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Summary Statement:

Long acting beta agonists (LABA) and long acting muscarinic receptor antagonists
(LAMA) are both used in the treatment of obstructive airway disease, in asthma they
are given with inhaled corticosteroids (ICS), in chronic obstructive pulmonary
disease (COPD) they may be given with or without ICS. These therapies may
attenuate the degree to which airways narrow to a bronchoconstrictor stimulus
(airway hyperresponsiveness). Long acting bronchodilators may also change airway
geometry as well as pure airway calibre, this can be measured by an effort
independent breathing test called impulse oscillometry. The works within this thesis
assess the effects of LABA and LABA with LAMA therapy on the airways of non-
smoking people with asthma, people with asthma who smoke, and people with
COPD. Primarily it focuses on outcomes related to impulse oscillometry
measurements of airway resistance (R) and reactance (X), but also assesses how

the bronchodilators attenuate airway hyperresponsiveness.

In mild-moderate persistent asthma, the addition of the LAMA tiotropium to
ICS/LABA adds little to airway calibre or geometry. Neither does it significantly
attenuate airway hyperresponsiveness. In the group of smokers with asthma, the
addition of tiotropium to ICS/LABA does significantly reduce airway resistance and
reactance, alongside asthma symptoms. In COPD tiotropium added to ICS/LABA

reduces bronchoconstriction from non-selective beta-blocker therapy with carvedilol.
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In summary add on LAMA to ICS/LABA has little benefit in mild-moderate asthma
but may offer benefits in both people with asthma who smoke and those with COPD.

This may be due to a different inflammatory or bronchoconstrictor stimulus in those

patients.

13



Introduction

Objective:
The objective of this thesis was to compare three airway disease or “responder”

groups:

¢ Non-smoking asthma
e Smoking-asthma

e Ex-smoking chronic obstructive pulmonary disease (COPD)

The main effect measured was the response to (or impact of) two classes of long
acting bronchodilators primarily on pulmonary function outcomes. The
bronchodilators used were a long acting beta agonist (LABA) and a long acting
muscarinic receptor antagonist (LAMA). This thesis comprises three published

clinical trials.

The overarching hypothesis was that these three disease groups respond to a
differing degree to long acting bronchodilator therapy added onto inhaled
corticosteroid (ICS). One of the key mechanisms thought to explain why the groups
may respond differently was varying degrees of airway hyperresponsiveness (AHR).
This was assessed by exposing the groups to bronchoconstrictor stimuli and
measuring how much protection the bronchodilators conferred to each of the

responder groups.
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Definitions in airway disease:

The decision to impose strict definitions between asthma and COPD have always
been a source of debate. The world’s first international symposium on obstructive
airway disease occurred in 1960. This “bronchitis” symposium introduced two key
hypotheses as to the nature of asthma and chronic bronchitis: The “Dutch”
hypothesis, by Orie and Sluiter (University of Groningen), and the so called “British”
hypothesis by Fletcher and Pride (Hammersmith, London). The “Dutch” hypothesis
proposed asthma and chronic bronchitis, hereafter referred to as chronic obstructive
pulmonary disease (COPD), had common origin and clinical manifestations, with
both being determined by endogenous (genetic, age, and sex) and exogenous
(allergens, smoking, viruses, and air pollution) factors (1). The “British” hypothesis
had the opposite view of totally differentiating these diseases from one another,
suggesting no common origin or relationship between asthma and COPD (2). Whilst
the debate still persists regarding which hypothesis has evolved to be true in the era
of advanced immunology, imaging, and functional testing, one aspect of the Dutch
hypothesis remains ever relevant, specifically that patients should be appropriately

grouped by clinical characteristics, rather than a single disease label.

Pointedly, as recently as 2017, The Lancet Commission on airway disease
recommends the deconstruction of the arbitrary labels of asthma and COPD into its
component parts, with a focus on traits that are identifiable and treatable (3). These

so-called “treatable traits” encompass both asthma and COPD and include airflow
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limitation (fixed vs variable), infection, and eosinophilic airway inflammation among

others (3). Treatable traits can predict risk of future asthma exacerbations (4).

Aside from common treatable traits the other commonality between the spectrum of
asthma and COPD is this: Both diseases are manged pharmacologically with inhaled
bronchodilator therapy in the form of long acting beta 2 agonist (LABA) and long
acting muscarinic receptor antagonist (LAMA) with or without the presence of inhaled

corticosteroids.

Outside of treatable traits, disease groupings in asthma and COPD can include
phenotypes and endotypes (5). Phenotypes may be considered a precursor to the
endotype, as they are an observable property of a disease based on clinical
characteristics, triggers, or general inflammatory processes. Endotypes define a
specific biological pathway to explain the observable property of a phenotype. Whilst
a person’s phenotype may evolve over time their endotypes do not change with time

or treatment.

Endotypes in asthma include T-helper 2 (Th-2) or type 2 (T2) high and low
categorisation. Endotypes in COPD include eosinophilic and non-eosinophilic
COPD. Despite the evolving science of endotypes and commonalities in inhaled
therapy, asthma and chronic obstructive pulmonary disease are still traditionally
considered as distinct entities, with guidelines recommending different management
approaches for each condition (6, 7). Asthma is defined as “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
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tightness and cough that vary over time and intensity, together with a variability of
expiratory airflow limitation”(6). COPD is defined by the Global Initiative for Chronic
Obstructive Lung Disease (GOLD) as a “disease that is characterised by persistent
respiratory symptoms and airflow limitation that is due to airway and/or alveolar
abnormalities, usually caused by significant exposure to noxious particles or gases”
(7). Asthma and COPD are both heterogeneous conditions, which have overlapping
physiological and pathological features, whilst also sharing similar pharmacotherapy
of inhaled corticosteroids (ICS) long acting beta-2 agonist (LABA), and long acting
muscarinic receptor antagonists (LAMA). Despite this, we arbitrarily divide their
management based on disease label instead of their predominant treatable trait (3).
The purpose of this thesis is to assess the efficacy of the inhaled therapy common
to both asthma and COPD wusing novel mechanisms such as airway

hyperresponsiveness and impulse oscillometry, further described below.

Pathophysiology:

To better understand how to approach airway disease, one must consider the
predominant mechanisms of airway inflammation. On a pathophysiological level,
airway inflammation can be divided into two endotypes, type 2 airway inflammation
(associated with atopic and eosinophilic asthma) and non-type 2 airway

inflammation (associated with non-atopic, non-eosinophilic asthma and COPD).
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Type 2 airway inflammation:
Asthma is predominantly due to Type 2 (or T-helper 2 cell) derived airway

inflammation. Upon exposure to a stimulus, such as a virus or allergen, airway
epithelium releases cell cytokines, such as interleukin (IL) -33, and thymic stromal
lymphopoietin (TSLP). IL-33 also promotes type-2 innate lymphoid cells (ILC2) to

release large amounts of Type 2 cytokines (mainly IL-5 and IL-13) (8).

TSLP causes dendritic cells to mobilise to local lymph nodes. Dendritic cells activate
naive CD4 T cells, these cells now in an IL-4 competent (activated) state. These IL-
4 competent (activated)T cells mature into T-follicular helper (TFH) cells and T-
lymphocyte (TH) 2 cells. The TFH, a major producer of IL-4, promote B cell mediated
class switching in lymph nodes. B cells are now switched on to Immunoglobulin E
(IgE) production. Heterogeneity exists within IgE function (9) and IgE does not
require cross linkage to exert its effect on mast cell function. IgE primes mast cells
to release histamine, and basophils to release leukotrienes. One such leukotriene
(D4) causes smooth muscle contraction, and mucus hypersecretion. TH2 cells
migrate from lymph nodes to the airway submucosa and produce IL5 and IL13. Both
these interleukins result in cascading airway inflammation. IL13, promoting airway
hyperresponsiveness (by enhancing smooth muscle contraction), promotes airway
fibrosis, and causes differentiation of epithelial cells into goblet cells with resultant
mucus hypersecretion (10). Additionally, IL-13 independently induces transcription
of inducible nitric oxide synthase (iNOS) from bronchial epithelial cells (10). Nitric
oxide synthase (NOS) has two isoforms constitutive and inducible (iNOS), it is the

former that has a modulatory role in asthma inflammation (11), and results in
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synthesis of the free radical nitric oxide (NO) from L-arginine. NO is a gaseous
signalling molecule that reacts with superoxide A, resulting in airway inflammation
and an increase in collagen and elastic fibre deposition, causing subsequent airway
remodelling (12). As NO is not stored, it is exhaled and can be quantitatively
measured as a marker of eosinophilic airway inflammation. One method of
measurement is termed fractional exhaled nitric oxide (FeNO) (13). FeNO may be
used to assess treatment response in allergic airway inflammation (14), the former
having been shown to be associated with clinically relevant improvements in asthma
control which are disconnected from pulmonary function outcomes such as FEV1(15,
16). FeNO correlates well with peripheral blood eosinophils (17) and total IgE in
patients with partially controlled asthma(18). FeNO levels are suppressed by inhaled
corticosteroid therapy (19). Levels of FeNO can measure effectiveness of

corticosteroid therapy as well as compliance with treatment (20).

IL-5 promotes eosinophil recruitment, eosinophil chemotaxis to the airway and
eosinophil accumulation and survival. Eosinophils release cytotoxic granules
containing basic proteins such as eosinophilic cationic protein (ECP), cytokines and
cysteinyl leukotrienes, causing inflammation, bronchial smooth muscle spasm, and
cellular damage. Corticosteroids, the cornerstone of asthma treatment, reduce the
numbers of eosinophils in blood and sputum by inhibiting the expression of pro
eosinophilic cytokines such as IL-5, and increase the rate of apoptosis and
associated phagocytosis. Pointedly, even low to medium doses of inhaled
corticosteroid therapy in asthma can reduce both blood eosinophils and FeNO, in a

dose dependent manner (17).
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Whilst inhaled corticosteroids treat type-2 airway inflammation, bronchodilator drugs
in the form of long acting beta-2-agonists (LABA) and long acting muscarinic
receptor antagonists (LAMA) are used as add on therapies over and above
corticosteroids. Their predominant function is to oppose the pro-contractile smooth
muscle effects of the cascading type Il airway inflammatory process, essentially
improving lung function. It is uncertain to what extent LABA and LAMA possess
clinically important anti-inflammatory properties, beyond their bronchodilator
function. LABA in combination with ICS may possess a steroid sparing property by
activating glucocorticoid receptors and enhancing corticosteroid sensitivity (21, 22),
However LABA monotherapy possesses no clinically important anti-inflammatory
effect (23) and LABA monotherapy is associated with increased airway inflammation
from expression of IL-6, an effect which disappears with the addition of ICS (24). In
vitro it has been demonstrated tiotropium (a LAMA), may have non neuronal anti-
inflammatory effects, as it attenuates IL-13 induced goblet cell metaplasia, on human
airway epithelium (25), a key process in type Il airway inflammation. In vivo however,
it has been demonstrated that the efficacy of tiotropium is independent of the Th-2
phenotype (26). Furthermore, tiotropium when added to high dose ICS/LABA in
severe persistent non-smoking asthma, results in no measurable reduction in
biomarkers of Type 2 inflammation, such as ECP and only marginal reduction in NO
(27). When comparing add on LAMA (tiotropium) versus add on LTRA (montelukast)
or doubling ICS, in asthma patients receiving ICS/LABA, superior FeNO reductions
were seen in the LTRA and double dose ICS arms (28). Thus, suggesting any anti-
inflammatory property it possesses in asthma may only be marginal.

20



Non-type 2 airway inflammation.
Smoking and air pollution can result in a non-Th-2 derived airway inflammation. The

constituents of cigarette smoke or heavy air pollution damage the epithelial lining of
the oral cavity and airways; a process which can be independent of or coexist with

Th-2 airway inflammation.

Whilst it is known that patients with asthma have a significantly higher risk of
developing COPD than those without asthma, even after adjusting for smoking
history (29), unequivocally, smoking is still significantly associated with increased
risk of acquiring COPD. People who smoke =15 cigarettes/day have an eight times
higher risk of developing COPD compared to non-smokers (30). Inhaled primary and
secondary cigarette smoke alongside other pollutants (such as burning biomass)
result in epithelial cell and macrophage activation. Both these cells release
chemotactic factors (chemokine ligands), which attract inflammatory cells to the
lungs. Chemokine ligand 2 (CCL2) acts on chemokine receptor 2 (CCR2) to attract
monocytes, monocytes then differentiate into further macrophages in the lung,
resulting in ongoing inflammation. Chemokine ligand 1 and 8 (CXCL1, CXCLS8), also
released by macrophages and epithelial cells promote neutrophil attraction.
Neutrophils release proteases which promote alveolar wall destruction, and mucous
hypersecretion. Epithelial cells also release CXCL9, 10 and 11 which act on a
receptor on T-Helper 1 (Th-1) and type 1 cytotoxic T cells (Tc-1) to promote their
recruitment. These cells release proteases which result in elastin degradation and

emphysema. Finally, both epithelial cells and macrophages release transforming
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growth factor — (TGF-[3), which stimulates fibroblast proliferation and resultant small

airway fibrosis.

The role of inhaled corticosteroids in the treatment of this non Th-2 inflammation is
guestionable (31), with no evidence of reduction in inflammatory cells, cytokines or
proteases, in patients with COPD, even when treated with high doses of ICS (32). In
a study of 60 patients with COPD given six weeks of ICS vs placebo, there were no
overall treatment associated changes in forced expiratory volume in 1 second
(FEV1), chronic respiratory disease questionnaire score, or sputum characteristics
(33). Only when dividing the data into tertiles was an improvement in FEV1 of 110ml
noted compared with placebo in the highest tertile. Interestingly this improvement,
whilst above the MCID of 100ml (34), was not associated with a fall in the sputum

eosinophil count.

The add on role of inhaled corticosteroids to dual bronchodilator therapy is also
marginal in terms of its effect on reducing exacerbations with one recent study
demonstrating a difference of 0.09 exacerbations per year when ICS was added to
LABA/LAMA (35). Therefore, aside from smoking cessation, the mainstay of

pharmacological treatment for COPD is bronchodilator therapy.

There is emerging research into a clinical description of patients that have aspects
of both Type 2 and non-Type 2 airway inflammation, the so called asthma-COPD
overlap (ACO) (36) Controversy exists as to whether this condition truly exists or
whether it compromises overlapping features between two different diseases (such

as eosinophilia or reversibility), the term ACO has been removed from the more
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recent GOLD COPD statement (37), but is still referred to in current scientific
literature (38). This may be because, in certain patients, differentiating asthma and
COPD at a diagnostic level is often challenging. ACO may be considered a broad
categorisation of patients who have features of both diseases, but is not clearly
defined, as ACO does not represent a single phenotype. It can include patients with
COPD and eosinophilic inflammation, patients with severe asthma and irreversible
airway obstruction, and patients with asthma who smoke and have non-Type 2
airway inflammation. Hence, to label ACO as a syndrome, may be misleading (6).
There may however be a clinically relevant subgroup of COPD patients who have
Type 2 (asthma-like) gene expression alterations. If such patients could be
adequately characterised with a biomarker (such as eosinophil count), it would
enable delineation of those who would benefit from Type 2 targeted therapies such

as ICS.(39), versus bronchodilation alone.

Therefore, in terms of the role of inhaled pharmacotherapy, perhaps asthma and
COPD comprise a spectrum of disease that must be treated with targeted therapy
(40). Hence, in order to deliver the right treatment to the right lungs, rather than
“‘more treatment to more lungs” (3), one must consider the mechanisms of airway
disease in the spectrum of asthma and COPD, and demonstrate the role of current
pharmacotherapy in managing the treatable traits of the disease. This is the

hypothesis tested within this thesis.

Airway mechanics:
Airway smooth muscle tone is a principal determinant of airway diameter and

resistance. In physiological conditions, airway smooth muscle has little tone, the
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airways are patent and airway resistance does not limit breathing (41). In obstructive
airway diseases such as COPD and asthma, there is increased airway smooth
muscle tone. This is due to the production of multiple agents that promote airway
smooth muscle contraction, via G-protein coupled receptors. The two most important
receptors contributing to increased airway smooth muscle tone are the M3
muscarinic acetylcholine receptor (MAChR) , activated by acetylcholine released by
the nerves of the parasympathetic nervous system; and the beta-2-adrenoceptor
(B2AR) G-protein coupled receptor, which antagonises airway smooth muscle

contraction.

Whilst airway smooth muscle tone is principally regulated by the M3 receptor, most
muscarinic receptors on airway smooth muscle are M2, which contribute indirectly
to airway tone. M2 in the airway smooth muscle is responsible for limiting B2AR
mediated relaxation. M2 receptors present on parasympathetic nerves supplying the
lung limit acetylcholine release (42), a so-called cholinergic brake, providing
negative feedback control over acetylcholine release. In order to provide effective
bronchodilation, a muscarinic receptor antagonist should inhibit M3, but not M2, to

spare potentiation of vagally induced bronchoconstriction (43).

Receptor crosstalk refers to instances in which components of one signal
transduction pathway affect another (44). Crosstalk exists between the B2AR and
the mAChR (41). Beta-2-agonism results in M3 receptor desensitisation, via protein
kinase A. This results in functional antagonism of pro-contractile signalling. Crosstalk

in the other way also exists, with M3 mMAChR activation promoting B2AR
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desensitisation, via protein kinase C; this results in a diminished capacity to relax

muscle.

Role of long acting bronchodilators in airway disease:
In asthma, long acting beta agonists and muscarinic receptor antagonists are given

as add on therapy to inhaled corticosteroids (ICS) (45). Long acting beta agonists
are always given in combination with inhaled corticosteroids to mitigate the known
problem of B2AR tachyphylaxis and desensitisation (46) (47) (48, 49). Prolonged
occupancy of the B2AR by an agonist (formoterol, salmeterol etc.), resulting in rapid
uncoupling and internalisation of the receptor from cell surface. Both inhaled and
oral glucocorticoids restore B2AR density on the surface of cells that have
undergone B2AR downregulation in the presence of an agonist (50-54). Clinically
this is borne out by large RCTs; Lazarus et al. demonstrated that in patients with
persistent asthma, those prescribed salmeterol monotherapy, versus those
prescribed low dose ICS (triamcinolone) monotherapy had significantly increased
asthma exacerbations (20% vs 7% p=0.04), significantly higher treatment failures
(24% vs 6% p=0.004), and equivalent peak expiratory flows, and rescue salbutamol
use (55). In a Cochrane review of seventy seven studies where LABA was added on
to inhaled corticosteroids versus same dose inhaled corticosteroids, in adults the
addition of a LABA at licensed doses reduces the rate of exacerbations requiring
oral steroids, improves lung function and symptoms and modestly decreases use of
rescue short-acting beta-2-agonists (56). In a post marketing US FDA-mandated
safety study, in 11,693 adolescents and adults with moderate-severe asthma,

treatment with ICS/LABA (budesonide/formoterol) versus ICS alone, was associated
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with a lower risk of asthma exacerbations (hazard ratio, 0.84; 95% CI, 0.74 to 0.94;
P=0.002), and an equivalent risk of serious asthma related events (57). These data,
therefore, confirm current British Thoracic Society guideline that LABAs are the first

choice add on therapy to ICS.

LAMAs are currently positioned as add on to ICS/LABA in asthma (45), currently
tiotropium is the only licensed add on LAMA. Tiotropium (TIO) is a long acting
muscarinic antagonist (LAMA), which is functionally selective for the postjunctional
M3 muscarinic receptor, found on airway smooth muscle (43), this “functional
selectivity” is due to the ability of tiotropium to dissociate from the M2 receptor ten
time faster than the M3 receptor (58). TIO reduces asthma exacerbations by 21% in
patients when used as add on therapy in patients receiving inhaled corticosteroids
and long-acting beta-agonists (ICS/LABA)(59). Whilst blocking the M3 receptor
inhibits acetylcholine-induced bronchoconstriction, TIO exhibits only modest
improvements in forced expiratory volume (FEV1), which amounts to approximately
100ml at trough (59, 60), which is less than the minimally important difference of
230ml (61). It is therefore hard to explain the protective effect on exacerbations on
the basis of this small improvement in airway calibre alone (62). Neither can the
reduction in exacerbations afforded by add-on tiotropium be correlated with
improvements in the asthma quality of life questionnaire (AQLQ) (63). Asthma
severity, judged by the AQLQ, significantly relates to future risk of asthma
exacerbation, over and above the risk conferred by prior exacerbations (64). In a
severe asthma study, when tiotropium vs placebo was added to ICS/LABA for 4

weeks, tiotropium failed to show improvement in AQLQ (27, 59).
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Therefore, the proposed mechanism through which tiotropium reduces
exacerbations remains unclear. One possible mechanism may be by conferring a
bronchoprotective effect against exogenous constrictor stimuli (challenge). The
sensitivity of the airways to constrict upon exposure to agonists (challenge) is termed
airway hyperresponsiveness (AHR). In murine models of acute and chronic asthma,
treatment with tiotropium bromide significantly reduced airway inflammation, AHR,
and Th2 cytokine production in bronchoalveolar lavage fluid (BALF) (65). In a Guinea
pig model of asthma administration of tiotropium resulted in complete blockage of
antigen-induced AHR (66). Hence these animal data suggest a potential anti-
inflammatory and bronchoprotective action of tiotropium, which requires further

evaluation in humans.

Airway hyperresponsiveness
AHR is a hallmark feature of persistent asthma and can be regarded as a surrogate

marker of type Il airway inflammation. AHR is often present in well controlled asthma
(67), Itis linked to airway remodelling even in asymptomatic subjects (68). Severity
of AHR relates to levels of type Il inflammatory biomarkers (69), as subjects with
AHR have significantly higher levels of sputum eosinophils, ECP, and peripheral
blood eosinophils, compared to those without demonstrable AHR (69, 70). In mild
asthma the level of AHR also correlates to sputum eosinophils (71). AHR is known
to relate disease severity (72) ,with more severe AHR being associated with steeper

falls in FEV1 over time and increased symptoms (73).
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To assess airway hyperresponsiveness patients inhale “challenge” agents which can
be via a dry powder inhaler or via a nebulised dosimeter, the procedure is termed a
bronchial challenge (or bronchoprovocation) test. The severity of AHR is measured
by calculating the provocative concentration (PC), or provocative dose (PD) of
challenge agent, required to reduce FEV1 by 20% (PC20 or PD20 respectively).
Pulmonary function (traditionally FEV1) is measured at the start of the procedure,
prior to any challenge being administered, and then after each dosing step. A pre-
specified cut off such as a drop in FEV1 by 15 or 20% is determined a positive
challenge. In principle, bronchoconstriction to the lowest doses of challenge agent
suggest marked airway hyperresponsiveness, whereas lack of bronchoconstriction
to the highest doses of challenge agent suggest little to no AHR. A total lack of AHR

to a standard challenge test may point to a diagnosis other than asthma (74).

Many patients with COPD also have evidence of AHR: In the Lung Health Study, two
thirds of the approximately six thousand participants with mild or early COPD, had
demonstrable AHR (75). The severity of AHR predicted subsequent decline in lung
function in COPD. The utility of assessing AHR in COPD is unclear as interpretation
of AHR is hampered by how dependent it is on baseline FEV1(69). In severe COPD
therefore it may be argued that AHR in COPD is merely a surrogate marker of airflow
obstruction, additionally, the test is generally contraindicated in those with an FEV1
of less than sixty percent predicted (76). It should be noted that the dependency of
degree of AHR on baseline FEV1 is numerically the same in asthma and COPD (77).
It is known that short term treatment with high dose budesonide does not improve

hyperresponsiveness to indirect bronchial challenge in patients with
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(mild/moderate/severe) COPD (78). Moreover even prolonged treatment with ICS
for two years has no impact on AHR in patients with (mild/moderate/severe) COPD
(79), again suggesting that the role of ICS in treating AHR in patients with
(mild/moderate/severe) COPD is limited. Little work has been done however, on the

role of bronchial challenge and interaction on bronchodilator therapy in COPD.

Bronchial challenge testing can be completed using direct or indirect acting
bronchoconstrictor agents (stimuli), referring to the mechanism by which a stimulus

mediates bronchoconstriction (figure 1).

Methacholine or histamine are examples of direct bronchial challenge agents that
cause bronchoconstriction by specific receptor action on muscarinic or histamine
receptors situated on airway smooth muscle, and hence a fall FEVi. Direct
challenges are more sensitive than indirect challenges, however they are less
specific: Positive challenges may occur in many individuals with no asthma
symptoms (80), however negative direct airway challenges can be used to exclude

current asthma in a clinic population (81).

Naturally occurring stimuli such as viruses, allergens, chemicals, exercise and cold
air cause bronchoconstriction through indirect mechanisms, acting on inflammatory
and neuronal cells which release mediators or cytokines to cause downstream
bronchoconstriction (82). Hence the more physiological nature of an indirect airway
challenge is suggested to have more clinical relevance (80, 83), and is more specific
in the diagnosis of asthma, with one population study demonstrating a specificity of

98.4% (95%CI, 96.2% to 99.4%) (81, 84). Moreover, it has been suggested that
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indirect airway challenge should correlate better with asthma activity (85) and level
of eosinophilic airway inflammation, compared to direct (86) and show greater
improvement with both allergen avoidance compared to direct (87). Examples of
indirect stimuli include adenosine 5 monophosphate and mannitol. Mannitol is
thought to more closely reflect physiological stimuli and acts by the releasing pro-
inflammatory mediators (88). Moreover mannitol challenge has been shown to be

related to an TH2 phenotype in asthma (89-91).

Direct challenge: Indirect challenge:

Histamine, methacholine Mannitol, AMP
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Figure 1

Summary of direct vs indirect challenge.
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Traditionally, the pharmacological management of asthma has been based solely on
symptoms and conventional lung function, rather than AHR or measures of
inflammation, either direct or surrogate. Titrating anti-inflammatory ICS therapy to
the level of AHR as measured by indirect BCT has previously been shown to reduce
exacerbations and improve symptoms compared to a non-AHR driven strategy (92).
Measuring AHR is a useful non-invasive method to confirm or refute a diagnosis of
asthma when lung function is preserved, and symptoms are equivocal. It may also
be used to adjust the level of anti-inflammatory treatment - in a study by Sont et al,.
patients whose therapy was targeted solely against AHR exhibited fewer

exacerbations , higher FEV1 and less airway remodelling (93).

Smoking in asthma and COPD:

It is well established that tobacco smoking enhances airway hyperresponsiveness in
patients with and without an overt diagnosis of asthma (94-96). Smoking cessation
results in reduction in AHR to indirect challenge, but not direct challenge, in as little
as six months post cessation (97) At twelve months post cessation both indirect and
direct challenges show similar improvement. This would suggest that indirect
challenge agents detect the presence of reversible inflammation induced by tobacco

smoke earlier than direct agents.

Increased airway resistance is common in smokers, even when conventional
pulmonary function (FEV1) is preserved (98). This may suggest that early small
airway damage is occurring, which may eventually lead to COPD. As IOS can

demonstrate small airway dysfunction and relates closely to asthma control (99, 100)
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it may be a useful tool to assess this.

Compared to non-smoking asthma, those with asthma who smoke have significantly
poorer asthma control, independent of FEV1 (101). Furthermore, cigarette smoking
in asthma is associated with a higher frequency of exacerbations, increased number
of life-threatening asthma attacks and asthma mortality is greater among heavy
smokers with asthma compared to never smoking asthma (102, 103). This has a
huge impact on health care resources due to unscheduled doctor visits and frequent
hospital admissions. Despite this, smoking cessation rates are very low due to the
highly addictive nature of tobacco smoking and the prevalence rate of smoking
among asthmatics is similar to that of the general population (104). Patients with
asthma who smoke are particularly challenging to manage because they are
resistant to the beneficial effects of corticosteroids, the mainstay of asthma treatment
(105, 106). Furthermore, they have substantially greater declines in FEV1 over time,

than non-smokers (107).

Unfortunately, there is no guideline consensus regarding how to best manage
smoking asthma patients. Therapeutic studies in asthma tend to exclude smokers
because of concerns about recruiting patients with chronic obstructive pulmonary
disease (COPD) (108); two recent studies looking specifically at the efficacy of
tiotropium in asthma excluded any current smokers or those who had a pack year
history of greater than 10 (109, 110). Hence, there is an unmet need for therapeutic

studies in people with asthma who continue to smoke.
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Compared to non-smokers, smokers have greater cholinergic airway tone, patients
with COPD have a greater still tone (111). When administered the anticholinergic
agent atropine, non-smokers had the smallest increase in FEV1, compared to
smokers, then those with COPD. When smokers with asthma and non-smokers with
asthma are administered ipratropium, a short acting muscarinic receptor antagonist,
they have a greater bronchodilation effect compared to non-smokers (112).
Additionally, in the same study, when ipratropium and salbutamol were given
together smokers had significantly greater synergistic bronchodilation effect
compared to non-smoking asthma, receptor crosstalk may be a plausible
explanation for this effect. In a small single dosing study of tiotropium added to
ICS/LABA in smoking vs non-smoking asthma, those with higher pack-years or lower
baseline percentage FEV: showed greater increases in FEV1 in response to
tiotropium (113). The limitations of this study were its single dosing, hence the
potential for this effect to disappear after chronic dosing remains.

Tiotropium, when added to ICS/LABA, may reduce airway resistance as well as
attenuate AHR. It is uncertain whether this relates to an anti-inflammatory effect in
smokers. Cigarette smoke induces interleukin-8 release from human bronchial
epithelial cells (114); it has been suggested that this increases airway inflammation.
Costa et al have shown that combining the ultra-long acting betaz agonist olodaterol
with tiotropium gives synergistic benefit in terms of anti-inflammatory response, with
statistically significant reductions in IL-6 and IL-8 levels (115) observed in vitro with
human lung fibroblasts. Olodaterol and tiotropium also significantly restored cCAMP
levels in fibroblasts of asthma subjects, beyond the levels induced by the agents
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individually, suggesting synergism. This cAMP-dependent signalling pathway
provides negative feedback for inflammatory responses. Whether this correlates to

a measurable benefit in lung function remains to be seen.

Tobacco use predisposes those with asthma to develop chronic obstructive
pulmonary disease (COPD). It is also associated with significant cardiovascular
comorbidity (116), independent of degree of airflow limitation; whilst severity of
airflow limitation does significantly relate to breathlessness, health status, walk
distance and exacerbations (117). Large population data has demonstrated that the
mortality of patients with COPD increases with severity of AHR, even when adjusted
for sex, age, smoking, and lung function amongst other variables (118), yet little
emphasis is placed on AHR in guideline based management of the disease. This is
despite a traditional fear of prescribing drugs which theoretically could induce AHR,
such as beta-2-receptor antagonists in COPD (119).

The severity of airflow limitation in COPD is based on FEV1 which strongly correlates
with burden of small airway disease, even before the onset of emphysematous
destruction (120). Small airway disease has been shown to be associated with
frequent COPD exacerbations (121)

The initiation of inhaled COPD therapy depends on disease staging, as guided by
management strategies, such as GOLD (7). This assesses patients based on
symptoms and exacerbations and categorises them into four risk groups from A to
D. Groups A and B are patients who experience <2 exacerbations per year requiring
steroids/antibiotics, and no hospitalisations. Groups C and D are high risk patients,
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who are experiencing =2 exacerbations per year (requiring steroids/antibiotics), or
one hospitalisation. Stratification between A to B, or C to D is symptom based,
assessed by the modified Medical Research Council (nMRC) dyspnoea score, or

the COPD Assessment Test (CAT) score.

Long acting bronchodilator therapy is the preferred therapy in GOLD A-C patients.

In exacerbation-prone patients with high symptoms (GOLD D) (7), triple inhaled
therapy (ICS/LABA/LAMA) is recommended. Tiotropium, when added to ICS/LABA
has been shown to significantly reduce all-cause mortality, hospital admissions, and
oral corticosteroid bursts in patients with COPD, when compared to ICS/LABA alone
(122). Moreover, tiotropium, in particular, has been shown in a large (n=5993), four-
year, randomised double blind trial, to reduce mean number of exacerbations by
14% (P<0.001), and time to first exacerbation, (16.7 months, 95% CI, 14.9 to 17.9),

compared to usual inhaled therapy (12.5 months, 95% CI, 11.5 to 13.8) (123).

Small airway disease and its assessment with impulse oscillometry:
The small airways (<2mm diameter) account for 98.8% of the total lung volume, and

are located from the eighth generation of the airway and below (124). The small
airways are implicated as being the predominant site of airflow obstruction,
irrespective of the whether the pathogenesis of the airway disease is due to asthma
or COPD. (125). The small airways are often referred to as the “quiet zone” (126),
as extensive airway disease can be present with only mild abnormalities in

conventional pulmonary function.
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Small airway disease (SAD) is evident in over 50% of moderate to severe asthma
with preserved (>80% predicted) FEV1 (127). Moreover, persistent small airway
dysfunction in asthma is associated with significantly higher long term oral
corticosteroid and salbutamol use, despite preservation of FEVi (>80%
predicted)(128). Small airway disease is also a key feature of COPD, and correlates
directly with disease severity (120). It is present in the early stages of the disease,
prior to onset of emphysema. Progression of COPD is strongly associated with
increases in tissue volume in the wall of the small airways and accumulation of

mucous in their lumens (129).

The assessment of small airway disease in asthma and COPD is challenging
because the region is relatively inaccessible for functional measurements. Forced
expiration manoeuvres such as conventional spirometry to measure FEV1 are not
specific to SAD and are non-physiological and carry the key disadvantage of being
effort dependent. Impulse oscillometry (I0S) is a pulmonary function test which can
be used to assess small airway disease and response to bronchodilator therapy

(130).

IOS is an effort independent method of measuring airway resistance (R) and its
reciprocal reactance (X). It is a form of forced oscillation technique, first described
by Dubious et al. in 1956 (131). Impulse oscillometry transmits square wave
pressure at a fixed frequency (usually 5Hz), from which all other frequencies of
interest are derived. The pressure oscillations conduct along the bronchial tree

causing distension and recoil of the lung parenchyma. Pulmonary resistance
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measures the energy required to propagate the pressure wave through the airways.
High frequency waves =220 Hz travel short distance and typically measure resistance
of the proximal airways, therefore, the resistance at 20Hz (R20) represents proximal
airway resistance. Lower frequency waves travel further into the lung parenchyma
and reach out to the small airways; hence the resistance at 5Hz (R5) represents the
total airway resistance. As disease in the peripheral airways will increase total airway
resistance (R5) to a greater extent than proximal airway resistance (R20), this is
known as a frequency dependent change, or heterogeneity of resistance. Therefore,
by subtracting the value of central airway resistance from the total airway resistance
(R5-R20), the frequency-dependent heterogeneity (i.e. degree of obstruction) of the
small airways can be measured. Reactance (X) is a measure of the energy
generated by the recoil of the lung after distension by the pressure wave. The area
of reactance (AX) is an area under the curve between reactance values for 5Hz and

the resonant frequency (Fres, Hz), the frequency at which reactance is zero.

IOS is particularly useful in patient groups who may struggle to adequately perform
effort dependent airway manoeuvres, such as children, those with physical
limitations, and the elderly. It gives a better insight into lung mechanics compared to
spirometry, which only measures volume and flow. Whilst it is acknowledged that
body plethysmography may be considered an alternative method to assess airway
resistance (sRaw) and conductance (sGaw), it is a technically demanding
assessment (132). The complex panting manoeuvres required (for up to five
breathing loops), can be exhausting particularly for patients with impaired lung

function. Moreover Raw reflects resistance of the bronchial tree, whereas
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oscillometry measurements reflect total respiratory system resistance (133) and can
be used to extrapolate small airway resistance (R5-R20). Pointedly, R5-R20 and AX
are more sensitive than sRaw and sGaw in terms of detecting changes in airway

geometry post indirect (allergen) and direct (methacholine) challenge (134).

As small airways dysfunction is highly predictive of worse asthma control (100) and
relates to COPD disease severity (135), it is conceivable that assessment of this as
an outcome may pick up early improvements of bronchodilator pharmacotherapy,
which are not detected using FEV1. I0S has been used in all studies within this
thesis to assess degree of small airway dysfunction alongside conventional

spirometry.

Hypothesis:

Study 1. Non-smoking asthma (NCT02039011): This study chose to assess the
bronchoprotective role of ICS/LABA/LAMA versus ICS/LABA on patients with non-
smoking asthma. These patients were challenged with the indirect challenge agent
mannitol using conventional cut offs for positive challenge i.e. the provocative dose
required to reduce FEV1 by a given percentage. The hypothesis was that addition of

LAMA would confer superior bronchoprotection to mannitol than ICS/LABA.

Study 2: Smoking asthma (NCT02039011): This study assessed the
bronchoprotective role of ICS/LABA/LAMA versus ICS/LABA on patients with
asthma who smoke. We again utilised the challenge agent mannitol, but on this

occasion had a more exploratory primary outcome. We hoped that there would be a
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greater sensitivity in terms of signal to noise with an I0S outcome measure
compared to conventional FEV1. Therefore, we chose to look at the provocative dose
required to increase total lung resistance (R5) by a given percentage. It was hoped
that this would highlight the utility of impulse oscillometry in the assessment of airway

disease.

Study 3: Beta blockers in moderate to severe COPD (NCT01656005): Conventional
airway challenge is prohibited in patients with an FEV1 of <60%. We chose to include
a real-world COPD population (moderate to severe) and so aimed to recruit those
with an FEV1 even as low as 30% predicted. Therefore, it would be unethical to
expose them to significant and sudden bronchoconstriction. However, we still wished
to assess the bronchoprotective role of ICS/LABA/LAMA vs ICS/LABA vs ICS. To
explore the potential benefit bronchodilators may have conferred in these patients
selective (bisoprolol 5mg OD) and non-selective (carvedilol 12.5mg BD) beta
blockers were given to the patients in therapeutic doses. Once at a steady state the
bronchodilators were sequentially withdrawn (LAMA then LABA). This allowed the
beneficial effect of each to be isolated. Furthermore, as lower prescribing rates for
beta-blockers have been described in COPD patients with heart failure or post-
myocardial infarction (119, 136-138), this study also aimed to address concerns over

pulmonary tolerability of these drugs.

The commonality between all three studies was the LAMA (tiotropium) which was

the only LAMA licensed at the time across asthma and COPD.

39



40



Methods:

The following randomised controlled trials were included in this thesis:

e Proof of concept study to evaluate single and chronic dosing effects of ultra-
long acting bronchodilator therapy on mannitol challenge in asthma patients
taking inhaled corticosteroids.

e Effects of ultra-long acting bronchodilator therapy assessed by impulse
oscillometry in smoking asthma taking inhaled corticosteroids

e Beta-Blocker Therapy in Moderate to Severe COPD

Non-study specific methodology:

Participant selection:
Patients were selected from a database of existing volunteers at the Scottish Centre

of Respiratory Research (SCRR), at the University of Dundee, and from primary and
secondary care, within the health boards of NHS Tayside and Fife. Participants were
also recruited through the Scottish Primary Care Research Network (SPCRN).
Patients agreed to be contacted for current and future studies, and details were kept
securely in a locked office. Patients were invited to attend a general screen for either
asthma or COPD, and thereafter offered participant information leaflets on recruiting
studies suited to them. After a minimum of 24 hours patients were contacted to
enquire whether they wished to participate in a trial, if in agreement they were
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booked for a study specific screening visit. All participants provided full written
informed consent and were a minimum of 18 years of age at the time of enrolment
into a study. In order to enter an asthma or COPD study, patients had to have a
physician diagnosis of the respective disease, have a physical examination, and no
significant comorbidity which could jeopardise their safety or protocol integrity.
Specific entry criteria are provided within each chapter for the individual studies. The
Scottish Primary Care Research Network was also utilised to enhance recruitment
from primary care. All study staff maintained up-to-date good clinical practice (GCP)
training, all study documents were approved by the Sponsor, East of Scotland
Regional Ethics Committee (REC 2), NHS Tayside Research & Development and

MHRA, prior to study commencement.

Overarching inclusion/exclusion criteria:
Inclusion: Agreement for their GP to be made aware of study participation and to

receive feedback as relevant to the participant’s wellbeing.

Exclusion: Participation in another trial within 30 days before the commencement of
the study; pregnancy or lactation; unable to comply with the procedures of the
protocol; any clinically significant medical condition that may endanger the health or
safety of the participant; inability to give informed consent. Known or suspected
sensitivity to/intolerance of IMP. An asthma, COPD exacerbation, or respiratory tract
infection requiring systemic steroids and/or antibiotics within 1 month of the study

commencement or 3 months if hospital admission was required.
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Principles regarding data and statistical method:

Whilst each study has a specific description of the statistical methods used and
power calculations within its respective section, the following principles applied to all

data and its management:

Data from study visits was entered into a participant paper case report form (CRF)
at the time of measurement. Data collected from CRFs was entered into EXCEL
following Tayside Medical Science Centre standard operating protocols. All data was
assessed for normality, distribution, and outliers. When required, data was log
transformed if non-normally distributed. Due to the small datasets, all analysis was
per protocol only. All studies recruited enough patients to meet pre-specified

powering. Statistics were completed solely by the PI with oversight from the CI.

All statistics were carried out using IBM SPSS V22 (IBM Analytics, New York, USA).
Graphing was completed using GraphPad Prism (V 6.0, California USA). For all
studies, statistical significance was defined as an alpha error of 5% (two tailed), with

95% confidence intervals given for mean changes where appropriate.

Randomisation was done to Good Clinical Practice (GCP) standards, with a
computer-generated code held by the Clinical Trials Pharmacy, Ninewells Hospital,

Dundee.

Trial Management:
All trials were co-ordinated by a Trial Management Group TMG), consisting of the

Chief Investigator, Principal Investigator and Research Group Facilitator. The
Research Group Facilitator was responsible for checking the CRFs for
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completeness, plausibility, and consistency. The Principal Investigator had oversight

of all studies and was accountable to the Chief Investigator. A data monitoring

committee was not required as there was oversight via the Trial Management Group.

The University of Dundee and Tayside Health Board co-sponsored all studies. The

end of the study was defined as the final visit of the final participant. No study drug

was continued following the end of the study. Participants were returned to their

usual medication after the study.

Measurements:

Spirometry:

Spirometry was carried out in accordance with guidelines published by the
American Thoracic Society (ATS) (139), using a SuperSpiro (Micro Medical;
Rochester, Kent, UK) spirometer. Patients were asked to sit upright, exhale,
inhale rapidly and completely, position themselves on the mouthpiece, and
then exhale with maximum force until completion. This was done until there
were three readings, of which the best two were within 200mls or 5% of each
other. Forced expiratory volume in 1 second (FEV1), forced vital capacity
(FVC), FEV1/FVC ratio, and forced mid expiratory fraction (FEF2s.75) were
recorded; alongside percentage predicted results for normal population
distributions for the patient’s respective age sex, height, and ethnicity. Prior
to spirometry short acting reliever therapies such as salbutamol and

ipratropium were withheld for at least 6 hours. Each study had specific
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withholding times per protocol and these are detailed in their respective

method sections.

Impulse oscillometry (10S):

IOS, described in detail above, was carried out using MasterScreen 10S,
Viasys Healthcare, Leibnizstrasse 7, D-97204 Hoechberg, Germany, to
measure airway resistance (R) and reactance (X) in accordance with the
manufacturer’s instructions. The main parameters in I0OS are: R5, R20, R5-
R20, X5, AX, Fres. The I0S instrument is calibrated daily using a 3L syringe
for resistance. Patients are seated in front of the machine, with legs
uncrossed, and nose clip worn. They then place their mouth on the
mouthpiece with a tight seal, to prevent air leak. The cheeks should be held
firmly by the patient (or assistant), thereafter they perform normal tidal
breathing for at least 30 seconds. During this period 120-150 sound impulses
are pushed into the lungs via a loudspeaker. A pressure and flow transducer
measures inspiratory and expiratory pressure and flow of tidal breathing, and
that of the superimposed oscillation signals. A signal filter separates returning
signals from breathing pattern. From this mean reactance and resistance are
determined at frequencies from 5 to 20 Hz (140). To have reproducible
results, a minimum of three tests are performed. Tests with significant (cough
etc.) artefacts are discarded. Quality assurance is measured by coherence, a
value between zero and one which reflects reproducibility of measurements,
- this should be between 0.8 and 1.0 (140).
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Bronchial challenge testing: Assessing airway hyperresponsiveness

Within this work mannitol (Osmohale, Pharmaxis, Sydney, Australia) was the
chosen challenge agent. This was carried out as previously recommended
(141). Prior to the challenge, spirometry should be performed and baseline
FEV1 established.

The patient applies a nose clip and breathes through their mouth. The
following cumulative doses steps are administered through a dry powder
inhaler device with dry powder capsules inserted within it: Omg, 5mg, 15mg,
35mg, 75mg, 155mg, 315mg, 475mg, 635mg. 60 seconds after each
completed dose FEV1 is measured. A positive response per manufacturer’s
guidelines is achieved when the patient experiences a 15% fall in FEV1 from
baseline (0 mg dose).

Mannitol sensitivity is expressed as the provocative dose of mannitol required
to reach a 15% drop in FEV1 (PD1s) This was calculated by interpolation of
the log-linear dose—response curve. The data for PD15 were log transformed
before analysis Mannitol reactivity is expressed as the response dose ratio

(RDR: max % fall in FEV1 / cumulative dose).

Fractional exhaled nitric oxide (FeNO):
FeNO was carried out using NIOX MINO or VERO (Aerocrine AB, Solna,
Sweden) according to manufacturer’s instructions. The VERO and the MINO

have acceptable agreeability and are highly correlated (142). FeNO s
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measured by inhaling to total lung capacity, followed by exhalation into a
mouthpiece at a steady flow rate for 6-10 seconds, with just one successful
effort required to complete the test (143). It is measured in parts per billion
(ppb). Cigarette smoking suppresses FeNO by altering lung mechanics and

therefore was not measured in the study involving current smokers (144).

Skin prick test:

This was performed according to standard protocol using standardized
allergen extracts (Diagenics Ltd, Milton Keynes, UK) including house dust
mite, cat, dog, grass, tree, weed pollen, feather, and aspergillus, in addition
to a negative and positive control. One drop of each allergen was placed on
the volar aspect of the forearm, and a prick lancet is pushed through the drop
allowing a very small quantity of the solution to penetrate the epidermis. A
positive reaction is indicated by the wheal being 2mm greater than the
negative control, after approximately 15 minutes. Skin prick testing is more
sensitive than radioallergosorbent testing for aeroallergens (145).

Antihistamines are withheld 5 days prior to skin prick testing.

Quiality of life & functional assessments:
o Diary cards: Participants performed and recorded twice daily
domiciliary pulmonary function measurements (either PEF or FEV1)
completed a daily diary.of study inhaler use, reliever use and

symptoms on global 0-3 scale (0O=none, 1=mild, 2=moderate,
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3=severe), from the beginning of the step-down/run-in period through
to the end of the study. Patients were given a reference peak flow
value (70% of their best reading from screening), which defined a
safety threshold. A peak flow reading below this required them to
contact the study group and be assessed by medical staff. Patients
were trained how to use a peak flow meter (Mini-Wright standard
range), or Piko-6 digital lung function meter (Nspire Health Inc.) for
FEV1, to record their domiciliary lung function. The purpose of the diary
card was to assess compliance with inhaled therapy and for safety
purposes also. A minimum of 80% compliance with the investigational
medicinal product (IMP) was expected during the study.

Asthma control questionnaire (ACQ): This is a seven domain
qguestionnaire (Qoltech, UK) used to assess overall asthma control
(146), each domain is worth a maximum of six points. The patient
reports symptoms over the past week over six domains: wakening due
to asthma; morning asthma symptoms; activity limitation due to
asthma; asthma related shortness of breath; wheeze; and short-acting
bronchodilator use. The seventh domain FEVi1 (absolute and
percentage predicted) is reported by clinical staff. A score of <0.75 is
deemed to be well controlled, and a score of 21.5 is not well controlled
(147).

St George’s Respiratory Questionnaire (SGRQ): This is a 50-item
questionnaire developed to measure health status (quality of life) in

48



patients with diseases of airways obstruction (148). Scores are
calculated for three domains: Symptoms, Activity, and Impacts
(Psycho-social) as well as a total score.

o Baseline and transition dyspnoea index (BDI-TDI): BDI measures the
severity of dyspnoea at the baseline of a study. TDI measures changes
from this baseline (transition period) at subsequent visits. It assess
functional impairment, magnitude of task, and magnitude of effort,

which provokes breathlessness (149).

6-minute walk test (6BMWT):

This was carried out in accordance with ATS guidelines (150). It was
performed indoors on a flat, straight corridor, with a hard surface. The walking
course was 30m in length, with a turnaround point marked with a cone.
Patients were asked to wear comfortable clothing and shoes and use any
usual walking aids during the test. The test was performed at the same time
of day (mornings), and the patient was rested in a chair for at least 10 minutes
before the test. During this time, vital signs (heart rate, blood pressure,
oxygen saturations) were recorded. After this the patient was positioned on
the start line and as soon as they started to walk a timer was started. The
patient was observed, and after every minute, they were told “you are doing
well, you have x minutes to go”. If a patient stopped during the test they were
told “You can lean against the wall if you would like; then continue walking
whenever you feel able”. If they stopped prematurely and were unable to go
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on, the reason for stopping was recorded. If they completed the test, as the
timer stopped (at six minutes), they were told to stop, and remain in position
until their distance was marked with a cone. They could then rest, whilst the
distance travelled was calculated. Post-test Borg dyspnoea and fatigue levels
were assessed, along with a repeat of the earlier vital signs. The Borg scale
(151) is a 0-10 dyspnoea and fatigue scale, 0 being “nothing at all” and 10
being “very, very severe”. Patients are asked: “Please grade your level of
shortness of breath using this scale.”, then asked: “Please grade your level of

fatigue using this scale.”

Study specific methodology:

Proof of concept study to evaluate single and chronic dosing effects of ultra-long
acting bronchodilator therapy on mannitol challenge in asthma patients taking

inhaled corticosteroids.
EudraCT No. 2013-001953-28
Research Ethics Committee (REC) No. 13/ES/0072

Clinicaltrials.gov No. NCT02039011

Inclusion Criteria: Male or female aged at least 18 years, with persistent asthma and

receiving inhaled corticosteroids (at least 400 micrograms of BDP or the equivalent
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daily); Participants had to have a minimum FEV1 of >50% predicted and be mannitol

responsive i.e. provocative dose required to reduce FEV1 by 15% (PD15) <635mg.

Exclusion Criteria: Other respiratory diseases such as COPD, bronchiectasis or
ABPA; an asthma exacerbation or respiratory tract infection requiring systemic
steroids and/or antibiotics within 3 months of the study commencement; smoking

within one year or >10 pack year history.

Primary outcome: Change in mannitol PD15 between single and chronic dosing of

ultra-long acting bronchodilator therapy.

Secondary outcomes: 10S variables (R5, R5-R20, and AX), spirometry (FEV1, FEV1
% predicted, FEF25-75); mannitol response dose ratio (RDR), recovery in spirometry
post challenge; domiciliary peak flow- (PEF); asthma control questionnaire (ACQ);
post challenge recovery of FEV: after 400ug salbutamol;, ACQ (7 point

guestionnaire) after chronic dosing; and FeNO.

Power: The study was powered at 80% to detect a one doubling dose in mannitol
PD 15 (the primary outcome), as change from baseline, comparing indacaterol alone
with indacaterol plus tiotropium, after single and chronic dosing, and a within-subject
SD of 1.3 doubling dose, requiring a sample size of 14 using a crossover design,
with alpha error of 0.05 (2 tailed). All data were first examined for normality and
distribution. Repeated measures analysis of variance (ANOVA) was carried out
assessing for treatment and sequence effects for the cross-over design. Where
overall significance was found on ANOVA, Bonferroni corrected multiple pairwise

comparisons were then carried out. This was necessary when comparing data within
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our studies, as they featured four to six visits depending on study. Thus, pairwise
comparisons are reported as either significant (p<0.05, two-tailed) or not. Statistical

Analysis was done using IBM SPSS (version 22, IBM analytics, New York).

Beta-Blocker Therapy in Moderate to Severe COPD.

EudraCT No. 2011-006008-11

REC No. 12/ES/0054

Clinicaltrials.gov No. NCT01656005.

Inclusion Criteria: Male or female, aged 40-80 years with stable moderate to severe
COPD (GOLD stage 2&3). FEV1 30-80% predicted and FEV1/FVC ratio <70%.
Stable defined as no exacerbation in previous 3 months. Smoking history =210 pack-
years. Oxygen saturations= 92% on room air at rest. ECG demonstrating sinus

rhythm.

Exclusion Criteria: Use of domiciliary oxygen. History of other primary obstructive
lung disease including asthma or bronchiectasis. History of unstable angina,
uncontrolled hypertension, or heart failure NYHA class 3-4. Overt clinical signs of
right heart failure. Average resting systolic BP<110mmHg or average resting
HR<60bpm. Any degree of heart block. Concomitant prescription of beta-blockers,
rate-limiting calcium channel blockers, digoxin, or amiodarone. Patients must not
have had an exacerbation receiving oral corticosteroids within the past 3 months.
Short acting beta-2-agonist use (salbutamol) was allowed during the study, but

patients withheld 6 hours prior to any visit.
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Primary outcome: To establish effects between chronic dose exposure to cardio-
selective and non-cardioselective beta blockers on airway resistance at 5Hz (R5)

using 10S.

Secondary outcomes: 10S outcomes (R5, R20, R5-R20, X5, AX), spirometry (FEV1,
FVC, RVC), heart rate (HR), oxygen saturations (Sp0O2), blood pressure (BP), six
minute walk test (6MWT), Brain Natriuretic Peptide (BNP), St George’s respiratory
qguestionnaire (SGRQ), he Baseline and Transition Dyspnoea Indexes (BDI-TDI),

domiciliary spirometry, symptoms, HR and Sp02.

Data Analysis:

The study was powered on IOS at >80% to detect a 0-2 kPa/L.s difference in R5
with an SD of 0-23 kPa/L.s requiring a sample size of 18 completed patients per
protocol using a cross-over design and alpha error of 0-05 (two-tailed). The data
were checked for normality of distribution prior to analysis with both visual inspection
of the histogram alongside utilisation of the Shapiro-Wilk Test of normality. Baseline
values after run-in and washout were compared; having demonstrated no significant
differences for treatment or sequence, the pooled baseline values were used for the
purpose of subsequent comparisons with randomized treatments. Within and
between treatment comparisons across visits were made by repeated measures
analysis of variance (ANOVA) with time order effects assessed, and then, where a
significant difference was observed, this was followed by post hoc pairwise testing

with Bonferroni correction.
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Effects of ultra-long acting bronchodilator therapy assessed by impulse oscillometry

in smokers with asthma taking inhaled corticosteroids.

EudraCT No. 2014-005317-23

REC No. 15/ES/0032

Clinicaltrials.gov No. NCT02682862

Inclusion Criteria: Male or female volunteers aged 18-65 years with persistent
asthma and on inhaled corticosteroids (at least 400 micrograms BDP or the

equivalent daily); current smoker; FEV1 = 60 % predicted.

Exclusion Criteria: Other respiratory diseases such as COPD, bronchiectasis or

ABPA

Primary outcome: To assess the effects of once daily Striverdi Respimat®
(olodaterol), versus Spiolto Respimat® (olodaterol-tiotropium), as add-on therapy to

inhaled corticosteroids on airway resistance at 5Hz (R5), assessed by I0S.

Secondary outcomes: other IOS variables, spirometry, mannitol AHR, salbutamol

recover post challenge, domiciliary PEF, ACQ.

Data analysis: The primary outcome of the study was change in airway resistance

at 5Hz (R5). 16 completed subjects per protocol were required to detect, with 90%
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power, a difference of 30% in R5 from baseline, comparing olodaterol alone with
olodaterol-tiotropium, assuming a within subject SD of 24.5%, using a cross-over

design, with alpha error of 0.05 [2 tailed].
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Effects of add-on indacaterol and tiotropium
to inhaled corticosteroid in non-smoking
asthma

Primary Objective:

To compare single and chronic dosing protection against sensitivity (PD1s) and
reactivity (RDR) to mannitol, for indacaterol alone versus indacaterol plus tiotropium

given once daily as add-on therapy to pre-existing inhaled corticosteroids.
Secondary Objectives:

To compare single and chronic dosing of indacaterol versus indacaterol plus

tiotropium on:

Bronchodilator response based on trough spirometry.

Airway resistance and reactance based on impulse oscillometry.
Asthma control questionnaire

Exhaled nitric oxide

Post challenge FEV1 recovery
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Abstract:

Background: Tiotropium is a long acting antimuscarinic (LAMA), licenced as triple
therapy with inhaled corticosteroid and long acting beta-agonist (ICS/LABA). There
may be a synergistic benefit between LAMA and LABA because of receptor
crosstalk, which in turn could modify beta-2 receptor down-regulation and associated

tolerance induced by LABA.

Objective: We hypothesise this mechanism may result in a reduction of airway

hyperresponsiveness (AHR) when using triple therapy.

Methods: We evaluated 14 non-smokers with asthma using an open-label,
randomized crossover design. ICS with Indacaterol and Tiotropium (IND/TIO) vs ICS
with Indacaterol (IND) over 4 weeks with challenge performed after 15tand last doses

at trough.

Results: We found no significant difference in mannitol sensitivity, expressed as the
provocative dose of mannitol required to reach a 15% drop in FEV1, or mannitol
reactivity, expressed as the response dose ratio (RDR: max % fall in FEV1 /
cumulative dose ) , when comparing ICS/IND/TIO to ICS/IND. Geometric mean fold
differences for RDR comparing single and chronic dosing were 3.26 fold (95%ClI
1.46-7.29) and 2.51 fold (95%CI 1.32-4.79) for IND and IND/TIO respectively.
Furthermore, salbutamol recovery post challenge was significantly blunted after
chronic compared to single dosing with either ICS/IND (P<0.005) or ICS/IND/TIO

(P<0.05).
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Conclusion & Clinical Relevance: Our data suggests that concomitant tiotropium
does not modify the bronchoprotective tolerance induced by Indacaterol, in turn
suggesting that crosstalk may not be clinically relevant when using triple therapy.

This study was registered on clinicaltrials.gov as NCT02039011.

Introduction:
Tiotropium (TIO) is a long acting muscarinic antagonist (LAMA), which is functionally

selective for the post junctional M3 muscarinic receptor, found on airway smooth
muscle (43). TIO reduces asthma exacerbations by 21% in patients when used as
add-on therapy in patients receiving inhaled corticosteroids and long-acting beta-
agonists (ICS/LABA)(59). Whilst blocking the M3 receptor inhibits acetylcholine
induced bronchoconstriction, TIO exhibits only modest improvements in FEV1, which
amounts to approximately 100ml at trough (59, 60) ,which is less than the minimally
important difference of 230ml (61). It is therefore hard to explain the protective effect
on exacerbations on solely the basis of this small improvement in airway calibre

alone (62).

One mechanism by which TIO may exhibit its protective effects is by attenuating
airway hyperresponsiveness (AHR), via blockade of the post junctional M3
muscarinic receptor, resulting in reduced response to cholinergic transmission (152).
M3, however, is not the only muscarinic receptor to contribute to increased airway
tone and AHR; asthma is also associated with impaired pre-junctional M2 function
(153) (41). The pre-junctional M2 is an inhibitory autoreceptor, as it is stimulated by
acetylcholine to reduce further acetylcholine secretion. In asthma, the loss of this

negative feedback mechanism results in increased AHR. Moreover, it has been
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postulated that both pre-junctional beta-2 and M2 receptors are inhibitory to the
release of acetylcholine and that there is crosstalk between these receptor types (41,
153). Hence it might be expected that chronic dosing with LABA might remove the
brake to acetylcholine release as a consequence of down-regulation and
subsensitivity of pre-junctional inhibitory beta-2 receptors, resulting in augmented
cholinergic transmission and bronchoconstriction (153). In this regard, TIO rapidly
dissociates from M2 receptors, unlike its affinity for post junctional M3 receptors,
thereby facilitating additional inhibition by M2 receptors and reduced pre-junctional
acetylcholine release. This functional M3 selectivity may be a possible mechanism

by which it reduces exacerbations in asthma by attenuating AHR (43).

Another possible mechanism is that muscarinic M3 receptors promote beta-receptor
desensitization through protein kinase C—mediated phosphorylation (115), hence
inhibition of this effect by TIO may protect the beta-2 receptor from acetylcholine
induced heterologous desensitization by acetylcholine(154). In this regard looking at
the converse situation, tiotropium has been shown to protect against propranolol

induced bronchoconstriction (155).

TIO may also reduce exacerbations via a putative anti-inflammatory action by
inhibiting the paracrine effects of acetylcholine on inflammatory cells (156) . TIO has
been shown to exhibit inhibitory effects on the development of airway remodelling in
the animal model of antigen induced asthma(156, 157) . In vitro data have also
suggested that there may be an anti-inflammatory synergy between LABA and

LAMA, via the cCAMP pathway (115).
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Pointedly no studies have looked at effects of TIO on AHR assessed by bronchial
challenge using non cholinergic agents. One study showed that, as expected, TIO
produced prolonged functional antagonism of M3 mediated smooth muscle
constriction induced by the cholinergic agonist methacholine (158). As TIO is only
currently indicated as add-on therapy to ICS/LABA (45), the objective of this study
was to evaluate the impact of adding TIO to ICS/LABA on AHR to mannitol, in
patients with persistent asthma and whether TIO might also prevent against LABA

induced subsensitivity (153).

Patients and Methods:

Non-smoking male or female patients aged at least 18 years, with persistent asthma
already receiving ICS or ICS/LABA attended for a screening visit. Participants had
to have a minimum FEV1 of >50% predicted and be mannitol responsive i.e.
provocative dose required to reduce FEV1 by 15% (PD15) <635mg, to be enrolled.
After initial screening, any LABA therapy was first withdrawn for 2 weeks followed
by halving the ICS dose, to a minimum of 400ug/day (as beclometasone equivalent
dose). If patients were on secondary controllers such as leukotriene receptor
antagonists, these were also stopped. Participants then entered a 2-week run in on

this dose of ICS, which was then continued throughout the study.

The trial was a single centre, randomised open label cross-over design. Patients
received either 4 weeks of indacaterol (Onbrez Breezhaler, Novartis, Calberley, UK

) alone at a dose of 150ug OD (IND), or combined with tiotropium (Spiriva
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Handihaler, Boerhinger Ingelheim, Bracknell ,UK ) 18ug OD (IND/TIO) as add-on
to pre-existing ICS. There was a 2-week washout in between treatments while
continuing to take the same dose of ICS. This washout was sufficient to minimise

the possibility of carry-over effects of both IND and TIO (159).

Including screening, there were 7 visits in total (figure 2.).

Screening Run-in
Visit 2 weeks

Treatment period 1

-

Tiotropium + Indacaterol
4 weeks

N

~

Indacaterol
4 weeks

washout &

crossover

2 weeks

Treatment period 2

Indacaterol
4 weeks

Tiotropium + Indacaterol

4 weeks

<
3\

V2 V3 V5 V6

Figure 2. Flowchart

Visits were performed, in the mornings (8am to 10am), at baseline after run-in and
washout, and at 24 hours (i.e. trough) after the first and last doses of each
randomised treatment period. Patients were allowed short acting beta-2 agonists
(SABAS) as a reliever during the study but were asked to abstain from SABA use at
least 6 hours before each visit. . Participants were asked to record study medication
use on a diary, and compliance was checked with returned empty capsule counts.
This study was registered on clinicaltrials.gov as NCT02039011. The study was
approved the Tayside committee for medical ethics (reference: 13/ES/0072) and full

informed consent was obtained from all patients.
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The primary outcome was mannitol challenge, specifically mannitol sensitivity as
PDis. Mannitol reactivity as the response dose ratio (RDR) was a secondary
outcome. Mannitol challenge was performed as previously described(160). Impulse
oscillometry, a secondary outcome, (Jaeger Masterscreen 10S) was performed as
previously described (128) in accordance with manufacturer’'s guidelines. A
SuperSpiro spirometer (Micro Medical Ltd) was used to perform spirometry in
accordance with European Respiratory Society guidelines(161). After mannitol
challenge, salbutamol (400ug) was administered and 30-minute recovery recorded.
Exhaled nitric oxide (FeNO) was performed using an NIOX MINO analyser
(Aerocrine AB), in accordance with the published guidelines (162). Asthma control
questionnaire (ACQ-7) was measured using the standard 7 point paper

questionnaire(146) (Qoltech, UK) .

62



Results:
The participant flow for the trial is shown in the consort diagram (Figure 3) below.

[ Enrollment ]

Assessed for eligibility (n=39)

Excluded (n=21)

Not meeting inclusion criteria (n=17)

Inability to comply with protocol (n=4)

Randomized (n=18)

[ Allocation ]

Allocated to intervention (crossover) (n=18)
+ Received allocated intervention (n=17)

+ Did not receive allocated intervention (n=1)

Withdrew before taking IMP

Discontinued intervention (n=3)

Exacerbation of asthma (2)

IMP error: incorrect strength of
LABA issued (1)

[ Analysis ]

Analysed per protocol (n=14)

Figure 3. Consort
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Of the 39 patients screened 18 were randomised and 14 completed per protocol. Of
the 14 ICS treated asthma patients analysed, 12 had at least one positive skin prick
test to common aeroallergens, mean age was 46 years , mean FEV1 86% predicted,
mean BMI 30kg/m?, mean R5 160% predicted, and mean ICS dose 693ug/day
(beclometasone equivalent dose). No patients were current smokers, two were ex-
smokers with a mean pack year history of 2.6. Values comparing mean ICS dose

pre and post step down were 693 vs 429 pg/day (P< 0.05).

Data for all outcomes according to study visits are summarised in Table 1. All
outcome measures at first baseline and second baseline were assessed for
carryover effect in order of sequence. There was no statistical difference between
baseline data justifying the use of a pooled baseline value for comparison with
randomised treatment arms. This confirmed an adequate washout period. In
particular, there was no significant difference between mean baseline values for the

primary outcome of mannitol PD15: 383mg vs 387 mg.

There were significant improvements (P<0.05) in mannitol PD15 and RDR with IND
or IND/TIO vs baseline after single but not chronic dosing (Figure 4). There was a
significant difference (P<0.05) in RDR between single and chronic dosing for both
treatments: geometric mean fold differences were 3.26-fold (95%CI 1.46-7.29) and
2.51-fold (95%CI 1.32-4.79) for IND and IND/TIO respectively. Furthermore,
salbutamol recovery post challenge was significantly blunted afterchronic compared
to single dosing with either IND (P<0.005) or IND/TIO (P<0.05) (Figure 5 and table

1).
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TABLE 1 INDACATEROL INDACATEROL +
TIOTROPIUM
Pooled Single Chronic Single Chronic
baseline dosing dosing dosing dosing
FEV: (L) 2.56 (2.18- 2.69 (2.28- 2.64 (2.26- 2.78 (2.38- 2.71 (2.33-
! 2.95) 3.10)* 3.02) 3.19)* 3.09)*
FEV1 87 (78-97) 91 (82-100)* 90 (81-100) 95 (85-105)* 93 (83-102)*
Predicted
(%)
FEF2s.75 (L) 1.79 (1.22- 2.02 (1.39- 1.91 (1.25- 2.22 (1.49- 1.94 (1.38-
2.36) 2.65)* 2.57) 2.95)* 2.49)*
R5 (kPall.s) 0.54 (0.44- 0.45 (0.37- 0.44 (0.37- 0.39 (0.34- 0.45(0.39-
0.64) 0.52)* 0.50)* 0.43)* 0.50)*
R5-R20 0.14 (0.07- 0.07 (0.03- 0.07 (0.04- 0.05 (0.03- 0.08 (0.04-
(kPal/l.s) 0.22) 0.11)* 0.10)* 0.07)* 0.11)*
AX (kPa/l) 1.63 (0.58- 0.76 (0.34- 0.68 (0.43- 0.44 (0.25- 0.78 (0.48-
2.68) 1.19)* 0.92)* 0.63)* 1.09)*
RDR (%/mg) 0.037 (0.025- 0.011 (0.005- 0.037 (0.023- 0.015 (0.008- 0.035 (0.018-
0.055) 0.026) 0.061)t 0.029)* 0.070)t
PDis (mg) 390 (291- 537 (438- 455 (342- 487 (329- 388 (255
521) 619)* 606) 624)* -593)
FENO (ppb) 30 (20-45) 30 (20-44) 30 (20-45) 32 (23-45) 29 (19-44)
salbutamol 47 (-79 - 172) 33 (-47 - 259 (196 — 77 (19-136) 239 (177-
Recovery 113) 322)* 300)*
(%.min)
ACQ7 0.72 (0.48- 0.44 (0.24- 0.50 (0.27-
0.95) 0.63) 0.73)

Values are presented as mean (95% CI)
*Denotes significant (P<0.05) difference from pooled baseline.
tDenotes significant difference (P<0.05) between single and chronic dosing within treatment

groups.

No statistically significant differences observed between Indacaterol vs Indacaterol + Tiotropium
when comparing single vs chronic dosing at trough. salbutamol recovery is expressed as the
area under the curve (AUC) for 30 minutes.

65



Mannitol Sensitivity

p<0.05

~

o

=)
1

[+2]

o

o
1

Mannitol PD4s
(<))
o
<

400+

300
Baseline Single Chronic Single Chronic
Indacaterol Indacaterol + Tiotropium
Mannitol Reactivity
p<0.05
1 | 1
0.061
= ,
E
“—,! 0.04 4
=
x
[m] :
2 0.021 T
0.00

T T
Baseline Single  Chronic Single  Chronic
Indacaterol Indacatercl + tiotropium

Figure 4.

Effects of randomized treatments (as add on to ICS) compared to baseline on (a)
mannitol sensitivity (strength of stimulus) and (b) reactivity (responsiveness to
stimulus). P value denotes significant difference for randomised treatments

compared to baseline. There was also a significant difference between single and
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chronic dosing for reactivity with both treatments. There were no differences

between treatments. Values are geometric means and 95% CI.

% reduction from baseline FEV,

% reduction from baseline FEV,

Figure 5.
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challenge. P value denotes significant overall blunting of the salbutamol recovery
comparing chronic vs single dosing. Values are means and SEM. Note not all

patients achieved a 15% reduction in FEV1 at the end of the mannitol challenge.

IOS measures including R5, R5-R20, and AX were all significantly improved
(P<0.05) with both treatments compared to baseline after single and chronic dosing.
FEV1 and FEF25-75 were significantly better after single dosing with both treatments
(P<0.05) but only after chronic dosing with IND/TIO (P<0.05). There were no
significant differences between treatments after chronic dosing for either mannitol
AHR, spirometry or IOS outcomes. FeNO was unchanged with either treatment

compared to baseline. ACQ was also unchanged by either treatment.

Discussion:
Our results showed improvements in mannitol AHR with both treatments after single

dosing which were not maintained after repeated exposure, in addition to blunting of
salbutamol recovery. This is likely to be indicative of agonist induced down-
regulation and uncoupling of beta-2 receptors and associated tolerance of response.
The loss of bronchoprotection induced by indacaterol and associated cross
tolerance seen as blunted salbutamol recovery has previously been well
documented with other twice daily LABAS in patients taking concomitant ICS (163-
165) (166) (49). Indacaterol has a high degree of intrinsic efficacy at the beta-2
receptor being 73% compared to the effect of isoprenaline in vitro.(167) In another
study using isolated human bronchi the maximal relaxant response was 77% for
indacaterol versus 94% for formoterol (168). In this regard prolonged stimulation with

a high efficacy agonist like indacaterol would be expected to result in marked down
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regulation and uncoupling of beta-2 receptors as has been previously shown with
formoterol (165, 169-171). At 24 hours after the last dose of IMP (trough), the airway
might be particularly vulnerable to exogenous constrictor stimuli immediately prior to
the next dose. At this point we challenged the patients with mannitol to assess if the
add on TIO resulted in less AHR. There was statistically no different with both
treatments at day 1 in terms of degree of AHR, moreover this remained the case

with chronic treatment. This also applied to recovery time post challenge.

Hence it can be concluded that we did not see any clinical evidence of crosstalk
between muscarinic and beta-2 receptors, at least in terms of bronchoprotective
subsensitivity using indirect challenge with mannitol (153). The absence of any
bronchoprotection seen with TIO is consistent with similar findings with ipratropium
using direct acting histamine challenge (172) . We chose to use mannitol challenge
as it is a well validated (173) indirect challenge and hence better reflects other
physiological stimuli than direct challenges such as methacholine or histamine.
Furthermore, at the time of doing the study adenosine 5’ monophosphate (AMP) for
human use was not commercially available. Whilst it is noted that response to
mannitol is influenced by ICS (92), our patients had to be mannitol responsive at the
first visit whilst taking a stable ICS dose, which remained constant throughout the
study. Therefore, we felt that any changes in mannitol AHR would only reflect the
impact of bronchodilator treatments. Furthermore, the PD1s and RDR values were
not statistically different between first and second baseline, suggesting no carryover

effects between randomised treatment arms.
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For 10S and spirometry, both treatments conferred improvements which were
maintained after chronic dosing. As was the case with AHR, we found no significant
differences in pulmonary function outcomes after chronic dosing comparing between
IND/TIO and IND alone. This may reflect the relatively controlled asthma population
we recruited that had only a mild degree of AHR at baseline (defined as a PD1s >155
mgq) (174). Previous studies in more severe patients have shown that TIO in addition
to ICS/LABA results in approximately 100ml improvement in FEV1 (59), in turn
suggesting that improved airway calibre per se is unlikely to be the explanation for
reduced exacerbations(62) . We had originally considered that IOS might be more
sensitive than spirometry at picking up subtle differences between double and triple
therapy for bronchodilator effects measured at trough (175) (176).In the presence of
a raised baseline R5 value of 160 % predicted, one might expect there to be plenty
of room for further improvement comparing double and triple therapy, which was not
the case. Further studies are indicated to look at whether 10S is more sensitive to

effects of TIO in more severe patients.

There was no improvement in ACQ score which is unsurprising given the group was
objectively well controlled; the mean baseline value of 0.72 being less than the 0.75
cut off value for optimal control(147). However, the failure of add-on therapy with
LAMA to improve ACQ scores was also seen by Peters et al in a much larger and
more severe cohort (109). FeNO was unchanged with either treatment, which could
be explained by levels being already suppressed by concomitant ICS. Nonetheless,

one would still expect the addition of TIO to have contributed to a modest further
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reduction from a mean baseline value of 30ppb, as shown in another study in more

severe patients looking at triple therapy (27).

The clinical relevance of our data is that when using triple therapy, at least in asthma,
any effects of LAMA on exacerbations is unlikely to be due to bronchoprotective
effects. Moreover, concomitant LAMA does not mitigate tolerance induced by LABA
or cross tolerance to salbutamol. The caveat is that our patients only had mild to
moderate asthma and hence we did not see any significant additive bronchodilator
effects with LAMA. In other words, if LAMA had produced altered airway geometry
then perhaps, we might have seen some additional bronchoprotection. Against this
is the previous observation of Britton et al where ipratropium did produce a dose
related bronchodilator response which was disconnected from any effects on AHR

to histamine challenge (172).

We accept that our study has limitations in that our patients were initially well
controlled Moreover; our sample size was not powered to detect additional
bronchodilation with TIO. As airway geometry is an important determinant of
bronchoprotection, our negative findings with TIO on mannitol challenge might
simply reflect the lack of additional bronchodilator effect with TIO. Although we did
not have a comparator limb with TIO alone, one would have expected to see additive
effects on AHR after chronic dosing when the bronchoprotective effect of LABA had
diminished, in terms of there being room for potential further improvement after the
last dose. One could always argue that TIO is only indicated for use as add-on to

ICS/LABA, as was the case in the present study, and hence performing a study
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looking at TIO alone or in conjunction with ICS would have no clinical resonance.
Finally, we acknowledge that we did not measure either sputum or blood eosinophils
in the present study, although in that respect our patients were selected a priori

based on AHR.

In conclusion, TIO did not modify the bronchoprotective tolerance induced by
indacaterol or the cross tolerance seen on blunting of salbutamol recovery. Further
studies perhaps involving bronchial biopsy might provide an insight into the putative
anti-inflammatory action of TIO in asthma to help further elucidate the mechanism

by which it reduces exacerbations in patients taking ICS/LABA.

Commentary:
In hindsight this study was perhaps too mild in terms of asthma entry criteria. The

asthma population recruited were, on average, well controlled with mild AHR. Were
it to be repeated an ACQ cut off of >1.0 (l.e. those without optimal control) should
be selected. Another option would have been to recruit by severity of AHR, but this
would perhaps be slightly artificial or contrived. More importantly, as recruitment for
this and other studies proved a constant challenge, there was a realistic chance that
being too picky would have resulted in an unfinished project. This project also took
most of the three years to complete. This population is essentially in stark contrast
to the tiotropium licensing studies- who were essentially poorly controlled
asthmatics. There may an AHR signal present in the middle ground (moderate)
asthma population, but it remains to be studied. Concepts from this study were taken
forward (retaining AHR as a secondary outcome), the focus population became

patients with asthma who smoke. The main primary outcome of the follow-on smoker
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study became R5, mainly as it would align with the COPD study, but also because

selecting patients on AHR would have been a challenging recruitment.
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Effects of ultra-long acting bronchodilator
therapy in smokers with asthma taking
inhaled corticosteroids

Primary Objective

To assess the effects of olodaterol (LABA) alone versus olodaterol-tiotropium
(LABA/LAMA) given once daily as add-on therapy to pre-existing inhaled

corticosteroids using impulse oscillometry in smokers with asthma

Secondary Objectives

To assess the effects of olodaterol alone versus olodaterol-tiotropium given once

daily as add-on therapy to pre-existing inhaled corticosteroids on:

e Spirometry
¢ Mannitol challenge: The provocative dose to cause this 30% increase in R5
(PD30)

e Asthma Control Questionnaire (7 point)
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Abstract:

Background: Smoking worsens underlying asthma inflammation and induces
resistance to inhaled corticosteroids (ICS). Small airways dysfunction measured by
impulse oscillometry (I0S) is associated with worse control. Smoking asthmatics
demonstrate enhanced response to a short acting muscarinic receptor antagonist,
compared to their non-smoking counterparts and may benefit more from LAMA

therapy than their non-smoking equivalents.

Objectives: We investigated the effects on small airways of adding long acting beta-
agonist (LABA) alone or with long acting muscarinic antagonist (LAMA) to ICS in

smokers with asthma.

Methods: 16 current smokers were enrolled: mean age 44 yr., FEV1 84%, FEF25-
75 47%, R5 158%, ACQ 1.69, 20 pack yr. Patients were converted to a reference
ICS as HFA-BDP during initial run-in at median dose of 800ug. Open label olodaterol
5ug od (OLO) or olodaterol 5ug /tiotropium 5ug od (OLO/TIO) was added to HFA-
BDP for median duration of 3 week in a randomised cross over design, including
run-in and washout periods on HFA-BDP. I0S and spirometry were measured after
each treatment (BDP/OLO/TIO or BDP/OLO) and at baseline after run-in and

washout (BDP).

Results: After chronic dosing I0S outcomes of resistance at 5Hz and reactance area
under the curve (AX) and at trough were significantly improved with OLO/TIO
compared to OLO. For the primary end point of total airway resistance (as R5) the

mean difference (95%CI) at trough was: 0.06 (0.015-0.10) kPa/l/s, peripheral lung
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reactance area (as AX) : 0.38 (0.08-0.68) kPa/l, whilst FEV1 was not different. These
small airway improvements were reflected by significantly lower asthma control

questionnaire score in the OLO/TIO group but not the OLO group.

Conclusions

ICS/LABA/LAMA was superior to ICS/LABA on trough small airway outcomes in
asthma patients who smoke. The study was registered at clinicaltrials.gov as
NCT02682862 and was approved by the East of Scotland Regional Ethics

Committee (reference: 15/ES/0032).

Introduction:
Patients with asthma who smoke have significantly poorer asthma control compared

to their non-smoking counterparts (101). Cigarette smoking in asthma is associated
with a higher frequency of exacerbations and an increased number of life threatening
asthma attacks, with asthma mortality greater among heavy smokers compared to
those with asthma who never smoke (102, 103). This has a huge impact on health
care resources due to unscheduled doctor visits and frequent hospital admissions.
Despite this, smoking cessation rates are very low due to the highly addictive nature
of tobacco smoking and the prevalence rate of smoking among the asthma

population is similar to that of the general population (104).

People with asthma who smoke are particularly challenging to manage because they
are resistant to the beneficial effects of inhaled corticosteroid (ICS), the mainstay of
asthma treatment (105, 106). Smokers with asthma also have substantially greater
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decline in FEV1 over time versus non-smokers (107). The burden of morbidity
extends beyond airflow limitation however, as cigarette smoking enhances airway
hyperresponsiveness (AHR) independent of airflow obstruction (94-96). In terms of
small airway dysfunction, it is known that smokers with early stage COPD are
characterised by prominent small airway dysfunction (177), pointedly morphologic
abnormalities are found in the small airways of asymptomatic cigarette smokers with

normal conventional lung function (178, 179).

Unfortunately, there is no guideline consensus regarding how to best manage these
patients. Therapeutic studies in asthma tend to exclude smokers because of
concerns about recruiting patients with chronic obstructive pulmonary disease
(COPD) (108); Several studies looking specifically at the efficacy of tiotropium in
asthma excluded anyone who is a current smoker or those that have a pack year
history of greater than 10 (59, 109, 110); and the most recent closed triple
ICS/LABA/LAMA (beclometasone/ formoterol/ glycopyrronium) study in asthma also
excluded current and former smokers along the same lines (180). Hence, there is an

unmet need for therapeutic studies in those with asthma who continue to smoke.

Cigarette smoking may modify the determinants of airway inflammation in asthma,
such as causing increased non-TH2 derived cascade. Sputum eosinophil counts are
lower in asthmatic smokers compared to hon-smoking asthma (105), smokers also
have a greater degree of neutrophilia in their sputum, as well as increased levels of
IL-8 both in sputum and epithelial cells (181). Smoking asthmatics demonstrate

enhanced response to short acting muscarinic receptor antagonist, compared to
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their non-smoking counterparts (112), with significantly greater synergistic
bronchodilation with co-administration of short acting beta-2 receptor agonist. This
in turn would suggest that asthmatics who smoke have enhanced cholinergic tone.
In a small single dosing study of tiotropium added to ICS and long acting beta-2
agonist (LABA), in smoking vs non-smoking asthma, those with higher pack-years
or lower baseline percentage FEV1 showed greater increases in FEV1 in response

to tiotropium (113).

In view of the non-TH2 derived airway inflammation and steroid resistance that
smoking asthmatics exhibit, earlier use of synergistic long acting bronchodilator
therapy may improve asthma control, as it is known that long acting muscarinic
receptor antagonists (LAMA) confer specific anti-inflammatory properties. Costa et
al have shown that combining the ultra-long acting betaz olodaterol with tiotropium
gives synergistic benefit, in terms of anti-inflammatory response, with significant
reductions in IL-6 and IL-8 levels (115) observed in vitro with human lung fibroblasts.
Olodaterol and tiotropium also significantly restored cAMP levels in fibroblasts of
asthma subjects, beyond the levels induced by the agents acting alone. This CAMP
dependent signalling pathway provides negative feedback for inflammatory

response.

Conventionally the long acting muscarinic receptor antagonist (LAMA) tiotropium is
licensed as add on therapy to ICS/LABA in asthma. Kerstjens et al previously

showed a 21% reduction in severe exacerbations with tiotropium on top of pre-
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existing standard combination therapy in non-smoking asthma, along with a higher

peak FEV: of 139mL (96-181 95%ClI) (34, 182, 183).

In view of the above, we propose to assess the effects of olodaterol, a novel once
daily ultra-long acting beta-agonist given alone versus olodaterol plus tiotropium in
the form of Spiolto® Respimat®, a combination of once daily ultra-long acting beta
agonist and muscarinic antagonist, as add-on therapy to pre-existing inhaled

corticosteroids in smoking asthma using impulse oscillometry.

Although no previous studies have compared olodaterol-tiotropium to olodaterol via
a single inhaler device such as we are proposing, a previous study has compared
formoterol and tiotropium to formoterol alone (184), this demonstrated a statistically
significant increase in 12 Hour FEV1 in the formoterol-tiotropium group vs the single
agent groups. We will measure airway resistance with impulse oscillometry (I0S).
This is a non-effort-dependent pulmonary investigation that provides information
about airway mechanics which is more sensitive than spirometry alone (185).
Furthermore, 10S has previously been found to be a sensitive measure of small
airways function in both asthma and COPD (175, 186). Smokers may have a greater
degree of peripheral small airway dysfunction and the bronchodilator response may

be detected using 10S.

Methods:
Currently smoking male or female participants, aged 18-65 years, were recruited

from the NHS Scotland boards of Tayside and Fife, alongside our existing database
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of asthma patients at the SCRR. Participants had to have persistent asthma and
receiving inhaled corticosteroids (at least 400 micrograms BDP or the equivalent
daily). Participants had to have an FEV1 = 60% predicted, and were excluded if they
had a diagnosis of COPD, or other clinically significant respiratory disease such as
bronchiectasis, allergic bronchopulmonary aspergillosis etc. Participants should not
have had an asthma exacerbation requiring steroids and/or antibiotics within one
month of screening visit, or three months if they had been hospitalised due to their
asthma. This study was registered at clinicaltrials.gov as NCT02682862, and was
approved by the East of Scotland Regional Ethics Committee (reference:

15/ES/0032)

The trial was a single centre, randomised, open label, cross-over design.
Participants received either 4 weeks of Olodaterol (Striverdi Respimat 5ug OD,
Boehringer Ingelheim, Bracknell, Berkshire) or Olodaterol-Tiotropium (Spiolto
Respimat 5ug OD, Boehringer Ingelheim, Bracknell, Berkshire), both in addition to
Clenil Modulite. There was a 2-week washout between treatment periods. This
washout was sufficient to minimise possibility of carry-over effects of both Olodaterol

and Tiotropium.

After an initial screening visit with reversibility testing, eligible participants had LABA
and LAMA (if applicable) withdrawn. Participants’ ICS was rounded to equivalent
Clenil BDP (a minimum of 400ug). Second line controller therapy such as cromones,
or leukotriene receptor antagonists were permitted, with the proviso that participants

withheld such therapies 72 hours prior to each visit. Participants were issued diary
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cards to note symptoms, short acting beta agonist use, and peak expiratory flow
(PEF). If PEF dropped below 70% of screening reference value, participants were
advised to contact an emergency phone number carried by a study doctor. This
would result in withdrawal from the study, and an immediate review. Patients were
allowed SABA during the study but asked to withhold it at least 6 hours prior to any

study visit.

Including screening there were five visits in total (figure 6). Visits were performed in
the mornings (8am-10am). Participants attended at a therapeutic trough and
received baseline impulse oscillometry (Jaeger Masterscreen 10S, Hoechberg,
Germany), measuring parameters of R5, R20, X5, AX and Fres. Patients then
completed standard spirometry (Super Spiro) after IOS was obtained. Participants

had the first dose of IMP (either at treatment period one or two) in department.

The primary outcome of the study was change in airway resistance at 5Hz (R5).

Our previous study (183) had demonstrated no statistically significant difference in
FEV1 in terms of differences between ICS/LABA and ICS/LABA/LAMA. R5 was
chosen as IOS is more sensitive than conventional spirometry (175). This primary

outcome also aligned with that of the final COPD study within the thesis (187).

16 completed subjects per protocol were required to detect, with 90% power, a
difference of 30% in R5 from baseline, comparing olodaterol alone with olodaterol-
tiotropium, assuming a within subject SD of 24.5%, using a cross-over design, with

alpha error of 0.05 [2 tailed].
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Figure 6. Flowchart

After one-hour post inhalation of IMP the I0OS profile was recorded and the patient
proceeded to a mannitol challenge (Osmohale, Pharmaxis Ltd, Sydney, Australia),
per manufacturers guidelines. This was continued until an increase in R5 of 30% of
baseline was achieved (PD3oR5). For patients whose R5 did not increase by 30%
after 635mg, the maximum achieved increase in R5 was recorded. Once PD3oR5 or
maximum increase in R5 was achieved, the participants were given 400 micrograms
of salbutamol via an inhaler. To analyse recovery from the bronchial challenge, R5

was recorded every 5 minutes for 30 minutes, following the administration of

salbutamol.
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Results:
17 patients were randomised in order to complete 16 patients on a per protocol

basis. One randomised patient was withdrawn due to a failure to comply with the

protocol (figure 7).

Figure 7. Consort
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. /

\ 4
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Withdrawn (n=1)
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protocol

v

Completed per protocol (n=16)
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Participants had a mean age of 44 years, FEV1 of 84% predicted, FEF25.75 of 47%
predicted, R5 of 158% predicted, ACQ of 1.69, a 20 pack years smoking history, and
the median dose of HFA-BDP during run-in was 800 pg/day. 12/16 patients had at
least one positive skin prick test with a median of 2 (IQR 2-4). The median duration
for treatment, run-in and washout periods was 3 weeks. At respective baselines (per
the crossover nature of the study) There were no differences in any outcomes
comparing respective baseline values prior to treatment with OLO vs OLO/TIO

(Table 2), hence baselines were pooled for analysis.

Table2 BDP/OLO BDP/OLO/TIO P value

FEV: (L)  2.42 2.39 (0.74) 0.54
(0.18)

FEF25.75 1.49 1.42 (0.18) 0.23
(L/s)* (0.17)

FVC (L) 3.49 3.49 (0.21) 0.98
(0.20)

R5 0.58 0.58 (0.04) 0.82
(kPa/l/s)  (0.03)

R20 0.42 0.41 (0.02) 0.55
(kPa/l/s)  (0.02)

R5-R20 0.16 0.17 (0.02) 0.32
(kPa/l/s)  (0.03)

AX 1.64 1.98 (0.35) 0.19
(kPa/l) (0.34)

fres (Hz)  18.70  20.79 (1.46) 0.13
(1.25)

X5 -0.23 -0.25 (0.03) 0.38

(kPa/l/s)  (0.03)

Baseline values for lung function prior to each randomised treatment. Values are
presented as mean (SEM), * Geometric mean (SEM). BDP: Beclomethasone
dipropionate, OLO: Olodaterol, TIO: Tiotropium. P value refers to comparison
between baseline values
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Primary outcome (R5):

Both olodaterol and olodaterol-tiotropium produced significant (p<0.005) reductions

in R5 1-hour post dosing at the first visit and last visits:

At the first visit the changes in R5 with OLO and OLO/TIO were -0.14 (95% CI -0.20,

-0.08), and -0.15 (95% CI -0.21, -0.09) respectively.

At the last visit the changes in R5 for OLO and OLO/TIO were -0.13 (95% CI -0.20,

-0.07) and -0.15 (95% CI -0.21, -0.08).

There were no significant differences between OLO and OLO/TIO on R5 1-hour post

dosing regardless of first visit or last visit.

The only difference found in primary outcome (R5) between OLO and OLO/TIO was
at the last visit pre-dose. Here it was found that patients on OLO/TIO had lower
airway resistance than OLO. At the last visit trough AR5 for OLO/TIO was -0.057

(95% CI -0.098, -0.015), vs OLO, with P<0.005 for difference.
Secondary outcomes:

Other impulse oscillometry measurements of R5-R20, X5, Fres and AX demonstrated
similar statistically significant reductions at 1-hour dosing. There was no chance in
R20 with either arm of the study (table 3). R5 (alongside above IOS parameters)
were measured at chronic trough i.e. final visit, pre morning dose. In this regard there
was a significant difference between olodaterol and tiotropium (p=0.005) ARS
olodaterol was -0.02 (-0.07, 0.39) AR5 olodaterol-tiotropium -0.07 (-0.13, -0.02). This
was mirrored with AX, Fres and X5 (table 3).
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Data for spirometry are presented in table 4. Both olodaterol and
olodaterol/tiotropium significantly improved 1-hour post dose FEVi1i and FEV1 %
predicted at first dose and last dose compared to baseline, with no significant
differences between therapies. This was the same for last visit pre-dose
measurements. FEF2s.75s demonstrated similar significant improvements at the 1-
hour mark on first and last doses; however, did not improve compared to baseline at

final visit pre-dose.

There was no significant difference between olodaterol or olodaterol/tiotropium in
terms of mannitol challenge either expressed as (logio) PD30R5 or (logi0) RDR. The
addition of either bronchodilator made no statistically significant difference in AHR
compared to their respective ICS only baselines i.e. no statistically significant

difference was noted between the ICS vs ICS/LABA and ICS vs ICS/LABA/LAMA.

Both olodaterol and olodaterol/tiotropium resulted in significant improvements in the
seven domain ACQ score during the treatment period. Baseline ACQ score was
established after an ICS only two-week run-in, a final visit ACQ was completed
having received at least 2 weeks of the IMP. Olodaterol reduced ACQ from 1.72 (SD
0.85) to 1.29 (0.63) (p=0.046), olodaterol/tiotropium reduced ACQ from 1.53 to 1.03
(P=0.036). There were no significant differences between olodaterol and
olodaterol/tiotropium in terms of ACQ, however only olodaterol/tiotropium improved

ACQ to the MCID of 0.5 points.
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Comparison between ex-smokers and smoker cohorts:

Our smoking cohort had similar ages and BMIs (p=ns) to our previously studied non-
smoking cohort enrolled in our previous asthma trial, which also addressed the role
of add on tiotropium to ICS/LABA treatment (183). The smoking asthma cohort also
had similar baseline spirometry and impulse oscillometry values compared to the

non-smoking asthma cohort. Specifically, no significant differences were found in the

TABLE 4 Asthma group comparison

Non-smoking (n=14) Smoking (n=16)
AGE (YEARS) 49 (15) 44 (11)
BMI (kg/m?) 30 (7) 28 (5)
R5 (kPa/l/s) 0.54 (0.17) 0.58 (0.13)
R20 (kPa/l/s) 0.40 (0.09) 0.42 (0.07)
R5-R20 (kPa/l/s) 0.14 (0.13) 0.17 (0.10)
X5 (kPa/l/s) -0.20 (0.10) -0.24 (0.12)
FRES (HZ) 19.27 (6.86) 19.75 (4.77)
AX (kPall) 1.63 (1.82) 1.81 (1.28)
FEVL (L) 2.56 (0.66) 2.40 (0.72)
FEV1 (% PRED) 87 (17) 79 (11)
FVC (L) 3.75 (0.85) 3.49 (0.81)
Data are presented as mean (SD). No significant difference observed (2-
tailed, P<0.05) between smoking and non-smoking groups
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IOS measures R5, R20, R5-R20, X5, AX, Fres, or in spirometry measurements of

FEV1, FEV1 % predicted or FVC (table 4).

Discussion:

This study demonstrates that adding LAMA to ICS/LABA results in statistically
significant improvements in the resistance measure R5, reactance measures X5,

AX, and Fres, but not R20 and R5-R20, in the smoking asthma phenotype.

The study fulfilled its primary outcome in the sense that OLO/TIO patients had a
lower R5 than OLO at the last visit trough. A therapeutic trough is a point where the
airways are potentially most vulnerable to bronchoconstriction. However, the clinical
significance of a 0.057 kPa/l/s reduction airway resistance (R5) noted with OLO/TIO
is questionable, despite its significant P value. MCID for IOS parameters do not exist

and its clinical use in day to day practice is still very much to be established.

These I0S measurements were more sensitive than conventional spirometry (FEV1
and FEV1 % predicted), which demonstrated similar statistically significant
improvements in the ICS/LABA and ICS/LABA/LAMA groups, with no significant
differences between the two arms of the study. Interestingly R5-R20 but not FEF2s.
75, both thought to represent small airway function (128), failed to show any
improvement with either ICS/LABA or ICS/LABA/LAMA at trough measurement.
This may be because impulse oscillometry is an effort independent procedure and

so less likely to be affected by poor patient technique.
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At 1-hour post IMP dosing ICS/LABA/LAMA therapy was not significantly different to
ICS/LABA in terms of any I0S measurement. The lack of any difference between
randomised treatments for 1-hour post dose IOS response may be explained by the
effect on airway calibre with olodaterol being maximal, with there being no further
room for improvement with tiotropium. Alternatively it may relate to peak onset time
of tiotropium, whilst tiotropium has an onset of action within 30 minutes, peak
bronchodilation is reached within 3-4 hours (188). As visits were already 3-4 hours
long, it was thought unreasonable to keep currently smoking patients in a controlled
environment for an entire morning or more. Potentially the superiority at trough but
not peak for IOS outcomes with add on tiotropium over ICS/LABA is due to a longer
duration of action in small airways with tiotropium, which is evident at the end of the

24 hour dosing interval despite there being no difference in FEV1 (189).

The failure for R20 to improve with treatment may be in part due to its representation
of large airway resistance. This may be indicative of the small airway disease asthma
phenotype of the group who had a baseline R5-R20 of 0.17 kPa/l/s which is above
the threshold for significant small airway resistance and correlates with poor asthma

control (100).

This group had a mean ACQ of 1.63 (95% CI 1.33-1.92) suggestive of poorly
controlled asthma (147). Both ICS/LABA and ICS/LABA/LAMA similarly improved
ACQ above the MCID of 0.5 units. The lack of improvement in add on tiotropium
reflects data already seen in the two largest replicate asthma trials which studied

add on tiotropium to ICS/LABA in poorly controlled asthma (59). It is has been
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suggested that improvement seen with add-on tiotropium to ICS/LABA in asthma on
lung function and symptoms may be independent of T2 phenotype (26), however
studied patients were non-smokers. Our hypothesis that add on LAMA may confer
symptomatic benefit to smokers with asthma, who may have additional non-type 2
airway inflammation was not proven clinically. Had a difference been observed
between ICS/LABA vs ICS/LABA/LAMA in ACQ, the open label nature of the study

would no doubt have been a confounding factor.

Previously we have demonstrated that the addition of tiotropium to ICS/LABA
confers no benefit to AHR in non-smoking asthma patients (183). We hypothesised
that there may be a lack of sensitivity to AHR when measured against the
conventional spirometry index of FEV1. An exploratory outcome of AHR measured
against R5 demonstrated no difference between ICS/LABA and ICS/LABA/LAMA,
this was when expressed as the PCso of R5 (sensitivity of the airway) and the RDR
(reactivity of the airway) to mannitol. No signal could be discerned using R5 against
mannitol, and the study was, in retrospect, too small to attempt to explore this

outcome.

The study is limited by a number of issues. The study was carried out ‘open label’ ,
but the IMPs were delivered via the same Respimat device to eliminate the
confounding factor of inhaler technique. Olodaterol-tiotropium Respimat is not
licensed for asthma, whilst tiotropium Respimat is the only licensed LAMA for asthma
(at the time of writing). We accept the treatment period of 2-4 weeks may be

considered short; however, this is justified to some extent by a previous 13-week
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tiotropium treatment study. This demonstrated that improvements in pulmonary
function reached steady state at week one of a 13 week treatment period (190). The
study did not assess any other small airways measurement such as multiple breath
nitrogen washout, whole body plethysmography, nor was any lung imaging
performed. Finally, the trial duration was not sufficient to assess whether
exacerbation risk was reduced in those receiving add on LAMA. Whilst it is known
that tiotropium reduces exacerbations in poorly controlled non-smoking

asthma(182), no such data exists for smokers.

We previously performed a study in non-smoking asthma patients comparing
ICS/LABA or ICS/LABA/LAMA (183) and observed significant improvements
compared to a baseline of ICS alone for R5, R5-20 and AX, but no differences
between randomized treatments. Whilst the patients had similar baseline
demographics, spirometry and impulse oscillometry, the smoking patients in the
present study had worse asthma control in terms of ACQ (0.72 vs 1.69). These
patients may mimic the asthma-COPD overlap phenotype, in particular with regards
to greater LAMA responsiveness (191). A small study assessing the bronchodilator
effect of tiotropium in smoking and non-smoking asthma has previously
demonstrated greater improvements in FEV1 post dose in the smoking cohort versus
the non-smoking cohort, all of which were receiving baseline ICS. This study only
assessed a single dose of tiotropium, and patients were not receiving LABA (113),

moreover no small airway indices were measured.
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It is well known that smokers with asthma are resistant to the beneficial effects of
inhaled corticosteroids (106). Our patients were on a median ICS dose of 800ug
BPD, which would be considered at least a moderate dose (6). Future studies could
assess whether ICS dose reduction to low dose, whilst patients receive LABA/LAMA
could provide acceptable asthma control in smoking asthma, whilst reducing
corticosteroid exposure. This could be evidenced both by stable spirometry, impulse
oscillometry and ACQ score. It perhaps is worth emphasising still that smoking

cessation is the best treatment any current smoker with asthma could undertake.

In conclusion this is the first study to demonstrate small airway improvements at
trough in smokers with asthma receiving ICS/LABA/LAMA vs ICS/LABA.
Assessment of small airways using impulse oscillometry delineated an improvement
not detected via conventional spirometry. These improvements corresponded to a
reduction in ACQ greater than the MCID of 0.5. Further studies are warranted to
assess whether the addition of LAMA to ICS/LABA can result in a reduction of ICS
doses in smoking asthma, or whether such small airway improvements are the

reason for reduction in exacerbation risk.

Commentary:
These patients were more severe asthmatics than the previous study, clearly

evidenced by their ACQ. The clear improvement seen in ACQ was perhaps only
modestly represented by the positive primary outcome. The change, whilst
statistically significant, was numerically minute. Compound this with the fact that no
MCID exists for I0S, it is hard to ascertain how to take this finding forward. In truth

a greater magnitude of change in I0S may have been seen if we had asked
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patients to wait for a 4-hour post dose (the true peak of TIO) IOS measurement.
This would have made an existing 4 hour visit even longer or added another visit
onto the study. The IOS challenge proved to be both technically challenging and
revealed no interpretable results. The patients were not selected to have AHR as it
was not the primary outcome, therefore we enrolled a proportion (approximately

20%) of patients who were unresponsive to mannitol at the outset.
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Beta-Blocker Therapy in Moderate to Severe
COPD.

Abstract
Background: Beta-blockers remain underused in patients with COPD and

cardiovascular disease for fear of bronchoconstriction.

Aim: We compared how different bronchodilator therapies affect tolerability of

bisoprolol and carvedilol in moderate to severe COPD.
Design: A randomized, open label, cross-over study.

Methods: We compared the cardiopulmonary interactions of bisoprolol 5mg qd or
carvedilol 12-5 mg bid for 6 weeks in conjunction with: (a) triple: inhaled
corticosteroid /long acting beta-agonist/long acting muscarinic antagonist

(ICS+LABA+LAMA), (b) dual: ICS+LABA, (c) ICS alone.

Results:18 patients completed, all ex-smokers, mean age 65 years, forced expiratory
volume in 1 second (FEV1) 52% predicted. Bisoprolol and carvedilol produced
comparable significant reduction in resting and exercise heart rate. FEV1, forced
vital capacity (FVC) and lung compliance (AX) were significantly lower with carvedilol

vs bisoprolol while taking concomitant ICS/LABA (P<0-05) but not ICS/LABA/LAMA.

Conclusions: In summary, bisoprolol was better tolerated than carvedilol on
pulmonary function at doses which produced equivalent cardiac beta-1 blockade.

Worsening of pulmonary function with carvedilol was mitigated by concomitant
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inhaled LAMA (tiotropium) with LABA (formoterol), but not LABA alone. Registered

at clinicaltrials.gov: NCT01656005.

Introduction

Beta-adrenoceptor (3-ADR) antagonists are indicated in guidelines for the treatment
of heart failure and post myocardial infarction (192).There is a reticence to use beta-
adrenoceptor antagonists in patients with COPD, as they are perceived as
contraindicated (137). So called cardioselective antagonists such as bisoprolol have
a 14 fold higher affinity for 1 than B2-ADR, while non selective antagonists such as
carvedilol have a much higher relative affinity for 2-ADR(193). In heart failure, 40%
of cardiac B-ADR are of the B2 subtype due to a relative downregulation of cardiac
B1ADR from increased sympathetic drive (194). Hence one might postulate that
preferentially blocking only B1-ADR might not be as effective as blocking both
subtypes. In one study comparing carvedilol and metoprolol in heart failure with
reduced ejection fraction, the former was associated with 17% lower mortality, with
similar reductions in heart rate(195). Metoprolol is less selective than bisoprolol with

a 2 fold higher affinity for 31/ 32-ADR(193).

The presence of B2ADR antagonism may result in bronchoconstriction.
Management guidelines clearly reinforce the use of cardioselective beta-blockers in
patients with heart failure and chronic obstructive pulmonary disease (COPD) (196,

197). Despite this, lower prescribing rates for beta-blockers have been described in
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COPD patients with heart failure or post myocardial infarction (119, 136-138). In a
meta-analysis of 15 retrospective studies in 21,596 patients with COPD the pooled
estimate for mortality reduction with beta-blockers was 28% and for exacerbations
was 38% (198). Among patients with known coronary arterial disease the mortality
reduction was 39% and in heart failure was 26%. However, it remains unclear if beta-
blockers may reduce exacerbations or mortality in individuals with COPD who have
covert (untreated or unrecognized) cardiovascular disease (199). Prior to assessing
this, which would require a longer study, a prospective trial is required to address
concerns over potential beta blocker induced bronchoconstriction and whether

conventional inhaler therapy confers bronchoprotection.

We performed a study comparing two commonly used selective and non-selective
beta blockers, evaluating their impact on spirometry, impulse oscillometry, vital
signs, exercise, and symptoms. This was in patients with moderate to severe COPD
using realistic doses of bisoprolol 5mg od and carvedilol 12-5mg bd, the most

commonly tolerated doses in real life older populations (200).

In particular we assessed how their pulmonary tolerability was impacted by inhaled
bronchodilator therapy, namely when patients were on ICS/LABA/LAMA, ICS/LABA
and ICS alone. Namely LABA: formoterol, 24 micrograms; LAMA: tiotropium 18

micrograms; and ICS: beclometasone dipropionate, 400 micrograms.

Once patients achieved a steady state on their respective beta blockers they
underwent a sequential step down inhaled therapy: starting with ICS/LABA/LAMA,

ICS/LABA and finally ICS alone — this sequence allowed us to dissect out the
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respective interactions between beta-blockers with LAMA (i.e. ICS/LABA/LAMA vs
ICS/LABA) and LABA (i.e. ICS/LABA vs ICS). It should be noted that whilst ICS only
therapy is not licensed in COPD, in real life 8% of patients are taking such treatment
(119). Our hypothesis was that cardioseletive beta blockers would be well tolerated
and have little impact on pulmonary function values and symptoms. Non-selective
beta blockers were expected to have a degree of negative impact on pulmonary
function and symptoms. It was uncertain what the impact of bronchodilators would
be. The reason to step up rather than step down was based on the hypothesis that
the bronchodilators are conferring bronchoprotection against a “challenge” such as
a non-selective beta blocker. This may aid clinicians in deciding which types of beta
blocker to prescribe in the real world i.e. a cardiologist or general physician may not
go about adding inhaled therapy to a patient with moderate to severe COPD, but
may be more comfortable knowing patients on ICS/LAMA/LAMA can tolerate any

beta blocker at a therapeutic dose.

A unique feature of our study was to use IOS to measure frequency dependent lung
resistance (R) and compliance (as its reciprocal reactance: X). IOS is thought to be
more sensitive than measuring forced expiratory lung volumes and flow rates using
spirometry in order to detect subtle differences in airway constriction or dilatation
(201). For this reason, total airway resistance (R5) was chosen as the primary

outcome.

98



Methods
Patients aged 40-80 with moderate to severe stable COPD, GOLD stages 2 and 3

(197), were initially screened, with FEV1 30-80% predicted, FEV1/FVC ratio <0-70
smoking history of >10 pack years, and oxygen saturation 292% on room air, in sinus

rhythm.

The primary outcome was total airway resistance (R5). The study was powered on
IOS at >80% to detect a 0.2 kPa/L.s difference in R5 with an SD of 0.23 kPa/L.s
requiring a sample size of 18 completed patients per protocol using a cross-over

design and alpha error of 0.05 (two-tailed )

Visits were carried out between 8am-10am. Measures at each visit comprised
impulse oscillometry (Jaeger Masterscreen |I0S, Hochberg, Germany); Spirometry
performed to British Thoracic Society standards (SuperSpiro, Micro Medical Ltd,
Chatham, Kent, United Kingdom); St George’s respiratory questionnaire (SGRQ) for
health status and transition dyspnoea index (TDI) were also recorded. A 6-min walk
test (6MWT) was performed (202) with heart rate, blood pressure, oxygen saturation
(Sp0O2) and modified Borg scale for dyspnoea and fatigue, all recorded pre and post
exercise. Blood was taken for serum potassium, blood eosinophils, and serum N-

terminal pro-BNP.

A randomized cross-over open label design was employed (Figure 8) comprising
eight visits in which patients received 6 weeks of either carvedilol or bisoprolol. There
was a 2-week washout between treatment period one and two, to ensure at least a

5 half-life washout between beta-blocker treatment arms.
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Results:

The participant flow for the trial is shown in the below consort diagram.

[ Enrolment ]

v

Assessed for eligibility (n=45)

Excluded (n=20)
- Not meeting inclusion criteria (n=18)
Declined to participate (n=1)
Other reasons (n=1)

Randomized (n=25)

'

[ Allocation ]

v

Allocated to intervention (crossover) (n=25)
+ Received allocated intervention (n=24)

+ Did not receive allocated intervention (n=1)
Withdrew before taking IMP

Discontinued intervention (n=6)

HR fell below 55 (1)

No explanation from subject (1)
Chest infection (1)

Unable to attend visits (1)
Symptomatic breathlessness (1)
Fatigue (1)

\4

[ Analysis

v

Analysed per protocol (n=18)

Figure 9. Consort

101




The trial ended when 18 patients completed per protocol. 83% of patients were male,
with a mean age of 65 years, all were ex-smokers, Caucasian, with a mean pack
year history of 47; FEV1 52% predicted, FVC 93% predicted, FEV/FVC ratio 0-45.
All patients were on at least one long acting bronchodilator (either LABA or LAMA).
72% of patients were receiving concomitant ICS therapy, with a median BDP-

equivalent daily dose of 400ug.

The mean sequential reversibility in FEV1 was 7% (100ml) after 15 min following
400ug salbutamol and 12% (180ml) after 45 min following 80ug of ipratropium. Mean
NT pro-BNP levels were modestly elevated at 308pg/ml (95%CI 194-445) with an
age independent value of <300 pg/ml generally accepted as normal (203). Mean

blood eosinophil count was 210 cells/pL.

Pulmonary function:

Respective baseline pulmonary function values after run-in and washout (i.e. on
ICS/LABA but no beta-blocker) were not significantly different (Table 5), justifying

the use of a pooled baseline for comparisons with randomized treatments.

IOS: Higher AX values indicate reduced lung compliance. A higher AX value was
associated with carvedilol use compared with bisoprolol in all arms of the study,
regardless of inhaled therapy. The increase in AX observed with bisoprolol

treatment and ICS alone, was blunted by the addition of LABA or LABA/LAMA.
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Table 5

FEV1 (L)

FEV1 Predicted (%)
FVC(L)

RVC (L)

R5 (kPal/l.s)

R20 (kPal/l.s)

X5 (kPal/l.s)

AX (kPall)

HR (bpm)

Systolic BP (mmHQ)
Diastolic BP (mmHg)

Bisoprolol
1.52 (1.27-1.85)
52 (46-60)
3.41 (2.93-3.95)
3.56 (3.04- 4.12)
0.73 (0.56-0.93)
0.40 (0.34-0.48)
-0.30 (-0.38- 0.23)
3.09 (2.22-4.04)
76 (70-83)
133 (126- 140)
79 (75- 84)

Carvedilol
1.47 (1.25-1.76)
51 (44-58)
3.39 (2.90-3.91)
3.56 (3.06-4.09)
0.61 (0.52-0.70)
0.38 (0.33-0.43)
-0.29 (-0.37-0.21)
2.92 (1.48-2.57)
74 (70-80)
136 (130- 143)
82 (77-87)

Respective baseline values prior to randomized treatment with either bisoprolol

or carvedilol. There were no significant differences between pre beta-blocker

baselines (p=>0.05 all comparisons).

When receiving ICS/LABA/LAMA no statistically significant difference was noted in

AX upon exposure to carvedilol (2.93 kPa/l) or bisoprolol (2.6 kPa/l), p=ns. When

LAMA was withdrawn a statistically significant difference was noted between

carvedilol (3.86 kPa/l) vs bisoprolol (2.86 kPa/l), p=<0.05.

Similarly, when receiving ICS/LABA/LAMA no statistically significant difference was

noted in X5 upon exposure to carvedilol (-0.28 kPa/l.s) or bisoprolol (-0.25 kPal/l.s),

p=ns. With withdrawal of LAMA there was a significant difference in X5 comparing

bisoprolol (-0.28 kPal/l.s) vs carvedilol (-0.36 kPa/l.s), p=<0.05 (Figure 9 and Table
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6). No differences were found in either R5 or R20 comparing carvedilol to bisoprolol

at any level of inhaled therapy (ICS/LABA/LAMA vs ICS/LABA vs ICS).

Spirometry: There was no difference between FEV1 between carvedilol or bisoprolol
when patients were on ICS/LABA/LAMA. This was also the case for FVC (Figure 10
and Table 6). When LABA was withdrawn FEV1 was significantly reduced in patients
receiving carvedilol (1.37L) compared to bisoprolol (1.49L) p=<0.05. The differences
in FEV1 were above the minimal clinically important difference (MCID) of 100mls at
trough (34). This was similarly noted in FVC with significantly lower FVC in carvedilol

(3.32L) vs bisoprolol (3.57L) with withdrawal of LAMA, p=<0.05.

With withdrawal of LABA (ICS monotherapy) FVC was significantly lower in

carvedilol (2.97L) vs bisoprolol (3.17L), p<0.05.
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Figure 10.

Effects of bisoprolol and carvedilol on expiratory lung volume (FEV:) (top) and
compliance (as reactance area: AX) (bottom), stratified according to sequential

inhaled therapy. Asterisk denotes significant difference within each beta-blocker
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from baseline (P<0.05), Cross denotes significant difference between beta-blockers

(P<0.05).

Exercise (6-minute walk test: 6MWT):

Resting and exercise nadir oxygen saturations were not altered from baseline by any
combination of beta blocker or inhaled therapy (Table 7). Comparing 6MWT at
baseline and each treatment arm, there were significant reductions in
bis/ISC/LABA/LAMA (25m) and bis/ICS (26m) both of which are considered to be of
no clinical significance, as the changes were less than the minimally important
difference of 30m (202) (Table 7). Modified Borg scale for dyspnoea and fatigue was
greater after exercise, but this was less than the minimally important difference of
1.0 unit (34), there were no significant differences between beta-blockers (Table 7).
Both beta-blockers produced a similar degree of heart rate reduction compared to
baseline for pre and post exercise in the order of 20 beats per minute, irrespective
of concomitant inhaled therapy (Table 7 and figure 11). Serum potassium levels were

unchanged.
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Figure 11.

Resting and post exercise heart rate on sequential inhaled therapy. Asterisk

represents significant (P<0.05) vs baseline for both carvedilol and bisoprolol at each

-+~ Carvedilol resting
-8~ Bisoprolol resting
-3- Bisoprolcl exercise
=¥ - Carvedilol exercise

step of inhaled therapy. No between group differences observed.

Health status and Dyspnoea index:

For health status as SGRQ (Table 7) there were no significant changes from

baseline and no differences between beta-blockers, with reference to a minimal

important difference of 4 units(34).

The mean transition dyspnoea index (TDI) values were not significantly different
between beta-blockers on any of the inhaled treatments. Values for both beta-

blockers were lower on ICS vs ICS/LABA (Table 7), while for bisoprolol values were
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also lower on ICS/LABA vs ICS/LABA/LAMA. Changes in TDI were less than the

minimal important difference of 1.0 unit(34).
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Discussion
The results of the present study revealed some important new findings regarding

beta-blockers and their interaction with long acting bronchodilators in patients with

moderate to severe COPD.

In terms of pulmonary function values, non-selective beta blockers when
administered to patients on ICS/LABA lead to worsening of FEV1 and increase in AX
(lung stiffness). This effect is not seen with the cardioselective beta blocker
bisoprolol. The removal of the LABA leads to significant reductions in FEV1 with both
cardioselective and non-selective beta blockers. The addition of LAMA to ICS/LABA
adds little to patients receiving bisoprolol but obliterates the reduction in FEV1 and
increase in AX seen in the carvedilol group, thus providing bronchoprotection. The
increased AX may correlate to increased gas trapping and hyperinflation; in a
previous study in COPD (204) it has been demonstrated that AX correlates most
strongly with GOLD COPD disease severity, compared to the resistance 10S

outcome measures such as R5, R20 and R5-R20.

Normally stimulation of inhibitory pre-junctional beta-2 receptors acts as a brake to
post junctional cholinergic transmission (153). The presence of beta-2 receptor
blockade would increase acetylcholine release which stimulates post junctional M3
receptors to produce constriction of airway smooth muscle. Hence, the speculation
that tiotropium conferred protection against bronchoconstriction due to beta-2
receptor blockade with carvedilol. The same bronchoprotective effect of tiotropium

with ICS has also been reported in asthma patients taking propranolol (155).
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When the LAMA was stopped and patients subsequently continued ICS/LABA, the
protective effect of tiotropium became evident as worsening of pulmonary function
with carvedilol but not bisoprolol. A significant difference between beta-blockers was
seen for spirometry (FEV1, FVC) and reactance 10S indices (AX, X5) while taking
ICS/LABA, which for FEV1 exceeded the MCID of 100ml In this case, carvedilol
negated the inhibitory effect of formoterol on pre-junctional beta2 receptors but
without any accompanying post junctional M3 receptor antagonism. Post junctional
beta-2 receptor stimulation by formoterol which normally produces bronchodilation,
was also antagonised by carvedilol. However, pulmonary function was no worse with
bisoprolol due to a negligible degree of beta-2 blockade associated with the 5mg

dose due to its 14/1 3 1/2 selectivity ratio (193, 205).

When patients then stopped LABA and continued ICS alone, there was as expected
further decline in pulmonary function with both beta-blockers due to the absence of
formoterol induced bronchodilation as well as antagonism of circulating adrenaline.
The clinical implication is that patients with COPD requiring beta-blockers should be
prescribed concomitant LAMA to protect against potential bronchoconstriction,
especially if using a non-selective drug. As selective beta-blockers exhibit dose
related beta-2 receptor antagonism(206, 207) the concomitant use of LAMA may
also be advocated when using at higher doses of bisoprolol (205).The likelihood is
that most patients with COPD will already be taking a LAMA as current guidelines
recommend the use of LAMA across GOLD stages 2-4, as they reduce

exacerbations and improve quality of life (208). Moreover, in a retrospective study of
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2853 COPD patients over 4-7 years, adding tiotropium to ICS/LABA was found to

reduce respiratory and cardiovascular mortality (122).

Our results showed that both beta-blockers exhibited a comparable degree of heart
rate reduction at both rest and after exercise, which in turn infers that bisoprolol 5mg
gd and carvedilol 12-5 bid exhibited a similar degree of cardiac beta-1 blockade with
a mean fall in the order of 20 beats per minute - a clinically meaningful
response(209). We chose these pragmatic doses, for our COPD patients, as we
considered that higher doses might not be tolerated in terms of symptomatic
bradycardia and hypotension in a cohort of susceptible elderly patients (200). The
observation of lowering of SBP and DBP with bisoprolol but not carvedilol was
perhaps surprising given that carvedilol produces peripheral vasodilatation due to
alpha-1 receptor blockade. However, at the same time the greater beta-2 receptor
antagonism with carvedilol would attenuate vasodilatation due to stimulation of

peripheral arterial beta-2 receptors(209).

As our patients did not have heart failure, we are unable to draw any meaningful
conclusions with regards to the relative efficacy of these beta-blockers on cardiac
function. In this regard it is conceivable that haemodynamic responses to beta-
blockade might have been altered in heart failure patients. Although none of our
patients were being treated for heart failure, we acknowledge that an
echocardiogram would be required to diagnose cases of covert heart failure. For

example, in a comparison of carvedilol and bisoprolol in 883 elderly patients with
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heart failure over 12 weeks, both drugs produced comparable reductions in blood

pressure and improvements in ejection fraction (200).

Jabbour et al also reported a significantly lower heart rate on carvedilol than
bisoprolol amounting to 4 beats/min, whereas in our study we observed no such
difference in chronotropic reduction. This discrepancy between the two studies may
be explained by the presence of heart failure where the negative chronotropic effect
of carvedilol might be enhanced due to a relatively higher proportion of cardiac beta-
2 receptors. Our patients had a mean N-terminal pro-BNP level of 308 pg/ml. This
has been described as the grey zone in COPD patients where they may be

pulmonary arterial pressure overload and right ventricular wall stress (210).

The duration of treatment in each inhaler arm was of sufficient duration to achieve
steady state effects in terms of potential pharmacodynamic interactions on both
airway beta-2 and M3 receptors. One could argue that the step-down phase from
ICS/LABA to ICS alone is not clinically relevant as the latter are not licensed in
COPD. However, this allowed us to dissect out the effect of LABA by comparing ICS

alone to prior ICS/LABA.

One unique aspect of our study was the use of I0OS which is more sensitive than
spirometry in detecting subtle changes in lung physiology. Unlike spirometry which
measures lung volumes and flow, IOS measures lung resistance (R) and compliance
(X) and is also able to differentiate between central and peripheral airways by looking
at their frequency dependence, with lower frequencies reflecting changes in smaller

airways.(126) Our study was powered on total airway resistance (R5) which did not
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detect any significant effects of beta-blockade. Furthermore, there was no significant
change in central (R20) or peripheral airway resistance (R5-R20). In contrast, there
was a significant change in AX which reflects peripheral airways compliance, as the
area under the reactance curve between 5Hz and the resonant frequency. This
showed reduced lung compliance (as higher reactance: AX) for carvedilol versus

bisoprolol in conjunction with either ICS/LABA or ICS alone.

The relative sensitivity of spirometry and I0S be a 9% versus 28% change in FEV1
and AX respectively for ICS/LABA with carvedilol as change from baseline. The
present findings comparing the relative effects of carvedilol on spirometry and I0S

in COPD are similar to those previously reported in asthma with propranolol.(201)

The significant differences observed between beta-blockers on pulmonary function
were not associated with commensurate differences on Borg scale (dyspnoea or
fatigue), health status (SGRQ) or transition dyspnoea score (TDI). Bisoprolol with
ICS significantly lowered 6MW distance compared to baseline by 26 metres, while
the biggest difference between beta-blockers was 19 metres, both of which are less

than the minimal important difference of 30m (202).

In summary, bisoprolol was better tolerated than carvedilol on pulmonary function at
doses which produced equivalent cardiac beta-1 blockade. Worsening of pulmonary
function with carvedilol was mitigated by concomitant inhaled tiotropium with

formoterol, but not formoterol alone.
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Further prospective long-term studies are warranted to compare bisoprolol and
carvedilol in patients with heart failure and COPD to look at their relative effects on

exacerbations and mortality.

Commentary:
It is disappointing this study did not meet its primary outcome and it is hard to

ascertain the reasons why. This study proved difficult to recruit into, having been
started by my predecessor Dr William Anderson (MD). In fact, the study was only
finished a full year after my tenure at the SCRR, the last two patients having been
completed by Dr Chris Kuo my successor. The main issue was the nature of
recruiting patients with COPD. Of 45 patients screened 20 failed at the outset (prior
to any randomisation). The reasons for this interestingly were not related to FEV1
with only n=2 patients failing due to an FEV1 <30% predicted. The most numerous
reasons for screen failing was having a HR or BP less than the acceptable entry cut
offs (HR<60, n= 4; SBP<110, n=2) prior to exposure to any beta blocker. Moreover,
if a patient had to be withdrawn (n=7) it would take between 14-16 weeks to replace
them with another completed patient, excluding time to find a participant. We cast a
very wide net with the study data having multiple cardiopulmonary secondary
endpoints. Overall, the cardiovascular effects were unsurprising and certainly not
novel (reduction in HR and BP). That left us with the pulmonary tolerability, which
did have novel data in terms of selective vs non- selective beta blockers and the
bronchoprotection conferred by LAMA. The role of IOS in COPD remains mostly

within the realms of research, and so has yet to gain mainstream traction. Mainly this
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paper was criticised by the top tier respiratory journals for its small “n” size of 18
(which is the largest in this thesis). It was presented at poster discussion sessions
at BTS and ERS, but only received a dozen citations since publication. It was the
most complex and painstaking of all the data analysis conducted, but | had hoped

for a slightly higher impact with its results.
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Conclusion:

Trial

Primary Outcome:

Key Secondary Outcome:

NCT02039011
Non-smoking asthma
ICS/LABA

vs ICS/LABA/LAMA

No significant difference
in AHR when LAMA
added to ICS/LABA

No significant differences

between spiro or 10S

measurements when
LAMA added to
ICS/LABA

NCT02682862
Smoking asthma
ICS/LABA

vs ICS/LABA/LAMA

Significant  but  small
difference in trough R5 at
end of treatment when
LAMA added to

ICS/LABA

Significantly lower AX and
ACQ score when LAMA
added to ICS/LABA

NCT01656005
COPD

ICS/LABA

vs ICS/LABA/LAMA

No significant difference
in R5 when LAMA added
to ICS/LABA

Withdrawal of LAMA

results in significantly
lower FEV1, FVC, and AX
when patients are on a
non-selective beta

blocker

Table 8.

Summary findings of RCTs within thesis.

These data represent new insight into the role of dual bronchodilator in obstructive

airway disease and complement what is already known about such therapy in

asthma and COPD. With regards to non-smoking asthma, it was known that in

severe disease, add on tiotropium to ICS/LABA reduced exacerbations, but the

mechanism for this was not clear. It was uncertain whether this was related to airway

calibre alone, as improvements in FEV1 in the two largest RCTs (59, 60) were below
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the MCID for asthma(61) . These data suggest that add on tiotropium to ICS/LABA
in mild to moderate asthma did not have any impact on airway geometry (measured
with impulse oscillometry) or airway calibre. Nor was there any potential attenuation
of AHR. As tiotropium is only licensed for poorly controlled (severe) asthma, these
data would suggest no clear benefit in mild to moderate asthma. The small sample
size and single RCT nature of this study limit this being a confirmatory statement,
potentially powering the study on AHR again, but including patients with more than
mild AHR or patients with asthma not perfectly controlled would make for a more
robust study design. The failure of AHR as the primary outcome meant that for the

follow-on smoking asthma study, R5 was set as the primary outcome.

With regards to smokers with asthma, their inherent corticosteroid resistance has
clinical interplay in their asthma therapy. It is perhaps unsurprising moreover that the
enhanced bronchoconstrictor stimuli brought on by smoking is responsive to add on
LAMA to ICS/LABA. Strictly speaking the BTS/GINA asthma guideline groups treat
smoking asthma patients in the same way as non-smoking asthma, i.e. no special
consideration is made. LAMA is utilised late on into asthma therapy once ICS/LABA
has been increased to high dose and other secondary controllers (such as LTRA)
have been considered. The lack of specific recommendations for smokers may be
because this group is often underrepresented and poorly studied. In our smoking
asthma study, we demonstrated significant improvements in trough airway
resistance (R5), which may represent a time when the airways are most vulnerable.
There were also significant improvements in objective asthma symptom

guestionnaires (ACQ) which were not present in the ICS/LABA arm. These data
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would suggest that smokers with asthma, who often have poorer control than their
non-smoking counterparts, would stand to benefit most from add on LAMA to
ICS/LABA. Tiotropium remains, at the time of writing, the only licensed LAMA for
asthma and, as mentioned previously, it is reserved for patients with poorly
controlled asthma who still exacerbate despite ICS/LABA. The main downside here
Is that this was not a comparative study of smokers vs non-smokers, and again it
was a single centre trial which had a primary outcome of essentially research
interest. It is uncertain whether a minute reduction in airway resistance really means
anything, but the ACQ data was promising. As there is no MCID in IOS interpretation

of the R5 signal is speculative.

With regards to COPD, the benefits of dual bronchodilation with LABA/LAMA are
well studied, in terms of reduction in exacerbations (211), lung function, quality of
life, and mortality (122, 123) versus ICS/LABA. The recently developed closed
combined triple inhaler therapy (ICS/LABA/LAMA) has demonstrated superiority
against LABA/LAMA, but only in terms of a modest reduction in further exacerbations
(35, 212). The predominant initial drug of choice in COPD is bronchodilator therapy
(single, then escalating to dual based on symptoms), with add on ICS only being
considered in exacerbating patients, as per the license of the two commercially
available ICS/LABA/LAMA inhalers: Trimbow (beclometasone/formoterol/
glycopyrronium) and Trelegy Ellipta (fluticasone furoate/ umeclidinium/vilanterol).
Our data demonstrates that dual bronchodilation provides bronchoprotection from
non-selective beta-blockade in terms of airway reactance (AX) and airway calibre

(FEV1). This protection against bronchoconstrictor stimulus may in turn provide
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protection against exacerbation. The study had the secondary benefit of
demonstrating that beta blockers (both cardioselective and non-selective) were well
tolerated as therapeutic doses in patients with moderate to severe COPD. This data
is clinically useful to prescribers and is perhaps the only study of the three which had
categorically clear results. The utility of LAMA became clearer when it was withdrawn
and patients on non-selective beta blockers experienced deterioration in pulmonary
function both in terms of I0S and spirometry values. The main problem of the study
was the recruitment, for patients it was essentially very labour intensive with multiple
long visits to collect a surfeit of secondary outcomes, most of which were
insignificant. A repeat study using the modern single device ICS/LABA/LAMA
inhalers and removing secondary outcomes like 6MWT, would have potentially made
for a more streamlined study, or at least attracted more participants. A larger
prospective trial is underway (Beta Blockers in COPD) assessing whether bisoprolol
reduces exacerbations in patients with COPD. Our study did not look at
exacerbations due its comparatively short duration. Any exacerbation study in COPD
is conventionally over one year, including the two recent COPD ICS/LABA/LAMA

licensing studies(212, 213).

Since the publication of the three studies within this thesis, two single device
ICS/LABA/LAMA therapies have been introduced as the mainstay of COPD
management as described above, but they are also more recently licensed for the
management of severe asthma in the form of Trimbow (180) and Trelegy (214).
Both these studies demonstrate that the add on LAMA had small improvements in

FEV1vs ICS/LABA; 110mls for Trelegy (214) and 57mls for Trimbow (180), but these
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improvements were below the FEV1 MCID of 230mls in asthma (34). Neither of
these studies assessed any degree of AHR and only Trimbow demonstrated a
significant (15%) reduction in exacerbations, Trelegy failed to show any reduction in
asthma exacerbations. Considering these patients were poorly controlled more
severe asthmatics, a trivial improvement in FEV1 seems inconsequential. Our AHR
studies remain unique in the sense that most large trials do not look at this end point,
leaving room for further smaller mechanistic trials in this group of patients. Most
importantly both these studies excluded current smokers who, as ever, remain an
understudied group and underrepresented in asthma. Whilst they are an important
disease group to understand and treat the paradigm of recruitment remains. A
smoker with asthma who is interested enough in their health to participate in RCTs
but remains committed to smoking is a rare breed. We had trouble recruiting that

study.

The management of obstructive airway disease should focus on the underlying
treatable trait, this is now a mainstream concept (3). In non-smokers with asthma
this may be eosinophilic or type 1 airway inflammation, in smoking asthma it may be
a combined picture of type 1 and type 2 (one of which may predominate), finally in

COPD it may primarily be non-eosinophilic or type 2 airway inflammation.

Our data would suggest that LAMA is a useful add on to ICS/LABA in smoking
asthma, but less relevant in non-smoking asthma outside the realm of severe
disease. In COPD we demonstrated that LAMA is exceptionally useful in preventing

bronchoconstriction from beta blockers. Therefore, its role is perhaps best in those
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who express a more type 2 airway disease trait, in simpler words more bronchitic,

less asthmatic.

Understanding what drives underlying airway disease will allow us to move from a
simple additive strategy (and increasing drug burden) to a targeted treatment

strategy, thereby ensuring the right treatment to the right lungs.
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2600(16)00011-4.

26: Jabbal S, Manoharan A, Lipworth BJ. Bronchoprotective tolerance with
indacaterol is not modified by concomitant tiotropium in persistent asthma. Clin
Exp Allergy. 2017 Oct;47(10):1239-1245. doi: 10.1111/cea.12972. Epub 2017
Aug 1.

27: Jabbal S, Manoharan A, Lipworth J, Lipworth B. Utility of impulse
oscillometry in patients with moderate to severe persistent asthma. J Allergy
Clin Immunol. 2016 Aug;138(2):601-3. doi: 10.1016/}.jaci.2015.12.1336. Epub
2016 Mar 23.

28: Jabbal S, Manoharan A, Anderson W, Lipworth J, Lipworth B. Real-life effect
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of long-acting 32 agonist withdrawal in patients with controlled step
3 asthma. Ann Allergy Asthma Immunol. 2016 Oct;117(4):430-431. doi:
10.1016/j.anai.2016.07.022. Epub 2016 Aug 9.

29: Jabbal S, Lipworth BJ. Sensitivity of Lung Resistance and Compliance to
Beta-Blocker Induced Bronchoconstriction and Long Acting Beta-Agonist
Withdrawal in COPD. Lung. 2018 Feb;196(1):15-18. doi: 10.1007/s00408-017-
0079-1. Epub 2017 Dec 20.

30: Jabbal S, Manoharan A, Lipworth J, Anderson W, Short P, Lipworth B. Is
Gly16Arg 32 Receptor Polymorphism Related to Impulse Oscillometry in a Real-
Life Asthma Clinic Setting? Lung. 2016 Apr;194(2):267-71. doi:
10.1007/s00408-016-9848-5. Epub 2016 Feb 15.

31: Lipworth B, RuiWen Kuo C, Jabbal S, Chan R. Inhaled triple therapy and
airway hyperresponsiveness in persistent asthma. Ann Allergy Asthma Immunol.
2021 May;126(5):597-598. doi: 10.1016/j.anai.2021.01.032. Epub 2021 Feb 3.

Congress:
e European Respiratory Society: Annual Congress, London, September
2016:
= Late breaking oral abstract: Dr Sunny Jabbal; “Real life
impact of long acting beta-2-agonist withdrawal in controlled

step 3 asthma patients”

e European Respiratory Society: Annual Congress, Milan, September 2017:
= Late breaking oral abstract: Dr Sunny Jabbal: “Blood
eosinophils in inhaled steroid dose titration”
= Poster discussion 1: Bronchoprotective tolerance with
indacaterol is not modified by concomitant tiotropium in
persistent asthma
= Poster discussion 2: Cardiopulmonary interactions with beta-

blockers and inhaled therapy in COPD
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e British Thoracic Society: Winter Meeting: London, December 2016.
Moderated Poster presentation:
= P 239 Effects of tiotropium on asthma exacerbations are not
explained by airway hyperresponsiveness, exhaled breath
nitric oxide or airway geometry.
e British Thoracic Society: Winter Meeting: London, December 2017.
Moderated Poster presentation:
= P230 Does the global asthma visual analogue scale relate to
the asthma control questionnaire?
= P277 Bisoprolol blunts domiciliary FEV1 in COPD patients

taking concomitant dual or triple inhaler therapy.

Table 9.

Publications in order of date, related to work at the SCRR. This thesis represents
only a small proportion of work and research output generated during my time at
the SCRR. All studies within this work are published in peer reviewed journals, but
for the purposes of the thesis appear in fuller forms, rather than the more stripped-
down nature of a research publication.
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