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Abstract

In asthma and chronic obstructive pulmonary disease (COPD), an important step
in simplifying management and improving adherence with prescribed therapy is
to reduce the dose frequency to the minimum necessary to maintain disease
control. Fixed-dose combination (FDC) therapy might enhance compliance by
decreasing the number of medications and/or the number of daily doses. Fur-
thermore, they have the potential for enhancing, sensitizing, and prolonging the
effects of monocomponents. Combination therapy with an inhaled corticosteroid
(ICS) and a long-acting p-agonist (LABA) is considered an important approach
for treating patients with asthma and patients with severe COPD who have
frequent exacerbations. Several ICS/LABA FDCs are now commercially avail-
able or will become available within the next few years for the treatment of
COPD and/or asthma. Several studies demonstrate that there are a number of
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added benefits in using combinations of f3,-agonists and antimuscarinic agents.
In particular, LABA/long-acting antimuscarinic agent (LAMA) combination
seems to play an important role in optimizing bronchodilation. Several once-
daily and twice-daily LABA/LAMA FDCs have been developed or are in
clinical development. LAMA/ICS FDCs seem to be useful in COPD and mainly
in asthma, in patients with severe asthma and persistent airflow limitation. The
rationale behind the ICS/LABA/LAMA FDCs seems logical because all three
agents work via different mechanisms on different targets, potentially allowing
for lower doses of the individual agents to be used, accompanied by improved
side effect profiles. In effect, in clinical practice, concomitant use of all three
compounds is common, especially in more severe COPD but also in the treat-
ment of adults with poorly controlled asthma despite maintenance treatment
with high-dose ICS and a LABA.
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1 Introduction

The inverse correlation between the complexity of a drug regimen and medication
adherence is well established (Pan et al. 2008). Moreover, it is generally accepted
that patient compliance is far better if the dosage frequency is reduced (Bjerrum
et al. 2013). For diseases that require treatment with multiple drugs, safe and
efficacious fixed-dose combination (FDC) therapy, that is a drug product in which
two or more separate active substances are combined in a single dosage form
(Bjerrum et al. 2013), offers help in addressing some of the problems of adherence
(Bangalore et al. 2007). However, the benefits of combining agents are not merely
additive and range from increased compliance via simple convenience to complex
receptor-level synergies (Ehrick et al. 2014).

Also in asthma and chronic obstructive pulmonary disease (COPD), an impor-
tant step in simplifying management and improving adherence with prescribed
therapy is to reduce the dose frequency to the minimum necessary to maintain
disease control (Tamura and Ohta 2007). In effect, some investigators have
reported that adherence to treatment with inhalants is poor because of the complex
procedures required to use them, as well as the tedious, frequent dosing (Jones
et al. 2003). FDC inhalers are hypothesized to enhance compliance by decreasing
the number of medications and/or the number of daily doses (Marceau et al. 2006).
Furthermore, they have the potential for enhancing, sensitizing, and prolonging the
effects of monocomponents (Cazzola et al. 2012a).
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2 Inhaled Corticosteroid/Long-Acting 3-Agonist
Combinations

Inflammation plays a major role in the pathology of asthma and has an important
role in COPD. ICS therapy forms the basis for treatment of asthma of all severities,
improving asthma control and lung function and preventing exacerbations of
disease [Global Initiative for Asthma (GINA) 2015]. Use of ICS has also been
increasingly established in the treatment of COPD, particularly in symptomatic
patients, who experience useful gains in quality of life (likely from an improvement
in symptoms such as breathlessness and in reduction in exacerbations) and an
attenuation of the yearly rate of deterioration in lung function (Cazzola et al. 2013).

The development of combinations of inhaled corticosteroids (ICSs) with long-
acting B-agonists (LABAs) has led to FDC inhalers constituting the largest thera-
peutic segment of the respiratory market. Basically, the National Asthma Education
and Prevention Program’s Expert Panel Report-3 (EPR-3) (2007), the British
Thoracic Society/Scottish Intercollegiate Guidelines Network (2014), and Global
Initiative for Asthma (GINA) (2015) guidelines recommend using combination
therapy of ICS and LABA for those patients whose asthma is not well controlled
on ICS monotherapy. The use of combinations of LABAs and ICSs is also
recommended for patients with COPD because, in general, the addition of LABA
to ICS provides additional benefits (O’Reilly et al. 2010; Qaseem et al. 2011;
Vestbo et al. 2013).

There is an exciting possibility that the observed benefit from combining these
two classes of drugs might be due to a synergistic interaction, with the resulting
synergetic effect being greater than the sum of responses achieved from each drug
alone (Cazzola and Dahl 2004). However, the basic molecular mechanism of such
an interaction is still to be fully identified although there are some mechanisms that
have been documented (Barnes 2011; Chung et al. 2009). Corticosteroids increase
the transcription of the p,-adrenoceptor (B,-AR) gene, resulting in increased
expression of cell surface receptors. They may also enhance the coupling of f,-
AR to G-protein (Gj), thus enhancing [,-agonist effects and reversing the
uncoupling of B,-AR that may occur in response to inflammatory mediators, such
as IL-1f through a stimulatory effect on a G-protein-coupled receptor kinase. On
the other hand, LABAs increase the translocation of glucocorticoid receptor
(GR) from cytoplasm to the nucleus after activation by corticosteroids and thus
enhance the anti-inflammatory effects of corticosteroids, activate CAAT/enhancer
binding protein (C/EBP)a together with corticosteroids, or alter GR phosphoryla-
tion. The combination of ICSs and LABAs potentiates inhibition of CXCLS8 (IL-8)
and CCL11 (eotaxin) release from human airway smooth muscle cells and their
proliferation and has additive effects on granulocyte-macrophage colony-
stimulating factor (GM-CSF) release from epithelial cells. There are differences
between LABAs that must always be considered when using an ICS/LABA combi-
nation (Cazzola et al. 2013). In fact, formoterol, but not salmeterol, reverses
oxidative stress-induced corticosteroid insensitivity and decreases p,-AR-depen-
dent cAMP production via inhibition of PI3K-8 signaling (Rossios et al. 2012).
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Moreover, it has been shown that budesonide prevents the inhibitory effects of
cytokines on formoterol but not salmeterol-induced tracheal relaxation and cyclic
adenosine monophosphate (cAMP) signaling (Adner et al. 2010). Formoterol
increases corticosteroid sensitivity also via the activation of the serine/threonine
protein phosphatase 2A (PP2A) in receptor-independent manner (Kobayashi
et al. 2012).

ICS/LABA FDC therapy is the preferred treatment for the long-term treatment
of persistent asthma when a medium dose of ICS alone fails to achieve control of
asthma [National Asthma Education and Prevention Program’s Expert Panel
Report-3 (EPR-3) 2007; British Thoracic Society/Scottish Intercollegiate
Guidelines Network 2014; Global Initiative for Asthma (GINA) 2015]. Systematic
reviews have shown that adding a LABA to low-dose ICS in poorly controlled
asthma patients is more effective in reducing the risk of asthma exacerbations than
using higher doses of ICS (Ducharme et al. 2010). The protective effect of
ICS/LABA combination therapy appeared particularly effective in the following
clinically relevant subgroups: individuals 18 years or older, males, African Ameri-
can individuals, and individuals with either moderate-to-severe or severe asthma at
baseline (Wells et al. 2012). Obviously, a combination inhaler must always be used,
because in many patients, the use of separate inhalers will inevitably result in
periods of LABA monotherapy because of poor compliance with ICSs in standard
clinical practice. In any case, ICS/LABA combination therapy results in a more
rapid improvement in asthma symptoms, lung function, and airway inflammation
compared to ICS monotherapy in steroid-naive patients with asthma (Matsunaga
et al. 2013). Moreover, there are cost savings when using the combined products
compared to the use of individual LABA and ICS inhalers (Shepherd et al. 2008).

Unfortunately, there is still a lack of knowledge regarding safety of LABAs with
concomitant ICSs use, with both theoretical arguments and limited empirical
evidence that ICSs may mitigate LABA-associated risks (Beasley et al. 2010).
However, the current evidence from non-randomized studies shows that combined
treatment of LABAs and ICSs is not associated with higher risk of serious adverse
events (Hernandez et al. 2014).

Nonetheless, since there are no studies showing that LABAs (alone or in
conjunction with ICSs) increase survival or positively affect severe asthma
exacerbations (those necessitating intubation or hospital-based care), and their
serious risks, the FDA recommended that use of the LABA must be stopped, if
possible, once asthma control is achieved and the use of an asthma-controller
medication, such as an ICS, then be maintained (Chowdhury and Dal Pan 2010).
LABAs should be reserved only for patients whose asthma cannot be adequately
managed with asthma-controller medication such as an ICS (Chowdhury and Dal
Pan 2010).

In COPD, therapy with ICS/LABA is associated with slower progression of lung
function loss, decreased exacerbation rate, and improved health-related quality of
life compared with treatment with LABAs alone, at least in a subset of patients with
a favorable response to treatment with ICSs (Cazzola et al. 2013). Combination
therapy is associated with significant difference in mortality when compared to
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placebo alone but not with LABA alone (Nannini et al. 2012). Intriguingly, ICSs in
combination with LABAs might also reduce cardiovascular disease and all-cause
mortality (Zervas et al. 2013). Withdrawal from treatment with ICS on patients with
ICS/LABA combination therapy may lead to exacerbation of COPD in some
patients (van der Valk et al. 2002). Nonetheless, the risk of pneumonia with
ICS/LABA is increased compared with either LABA or placebo and is dose
dependent (Crim et al. 2009). In the Investigating New Standards for Prophylaxis
in Reduction of Exacerbations (INSPIRE) study, the excess of pneumonia events in
patients treated with an ICS/LABA combination treatment was mainly caused by
exacerbations that failed to resolve (Calverley et al. 2011). Patients at greater risk of
pneumonia with ICS/LABA have more severe obstruction and either a body mass
index <19 kg/m? or a pneumonia history and comorbidities (DiSantostefano
et al. 2014). Multiple comorbidities and use of psychoanaleptics also contribute
to an increased risk of pneumonia in more obstructed patients. Patients treated with
ICS have a higher airway bacterial load (Garcha et al. 2012), although whether this
is a causal association and relates to the greater number of pneumonia events
remains to be determined.

The benefits and, but even more, drawbacks of ICSs in COPD explain why all
national and international COPD guidelines recommend ICS/LABA FDCs only for
patients with severe impairment and high risk of exacerbations (O’Reilly
et al. 2010; Qaseem et al. 2011; Vestbo et al. 2013). Actually, ICSs are
recommended in combination with LABAs for those patients who have few
symptoms but are at a high risk of exacerbations, for those patients who have
many symptoms and a high risk of exacerbations [Global Initiative for Chronic
Obstructive Lung Disease (GOLD) 2015], and also for those suffering from for the
asthma—COPD overlap syndrome (Miravitlles et al. 2014).

Several ICS/LABA FDCs (fluticasone propionate/salmeterol, budesonide/
formoterol, beclomethasone/formoterol, fluticasone propionate/formoterol,
mometasone/formoterol, fluticasone furoate/vilanterol, mometasone/indacaterol,
ciclesonide/formoterol) are now commercially available or will become available
within the next few years for the treatment of COPD and/or asthma.

Despite sharing a similar basic mechanism of action, ICSs differ in terms of
pharmacokinetic characteristics, and this may determine important difference in
their efficacy and safety as a result of the different chemical structures of individual
agents. This is the case also for LABAs. Unfortunately, there are insufficient
clinical data to determine whether there are clinically important differences in
efficacy between the various ICS/LABA FDCs. Pharmacological characteristics
that could theoretically optimize ICS effectiveness include a low oral and a high
pulmonary bioavailability, high receptor-binding affinity, high protein-binding
capacity, and a long pulmonary retention time (Papi et al. 2014). Important
properties for a LABA include speed of onset of action, duration of action, and
agonist activity at the B,-adrenoceptor (Papi et al. 2014).

The PATHOS study (An Investigation of the Past 10 Years Health Care for
Primary Care Patients with Chronic Obstructive Pulmonary Disease), a population-
based, retrospective, observational registry study conducted in Sweden, found that
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long-term budesonide/formoterol treatment was associated with fewer moderate
and severe COPD exacerbations than long-term treatment with fluticasone propio-
nate/salmeterol (Larsson et al. 2013). The findings were robust irrespective of the
exacerbation definition used and were not affected by several sensitivity analyses.
Compared with budesonide/formoterol, rates of pneumonia, admission to hospital,
and mortality related to pneumonia were higher in patients treated with fluticasone
propionate/salmeterol (Janson et al. 2013). It has been suggested that since the
immunosuppressant potency of fluticasone is reported to be up to tenfold higher
than that of budesonide with regard to ex vivo inhibition of human alveolar
macrophage innate immune response to bacterial triggers (Ek et al. 1999), this
factor alone could explain these findings (Janson et al. 2013). Also differences in
pharmacokinetic and pharmacodynamic properties related to differences in
lipophilicity and hydrophilicity profiles between fluticasone propionate and
budesonide might explain the greater risk of pneumonia with fluticasone. The
highly lipophilic fluticasone molecule can remain in the mucosa and epithelial
lining fluid of the bronchi longer than budesonide (Dalby et al. 2009), inducing a
more potent and longer suppression of local immunity than budesonide, thereby
causing an increased risk of local bacterial proliferation and a pneumonia outbreak
in patients with severe COPD (Janson et al. 2013).

3 Long-Acting Anti-muscarinic Agent/Long-Acting
B-Agonist Combinations

Targeting one bronchodilatory pathway alone may not ‘optimize’ bronchodilation
because airway smooth muscle tone is influenced by more than one nerve system
(Cazzola et al. 2012a). Therefore it is not surprising that reversibility (defined as
>15% increase in post-bronchodilator FEV,) can be shown with combination
salbutamol plus ipratropium in up to two-thirds of COPD patients (Tashkin
et al. 2008).

The combination of two bronchodilators with different mechanisms of action to
treat patients with COPD is an established medical practice (COMBIVENT Inha-
lation Aerosol Study Group 1994) and, in any case, several trials have documented
that the free combination of a long-acting antimuscarinic agent (LAMA) and a
LABA provides significant and sustained improvement in bronchodilation versus
alone from day 1, with significant improvements in patient-centered outcomes
(Mahler et al. 2012; Vincken et al. 2014; ZuWallack et al. 2014).

The pharmacological mechanism that justifies the combinations of
bronchodilators is complex and lies also in the reciprocal influences of cholinergic
and adrenergic systems at presynaptic and postsynaptic level (Belmonte 2005;
Cazzola and Molimard 2010; Meurs et al. 2013; Pera and Penn 2014). It includes
the activation of f,-ARs and the block of M3 muscarinic receptors at postsynaptic
level. At postsynaptic level B,-AR signaling limits M3 mAChR-mediated inositol
triphosphate (IP3) production by several distinct mechanisms, most presumed to
involve protein kinase A (PKA). In the other side, the M3 mAChR blockade seems
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to have a great influence on the relaxation induced by B-agonists, presumably
blocking the resulting activation of protein kinase C (PKC) and the subsequent
phosphorylation of $2-AR and/or G, protein. Anti-muscarinic agents, inhibiting the
postsynaptic Gj-coupled M, muscarinic receptors, maintain the ASM relaxation
induced by f,-agonists and sustain adenylyl cyclase (AC) activity. The inhibition of
presynaptic M, muscarinic receptor may increase the release of acetylcholine into
the synaptic space. At presynaptic level, ,-agonists can decrease the release of
acetylcholine (ACh) via a modulation of cholinergic neurotransmission that
involves calcium-activated potassium (K¢,) channels. Activation of K¢, channels
is thought to hyperpolarize the cell membrane, thus causing reductions in the
concentration of intracellular Ca** and ACh release in prejunctional cholinergic
nerves. By contrast, activation of AC enhances ACh release.

Some data seem to indicate that LABA/LAMA combination is able to elicit
synergistic effects on isolated human bronchi (Cazzola et al. 2014). A modest
synergistic effect in vivo, in patients with COPD, has also been demonstrated
(Cazzola et al. 2015a).

The dissimilarities in the onset and duration of action of LABA and LAMA and,
in any case, the differences in the devices used for the delivery of these drugs make
free combinations uncomfortable and therefore unpredictable, especially if focused
on adherence to prescribed treatment (Matera et al. 2015a). It is therefore obvious
that there is the need for FDCs of bronchodilators in a single inhaler.

Since it is hoped that FDCs could offer advantages of better compliance,
adherence, and cost-efficacy in addition to synergistic action of the components
in free combinations in separate devices, several once-daily LABA/LAMA
combinations, including QVA 149 (combination of indacaterol and glycopyrronium
bromide), vilanterol plus umeclidinium bromide, and olodaterol plus tiotropium
bromide, have been developed or are in clinical development as FDCs (Cazzola and
Matera 2014a).

The results of the pivotal Phase III IGNITE and EXPEDITION programs show
that indacaterol/glycopyrronium (QVA149) is able to elicit a significant improve-
ment in lung function and patient-reported outcomes, including breathlessness and
rescue medication use, reduced rates of COPD exacerbations, and HRQoL when
compared with current standard of care. Moreover, QVA149 is generally well
tolerated, with most adverse events being of mild-to-moderate severity (Matera
et al. 2015a). Several pivotal clinical trials have documented that also vilanterol/
umeclidinium bromide (Matera et al. 2015b) and olodaterol/tiotropium bromide
(Buhl et al. 2015) FDCs impact favorably on lung function and other outcome
measures such as quality of life, dyspnea, rescue medication use, and exercise
capacity, with no clinically meaningful treatment-related changes in vital signs or
clinical laboratory parameters.

As there is a progressive attempt to shift attention toward controlling nocturnal
symptoms and those present on awakening, which are indicated by epidemiologic
studies to be the most troublesome for COPD patients (Kessler et al. 2011), the
twice-daily dosing of bronchodilators is still considered a useful approach at least
for the symptomatic treatment of COPD. Therefore, two twice-daily LABA/LAMA
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FDCs, formoterol/aclidinium bromide and formoterol/glycopyrronium bromide,
are under development. Formoterol/aclidinium bromide FDC has been evaluated
in COPD patients and evidence suggests that it is efficacious and safe, has a quick
onset of action, and is well tolerated (Cazzola et al. 2015b). Formoterol/
glycopyrronium bromide (PT003), which is delivered via the eFlow Nebulizer
System, is in an earlier stage of development.

4 Inhaled Corticosteroid/Long-Acting Antimuscarinic Agent
Combinations

Very few studies published to date have been designed specifically to evaluate the
effect of LAMA/ICS combinations on clinical outcomes, and this is an area that
warrants future study. Nevertheless, there is evidence that COPD patients demon-
strate not only superior spirometric responses but also improved clinically impor-
tant end points such as dyspnea, health status, and frequency of exacerbations with
a LAMA plus an ICS compared with a LABA plus an ICS (Hodder et al. 2007). No
LAMA has received regulatory approval for asthma treatment, but there is a
growing body of evidence to support the efficacy the addition of tiotropium to an
ICS in patients with severe asthma and persistent airflow limitation, with reported
improvements in symptoms and/or lung function, an extended time to first asthma
exacerbation, and a reduced risk of severe exacerbations (Beeh et al. 2014,
Kerstjens et al. 2012; Peters et al. 2010), leading to inclusion of these data in
current asthma guidelines [Global Initiative for Asthma (GINA) 2015].

Experimental evidence suggests an influence of corticosteroids on muscarinic
receptors. It has been shown that treatment of rats with dexamethasone for 1 week
resulted in decreased acetylcholine concentration in the surface epithelium of
trachea and intestine, which was accompanied by a reduction in choline
acetyltransferase activity (Reinheimer et al. 1998). Moreover, at least in dogs, a
treatment with methylprednisolone led to a decreased expression of both M, and
M; muscarinic receptors in airway smooth muscle (Emala et al. 1997) by attenua-
tion of a factor-controlling receptor gene expression. It has also been documented
that dexamethasone decreases airway responsiveness to vagus nerve stimulation via
two mechanisms: increased M, receptor function that results in decreased acetyl-
choline release and increased degradation of acetylcholine by cholinesterases
(Jacoby et al. 2001). It has also been reported that dexamethasone protects against
virally induced or antigen-induced M,-receptor dysfunction and associated
hyperresponsiveness (Moreno et al. 2003). Interestingly, glycopyrronium acts syn-
ergistically with budesonide in inhibiting inflammatory mediators (Pahl
et al. 20006).

Fluticasone furoate/umeclidinium bromide FDC is under development. An ini-
tial study demonstrated convincing evidence of a bronchodilating effect of
umeclidinium in patients with asthma uncontrolled on ICS and further showed
that the effect was greater in patients with fixed versus non-fixed obstruction (Lee
et al. 2015).
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A phase I study that aimed to compare the systemic exposure to tiotropium and
CD 1857 after treatment with the FDC of tiotropium plus BI 54903, a nonsteroidal
selective glucocorticoid receptor agonist, when administered once-daily over
21 days via Respimat in healthy volunteers, has been completed. However, results
have not been disclosed yet (Cazzola et al. 2012b).

5 Inhaled Corticosteroid/Long-Acting 3-Agonist/
Long-Acting Antimuscarinic Agent Combinations

The growing body of evidence suggests that triple therapy with ICS, LABAs, and
LAMAs is efficacious, making it an attractive combination in COPD (Cazzola and
Matera 2014b). For patients who remain symptomatic despite LABA-ICS combi-
nation, GOLD recommends triple therapy with LAMA, LABA, and ICS [Global
Initiative for Chronic Obstructive Lung Disease (GOLD) 2015]. The rationale
behind this seems logical because all three agents work via different mechanisms
on different targets, potentially allowing for lower doses of the individual agents to
be used, accompanied by improved side effect profiles. In effect, in clinical practice
concomitant use of all three compounds is common, especially in more severe
COPD (Ross and Hansel 2014).

Similarly, an add-on LAMA is effective and well tolerated in the treatment of
adults with poorly controlled asthma despite maintenance treatment with high-dose
ICS and a LABA (McKeage 2015). Thus, LAMAS can provide a valuable option in
this difficult-to-treat patient group. Accordingly, a variety of triple combinations
are currently under development (Cazzola and Matera 2014b). These inhalers may
well improve compliance, but titration of individual component drug doses may
prove difficult, and disease severity seems to affect the drug dose-response curve
(Ross and Hansel 2014).

Triohale pressurized Metered-Dose Inhaler (pMDI) has been marketed as the
world’s first triple-combination inhaler to be taken only once a day (ciclesonide
200 pg, formoterol fumarate 6 pg, tiotropium 9 pg,) and is already available in
India. This formulation is a suspension-based product and is the only pMDI to
contain three therapeutics in one device.

Budesonide, formoterol fumarate, and glycopyrronium pMDI (PT010), a
ICS/LAMA/LABA FDC in Pearl Therapeutics’ cosuspension technology, the
FDC beclomethasone/formoterol plus glycopyrronium (CHF5993) taken twice
daily, and fluticasone furoate/vilanterol/umeclidinium are developed once on a
daily basis are under clinical evaluation. It is likely that also a FDC with
mometasone + indacaterol + glycopyrronium will be developed on a once-daily
basis. However, to date there is still no information available regarding it.
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