Clive Page and Mario Cazzola

Contents
1T Background ........ooiiii it e 198
2 Bifunctional Bronchodilator Drugs ............oooiiiiiiiiiiiiiiiii i 199
3 Bifunctional Bronchodilator/Anti-inflammatory Drugs ...............cocoiiiiiiiin. 201
4 Bifunctional Anti-inflammatory Drugs .............oooiiiiiiiiiiiiiii 204
5 Bifunctional Anti-inflammatory/Mucolytic/Antioxidant Drugs ........................... 206
(O 0} 1 o3 L 1] 103 4 1N 206
RETEIENCES .. .ottt e e 207
Abstract

Over the last decade, there has been a steady increase in the use of fixed dose
combinations for the treatment of a range of diseases, including cancer, AIDS,
tuberculosis and other infectious diseases. It is now evident that patients with
asthma or chronic obstructive pulmonary disease (COPD) can also benefit from
the use of fixed dose combinations, including combinations of a long-acting 3,-
agonist (LABA) and an inhaled corticosteroid (ICS), and combinations of
LABAs and long-acting muscarinic receptor antagonists (LAMAs). There are
now also “triple inhaler” fixed dose combinations (containing a LABA, LAMA
and ICS) under development and already being made available in clinical
practice, with the first such triple combination having been approved in India.
The use of combinations containing drugs with complementary pharmacological
actions in the treatment of patients with asthma or COPD has led to the discovery
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and development of drugs having two different primary pharmacological actions
in the same molecule that we have called “bifunctional drugs”. In this review we
have discussed the state of the art of bifunctional drugs that can be categorized as
bifunctional bronchodilators, bifunctional bronchodilator/anti-inflammatory
drugs, bifunctional anti-inflammatory drugs and bifunctional mucolytic and
anti-inflammatory drugs.
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1 Background

Asthma and COPD are common complex inflammatory diseases of the respiratory
tract that usually require treatment with multiple drug classes (Boulet et al. 2012;
Vestbo et al. 2013). Over the last decade, there has been a steady increase in the use
of fixed dose combinations of two or more drugs for the treatment of a range of
diseases including cancer (van Meir et al. 2014), AIDS (Flexner and Saag 2013),
tuberculosis (Dawson and Diacon 2013) and other infectious diseases (Huang
et al. 2013).

It is now recognized that the treatment of asthma and COPD can benefit from the
use of fixed dose combinations of two or more drug classes (Cazzola et al. 2012a).
Today the treatment of asthma and COPD globally is dominated by the use of
inhaled fixed dose combinations of a LABA and an ICS, although the wide usage of
ICS in the treatment of patients with COPD is being questioned because of a
potential increased risk of pneumonia (Kew and Seniukovich 2014) and because
of recent observations questioning their efficacy (Magnussen et al. 2014). Nonethe-
less many fixed dose combinations of ICS/LABA and ICS/LAMA and indeed triple
inhalers containing fixed doses of LABA/LAMA and ICS are in development.

However, the use of fixed dose combinations for the treatment of asthma and
COPD is not a new concept with inhaled fixed dose combinations of both short-
acting f,-agonists (SABAs) and short-acting muscarinic receptor antagonists
(SAMASs) having been used for many years in the treatment of patients with asthma
or COPD (Goodman & Gilman 2005), and such combinations are particularly used
in the treatment of acute exacerbations of these diseases. The success of these
medicines has stimulated the development of longer-acting p,-agonists (LABAs)
and ultra-LABAs and longer-acting muscarinic receptor antagonists (LAMAS).
These drugs are now widely used as bronchodilators for the treatment of patients
with COPD and more severe asthma (Cazzola et al. 2012a).

These developments in treatment using fixed dose combinations reflect our
growing understanding that there is a need to treat both the underlying inflammation
and the symptoms of airway obstruction that characterize asthma and COPD.
Moreover, the use of multiple drugs in a single inhaler is thought to improve the
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adherence to treatment, as it is well recognized that patients prescribed a broncho-
dilator and an anti-inflammatory drug as monoinhalers will often stop the anti-
inflammatory drug when symptoms improve (Stempel et al. 2005), despite current
understanding suggesting that regular use of ICS (at least in patients with asthma)
may be necessary to optimize lung function and reduce exacerbations of the disease
in the long term (Bateman et al. 2008).

However, the development of formulations to allow the use of more than one
drug class in a single inhaler is sometimes challenging, as there are often
differences in duration of action of the mono-components and issues concerning
chemical compatibility and stability as well as gallenic challenges relating to the
different physiochemical properties of the different drug classes (Cazzola
et al. 2012a). This is especially so with the development of triple inhalers, and to
date only one such medicine containing tiotropium bromide, ciclesonide and
formoterol fumarate has been approved in India, although others are in late-stage
clinical development (Cazzola and Matera 2014).

However, an alternative approach to delivering complementary pharmacological
activities for the treatment of patients with asthma or COPD is to develop molecules
designed to have two distinct primary pharmacological actions, which we will term
bifunctional drugs. In this article we review the current status of bifunctional drugs
in development or currently in use for the treatment of respiratory diseases.

2 Bifunctional Bronchodilator Drugs

It has long been recognized that ,-agonists and muscarinic receptor antagonists
improve lung function by distinct pharmacological mechanisms, f3,-agonists acting
to relax airway smooth muscle irrespective of the cause of the bronchoconstriction
and muscarinic receptor antagonists by blocking M3 receptors on airway smooth
muscle to limit the actions of the neurotransmitter acetylcholine (ACh) released
from parasympathetic nerves innervating the lung (Cazzola et al. 2012a; Cazzola
and Molimard 2010).

Moreover, (,-agonists can amplify the bronchial smooth muscle relaxation
caused by a muscarinic receptor antagonist by decreasing the release of ACh via
a modulation of cholinergic neurotransmission that involves calcium-activated
potassium (Kc,) channels rather than adenylyl cyclase and subsequent increases
in intracellular levels of cyclic adenosine monophosphate (c-AMP). Activation of
Kca channels is thought to hyperpolarize the cell membrane, thus causing
reductions in the concentration of intracellular Ca** and ACh release in
prejunctional parasympathetic nerves (Cazzola and Molimard 2010; Cazzola
et al. 2013a) and thus potentially providing additional bronchodilation above the
effects seen with antagonism of muscarinic receptors alone on the airway smooth
muscle. However, this mechanism seems unlikely to contribute in a significant way
in clinical practice as there is evidence clearly indicating that f,-agonists facilitate,
rather than inhibit release of Ach from airway parasympathetic nerves (Meurs and
Dekkers 2013; Meurs et al. 2013). Therefore, it has been suggested that crosstalk



200 C. Page and M. Cazzola

between the signalling mechanisms arising from antagonism of muscarinic
receptors and activation of 3, adrenoceptors within airway smooth muscle provides
a more plausible explanation of the additional bronchodilation seen when both
classes of drug are used together rather than individually (Meurs and Dekkers 2013;
Meurs et al. 2013). Indeed, crosstalk between Gg-coupled Mj receptors and
G,-coupled B, adrenoceptors may have a major influence on f,-agonist-induced
relaxation, presumably by activation of protein kinase C (PKC) and subsequent
phosphorylation of the P, adrenoceptor and/or G protein (Meurs and Dekkers
2013; Meurs et al. 2013). Moreover, at postsynaptic level $,AR signalling limits
M; receptor-mediated inositol triphosphate (IP3) production by several distinct
mechanisms, most presumed to involve protein kinase A (PKA) (Pera and Penn
2014).

Recent findings have also demonstrated that 3, adrenoceptors and muscarinic
receptors mediate opposing effects on endothelin-1 expression in human lung
fibroblasts (Ahmedat et al. 2012). Since muscarinic receptor-mediated upregulation
of endothelin-1 contributes to profibrotic effects induced by muscarinic agonists,
inhibition of endothelin-1 expression by a muscarinic receptor antagonist could
contribute to long-term beneficial effects of these drugs. Moreover, 3,-agonists and
muscarinic receptor antagonists have been demonstrated to provide additive control
of transforming growth factor (TGF)-pfl-mediated neutrophilic inflammation in
patients with COPD (Profita et al. 2012) that has implications also for the use of
such drugs in the treatment of patients with neutrophilic asthma. LABAs and
anticholinergic drugs might also contribute to control the ACh-induced increased
levels of Th17 cells in systemic inflammation of COPD (Profita et al. 2014).

These complementary pharmacological actions have led to LABAs and LAMAs
often being used together, particularly in the treatment of patients with COPD (van
der Molen and Cazzola 2012), but they are also now being investigated for the
treatment of asthma where combinations of SABAs and SAMAs have been widely
used for several decades (Goodman & Gilman 2005). These observations have led
to the development of a number of new drugs referred to as MABAs, which have
both p,-agonist activity and muscarinic receptor antagonism in the same molecule,
some of which have now reached early clinical development (Cazzola et al. 2012a).
These bifunctional (or dual pharmacophore) muscarinic antagonist P,-agonist
(MABA) agents are exemplified by the drugs GSK 961081 (batefenterol) and
THR 200495 which have recently been shown to induce bronchodilation in patients
with COPD that lasts for up to 24 h and that is comparable to a combination of
salmeterol and tiotropium (Bateman et al. 2013; Norris and Ambery 2013). Other
examples include AZD 2115, LAS 190792, TEI3252, PF-3429281 and PF-4348235
(Hughes and Jones 2011; McNamara et al. 2012).

The MABA approach circumvents the potential problems associated with
formulating different drugs in one inhaler yet still providing a fixed ratio of
muscarinic antagonism and f, agonism compared with combination therapy
(Cazzola et al. 2013b). However, what is not yet clear is the relative contribution
of the two different pharmacological activities to the overall improvement in lung
function and indeed on which pharmacological action such drugs should be
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optimally dosed, as some examples of MABAs have different pharmacodynamic
half-lives for their P,-agonist activity and the muscarinic receptor antagonist
activity within the same molecule (Bateman et al. 2013; Norris and Ambery
2013). A recent clinical study has demonstrated that treatment with 3 separate
doses of GSK 961081 showed superior improvements in lung function in patients
with COPD compared with a standard dose of salmeterol suggesting that the
MABA provides a better treatment than monotherapy with a f,-agonist (Wielders
et al. 2013), although a similar trial has not yet been performed comparing a MABA
with monotherapy with a muscarinic receptor antagonist. Thus, whilst MABAs
show promise, there is a lot that still needs to be understood as to how to best use
this class of drug and how they will compare to existing fixed dose combination
inhalers (Cazzola et al. 2013Db).

3 Bifunctional Bronchodilator/Anti-inflammatory Drugs

Xanthines such as theophylline have been widely used as treatments for both
asthma and COPD for more than 100 years, and whilst early clinical studies with
such drugs have stressed their bronchodilator activity, they were originally
introduced into clinical practice to treat an inflammatory renal disease, glomerular
nephritis (Persson 1985). It has been recognized for some time that xanthines could
exhibit anti-inflammatory activity experimentally in the lung, additional to their
bronchodilator activity (Persson 1985; Spina et al. 1998), an observation that has
been confirmed clinically in patients with asthma (Crescioli et al. 1991; Sullivan
et al. 1994; Jaffar et al. 1996; Evans et al. 1997; Lim et al. 2001) or COPD (Culpitt
et al. 2002; Ford et al. 2010). Such observations provided some of the earliest
evidence that it was possible to have both bronchodilator and anti-inflammatory
activity in a single molecule. The problem with xanthines is their very narrow
therapeutic window (Boswell-Smith et al. 2006a) that has limited their wider use.
Furthermore, the advent of newer inhaled bronchodilator and anti-inflammatory
drugs, particularly inhaled B,-agonists and ICS, has seen a progressive decline in
the use of xanthines (that are usually administered systemically), even though there
is clear evidence that withdrawal of theophylline from patients with asthma or
COPD leads to worsening of airways inflammation and symptoms, even in patients
taking glucocorticosteroids and other classes of bronchodilator drug (Baba
et al. 2001; Minoguchi et al. 1998; Kidney et al. 1995). Such observations suggest
that xanthines possess other useful pharmacological properties not shared with
glucocorticosteroids and other classes of bronchodilator.

This has led at least one pharmaceutical company to develop a combination
inhaler using theophylline and an ICS (Barnes et al. 2010). Other pharmaceutical
companies have tried to find safer xanthines and a number of been investigated in
the clinic, including bamiphylline (Spinelli et al. 1991), enprophylline (Pauwels
et al. 1985), isbuphylline (Manzini et al. 1993), acebrophylline (Tapadar
et al. 2014) and doxophylline (Page 2010; van Mastbergen et al. 2012), some of
which have been approved for the treatment of asthma and COPD. Like
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theophylline, each of these drugs has been shown to possess anti-inflammatory and
bronchodilator actions to varying degrees and, in the case of doxophylline, a wider
therapeutic window than theophylline (Page 2010).

Theophylline and the related xanthine isobutyl methylxanthine (IBMX), in
particular, have often been described as the archetypal non-selective phosphodies-
terase (PDE) inhibitors as a possible mechanism of action of these drugs (Nicholson
et al. 1991), although of course it is now recognized that this is probably not the
only molecular mechanism contributing to their therapeutic benefit in the treatment
of patients with asthma or COPD (Boswell-Smith et al. 2006a). Thus, another
approach to try and improve the therapeutic window of xanthines has been to
develop more selective inhibitors of the growing family of PDEs, as it is now
recognized that PDE 3 and 4 are found in airway smooth muscle, whilst PDE 3, 4
and 7 are found in the majority of inflammatory cells thought to be involved in the
pathogenesis of asthma and COPD (Spina et al. 1998; Page 2014). Specifically, the
PDE3 isoenzyme is considered to predominate in airway smooth muscle, and
inhibition of this enzyme, rather than PDE4 inhibition, leads to airway smooth
muscle relaxation, whereas the PDE4 isoenzyme is the predominant isoenzyme in
the majority of inflammatory cells, including neutrophils, which are implicated in
the pathogenesis of COPD and severe asthma, and in eosinophils, which character-
ize inflammation in patients with asthma (Page 2014).

Recently the selective PDE4 inhibitor roflumilast-n-oxide has been approved for
the treatment of severe COPD, although the side effect profile of this drug still
limits the wider use of this agent (Calverley et al. 2009; Fabbri et al. 2009). This
clinical benefit of roflumilast is thought to arise from the anti-inflammatory action
of this selective PDE4 inhibitor (Grootendorst et al. 2007), as whilst PDE4 is found
in human airway smooth muscle, it is now clear from a number of clinical studies
with a variety of PDE4 inhibitors administered either orally (Grootendorst
et al. 2003; Harbinson et al. 1997) or by inhalation (Singh et al. 2010), that this
drug class is not able to induce acute bronchodilation.

In contrast, a number of selective PDE3 inhibitors have been shown to elicit
acute bronchodilation in man (Bardin et al. 1998; Myou et al. 1999), and indeed
recently PDE3 has been documented to be upregulated in airway smooth muscle
obtained from patients with asthma (Yick et al. 2013). These observations have led
to the development of drugs having dual inhibitory activity for both PDE3 and
PDEA4 in order to obtain both bronchodilator and anti-inflammatory activity in the
same molecule. The first such drug was zardaverine, which clearly exhibited
bronchodilation in patients with asthma but unfortunately was halted during clinical
development because of gastrointestinal side effects (Brunnée et al. 1992). Another
example was benzafentrine (AH 21-132) (Foster et al. 1992), which clinically
elicited bronchodilation but was later discontinued from clinical development, as
was another dual PDE 3/4 inhibitor, pumafentrine (Rieder et al. 2013).

Other compounds having both PDE3 and 4 inhibitory activities have been
described by Kyorin Pharmaceuticals in Japan, but these have also been stopped
at the preclinical stage because of unwanted gastrointestinal side effects (Ochiai
et al. 2013). However, another inhaled dual PDE3/4 inhibitor, RPL 554 (Boswell-
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Smith et al. 2006b), has been shown in early clinical studies to have both broncho-
dilator and anti-inflammatory actions at the same dose, without having significant
side effects (Franciosi et al. 2013), representing potentially a new class of drug for
the treatment of patients with asthma or COPD (Wedzicha 2013). Furthermore,
recent data investigating this drug in combination with either a muscarinic receptor
antagonist or a f,-agonist has shown synergistic interactions on the relaxation of
human bronchi (Calzetta et al. 2013) or human small airways (Calzetta et al. 2015).
If such findings translate into the clinical setting, such observations raise the distinct
possibility of combination of dual PDE 3/4 inhibitors with other drug classes.
Furthermore, PDES5 inhibitors such as sildenafil are also able to induce
bronchodilation in addition to their well-documented effects on pulmonary vascular
smooth muscle (Charan 2001) as well as suppress the pulmonary inflammation and
airway hyperreactivity that follow allergen and lipopolysaccharide (LPS) challenge
(Toward et al. 2004). Thus, it has been suggested that a new molecule that inhibits
both PDE4 and PDES5 could act at multiple levels in patients with COPD, reducing
lung inflammation and, possibly, remodelling, as well as decreasing arterial pulmo-
nary hypertension, and improving lung function (Giembycz 2005). One such
example is LASSBi0596, designed as a hybrid of thalidomide and aryl sulfonamide,
which is a drug that exhibits potent inhibitory effects on both PDE4 and PDES
(Rocco et al. 2003). In a murine model of elastase-induced emphysema,
LASSBi0596 reduced lung inflammation and remodelling as well as being able to
improve lung mechanics (Guimaraes et al. 2014). Interestingly, it has also been
documented that LASSBi10596 has the potential to block proliferation of fibroblasts
(Campos et al. 2006).

Another approach to combining anti-inflammatory and bronchodilator actions in
a single molecule has been to combine the bronchodilator actions of nitric oxide
(NO) with the anti-inflammatory actions of an ICS. NO-budesonide (TPI 1020)
(Boulet et al. 2009; Turner et al. 2010) was the first example of such a drug,
although this drug has been dropped from further development. Others have
attempted to combine NO and salbutamol into a single molecule (NCX 950) to
obtain both bronchodilator and anti-inflammatory actions, and this approach has
shown some promise preclinically (Lagente et al. 2004). Another innovative
approach is the use of a mutual prodrug designed to allow local metabolism to
the active forms of the parent constituents at the site of action, thus reducing
unwanted systemic side effects. GS424020, a novel mutual prodrug of salmeterol
and desisobutrylciclesonide, exhibited intriguing pharmacological activity in pre-
clinical studies (Barrett et al. 2010).

GS-5759 is a novel bifunctional PDE4 inhibitor/LABA drug that displays PDE4
inhibition and (3, agonism comparable to roflumilast and indacaterol, respectively
(McDonald et al. 2012). More recently a series of molecules that combine the anti-
inflammatory drug roflumilast with the LABA salmeterol (Barrett et al. 2010;
Huang et al. 2014; Liu et al. 2013) or formoterol (Tannheimer et al. 2012) have
been described that are other potential examples of a new drug class that combine
anti-inflammatory and bronchodilator actions into a single molecule, although to
date there are very limited biological data with these molecules. A potential
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advantage of these compounds is that both p,-agonists and PDE4 inhibitors rely on
modulation of the secondary messenger cyclic AMP to elicit their effects, and it is
possible that such a bifunctional drug could provide additive or even potentially
synergistic anti-inflammatory activity in the lungs (Tannheimer et al. 2012). Also
bifunctional compounds in which a PDE4 inhibitor is connected to a muscarinic
receptor antagonist have been described (Phillips and Salmon 2012) that utilize a
pyrazolopyridine as the PDE4 inhibitor and a biaryl-containing muscarinic antago-
nist but differ in the linker used to combine these two activities into the same
molecule. Another example of such an approach is UCB-101333-3, a
4,6-diaminopyrimidine (Provins et al. 2007).

RO 50-24118, a stable analogue of vasoactive intestinal peptide (VIP) that is
highly selective for the VPAC, receptor, has been shown to have dual
bronchodilatory and anti-inflammatory effects, in that it relaxes airway smooth
muscle cells, inhibits bronchoconstriction and attenuates the influx of neutrophils
and CD8" T cells in inflammatory lung disease (Tannu et al. 2010) suggesting
another potential approach to combining anti-inflammatory and bronchodilator
actions into a single molecule.

4 Bifunctional Anti-inflammatory Drugs

Glucocorticosteroids are currently recognized as the gold standard anti-
inflammatory drugs for the treatment of inflammatory airway diseases such as
asthma and COPD, in part because they exhibit polypharmacy via a range of
actions, such as reducing the activation and recruitment of inflammatory cells
into the lung (Adcock et al. 2008). However, this drug class can also be associated
with significant side effects when they enter the systemic circulation as well as
having local side effects when applied topically. Nonetheless, given the success of
glucocorticosteroids as anti-inflammatory drugs, it is perhaps not surprising that the
“holy grail” of the pharmaceutical industry for many years in the respiratory field
has been to find an alternative anti-inflammatory drug to glucocorticosteroids that
retain the efficacy but that have a better safety profile (Adcock et al. 2008). There
have been many new classes of anti-inflammatory drug developed (Adcock
et al. 2008; Cazzola et al. 2012b), most of which have failed, except in the treatment
of a subset of more severe patients with asthma (Nair et al. 2009) or COPD
(Calverley et al. 2009; Fabbri et al. 2009). Many of these have been drugs or
biologics directed against a single inflammatory mediator, and these failures
(Adcock et al. 2008; Cazzola et al. 2012b; Bryan et al. 2000; Leckie et al. 2000;
Nair et al. 2012; Gauvreau et al. 2014) perhaps suggest that the complexity of the
inflammatory response in both asthma and COPD requires drugs that have actions
at more than one biological target.

Thus, a number of drugs have been developed having bifunctional anti-
inflammatory activity, including drugs exhibiting antagonism for the receptors for
platelet-activating factor (PAF) and histamine, and also mast cell secretion-
blocking effects in the same molecule such as rupatadine (Saint-Martin
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et al. 2004; Church 2010), as well as drugs behaving as thromboxane receptor
antagonists and cys-LT antagonists in the same molecule (Arakida et al. 1998).
However, both of these classes of drug have to date only shown limited efficacy, at
least in the treatment of allergic airways disease.

Dual targeting of IL-13 and IL-4 is another approach that holds promise for
achieving great efficacy. Persistence of asthma symptoms despite high-dose
corticosteroids has been linked to increased IL-13 levels in the lungs, suggesting
that IL-13 expression might contribute to corticosteroid resistance in some patients.
IL-4 shares functional redundancy with IL-13 because of a shared receptor, the type
2 IL-4R; however, IL-4 can also signal exclusively through the type 1 IL-4R
(composed of IL-4Rls in the lungs, suggest) (Kasaian et al. 2013; Kau and
Korenblat 2014 Dec). A biotherapeutic agent targeting both murine IL-4 and
IL-13 was generated by combining well-characterized binding domains in an
optimal configuration, using appropriate linker regions (Kasaian et al. 2013). This
bifunctional IL-4 and IL-13 antagonist demonstrated high affinity for both
cytokines and reduced the IL-4-dependent rise in serum IgE and reduced IL-13-
dependent BHR, lung inflammation, mucin gene expression and serum chitinase
responses in mice. Effective dual blockage of IL-13 and IL-4 resulted in greater
therapeutic benefit than could be achieved by targeting either cytokine alone raising
the possibility of bifunctional biologics. Other multiple agents that target both IL-4
and IL-13 have entered into clinical development, including AMG-317, dupilumab
and pitrakinra. Pitrakinra, a recombinant IL-4 mutein that blocks the effects of both
IL-4 and IL-13, improved the exacerbation incidence in response to medication
withdrawal in asthmatic patients with high peripheral blood eosinophil counts
(>350 cells/mm®) (Wenzel et al. 2010). In patients with persistent, moderate-to-
severe asthma and elevated eosinophil levels who used ICS and LABAs, therapy
with dupilumab, a fully humanized mAb to the IL-4Ra receptor that inhibits both
IL-4 and IL-13, as compared with placebo, was associated with fewer asthma
exacerbations when LABAs and inhaled glucocorticoids were withdrawn, with
improved lung function and reduced levels of Th2-associated inflammatory
markers (Wenzel et al. 2013). Bispecific antibodies, antibodies that are able to
inhibit the action of two targets simultaneously, have been designed for IL-4 and
anti IL-13 and could be an additional therapeutic option in individuals with an
unfavourable IL-4Ra polymorphism (Spiess et al. 2013).

The co-expression of PDE4 and PDE7 in most immunoinflammatory cells and
the synergistic effects of PDE7- and PDE4-selective drugs in the suppression of
inflammation in cell-based studies have fuelled speculation that dual inhibition of
PDE7 and PDE4 could be an effective strategy to treat COPD (Page and Spina
2012). IR-284 is a dual PDE4-PDE7 inhibitor, but there is no published study that
has documented its effects in patients with COPD (Matera et al. 2014). Nonetheless,
TPI 1100, which comprises two antisense oligonucleotides targeting the messenger
RNA (mRNA) for the PDE4B/4D and PDE7A isoforms, has been shown to reduce
neutrophil influx and key cytokines in an established smoking mouse model
(Seguin and Ferrari 2009).
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Since pathological airway remodelling is mediated by PDEl1 and PDEI
inhibitors that block smooth muscle mitogenesis (Chan and Yan 2011), combined
PDE1 and PDE4 inhibitors could have utility in the treatment of patients with
COPD (Giembycz and Maurice 2014). The dual PDE1/4 inhibitor KF19514 is also
reported to be able to suppress inflammation and arrest airway remodelling, at least
in a murine model of chronic asthma (Kita et al. 2009).

5 Bifunctional Anti-inflammatory/Mucolytic/Antioxidant
Drugs

Carbocysteine (Rahman and MacNee 2012), N-acetyl cysteine (NAC) (Rahman
and MacNee 2012) and erdosteine (Cazzola et al. 2010) are all drugs that have been
used for many years in the treatment of COPD. They have been variously described
as antioxidants or mucolytic drugs and continue to be prescribed in many countries.
However, recent data with NAC (Zheng et al. 2014) has reported significant effects
on exacerbations in patients with COPD which suggest that this class of drug may
need to be used more widely. It is of interest that both NAC (Zheng et al. 2014) and
erdosteine (Cazzola et al. 2010) have both been shown to be anti-inflammatory, as
well as mucolytic, activities which would both be expected to contribute to the
clinical efficacy observed with these drugs in reducing exacerbations. As such they
provide templates for the development of novel bifunctional drugs exhibiting both
anti-inflammatory and mucolytic activities and have the distinct advantage over
many existing drugs in being orally active and well tolerated.

6 Conclusions

It is clear that there is a growing trend to develop drugs with bifunctional activity
for the treatment of respiratory diseases that have the potential benefit of being
easier to formulate than combinations of multiple drugs in a single inhaler, thus
improving adherence and potentially being able to offer additive or even synergistic
benefit, as such drugs may target different cellular compartments than when
individual drugs are presented to cells individually. It is also likely that the
development of bifunctional drugs may serve as a basis for improved “triple-
therapy” combinations through coformulation that could deliver three complemen-
tary therapeutic effects for patients with asthma or COPD using only two drugs; an
example is provided by the recent evidence that the use of the dual PDE3/4
inhibitor, RPL554 in combination with an M5 muscarinic antagonist, may provide
synergistic activity on the relaxation of human airway smooth muscle which
suggests that if this drug was combined with an anticholinergic drug this could
translate into further clinical benefit (Franciosi et al. 2013). Furthermore, the
MABA, GSK961081, has recently been evaluated as twice daily fixed combination
with fluticasone propionate (Cazzola et al. 2012a).
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It is evident therefore that bifunctional drugs offer an exciting new approach to
the treatment of respiratory diseases where there remains significant unmet need,
and we anticipate that bifunctional drugs will have a significant role to play in the
future treatment of patients with asthma or COPD.
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