentiate in the bone marrow in response to stem cell
factor (SCF) and Th2 cytokines IL-4, IL-5 and IL-9 [87]. Upon activation mast cells release granules
which containing preformed mediators including histamine, and newly synthesised arachidonic acid
metabolites, including prostaglandins (PGD2) and leukotrienes (LTC4) , as well as cytokines (TNF-q,
IL-4, IL-5, IL-6, IL-1B and IL-13) [86].

Neutrophils are one of the most abundant cells of the innate immune response and have strong
phagocytic and antimicrobial properties; they also recognise pathogens using PRRs. In addition, they
are able to generate reactive oxygen species (ROS), which can damage DNA, proteins and
lipoproteins and they arrive at sites of inflammation within a few hours [88]. The blood neutrophil
count is tightly regulated by a number of cytokines including G-CSF, IL-17 and IL-23 [89] (see section
5.1.1 for more details). IL-23 is a cytokine produced by macrophages and dendritic cells in response
to an inflammatory stimulus via NFkB and induces IL-17 expression by Th17 cells (see section 2.2.3
(ii)) [90]. IL-17 in turn is a potent inducer of G-CSF production which promotes neutrophil
differentiation at the level of the bone marrow [91]. Humans deficient in G-CSF develop profound
neutropenia [92].

ROS are molecules which contain unpaired electrons and react vigorously with other chemical
compounds altering their structure and function [93]. ROS are generated as part of normal
metabolism and are also produced by cells including neutrophils and monocytes as part of the innate
immune response. Oxidative stress arises due to an imbalance between ROS production and
counteracting antioxidants and can cause oxidative injury resulting in further inflammation [94].

2.2.2 Dendritic cells

Whilst the inflammatory response is immediate, it is also non-specific and if allowed to continue in
an unregulated manner would result in widespread tissue damage. A more specific and targeted
response by the adaptive immune system not only confers memory but also limits collateral
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damage. However, this requires cells which are activated quickly via PRR but then are able to
present a specific peptide (antigen) to the adaptive immune system. Dendritic cells (DCs) are ideally
placed for this role, being present in areas of the body in contact with the external environment,
including the lungs and the gut. These cells, located just beneath the epithelial cell layer, are able to
extend their finger-like processes through the