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Abstract

Cough is among the most common complaints for which patients worldwide seek medical attention. In a majority of patients
with chronic cough (defined as cough of greater than 8 weeks’ duration), successful management results from a thorough
evaluation and treatment of underlying causes. In a subgroup of patients, however, cough proves refractory to therapeutic
trials aimed at known reversible causes of chronic cough. Such patients are appropriately termed as having refractory chronic
cough. At present, safe and effective medications are lacking for this challenging patient population. Currently available
therapeutic options are usually ineffective or achieve antitussive effect at the expense of intolerable side effects, typically
sedation. Fortunately, the past decade has witnessed great progress in elucidating underlying mechanisms of cough. From
that knowledge, aided by the development of validated instruments to measure objective and subjective cough-related end
points, numerous antitussive drug development programs have emerged. The most active area of inquiry at present involves
antagonists of the purinergic P2X receptors. Indeed, four clinical programs (one in Phase 3 and three in Phase 2) are currently
underway investigating antagonists of receptors comprised entirely or partially of the P2X3 subunit as potential antitussive
medications. Herein we review the foundation on which P2X receptor antagonists were developed as potential antitussive
medications and provide an update on current clinical trials.
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Introduction organizations. The term refractory chronic cough (RCC)
refers to chronic cough that has persisted despite having
been thoroughly and sufficiently evaluated with diagnostic-
therapeutic trials aimed at the common, reversible causes of
chronic cough, that include upper airway cough syndrome
(postnasal drip syndrome; rhinitis); asthma and non-asth-
matic eosinophilic bronchitis; and gastroesophageal reflux

disease, which includes both acid- and non-acid reflux [3, 4].

Cough is the most common complaint for which individu-
als in the USA and elsewhere seek medical attention [1].
The last antitussive drug approved by the U.S. Food & Drug
Administration (FDA) was in 1958 [2]. There has never been
a drug approved in the USA for the indication of chronic
cough.

The generally accepted definition of chronic cough is
cough of greater than 8 weeks duration, as supported by the
American College of Chest Physicians [3], the Euro- pean
Respiratory Society [4], and other professional
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The term cough hypersensitivity syndrome has been intro-
duced to offer a mechanistic basis for chronic refractory
cough as being due to vagal nerve hypersensitivity causing
cough reflex hypersensitivity [5].

Once a patient has been appropriately diagnosed as hav-
ing refractory chronic cough, effective, and well-tolerated
therapeutic options are scarce. A minority of patients will
experience benefit from low-dose morphine [6], amitripty-
line [7], gabapentin [8] or pregabalin [9]. Often, antitussive
effect is achieved at the expense of intolerable side effects
such as sedation. Thus, there is presently a great need for
safe, effective, non-sedating medications for the treatment
of refractory chronic cough.
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Basis for Exploration of
P2X3Antagonists as Potential
Antitussive Drugs

Long known for its role in metabolic processes in all cells,
ATP was first recognized as a potential autacoid and trans-
mitter in preclinical studies of intestinal smooth muscle
contractility and cardiovascular function [10]. Burnstock
and others went on to describe multiple instances of
purinergic signaling in visceral and somatic tissues, and in
parallel the pharmacological properties of receptors for the
purines ATP, ADP and adenosine were described [11, 12].
The role of ATP in the activation and regulation of
sensory nerve excitability paralleled the emergence of
purinergic signaling as an accepted phenomenon in auto-
nomic pathways. Administered exogenously, ATP initiates
painful sensations in somatic tissues and visceral reflexes
when administered systemically or onto the mucosa of hol-
low organs such as the bladder and airways [13-20]. Evi-
dence that endogenously released ATP could contribute
to clinical presentations of pain and visceral hyperreflexia
was for many years circumstantial, hindered by the lack
of potent and selective purinergic receptor antagonists,
especially antagonists for the P2X receptors responsible
for ATP-evoked reflexes [21]. The evidence was neverthe-
less compelling. In arthritis, for example, synovial fluid
ATP concentrations are elevated and their concentration
correlates with joint pain [22]. In studies of overactive
bladder, distension evokes ATP release from the urothe-
lium, while ATP administered exogenously evokes bladder
voiding and sensitization to bladder distension [16, 23,
24]. In the airways, ATP concentrations are elevated in the
sputum of patients with COPD [25]. Several mechanisms
for ATP release have been proposed, including cell lysis
(with ATP functioning as an “alarmin” of tissue damage),
vesicular storage and release akin to synaptic transmis-
sion, and efflux through ligand gated ion channels and
hemichannels on structural cells [26-32]. In the airways,
ATP release has been described in response to shear stress
delivered to airway epithelial cells and pulmonary vascu-
lar endothelial cells and following airway smooth muscle
contraction [33-35]. Extracellular ATP is subject to rapid
degradation to ADP, AMP and ultimately adenosine by
nucleotidases [36].

The receptors for the purines are subdivided based on
their responsiveness to the various ligands identified, with
receptors for adenosine, ADP and ATP in the expansive
P2Y class, while the P2X class of receptors functions
solely as ligand gated ion channels that are responsive to
ATP [37]. The P2X3 receptor subunit was first cloned by
Julius and colleagues [38], and soon thereafter transgenic
animals lacking either P2X3 receptors or both P2X2 and
P2X3 receptors were developed [24, 39]. Both the P2X2
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and P2X3 receptors were found to be enriched in sensory
nerves including those in the dorsal root ganglia, vagal
sensory ganglia and trigeminal ganglia [37, 40]. These sig-
nificant advances helped firmly establish that endogenous
ATP through P2X receptor activation played an important
role in transducing visceral reflexes and sensations and in
the specialized sensory transduction pathways associated
with the sensation of taste [24, 39, 41, 42].

In the airways and lungs it is well-established that purines
including ATP can trigger reflexes through the activation of
vagal sensory nerves [43—46]. The actions of adenosine are
somewhat selective for C-fibers while ATP activates both
C-fibers and the mechanically sensitive stretch receptors of
the lung. But there is evidence for subtype selective effects
of both purines. In guinea pigs, adenosine selectively acti-
vates bronchopulmonary C-fibers arising from the nodose
ganglia, with mRNA for adenosine Al and A2 receptors
found only in nodose ganglia neurons [47]. Similarly, ATP
and the potent, non-hydrolyzable analog alpha, beta meth-
ylene ATP activates only those neurons found in the nodose
ganglia and expressing mRNA for both P2X2 and P2X3
receptor subunits [40, 48]. Molecular evidence supporting
these results has been described in mice and in nonhuman
primates [49-51].

Evidence for ATP as a driver of cough in otherwise
healthy animals or human volunteers is circumstantial at
best. When inhaled or delivered topically to the airways of
healthy guinea pigs neither ATP nor alpha, beta methylene
ATP evoke coughing [52, 53]. In healthy humans ATP also
evokes few if any coughs and to the extent that coughing is
observed, these responses are not significantly inhibited by
P2X receptor blockade with gefapixant [15, 17-20]. These
results are consistent with both electrophysiological and
functional evidence that P2X receptor activation does not
activate guinea pig jugular C-fibers or the A-delta cough
receptors, the two vagal afferent nerve subtypes known to
directly evoke coughing following activation [46, 48, 52].
The best available evidence suggests that ATP may sensi-
tize airway sensory nerves to tussive stimuli. This was first
observed in guinea pigs by Kamei and colleagues [54, 55],
a result confirmed by Garceau and Chauret in studies using
both gefapixant and BLU-5937 [56]. Morice and colleagues
presented evidence that ATP may be involved in cough-
ing resulting from hypotonic(water) challenges in chronic
cough patients [20]. The efficacy of P2X receptor blockade
in chronic cough patients (see below) and on cough hyper-
sensitivity in preclinical models [54—56], but the diminished
role of P2X receptors in directly transducing airway defen-
sive cough [40, 46, 49, 51-53], suggests that these drugs are
unlikely to compromise airway defense.

The dose-dependent effects of gefapixant on cough are
accompanied by progressively emergent effects on taste
[57, 58]. As this prominent side effect of P2X receptor
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blockade has been attributed primarily to blockade of het-
eromeric P2X2/3 receptors [42, 56, 59], the rationale for
P2X3 selective blockade is to retain the therapeutic ben-
efit on cough with a diminished or even eliminated side
effect on taste. But the composition of P2X receptors to
target for optimal cough relief with P2X blockade remains
uncertain. The available preclinical electrophysiologi-
cal evidence would suggest that both P2X2 and P2X3
receptor subunits are required for airway vagal afferent
nerve activation [40, 48, 49, 51]. This may not reliably
translate to chronic cough patients, however, as both of
the putatively P2X3 selective agents evaluated to date,
S-600918 (Shionogi) [60] and BAY 1817080 (Bayer) [61]
have shown efficacy relative to placebo in subjects with
chronic cough. It is worth noting, however, that although
a head to head evaluation of all available agents has not
been possible, the less selective P2X blocker gefapix-
ant has, numerically at least, produced peak effects on
cough suppression that exceed that thus far reported for
the P2X3 selective agents [57, 58, 60, 61]. But even the
premise that efficacy can be achieved during P2X block-
ade without an effect on taste is uncertain. Studies in
mice indicate that both P2X2/3 and P2X3 receptors are
involved in taste transduction [42, 59], and although per-
haps diminished relative to gefapixant, the P2X3 selective
agents S-600918 and BAY 1817080 also had effects on
taste [60, 61].

Clinical Programs Exploring the
Antitussive Effect of P2X3[]Antagonists

Gefapixant (previously known as AF-219 and MK-7264) is
a first-in-class selective P2X3 and P2X2/3 antagonist that
has undergone an extensive clinical trial program evaluating
its effect in chronic refractory cough. Phase 1 trials con-
firmed safety in healthy volunteers, and a series of Phase
2 trials have indicated efficacy. In the initial proof of con-
cept study, 24 patients with RCC received a very high dose
of gefapixant (600 mg twice daily (BID)) for 2 weeks in
a double-blind, randomized, placebo-controlled cross over
study [57]. Significant reductions in cough frequency and
in subjective cough-related measures were observed with
gefapixant compared with placebo. However, all trial partici-
pants developed taste disturbance (hypogeusia or ageusia)
resulting in a 25% drop out rate. Subsequent dose ranging
studies [62] investigating the efficacy of lower doses(range
7.5-200 mg BID) demonstrated a decrement in taste distur-
bance but retention of antitussive effect at doses between 30
and 50 mg BID (Fig. 1). To further determine the efficacy
and safety of gefapixant at these lower doses over longer
duration of treatment, a Phase IIb randomized, double-blind,
placebo-controlled 12-week study in RCC patients was
undertaken [58]. A reduction in the geometric mean awake
cough frequency of almost 40% was observed with 50 mg
BID of gefapixant over placebo. This was accompanied by
clinically meaningful improvements in patient-reported out-
comes and although generally well tolerated, almost half

Fig. 1 Cumulative data from multiple Phase 2 trials demonstrating dose—effect of gefapixant on objectively measured cough frequency and
patient reported taste disturbance. AE adverse event. BID twice daily. (Figure courtesy of Merck)
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reported dysguesia as an adverse event (AE). Two Phase
3 trials in patients with RCC, intended to confirm the effi-
cacy and safety evidence collected in the Phase 2 trials, have
recently concluded enrollment [63]. In these two parallel,
double-blind, phase III studies, more than 2000 patients
with RCC were enrolled. Participants were randomized to
either placebo, 15 mg BID or 45 mg BID of gefapixant for
periods of up to 12 months, with primary efficacy outcomes
based on reduction in cough frequency (measured using
24-h ambulatory cough recording), and secondary outcomes
including patient-reported measures (cough severity diary,
rating scales for cough severity and the Leicester Cough
Questionnaire (LCQ) [64]). The percentage of participants
reporting one or more AEs during treatment and follow up
and the percentage of subjects who discontinue because of
AEs will be recorded as a primary outcome variable.

Three additional P2X3-antagonist antitussive clinical
development programs are currently underway (Table 1). In
each case, the newer-generation molecule is purported to be
more P2X3-receptor specific, and thus, expected to have less
of a taste effect than gefapixant. It remains unclear, however,
whether some degree of P2X2/3 antagonism, in addition to
P2X3 antagonism, is necessary for optimal antitussive effect.

BLU-5937 (Bellus Health) is one such compound that
is currently being developed for the treatment of RCC. In a
guinea pig model of cough, BLU-5937 was shown to attenu-
ate ATP enhancement of citric acid-induced cough at doses
known to block the homotrimeric P2X3 receptors but con-
sidered much lower (50-fold) than that required to inhibit
the P2X2/3 heterotrimeric receptor (Fig. 2). In a rat quinine
taste model, BLU-5937 was compared with a non-selective
P2X3-P2X2/3 antagonist (N-00588). In this set of experi-
ments, in contrast to N-00588 treated animals, BLU-5937
was not associated with loss of taste sensation and subse-
quent increased bitter quinine solution intake compared with
untreated controls (Fig. 2) [56]. Recently, a Phase 1 clinical
study in healthy subjects to determine safety and tolerability
(including taste perception) has been completed (Table 2).
Using a multiple ascending dose design (7-day dosing), 5
of 24 subjects reported taste alteration although only one
(4.2%) was at anticipated therapeutic doses (50—-100 mg)
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Fig. 2 Guinea Pig (citric acid (CA) + ATP) Cough Model (Fig. 2a) a
Treatments (control, BLU-5937, N-00588) were administered orally
2 h prior to tussive agent exposure; number of coughs measured for
15 min post-challenge; CA (0.1 M, aerosol) and ATP (10 uM, aero-
sol); n = 6 /group; *p = 0.01 vs (CA + ATP). Taste model (Fig. 2b),
b To assess the taste inhibition effects of BLU-5937, two groups of
rats (n = 10/group) were given access to two bottles of drinking solu-
tions: one containing water, and the other containing a solution of
0.3 mM quinine (which has a bitter taste) after being water-deprived
overnight. The animals received two different doses (10 mg/kg and
20 mg/kg i.p.) of BLU-5937 and N-00588 or the vehicle (control)
prior to the test. The volume of liquid consumed was measured dur-
ing a period of 15 min post-dose, and the volume of quinine intake
was assessed. (Figure courtesy of Bellus Health)

[65]. This compound is currently undergoing a phase 2 proof
of concept, dose-escalation (25 mg, 50 mg, 100 mg, 200 mg
orally, BID) study in subjects with RCC recruited across
sites in the USA and UK, with reduction in cough frequency
(measured by ambulatory cough recording) as a primary out-
come, together with safety and tolerability (ClinicalTrials.
gov Identifier: NCT03979638).

Table 1 P2X3 antagonists

Lo Molecule Company Clinical trial Dose(s) investigated 1Cs0:P2X3, P2X2/3
in clinical development
development
Gefapixant Merck Phase 3 15 and 45 mg bid 20-70 nM, 150-300nM?*
BLU-5937 Bellus Phase 2 25-200 mg bid 25 nM, >24 pMP
BAY 1817080 Bayer Phase 2 10-750 mg bid NA
S-600918 Shionogi Phase 2 50-300 mg daily NA

bid = twice daily, NA = data not available

#Provided by Merck (data on file)

bAs per reference 56
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Table 2 BLU-5937: incidence

. BLU-5937 dose 100 m 200 m6% 400 m6% 800 m; 1200 mg
of taste adverse events in phase 5 (n=1 (n=1 (n=1 n=8 (n=238)
0 mg
(n=8)
1 (SAD + MADCobhorts)*
Dysgeusia 0(0%) 1(6.3%) 0 (0%) 6 (37.5%) 5(62.5%) 2 (25%)
Hypogeusia 0 (0%) 0 (0%) 0 (0%) 1(6.25%) 1(12.5%) 0(0%)
Ageusia 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0(0%)
Ratio plasma 12.9 29.4 52.4 108.7 240.9 269.4
Cmax/ICSO hP2X3
Ratio plasma 0.01 0.03 0.05 0.11 0.25 0.28
Cmax/ICSO hP2X2/3

*SAD single ascending dose, MAD multiple ascending dose

Data courtesy of Bellus Health

BAY 1817080 (Bayer) is a potent, selective P2X3 recep-
tor antagonist (Fig. 3) that has recently completed a Phase
2a trial [61]. In a randomized, double-blind, placebo-con-
trolled crossover study, four doses (10 mg, 50 mg, 200 mg
and 750 mg, oral, BID, 7 days each) were evaluated in 40
subjects with the primary endpoint being frequency/severity
of AEs, and other key endpoints being 24-h cough frequency
(measured by ambulatory cough monitor); subjectively
measured cough severity (visual-analogue scale, VAS); and,
pharmacokinetics. Taste-related AEs were noted with the
four ascending doses by 5%, 10%, 15% and 21% of patients,
respectively. A dose-related antitussive effect wasobserved
in 24-h cough counts; a mean relative reduction of 25% vs.
placebo was demonstrated at the highest dose (750 mg BID);

1009

804

p=0.002 (Fig. 4). BAY 1817080 at doses of 50 mg and
greater also significantly improved patient-reported cough
severity (VAS) score in a dose-dependent fashion. Plasma
concentrations producing 80% receptor occupancy based on
in vitro IC50 were reached from the 200 mg dose and above.
S-600918 (Shionogi) is a highly selective P2X3 antago-
nist that has recently completed a Phase 2a trial [60]. In this
randomized, double-blind, placebo-controlled, crossover
study in 31 patients with RCC, a 150 mg dose administered
once daily for two weeks achieved a 31.6% reduction in day-
time cough frequency vs. placebo (p=0.0546), and a 30.9%
reduction in 24-h cough frequency vs. placebo (p=0.0386).
A low incidence of taste disturbance was observed (6.5%). A
subsequent report [66] described significant improvements

T

I

40

| T

% inhibition

0 . . T .
v 10 50 350

2500 10 50 350

BAY 1817080 [nM)]

Fig. 3 A P2X3 homomer selective antagonist attenuates P2X recep-
tor-dependent activation of isolated human vagus nerves with equal
efficacy compared to a dual P2X3 and P2X2/3 receptor antago-
nist. Experiments were performed as described in Birrell et al. [68].
Briefly, isolated whole vagi (n = 4) were challenged with 100 pM a,
p-meATP twice to establish a baseline response, then exposed to
vehicle or antagonist for 10 min followed by a re-challenge with the

Gefapixant [nM]

agonist. Both the P2X3 selective antagonist BAY 1817080 and the
less selective P2X receptor antagonist gefapixant block the vagal
responses to a,f-meATP with equal efficacy and dose-response pro-
file, suggesting a prominent role for P2X3 receptors in this assay.
(Data courtesy of Bayer AG (study performed at IRPharma, London,

UK)
1 =



Lun

24 hr cough count reduction
50%

40%

30%

20% -

mean reduction
~ with Pib

10% o

BL
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=21 mean reduction Plb EZX0 additional reduction vs. Pib

Fig. 4 Geometric mean 24 h cough count reduction (% from
baseline) with different doses of BAY 1817080 and placebo. Data for
doses of 200 mg and 750 mg indicate a plateau in efficacy with
maximum reductions of more than 40% being achieved. (Graph re-
drawn based on reference 61, courtesy of Bayer AG)

in patient-reported outcomes (PRO) within this study
group compared with placebo, including the Japanese ver-
sion of the EuroQol-5 dimensions-5 levels (EQ-5D-5L)
and the LCQ, but not VAS. A multiregional Phase 2b
study evaluating once-daily doses of 50 mg, 150 mg and
300 mg has begun recruitment (Clinical Trials.gov Identifier:
NCT04110054).

Conclusion

The past decade has seen enormous growth in scientific
inquiry into the mechanisms of cough, and clinical interest
in patients suffering from refractory chronic cough. Multiple
clinical development programs evaluating potential antitus-
sives are currently underway, including molecules other than
P2X3 antagonists. Validated instruments measuring cough
objectively and assessing patients’ subjective responses
have been developed, allowing the performance of high-
quality clinical trials. A particular challenge in antitussive
drug trials to date has been a large placebo response almost
uniformly observed [67]. Thus, trials need to be adequately
powered to overcome this effect. Furthermore, as multi-
ple antitussive drug development programs have recently
emerged, patient recruitment for clinical trials has become
an issue. Given a finite number of experienced clinical trial
sites, some subjects have participated in multiple trials. It
remains unclear whether the status of a study subject as
naive to, or a veteran of, a prior antitussive trial, is relevant
to outcome. Despite these questions and challenges, in the
next several years we are likely to witness the introduction of
multiple safe and effective antitussives with which clinicians
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can address the great unmet need in therapy for patients with
refractory chronic cough.
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