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Abstract: Current pharmacological treatments for chronic obstructive pulmonary disease
(COPD) are mostly limited to inhaled bronchodilators and corticosteroids. Azithromycin can
contribute to exacerbation prevention. Roflumilast, a phosphodiesterase (PDE) 4 inhibitor adminis-
tered orally, also prevents exacerbations in selected patients with chronic bronchitis, recurrent
exacerbations, severe airflow limitation and concomitant therapy with long-acting inhaled bronch-
odilators. This outcome likely results from anti-inflammatory effects since PDE4 is expressed by all
inflammatory cell types involved in COPD. The use of this agent is, however, limited by side-
effects, particularly nausea and diarrhea. To address remaining unmet needs and enrich therapeutic
options for patients with COPD, inhaled dual PDE3/4 inhibitors have been developed, with the aim
of enhancing bronchodilation through PDE3 inhibition and modulating inflammation and mucus
production though PDE4 inhibition, thus producing a potentially synergistic effect on airway
calibre. Experimental preclinical data confirmed these effects in vitro and in animal models. At
present, RPL554/ensifentrine is the only agent of this family in clinical development. It decreases
sputum markers of both neutrophilic and eosinophilic inflammation in patients with COPD. Clinical
Phase II trials confirmed its bronchodilator effect and demonstrated clinically meaningful symptom
relief and quality of life improvements in these patients. The safety profile appears satisfactory, with
less effects on heart rate and blood pressure than salbutamol and no other side effect. Altogether,
these data suggest that ensifentrine could have a role in COPD management, especially in addition
to inhaled long-acting bronchodilators with or without corticosteroids since experimental studies
suggest potentiation of ensifentrine effects by these agents. However, results from ongoing and
future Phase I1I studies are needed to confirm both beneficial effects and favourable safety profile on
a larger scale and assess other outcomes including exacerbations, lung function decline, comorbid-
ities and mortality.
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Introduction
As a consequence of improved prevention and healthcare in many countries, age-
standardized chronic obstructive pulmonary disease (COPD) prevalence, mortality
rates and disability-adjusted life-years have been decreasing during the last 3 decades.'
However, the crude prevalence, morbidity and mortality related to this disease have been
increasing and remain extremely burdensome worldwide. In 2017, COPD was the most
frequent chronic respiratory disease (55% of all cases) with a 3.9% crude prevalence,
which had increased by 5.9% since 1990. It accounted for about 80% of all deaths related
to chronic respiratory diseases, which represented the 3™ leading cause of death.'

The definition of COPD is based on the coexistence of chronic respiratory symp-
toms and fixed (ie, persistent, or in other words not fully reversible) airflow limitation,
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which can relate to a loss of airways and/or obstruction of
remaining airways, ie decreased airway calibre.** Airways
obstruction results from various mechanisms involved in
emphysema and airway wall thickening (see below).”® The
respective contribution of these mechanisms is markedly
variable between patients and remains difficult to determine
on an individual basis using routinely available tools.
Inflammation and innate and adaptive immunity are thought
to play an important role in the development and aggravation
of COPD.”® As the disease in general, lung inflammation is
heterogenous, involving mostly two categories of mechan-
isms: T2 eosinophil-predominant, and inflammasome and
T1/T17 neutrophil predominant inflammation. Eosinophilic
inflammation is found in up to 40% of patients, and is more
corticosteroid-sensitive than its neutrophilic counterpart.”
Neutrophil-associated inflammation is the result of both
innate and adaptive immune mechanisms and is associated
with bacterial dysbiosis, autoimmunity and the development
of lymphoid follicles.”

COPD treatment aims mostly at relieving symptoms
(chronic mucus hypersecretion, dyspnea, exercise intolerance),
preventing exacerbations, identifying and managing comor-
bidities, limiting disease progression and increasing survival,
with minimal constraints and side-effects from treatments.” To
reach these goals, nonpharmacological approaches represent
the first step of COPD care and include smoking cessation aids,
physical activity and rehabilitation, and vaccination against
influenza and Streptococcus pneumoniae. At present, the ther-
apeutic landscape available for COPD pharmacotherapy
remains mostly limited to inhaled bronchodilators (beta2 ago-
nists and anticholinergics) and corticosteroids (ICS). A large
number of (predominantly long-acting) drugs belonging to
these families have been released, differing more in terms of
inhalation device than of pharmacological properties and clin-
ical effects. Agents available through the oral route include
phosphodiesterase (PDE) 4 inhibitors (roflumilast), where
available, and azithromycin, which can both help preventing
exacerbations in some patients. Theophylline is not indicated
any more except in countries with highly limited access to
other medications.

Although some inhaled maintenance treatments may influ-
ence FEV decline and mortality,'* "
firmly demonstrate a tangible effect on the natural history of
the disease. In addition, the magnitude of effects of COPD
medications on clinical and lung function outcomes is rela-
tively limited. This relates to the lack of treatment able to
reverse airway wall remodelling and/or stimulate lung regen-

it has proved difficult to

eration, and to the limited sensitivity of airways inflammation

in COPD to available therapy including corticosteroids.'* !¢

Given the potential of these agents to induce local and sys-
temic side-effects even when administered through the inhaled
route,'” identifying the best responders appears crucial. The
same is true for other available agents with anti-inflammatory
properties involved in exacerbation prevention, ie, azithromy-
cin and roflumilast, a PDE4 inhibitor. Accurate identification
of the optimal target populations could come from increas-
ingly performant approaches to phenotyping, endotyping and
identification of treatable traits.'®'” However, at present bio-
marker-based individualized therapy in COPD is limited to the
use of blood eosinophil count to guide the decision to prescribe
or withdraw ICS,*?**' and of symptoms (chronic bronchitis)
and lung function (FEV)) to define indications of roflumilast.

Given the above-mentioned limitations of current COPD
medications, many pathways are explored to identify new
strategies to fight airways inflammation in COPD and/or to
restore corticosteroid sensitivity. These include inhaled
PDE4 and PDE3/4 inhibitors, as well as dissociated steroids,
PI3-kinase inhibitors, histone deacetylase-2 (HDAC-2) acti-
vators, p38 mitogen-activated protein (MAP)-kinase inhibi-
tors, antioxidants®* ... For now, drugs specifically targeting
components of neutrophil-associated mechanisms, ie, the
inflammasome, tumor necrosis factor (TNF) and interleukin
(IL)-17, have proven ineffective,” although this could be
how azithromycin exerts its effects in COPD.*>**

In this clinically focused short narrative review, we will
summarize the role of phosphodiesterases in COPD patho-
physiology, describe COPD-oriented preclinical data on phos-
phodiesterase inhibitors, and present clinical trials on dual
PDE3/4 inhibitors before briefly discussing what the role of
these agents in COPD management strategies could be.

Brief Summary of the Involvement
of Phosphodiesterases 3 and 4 in the
Pathophysiology of COPD

As mentioned above, persistent airflow limitation is the cor-
nerstone of COPD definition.”>” Small airways alterations
associated with disease progression®’ include airway narrow-
ing due to bronchial wall thickening (related to peribronchiolar
fibrosis, smooth muscle modifications, squamous metaplasia,
goblet cell hyperplasia), bronchial lumen obstruction (mucus
hypersecretion, altered ciliogenesis),™® and the decrease in
elastic lung recoil resulting from the loss of alveolar attach-
ments characterizing

emphysema. Inflammatory cells

involved in COPD include macrophages and neutrophils as
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well as T and B-lymphocytes that can be organized in peri-
bronchial tertiary lymphoid structures.®

The phosphodiesterases superfamily comprises 11 families
of enzymes, among which PDE3 and PDE4 are of particular
interest. In the lungs, they are highly expressed in airway
smooth muscle.”®?° PDE4 is also present in airway epithelial
cells and in most inflammatory cell types involved in COPD.*
PDE3 and PDE4 both have the ability to hydrolyze cAMP>%3!
PDE3 activity is dependent on cGMP levels.>* Enhancing
cyclic AMP activity in bronchial cells appears promising to
treat COPD since cAMP mediates bronchial smooth muscle
relaxation, inhibition of inflammatory mediators production,
downregulation of neutrophils and macrophages, cystic fibro-
sis transmembrane regulator (CFTR) up-regulation leading to
improved airway clearance, and ultimately inhibition of bron-
chial wall remodelling.**** Furthermore, cigarette smoke
exposure in mice airways and in human bronchial cells
decreases cAMP cytosol levels through specific PDE3 and
PDE4 up-regulation,®” which provides an additional argument
supporting a potential therapeutic role for PDE3 and 4 inhibi-
tors in COPD.

Preclinical Data with PDE3, PDE4
and Dual PDE3/4 Inhibitors and
Their Relationship with Other
COPD Treatments

Phosphodiesterase inhibitors have bronchodilator and anti-
inflammatory effects® through a variety of cellular effects

Therapeutic targets of
phosphodiesterase
inhibitors 3 and 4

[ Smooth muscle contraction

[ Mucus hypersecretion

[ Ciliary dysfunction

[ Inflammatory cell infiltration

Goe 00

Macrophages

Eosinophils T cells

Neutrophils Monocytes  Dendritic cells

summarized in Figure 1. Many experimental studies found
that PDE3 inhibition contributes more than PDE4 inhibi-
tion to bronchodilation.***” Conversely, airway inflamma-
tion and epithelial cell functions (mucus secretion, ciliary
activity) are more responsive to PDE4 inhibition.*>*
Altogether, targeting simultaneously PDE 3 and 4 is
a tempting strategy, which led to the development of
dual PDE3/4 RPLS554/

Ensifentrine is the only agent currently undergoing clinical

inhibitors. Among these,

development, administered through the inhaled route.*®

Bronchodilation

Venkatasamy et al have studied tracheal guinea pig smooth
muscle relaxation under PDE3, PDE4 or dual PDE3/4
inhibition, alone or with muscarinic receptors antagonists
and beta-2 receptor agonists and demonstrated that dual
PDE3/4 inhibition alone produced significant smooth mus-
cle relaxation with a cumulative effect when added to
another bronchodilator.* The same synergy with other
bronchodilators was found in human bronchial explants®!
regardless of airway size and therefore including small
airways,*” suggesting a potential to modulate air-trapping.

Inflammation and Airway Remodelling

PDE4 is present in many inflammatory cell types present
in the lung and involved in COPD: neutrophils, eosino-
phils, lung macrophages, dendritic cells, lymphocytes, air-
way epithelial and endothelial cells.*® Lung macrophages
and blood monocytes isolated from smokers overexpress

Bronchoconstriction

Lumen obstruction

Airway wall thickening

Figure | Simplified view of the main cellular targets of dual PDE3/4 inhibition relevant to COPD.
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PDE4.** PDE4 inhibition inhibits neutrophilic inflamma-
tion, as shown in mice acutely exposed to cigarette
smoke.*** Similarly, an inhibition of lipopolysaccharide
(LPS)-induced neutrophil recruitment has been observed
following inhalation of PDE4 and/or dual PD3/4 inhibitors
in rats, ferrets and pigs.*®*’ Other studies have shown that
PDE4 inhibition decreased neutrophil activation and the
release of reactive oxygen species, neutrophil elastase,
MMP-9 and myeloperoxidase in vitro.*® In a mouse
model of LPS-induced lung injury, matrix metalloprotei-
nase (MMP)-9 and transforming growth factor (TGF)-beta
release were reduced.*” Altogether, these data suggest
possible effects of PDE4 inhibitors on airway remodelling.
PDE4 inhibitors have also been shown to promote neutro-
phil apoptosis and thereby inflammation resolution in
a murine model of LPS-induced neutrophil recruitment to
the pleural cavity.>® There again, inflammatory response to
LPS is modulated by PDE4 inhibition with a marked
in TNF-alpha
monocytes,”’ blood leucocytes of PDE4B knock-out

decrease release by human blood
mice®® and in vitro-generated human dendritic cells.”
Tannheimer et al assessed the effect of roflumilast (a
PDE4 inhibitor) added to a beta-2

a glucocorticosteroid on LPS-stimulated human peripheral

agonist or

blood monocytes; in both situations, roflumilast increased
anti-inflammatory drug activity.>*

Airway epithelial cells are involved in primary responses
to infection and express PDE4. Mata et al demonstrated that
roflumilast decreases respiratory syncytial virus infection of
human airway epithelial cells all and prevents epithelial altera-
tions (loss of ciliated cells, MUCSAC overexpression) and
production of inflammatory cytokine (IL-13, IL-6, IL-8,
TNFalpha and intercellular adhesion molecule (ICAM)-1)
and oxidative species.”> More recently, Turner et al studied
the effect to the dual PDE3/4 inhibitor ensifentrine in human
bronchial epithelial cells in baseline conditions and after a pro-
inflammatory challenge, with or without adjunction of a beta-2
agonist or a glucocorticosteroid. They demonstrated that dual
inhibition of PDE3 and 4 by ensifentrine diminished the
release of proinflammatory mediators, and that this effect
was enhanced when ensifentrine was associated to a beta-2
agonist or a glucocorticosteroid.>®

Mucus Production, Ciliary Function and

Airway Clearance
The two main mucins secreted in the airways are
MUCS5AC and MUC5B.>” Although mucin production is

a protective mechanism against pathogens and other
inhaled hazards, mucus hypersecretion is believed to con-
tribute to the pathogenesis of COPD.”’ In the study by
Mata et al described above, the authors demonstrated an
inhibition of RSV infection-induced MUCS5AC expression
by roflumilast in airway epithelial cells.>

Another potential therapeutic target in COPD is the
cystic fibrosis transmembrane conductance regulator
(CFTR) which is a transmembrane, cAMP-activated chlor-
ide channel expressed at the apical surface of airway
epithelial cells and involved in mucus hydration. In addi-
tion to inherited CFTR gene mutations, several conditions
including cigarette smoke exposure can lead to acquired
CFTR dysfunction. Therefore, an involvement of CFTR
dysfunction in COPD pathogenesis has been
hypothesized.’® PDE3 and PDE4 inhibitors activate chlor-
ide secretion in epithelial cell lines through CFTR
stimulation.”®® A recent study confirmed cAMP-
mediated CFTR up-regulation by dual PDE3/4 inhibitors
in human bronchial epithelial cells expressing wild-type
CFTR or F508del CFTR.>® Previously, Lambert et al had
described restoration of CFTR function with a PDE4 inhi-
bitor alone in human bronchial epithelial cells exposed to
cigarette smoke; this effect was greater when the PDE4
inhibitor associated to a CFTR potentiator
(Ivacaftor).

Finally, PDE 4 inhibitors can enhance ciliary function,
possibly through effects on CFTR activity.*® In vitro studies
demonstrated that PDE4 inhibition increases ciliary beat

was
61,62

frequency in bronchial epithelial cells exposed to cigarette
smoke.*>~* Co-administration of PDE4-inhibitors could be
a valuable complement to some glucocorticosteroids and
anticholinergics, which could theoretically have a negative
impact on ciliary mobility.®*

Clinical Data on Dual PDE3/4
Inhibitors in Patients with COPD

At present, the only phosphodiesterase inhibitor available
for COPD treatment is roflumilast, an orally administered
PDE4 inhibitor. Its clinical effects have been extensively
reviewed elsewhere.®*®> The main benefit is exacerbation
prevention. This agent also improves lung function
although with a relatively modest magnitude of effect,
and effects on symptoms and quality of life are small.
The likelihood of beneficial effects is greater in patients
with symptoms of chronic bronchitis, recurrent exacerba-
tions, severe to very severe airflow limitation and
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concomitant long-acting bronchodilator therapy. Some stu-
dies also suggest that PDE4 inhibition could reduce the
risk of major cardiovascular events, maybe through
decreased systemic inflammation, and enhance insulin
sensitivity.®® The use of roflumilast is limited by gastro-
intestinal side-effects (especially diarrthea and nausea).
Other side effects include weight loss, insomnia and
depressive symptoms. To overcome tolerance issues, the
development of inhaled PDE4 inhibitors has been
considered.®® Dual PDE3/4 molecules that can be admi-
nistered by inhalation offer an opportunity to add more
bronchodilation to the anti-inflammatory potential of phos-
phodiesterase inhibition.

Efficacy of Inhaled PDE3/4 Inhibition

Here, we will focus only on RPL554/ensifentrine, since
other dual PDE3/4 inhibitors that have been previously
tested have been abandoned, presumably due to concerns
regarding their efficacy and/or their safety.*’

The clinical program for the development of RPL554/
ensifentrine in patients with chronic respiratory diseases
started more than 10 years ago®” and has been somewhat
slow. Studies evaluating the efficacy of RPL554/ensifen-
trine in healthy volunteers and in patients with COPD or
asthma are summarized in Table 1.

Initial studies in COPD have confirmed that a single
RPL554/ensifentrine has
a bronchodilator effect.®”-°® When administered on top of

dose of  nebulized
other nebulized short-acting bronchodilators (eg, salbuta-
nebulized RPLS554/ensifentrine
resulted in an additive bronchodilation.®® Nebulized
RPL554/ensifentrine at the dose of 6 mg/day, but not at
1.5 mg/day, was further shown to increase peak, trough

mol or ipratropium),

and average (0—12h) FEV; when administered with tiotro-
pium (18pg/d) for 3 days.®® Studies using body plethys-
mography showed that nebulized RPL554/ensifentrine
reduced hyperinflation/gas trapping (assessed by measur-
ing residual volume -RV-, functional residual capacity -
FRC-, and specific airway conductance -sGaw-) to
a greater extent than salbutamol, ipratropium or tiotropium
alone.®® These latter studies were performed in patients
with COPD and FEV; reversibility > 150 mL, which
questioned the generalizability of these findings to all
patients with COPD.%

In a recent randomized placebo-controlled study, Singh
et al evaluated the effects of various doses of nebulized
RPL554/ensifentrine (0.75 mg, 1.5, 3 and 6 mg) twice
daily over 4 weeks in 405 patients with mild to moderate

COPD (FEV; 40-80% predicted); there was no inclusion
criteria relative to reversibility. All four doses of RPL554/
ensifentrine resulted in an increased peak FEV; assessed
over 3h at week 4 (from 146 mL at 0.75 mg to 200 mL at
3 mg); there was no further improvement at the 6 mg dose,
suggesting that 3 mg is already at the top of the dose-
response curve. An important aspect of this study was the
evaluation of symptoms related to COPD, including dys-
pnea and cough and sputum production.”®’" Importantly,
both prespecified and post hoc analyses indicated a notable
early and meaningful effect on dyspnea, evaluated using
TDI focal score and E-RS™:COPD breathlessness
subscale.”™’! These data suggest that RPL554/ensifentrine
has symptomatic effects associated with its bronchodilator
effects.

A limitation of most of these studies is the lack of
concomitant treatment with long-acting bronchodilators
and/or inhaled corticosteroids in included patients. For

example, in the latter study,’®”'

most patients reported
a high burden of symptoms (with approximately 95%
had mMRC>2 at baseline), so that long-acting bronchodi-
lators would have been indicated. As patients treated with
RPL554/ensifentrine were not receiving such agents in
that study, the role of this agent in patients receiving
usual  recommended  therapy  remains  elusive.
Furthermore, the duration of the study was relatively
short (4 weeks), which did not allow evaluating other
relevant endpoints (eg, exacerbations).

To overcome (at least some of) these limitations and
better define the role for RPL554/ensifentrine in patients
with COPD, the clinical development program is ongoing.
Ferguson et al recently reported the results from
a randomized, double-blind, placebo-controlled, parallel-
group, dose-ranging study in patients with moderate-to-
severe COPD.”* Patients were randomized to open-label
tiotropium once daily (QD) plus blinded escalating doses
of RPL554/ensifentrine or placebo twice daily (BID).
Effects on lung function, symptoms and quality of life
(QoL) were assessed over 4 weeks. All RPL554/ensifen-
trine doses produced a significant and dose-dependent
increase in peak FEV, from baseline to Week 4, indicat-
ing an additive bronchodilator effects. Clinically meaning-
ful and statistically significant improvements in the
SGRQ-C additive to tiotropium were observed at Week
4, exceeding the minimally clinically important difference
of 4 units with the 1.5 and 3 mg doses,’”” indicating
symptom improvement. A phase III randomized, double-

blind, placebo-controlled study to evaluate the efficacy and
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safety of ensifentrine (3mg BID) over 24 weeks (with
a 48-week safety subset) in subjects with moderate to
severe COPD has been started with a target enrolment of
800 patients (NCT04535986). The primary outcome is the
average FEV, area under the curve (AUC) 0-12h and
secondary outcomes include symptoms evaluated by the
Evaluating-Respiratory Symptoms (E-RS) score, the St
George Respiratory Questionnaire COPD (SGRQ-C), and
the transitional dyspnea index (TDI) focal score. Patients
with COPD (FEV; 30-70% predicted) and >2 mMRC
dyspnea grade on no maintenance/background therapy or
patients on stable maintenance LAMA or LABA therapy
are eligible.

RPL554/ensifentrine is also being evaluated in patients

3 less

with asthma,”® although the program appears
advanced. Bjermer et al showed that a single inhalation
of RPL554/ensifentrine induced a dose dependent bronch-
odilation in asthmatic subjects; the magnitude of this effect
at high doses (6 mg and even more at 24 mg) appeared
comparable to what was observed using 2.5 mg and
7.5 mg of nebulized salbutamol.”® These data suggest
that to pursue the development of RPL554/ensifentrine in
asthmatic patients.

Because phosphodiesterase inhibitors play pleiotropic
roles in cellular function and because roflumilast, an oral
PDE4 inhibitor, reduced the number of neutrophils and
eosinophils, as well as soluble markers of neutrophilic
and eosinophilic inflammatory activity in induced sputum
samples of patients with COPD,’* Franciosi et al evaluated
neutrophils in the sputum of 21 healthy volunteers treated
with RPL554/ensifentrine (0.018 mg/kg once daily for 6
days).®” These authors reported a reduction in the total
numbers of cells and the number of neutrophils in sputum,
but not the % of neutrophils in sputum. Although these
data suggest that some of the effects of RPL554/ensifen-
trine could be related to anti-inflammatory effects, no data
are currently available in patients with COPD.

Safety/Adverse Effects

A major drawback with oral phosphodiesterase 4 inhibi-
tors is the occurrence of adverse events. As mentioned
above, use of roflumilast has been limited by gastro-
intestinal adverse effects including diarrhea, nausea and
weight loss. By contrast clinical trials so far suggest that
inhaled RPL554/ensifentrine has a favourable safety pro-
file. Adverse effects were generally mild and not
increased compared to placebo.®”-°*7%72 This promising
safety profile appears likely related to the inhaled nature

of RPL554/ensifentrine, which likely limits the occur-
rence of systemic adverse effects. Of note, in the study
by Bjermer et al that compared single doses of RPL554/
ensifentrine (form 0.4 mg to 24 mg) to nebulized salbu-
tamol 2.5 mg and 7.5 mg or placebo, salbutamol resulted
in dose-dependent increase in heart rate and fall in blood
pressure and decreases in serum potassium, all of which
were milder for heart rate and blood pressure and not
observed for potassium with RPL554/ensifentrine.”® In
that latter study, which used high doses (up to 24 mg) of
RPLS554/ensifentrine, systemic exposure was increased
without the occurrence of adverse effects.”

Conclusion

For now, the evidence on clinical effects of ensifentrine
remains too limited to position this drug in COPD man-
agement strategies: results from the first phase III trials are
still awaited. However, pathophysiological, preclinical and
phase II data suggest that this dual PDE3/4 inhibitor
administered through the inhaled route could have
a favorable benefit-risk profile: with PDE3 inhibition tar-
geting bronchodilation and PDE4 inhibition targeting
inflammation, mucus production and ciliary function, it
has been showed to improve lung function, relieve dys-
pnea and improve quality of life. Effects have been clini-
cally meaningful, which supports its potential role.
Preclinical data indicate that the effects of dual PDE3/4
inhibition could be potentiated by bronchodilators and
additional

effects when associated with tiotropium, altogether sug-

corticosteroids, and clinical studies found
gesting a role as add-on therapy. Possible benefits in terms
of exacerbations, lung function decline, comorbidities and
mortality need to be explored, and studies aiming at iden-
tifying the best responders need to be performed.
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