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Introduction: Phosphodiesterases (PDEs) are isoenzymes ubiquitously expressed in the
lungs where they catalyse cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (GMP), which are fundamental second messengers in asthma, thereby
regulating the intracellular concentrations of these cyclic nucleotides, their signaling path-
ways and, consequently, myriad biological responses. The superfamily of PDEs is composed
of 11 families with a distinct substrate specificity, molecular structure and subcellular
localization. Experimental studies indicate a possible role in asthma mainly for PDE3,
PDE4, PDES5 and PDE7. Consequently, drugs that inhibit PDEs may offer novel therapeutic
options for the treatment of this disease.

Areas Covered: In this article, we describe the progress made in recent years regarding the
possibility of using PDE inhibitors in the treatment of asthma.

Expert Opinion: Many data indicate the potential benefits of PDE inhibitors as an add-on
treatment especially in severe asthma due to their bronchodilator and/or anti-inflammatory
activity, but no compound has yet reached the market as asthma treatment mainly because of
their limited tolerability. Therefore, there is a growing interest in developing new PDE inhibitors
with an improved safety profile. In particular, the research is focused on the development of drugs
capable of interacting simultaneously with different PDEs, or to be administered by inhalation.
CHF 6001 and RPL554 are the only molecules that currently are under clinical development but
there are several new agents with interesting pharmacological profiles. It will be stimulating to
assess the impact of such agents on individual treatable traits in specially designed studies.
Keywords: asthma, phosphodiesterases, phosphodiesterase inhibitors, bifunctional drugs,
treatable traits therapeutic approach

Introduction
For several years, theophylline, which is an orally active non-selective phospho-
diesterase (PDE) inhibitor with other relevant pharmacologic activities that are
likely to contribute to its efficacy, such as inhibition of phosphoinositide
3-kinase-0, adenosine receptor antagonism and increased activity of certain histone
deacetylases that deacetylate lysine residues in chromatin, thereby silencing gene
transcription,' has been used in the management of asthma because of its bronch-
odilatory and anti-inflammatory effects.”> However, at least in part, theophylline has
fallen out of favor because of its adverse side-effect profile, and this has led to the
search for more effective and safer PDE inhibitors.’

In a valuable review published in 1991 on phosphodiesterase (PDE) inhibitors
examined as new opportunities for the treatment of asthma, Torphy and Undem so
closed their article
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After having been moribund for many years, interest in
phosphodiesterase inhibitors as agents for asthma has
undergone a striking resurgence, particularly with respect
to the potential therapeutic advantages of isozyme selec-
tive phosphodiesterase inhibitors.*

However, 30 years later, roflumilast is the only PDE inhi-
bitor to enter the market and its use has exclusively been
approved for the treatment of chronic obstructive pulmon-
ary disease (COPD).” This contrasts with the opinion
repeatedly expressed by many researchers and clinicians
that PDE inhibitors could be useful in the treatment of
asthma because of their bronchodilator and/or anti-
inflammatory activities.® '

The predominant opinion is that the unsuccessful devel-
opment of PDE inhibitors for the treatment of asthma is at
least partly due to the many clinical failures in this area and
the side effect profile of all the tested drugs.'' Nonetheless, at
least some researchers believe that PDE inhibitors with
a tolerable safety profile could be beneficial as an add-on
treatment in severe asthma because they have many different
mechanisms of action in the lungs.* '® In fact, adding roflu-
milast to ICS provided additional FEV; improvement from
baseline to 24 weeks.'? There is experimental evidence that
roflumilast stimulates both glucocorticoid receptor o (GRa)
mRNA synthesis and GRa’s transcriptional activity in bron-
chial epithelial cells and enhances dexamethasone’s ability to
suppress pro-inflammatory mediator production, in a GRa-
dependent manner."® Furthermore, significant interest has
been expressed in using PDE inhibitors in the group of
patients who have overlapping characteristics of asthma
and COPD.'*!>

In this review, we discuss the reason why selective
PDE inhibitors are of interest for therapeutic application
in asthma treatment and emphasize the possibility to com-
bine various PDE inhibitors to increase their therapeutic
effectiveness.

Search Strategy and Selection

Criteria

The literature search was conducted in MEDLINE and
Embase databases via Ovid, to identify articles published
until January 30, 2021, using the following search terms:
PDE, PDE inhibitors, asthma. The search was expanded
also to clinicaltrial.gov, clinicaltrialsregister.eu, and
jmacct.med.or.jp. Moreover, the name of each compound
was independently searched on PubMed to avoid missing

data.

PDE Families and Asthma

Human genome contains 21 PDE genes, which are divided
into PDE families (PDE1 to PDE11) and each family con-
tains different subtypes.'® PDEs catalyse the hydrolysis of
cyclic adenosine monophosphate (cAMP) and cyclic gua-
nosine monophosphate (GMP), thereby regulating the intra-
cellular concentrations of these cyclic nucleotides, their
signaling pathways and, consequently, myriad biological
responses in health and disease.'® As we have understood
by now, different PDE isozymes selectively regulate cAMP
or cGMP signaling in different subcellular microdomains,
and individual PDEs are likely involved in specific loca-
tions at certain time-points based on different stimulations/
activations.'”'® There are more than 100 isoforms of PDEs
identified, each of them exerts distinctive, non-overlapping
and non-redundant physiological effects on the human
body, which means that there exists a myriad of unique
PDE isozymes that can be targeted to evoke multitude of
beneficial biological responses.'® Therefore, rather than
focusing on a single PDE, we must consider the participa-
tion of multiple PDE variants in a complex signaling net-
work involving central regulatory mechanisms.*’

In any case, PDE4, PDE7, and PDE8 are cAMP-
specific PDEs, PDES, PDE6, and PDE9 are cGMP-
specific PDEs, whereas PDE1, PDE2, PDE3, PDE10 and
PDEI11 hydrolyse both cAMP and ¢cGMP."

PDEs are expressed in different lung cell types such as
airway and vascular smooth muscle cells, epithelial cells,
and fibroblasts and in inflammatory and immune cells
neutrophils, macrophages,

(eosinophils, monocytes,

T-lymphocytes and B-lymphocytes).'®

cAMP is an important second messenger in asthma
because it is immunomodulatory virtually for all cell types
involved in its pathogenesis and regulates the airway
smooth muscle (ASM) tone via the f,-adrenergic (,-AR)-
soluble adenylyl cyclase (SAC)-cAMP signaling pathway.”'
When its levels rise, cCAMP causes relaxation of the ASM
and inhibits numerous immune and inflammatory responses
that are fundamental in the pathophysiology of asthma,
including activation and proliferation of T lymphocytes,
production of superoxide anion in eosinophils, and chemo-
taxis of eosinophils provoked by inflammatory mediators.**
Furthermore, increased cAMP levels can affect mucociliary
clearance directly through the activation and acceleration of
ciliary motility, which depends on the balance between Ca>"
ions and cAMP, and indirectly by affecting allergic or other
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inflammation.*® This is important in asthma because ciliary
dysfunction is a feature of moderate to severe asthma.**

Also ¢cGMP is an important second messenger in
asthma because it regulates the vascular smooth muscle
relaxation via the nitric oxide (NO)-soluble guanylyl
cyclase (sGC)-cGMP pathway® and is also involved in
evoking bronchodilation in human small airways as is
activating the B,-AR-sAC-cAMP pathway.?® Recently, it
has been observed that a majority of human ASM cells
derived from severe asthma donors express an sGC that is
primarily or completely unresponsive toward NO, making
them dysfunctional for NO-sGC-cGMP signaling.*’

Transcriptomic data demonstrate the presence of all
PDE isoenzymes, except PDE2, via selective expression
of 18 of 24 PDE genes in human ASM cells derived from
donors with asthma and fatal asthma.'” Experimental stu-
dies indicate a possible role in asthma mainly for PDE3,
PDE4, PDES and PDE7. Also, PDES expression and func-
tion in ASM have been documented.'”

PDE3 is the predominant PDE isoenzyme in ASM and
its inhibition produces ASM relaxation as well as enhance-
ment of relaxation evoked by B,-AR stimulation.”®
However, PDE3 deficiency was shown to reduce allergic
airway inflammation and to improve airway mucosal bar-
rier function in allergic airway models.?’ There is evidence
that this isoenzyme plays also a critical role in basophil
and mast cell degranulation.*®

PDE4 isoenzyme is the principal isoenzyme in the
majority of inflammatory cells of importance in the patho-
genesis of asthma. It is highly expressed in inflammatory
cells including T cells, macrophages, eosinophils and neu-
trophils and can degrade cAMP.?® It is also present in
ASM cells, but its inhibition has not demonstrated acute
bronchodilator effects in humans.>’ PDE4 activity is also
predominant in ciliary epithelia.”’

PDES has a relatively high expression level in vascular
smooth muscle cells but it is also widely expressed in ASM,
bronchial epithelial cells and lung fibroblasts.'® PDE5 inhi-
bition and the subsequent ¢cGMP increase without any
significant effect on cAMP caused protein kinase G (PKG)-
dependent smooth muscle relaxation®” and a relaxation of
guinea pigs’ trachea in vitro and a bronchodilatory activity
in vivo.* Increased intracellular levels of cGMP also led to
suppressed immunological responses.* The significant sup-
pression of both in vivo and in vitro contractile responses to
the cumulative doses of acetylcholine and histamine in
associated ~ with
leukocytes

ovalbumin-sensitized animals was

decreased numbers of circulating and

eosinophils and concentrations of interleukin (IL)-4, IL-5
and TNF-a in the lung homogenate.*> However, Banner and
Page failed to show any significant effects of acute or
chronic administration of PDES inhibitor in ovalbumin-
induced eosinophil infiltration in guinea pigs.*®

PDE?7 is present in the soluble fraction of T cells, both
CD4" and CD8", and controls intracellular levels of
cAMP?’ 1t has been suggested that PDE7 may play
a crucial role in T cell activity.*® Nevertheless, a lack of
involvement of PDE7 in airway hyperreactivity and air-
way inflammation was observed in an experimental model
of asthma with sensitised mice.*

PDES is a less widely expressed form of PDE, but has
40-100-fold greater affinity for cAMP than PDE4.* It is
localized in lipid rafts and specifically regulates cAMP
signaling stimulated by B,-AR with no effect on cAMP
signaling stimulated by prostaglandin E, in ASM.'® It has
been suggested that PDES might also serve as a novel and
promising target for inhibition of activated T-lymphocyte
migration from the bloodstream into the tissue during the
inflammatory response.*!

These findings have led to the investigation of the PDE
family as a potential target in the treatment of asthma and
to explore the possibility of developing drugs with the
ability not only to inhibit single PDEs but also to interact
simultaneously with different PDEs.*

Current Scenario with Selective
PDE Inhibitors in Asthma

Experimental and clinical trials with PDE inhibitors in
asthma treatment have already been discussed in some recent
review articles.® '® These articles reported that the potential
therapeutic utility of PDE inhibitors has been demonstrated
in various animal models of asthma and also in clinical trials.
In particular, the ability of PDE4 inhibitors to inhibit impor-
tant characteristics of asthma, ie, eosinophil recruitment to
the airways and bronchial hyperresponsiveness has been
repeatedly documented.® '® Roflumilast was found unable
to exert any effect on the acute phase response (bronchocon-
striction), but it reduced the late phase asthmatic response
and prevented the subsequent increase in bronchial reactivity
following an allergen challenge.®® Furthermore, it consis-
tently improved lung function of asthmatic patients when
combined with ICS or montelukast.** A series of PDE4
inhibitors, such as cilomilast, revamilast, MEM 1414 and
BLX-028914, reached the clinical stage in asthma, but their
development was abandoned.® In effect, their clinical

Journal of Experimental Pharmacology 2021:13

submit your manuscript

293

Dove


http://www.dovepress.com
http://www.dovepress.com

Matera et al

Dove

efficacy was restricted by the dose-limiting side effects.
Adverse gastrointestinal effects including nausea, emesis,
and diarrhoea are the major side effects of PDE4 inhibitors
that limit their tolerability.*'°

Consequently, no PDE4 inhibitor has been approved for
the treatment of asthma, although a systematic review and
meta-analysis of major databases (1946-2016) concluded
that in patients with mild asthma, oral PDE4 inhibitors can
be considered as an alternative treatment to regular bronch-
odilators and inhaled controllers.* In any case, a clinical
trial is evaluating the effects of roflumilast on restoring
response to Pr-agonists in Type-2 low (non-T2) obese asth-
matics (ClinicalTrials.gov Identifier: NCT04108377).

Also PDE3 inhibitors have been shown to counteract
early and late airway responses induced by allergens** and
to cause bronchodilation in patients with asthma.® However,
there has been no real development for these drugs as it is
suspected that they might induce adverse events, particu-
larly in the cardiovascular system because PDE3 partici-
pates in the regulation of vascular smooth muscle and
cardiac muscle function.®’ Nevertheless, intravenous enox-
imone, which is a selective PDE3 inhibitor used for treat-
ment of heart failure, worked instantaneously resolving
bronchospasm, regardless of the severity of the asthma or
the dosage, in eight patients.*® Also oral enoximone very
quickly and significantly improved difficult-to-treat asthma,
as well as reduced steroid and ,-agonist drugs in 47 out of
51 adult patients, and in 11 of the 12 children.*’

Preclinical data have shown that sildenafil, a selective
PDES inhibitor that is used extensively in erectile dys-
function in males, inhibits the airway hypersensitivity
and leukocyte influx in conscious guinea pigs*® and
could reduce airway inflammation and mucus production
in rats.* Furthermore, sildenafil and tadalafil, another
selective PDES inhibitor decreased pro-inflammatory
cytokines in serum and BALF and inhibited oxidative
and nitrosative stress in a rat model of bronchial
asthma.>® However, a pilot study conducted for investi-
gating the effect of sildenafil on pulmonary function in
patients with severe asthma concluded that this PDES
inhibitor does not improve the severity of asthma and
the quality of life.”'

Looking for a Future Scenario with

Selective PDE4 Inhibitors in Asthma
The PDE4 family comprises four genes, PDE4A, PDE4B,
PDE4C, and PDE4D.>? Apparently, inhibition of PDE4D

is responsible for the emetic effects of PDE4 inhibitors.
This has led to significant efforts to develop PDE4 inhi-
bitors selective for PDE4B over PDE4D in expectation of
an improved safety profile and also considering the pre-
dominance of the PDE4B subtype in inflammatory cell
regulation.” In effect, there are data suggesting that
PDE4B is a vital target in T2-cell function and in the
development of airway hyperresponsiveness in allergic
asthma.?! Unfortunately, no selective oral PDE4B inhibi-
tors have advanced to clinical trials.* The conformation
of Met431 of PDE4B is the only minor difference
between the active sites of PDE4B and PDE4D.” This
makes it difficult to design PDE4 subfamily selective
inhibitors against only the catalytic domain of PDE4. In
any case, there are studies that indicate that inhibition of
PDE4D may not be a critical factor to elicit emesis.”®

Inhaled administration represents another potential
approach to improve the therapeutic index of PDE4 inhibi-
tors because it reduces systemic exposure and, likely, asso-
ciated side effects.®

Clinical trials in asthma with AWD-12-281 and tofi-
milast have been failed to demonstrate efficacy and
development have been discontinued.’” Conversely,
GSK256066, a selective PDE4B inhibitor that can be
delivered by inhalation, demonstrated a protective effect
on both early and late responses to inhaled allergen.’®
However, it had no effect on the secondary endpoints of
methacholine reactivity post-allergen challenge or
exhaled nitric oxide. In any case, no further clinical
information on the effects of GSK256066 in asthma is
available to date. It seems probable that its clinical devel-
opment has been stopped because of the low solubility
and the lipophilic nature of GSK256066 causing too low
concentrations of free compound in the lung to exert
a pharmacological effect.’

Clinical development of tanimilast (CHF6001),
which has been designed for treating pulmonary inflam-
matory diseases via inhaled administration, has so far
been more consistent although mainly focused on its use
in COPD.® It inhibits PDE4 isoforms A-D with equal
potency and is 7-fold more potent than roflumilast in
inhibiting PDE4
reduced the allergen challenge response in asthmatic
patients®® and inhibited IFNy, IL-2 and IL-17, but not

IL-13, secretion from both mild and moderate asthma

enzymatic  activity.®'  Tanimilast

patient BAL cells, showing a greater effect than corti-

costeroids on the T1 response.®®
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Novel Prospective with PDE Inhibitors

in Asthma

Targeting PDE4 alone may not fully resolve airway inflam-
mation. As already mentioned, different PDE isozymes selec-
tively regulate cAMP or cGMP signaling in different
subcellular microdomains. It is likely that individual PDEs
are involved in specific locations at certain time-points based

17,18

on different stimulations/activations, and furthermore,

multiple PDE variants participate in the complex signaling
network involving central regulatory mechanisms.'®®*
Therefore, targeting different PDE enzymes with dual PDE
inhibitors may be required for optimal anti-inflammatory

action,zo’(’5

which is fundamental in asthma. The possibility
that inhibition of PDE4 enzymes together with a second
family of PDEs could provide a therapeutic benefit at
a concentration that does not cause vomiting is also not
negligible.®® Another potential option is to develop molecules
specifically designed to have multivalent (multifunctional)

20,65 o)

ligands, which contain two or more pharmacophores,
called hybrid molecules.

The practical application of these concepts has led to
the development of drugs capable of interacting simulta-

neously with different PDEs.

Dual PDE3/PDE4 Inhibitors

PDE3 and PDE4 are important in influencing cAMP
signaling,’” but it is likely that they can regulate different
pools of cAMP since PDE3 is predominantly localized in
the particle cell fraction and PDE4 is predominantly
cytosolic.®® Dual inhibitory activity for both PDE3 and
PDE4 in the same molecule increases intracellular cAMP
levels and allows obtain both bronchodilator and anti-

inflammatory activity,*

and improves endothelial and
epithelial barrier function.®” It has been suggested that in
addition to targeting PDE4 to reduce allergic airway
inflammation, targeting PDE3 also considerably decreases
allergic airway inflammation.”® Furthermore, in asthma
dual PDE3/PDE4 inhibitors may enhance, sensitize, and
prolong the effects of LABA/ICS combination therapies’'
Nonetheless, zardaverine, benzafentrine, tolafentrine and
pumafentrine that selectively inhibit PDE3 and PDE4 have
not progressed to the clinic presumably because of lack of
efficacy or concerns about safety.'®

Ensifentrine (RPL554) is reported as an inhaled PDE3/4
inhibitor, although its affinity for PDE3 is 3,440 times
higher than that for PDE4.”* It inhibited the contractile
tone induced by electrical field stimulation in sensitized

human bronchi, which represents a reliable ex-vivo model
of asthma.”® Furthermore, a synergistic interaction in relax-
ing both human medium and small isolated bronchi, in
terms of peak relaxation and an extended duration of action
was documented when ensifentrine was administered in
combination with a long-acting muscarinic antagonist.”*
At present, it is the only drug designed to function as
a dual PDE3/4 inhibitor that is in clinical trials for airway
diseases. A treatment with an old nebulized formulation of
ensifentrine at a dose of 0.018 mg/kg given for 6 consecu-
tive days in subjects with clinically stable asthma induced
a large and persistent improvement in forced expiratory
volume in one second that was better than broncholytic
effect induced salbutamol 200 pg.”> A new inhaled suspen-
sion formulation administered as single doses (0.4 mg,
1.5 mg, 6 mg, 24 mg) in patients with mild to moderate
chronic asthma showed a pharmacokinetic profile that was
similar to that observed in healthy subjects.”® Additionally,
it induced a dose-dependent bronchodilation and was as
effective as a therapeutic dose of nebulised salbutamol.’®

Recently, it has been shown that synthetic hesperetin-
5,7,3'-O-trimethylether dually inhibited PDE3/4 and
induced anti-inflammatory and bronchodilator actions in
a murine model of asthma, including suppression of air-
way hyperresponsiveness, and attenuation of inflammatory
cells and cytokines, with the potential of causing few or no
gastrointestinal adverse effects.”’

Dual PDE4/PDES5 Inhibitors

Simultaneous PDE4 and PDES5 blockade could act at mul-
tiple levels in airway disorders. In fact, it may not only
decrease pulmonary arterial hypertension but also reduce
lung inflammation and possibly remodeling and, at the
same time, improve lung function.°® A combination of
tadalafil, a selective inhibitor of PDES5, and roflumilast
caused the suppression of airway reactivity and markers
of inflammation in the model of ovalbumin-induced eosi-
nophilic inflammation associated with the airway hyperre-
sponsiveness, which was comparable to the effects of
dexamethasone at the same dose.”® However, no additive
effect compared to PDE4 inhibition alone was observed
when the combination was administered at a reduced dose.
Despite these interesting preclinical findings, there is cur-
rently no bifunctional PDE4/PDES inhibitor in clinical
development, and this not only because selective PDES
inhibitors are not effective in asthma, but also because of
the potential risk of a worsening of gas exchange that they
can induce.””

Journal of Experimental Pharmacology 2021:13

submit your manuscript

295

Dove


http://www.dovepress.com
http://www.dovepress.com

Matera et al

Dove

Dual PDE4/PDE7 Inhibitors

The inhibition of PDE7 is unable to influence proinflamma-
tory cells per se but increases the inhibitory effect of other
cAMP-elevating drugs.*® The co-expression of PDE4 and
PDE7 in most immunoinflammatory cells has generated
speculation that dual inhibition of PDE7 and PDE4 could
be an effective strategy to treat asthma.® In fact, simulta-
neous inhibition of PDE4 and PDE7 boosts the effects
detected after the inhibition of PDE4 or PDE7 alone®' and
suppresses airway hyperresponsiveness.®> A relaxing effect
of combined PDE4/PDE7
BRL50481) on acetylcholine-induced lung and airway con-

inhibition (rolipram plus

traction was documented in ovalbumin-sensitized guinea
pigs.*® A study aimed to characterize the pharmacological
profile of YM-393059, which is a dual PDE4/PDE7 inhibi-
tor, showed that this bifunctional drug is able to inhibit both
T1- and T2-cell-dependent reactions and also the function
of neutrophils, and tends to reduce the serum immunoglo-
bulin E antibody level.*® T-2585, and IR284 are other dual
PDE4/PDE7 inhibitors that revealed anti-inflammatory
activity,* although the inhibition of PDE4 could influence
ASM tone. Recently, several new potential PDE4/PDE7
inhibitors, such as a series of butanehydrazide derivatives
of purine-2,6-dione,* a series of novel amide derivatives of
1,3-dimethyl-2,6-dioxopurin-7-ylalkylcarboxylic  acids,*®
and some newer substituted 1,3-thiazolidine-2,4-dione
derivatives®” have been designed and synthesised.
However, the real value of these compounds in the treat-
ment of asthma is still unknown, and moreover, we do not

know which of them will really be evaluated in humans.

Dual PDE4/PDEI Inhibitors

The PDEIl family is regulated by allosteric interactions
with the calcium calmodulin complex (Ca*"-CaM).*® The
binding of one Ca*"-CaM complex per monomer to bind-
ing sites near the N terminus stimulates cyclic nucleotide
hydrolysis. There are three PDE1 isoforms, PDEIA,
PDEIB, and PDEIC. PDEIC, which degrades both
cAMP and ¢cGMP with high affinity, is widely expressed
in airway myocytes® and is a major regulator of smooth
muscle proliferation.*® Airway remodelling (thickening,
hyperplasia, and hypertrophy) is characteristic of
asthma.”® It is therefore logical that dual-specificity inhi-
bitors of PDEIC and PDE4 might selectively target pro-
liferating ASM cells and influence the remodelling process
and inflammation and have utility in the treatment of

patients with asthma. KF19514 is a dual PDE4/PDEI

inhibitor that exhibited a potent anti-inflammatory effect
in animal models of acute allergen challenge for inhibiting
antigen-induced bronchospasm.’’ It was also shown that
KF19514 suppressed inflammation and arrest airway
remodelling in a murine model of chronic asthma.’”
Thus, simultaneous inhibition of PDE1c and PDE4 could
be seen as a potential drug target in asthma treatment, but
more precise studies are necessary in both preclinical and,
mainly, clinical research.

Dual PDE Inhibitors That Also Inhibit
PDES

The utility of PDES inhibitors alone or in combination
with PDE4 or PDE7 inhibitors has also been claimed to
treat inflammation and immune-related disorders.”?

So far, are only two dual PDE inhibitors, dipyridamole,
which is a PDES/PDES8 inhibitor that inhibits platelet
aggregation, and BC8-15, which is a PDE4/PDES inhibi-
tor. However, dipyridamole also increases cAMP levels by
blocking uptake of adenosine and enhances adenosine-
induced bronchoconstriction in asthmatic subjects without
changes in baseline airway caliber.”* The PDES selective
inhibitor PF-4957325 has been widely used in PDES
research but not in asthma.

Pan-PDE Inhibitors

There is currently interest in developing pan-PDE inhibi-
tors, which are capable of inhibiting various isoforms
within different PDE classes. This approach would allow
not only inducing synergistic effects deriving from target-
ing multiple PDE subtypes simultaneously,” but also to
eventually overcome the changes in the expression of the
single PDEs that may arise in the course of asthma.'®
A group of potent, pan-PDE inhibitors from the group of
7.8-disubstituted purine-2,6-dione derivatives represent
promising anti-remodelling drug candidates for further
research.”®

Dual PDE4 Inhibitors/p,-Agonists

It has been suggested that fusing the head group of an
existing long-acting [,-agonist (LABA) to a variety of
structurally dissimilar PDE4 inhibitors could provide addi-
tive or synergistic bronchodilation and anti-inflammatory
activity in the lung.”” The potential advantage of these
compounds is that both B,-agonists and PDE4 inhibitors
rely on modulation of cAMP to elicit their effects.”®
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GS-5759 is a dual PDE4 inhibitor/p,-agonist made by
linking a GSK256066 structurally related PDE4 inhibitor
to an indacaterol structurally related B,-agonist.”® It is
a potent relaxer of airway smooth muscle strips and has
both anti-inflammatory and antifibrotic activity in a variety

190 4nd demonstrated a dose-related broncho-

101

of cell types
dilation in guinea pigs, dogs, and cynomolgus monkeys.
However, it has no clinical development reported.

Also, a series of molecules that combine the pharma-
cophores of the PDE4 inhibitor phthalazinone or roflumi-
last and salmeterol'®? or pharmacophores of phthalazinone
and formoterol'*® have been described.

Dual PDE4 Inhibitors/Muscarinic

Antagonists

Exploring the structure—activity relationships around the
4.6-diaminopyrimidine scaffold led to the identification of
the dual PDE4 inhibitor/muscarinic antagonist UCB
—101333-3,'""* which decreased inflammatory cells and
murine keratinocyte level (equivalent to IL-8 in humans)
in BAL fluid of mice when given by nose-only aerosol.'*
It was assumed that the addition of an ultra-LABA to
UCB-101333-3 should create a potent combination for
treating asthma,'®® but apparently the development of
this bifunctional drug has been stopped.

Afterwards, dual PDE4 inhibitors/muscarinic antago-
nists that utilize a pyrazolopyridine as the PDE4 inhibitor
and a biaryl-containing muscarinic antagonist but differ in
the linker used to combine these two activities into the

d.'°” However, even for these

same molecule were identifie
molecules, it seems that the clinical development has not

begun so far.

Conclusion

Notwithstanding the presence in the literature of many
data indicating the potential benefits of PDE inhibitors as
an add-on treatment especially in severe asthma due to
their bronchodilator and/or anti-inflammatory activity, no
compound has yet reached the market as asthma treatment.
However, in recent years, there has been a growing interest
in developing new PDE inhibitors with an improved safety
profile, possibly also due to the size of the target patient
that
inflammatory drug and the high costs for the production

population would benefit from another anti-
of new biological drugs.'” In particular, the research
focused on the development of drugs capable of interact-

ing simultaneously with different PDEs but, although there

are several new agents with interesting pharmacological
profiles, CHF 6001 and RPL554 are still the only mole-
cules under clinical development.

Expert Opinion

It is increasingly accepted that the term asthma is an
umbrella term that is used to give a simplified definition
of grouped clinical and physiological characteristics (phe-
notypes) and distinct mechanistic pathways (endotypes).'*®
However, although asthma is a highly heterogeneous con-
dition, this has not been accompanied by the concrete
identification of heterogeneity-focused treatments.'®”

As already mentioned, the superfamily of PDEs can
regulate a wide range of biological functions.'® It obvious,
therefore, that PDEs are attractive pharmaceutical targets
for a personalized asthma treatment.

It is likely that in the future, the application of omics
data will allow identifying the specific PDEs involved in
the pathological process in each patient. However, this is
a rather complicated and expensive approach. At present
time, a precision medicine strategy for the management of
patients with airway disease that is free from the tradi-
tional diagnostic labels and based on identifying “treatable
traits” in each patient is still preferable.''® Fixed airflow
limitation, bronchodilator reversibility, Type-2 inflamma-
tion, neutrophilic inflammation, cough, exercise-induced
respiratory symptoms, and bronchitis are the most preva-
lent traits in severe asthma.''' The data currently available
suggest that the use of PDE inhibitors, mainly if adminis-
tered as dual PDE inhibitor, is capable of influencing
practically all these traits. However, there is an absolute
need to confirm the impact of such agents on individual
treatable traits in specially designed studies.

In our article published in 2014, we highlighted the
need to test roflumilast in the group of asthmatics, espe-
cially those suffering from the severe form of asthma, in
which the neutrophilic inflammation predominates and
inhaled corticosteroid are not as effective.® Experimental
data indicate that administration of roflumilast attenuates
airway inflammation and airway hyperresponsiveness in
neutrophilic asthma model and adding roflumilast to dex-
amethasone results in further beneficial effect.''? Using
data from eight placebo-controlled, double-blind Phase I—
IIT studies, significant reductions in allergen-induced air-
way inflammation, including a reduction in neutrophil
count, were observed.''? Unfortunately, no specific study
has been conducted so far to verify whether PDE4 inhibi-
tors provide benefit in severe asthma patients characterized
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by neutrophilic inflammation. Additionally, no trials exist
to date evaluating the use of roflumilast or other PDE
inhibitors in patients with overlapping characteristics of
asthma and COPD, but PDE4 inhibitors could be consid-
ered, particularly among those individuals with frequent
exacerbations.

There is also the urgent need to understand if the use of
PDE inhibitors impacts on Type-2 high or T2 asthma,
which is characterized by increased eosinophilia and other
signs of type-2 airway inflammation, including increased
numbers of airway mast cells subgroups, in a different way
compared to Type-2 low or non-T2 asthma, which is char-
acterized by levels of type 2 inflammation in the airways
comparable to those found in healthy subjects.!'* However,
it is likely that specific dual PDE inhibitors may be more
effective than others against a specific type-2 asthma. In any
case, both dual PDE inhibitors and hybrid molecules with
other bronchodilators may serve as a basis for improved
“multiple-therapy” fixed-dose combination inhalers through
co-formulation that could deliver three or even four com-
plementary therapeutic effects for patients with asthma.
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