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Introduction

Chronic cough refers to a group of diseases in which cough 
symptoms last for more than 8 weeks. Common causes 
of chronic cough include upper airway cough syndrome, 
cough variant asthma, eosinophilic bronchitis, atopic cough, 
and gastroesophageal cough (1), and it can be effectively 
controlled in most patients by treatment of symptoms; 
however, there remain a small number of patients with 
unidentifiable etiology, or where treatment has poor efficacy 
once the etiology is identified, in whom the condition is 

referred to as unexplained chronic cough or refractory 
chronic cough (2-4). Patients with refractory chronic cough 
or unexplained chronic cough commonly have the clinical/
pathophysiological characteristic of increased cough reflex 
sensitivity (4). In clinical practice, Morice et al. (5) described 
this group of patients as having cough hypersensitivity 
syndrome (CHS), defined as a disease with chronic cough as 
the only, or only prominent, symptom. 

Recent studies have found that extracellular ATP plays 
an important role in diseases involving airway inflammation 
(6-10) and that it is closely associated with cough (11,12). 
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The antagonist of ATP P2X3 receptor, AF-219/MK-
7264 (gefapixant) (13), is useful for treatment of refractory 
chronic cough or unexplained chronic cough (14-16); 
however, there is no consensus on how ATP affects cough 
reflex sensitivity. In this study, we review the function of 
ATP in CHS etiology.

Pathogenesis of CHS—the association of TRPV1 
with refractory chronic cough

CHS is heterogeneous, with the main underlying 
mechanisms involving excitatory changes in relevant 
pathways, including peripheral cough receptors, vagal 
afferent nerves, the higher cough center, efferent nerves, 
and effectors, of which activation of the transient receptor 
potential (TRP) pathway, airway inflammation, and cough 
center facilitation, may be involved in the development of 
increased cough reflex sensitivity (17). TRP ion channels 
distributed in the airways are mainly include TRP vanilloid 
l (TRPV1), TRP vanilloid 4 (TRPV4), TRP ankyrin 1 
(TRPA1), and TRP cation channel subfamily M member 8 
(TRPM8) (18). An altered phenotype of TRPV1 expression 
in airways and central sensory afferent nerves may underlie 
the development of cough hypersensitivity (19). TRPV1 
is a ligand-gated non-selective cation channel protein, 
expressed in primary sensory neurons, pulmonary smooth 
muscle cells, bronchial and tracheal epithelial cells, and 
pulmonary dendritic cells (20), and can be activated by non-
selective stimuli, such as capsaicin, acid (pH ≤5.9), and heat 
(>43 ℃). Such activation opens calcium channels, causing 
calcium influx and producing an action potential, which 
prompts vagal afferent C fibers to release neuropeptides, 
such as substance P (SP) and calcitonin gene-related 
peptide (CGRP), leading to local neurogenic inflammation 
or transmitting nerve impulses to the cough center, and 
increasing cough reflex sensitivity (18,21). TRPV1 was 
shown to mediate cough reflex in guinea pigs as early 
as 1995 (22). In guinea pig models with chronic cough, 
established by repeated aerosol inhalation of citric acid, 
increased capsaicin cough responses were also found to 
parallel tracheobronchial TRPV1 protein expression levels, 
suggesting that cough hypersensitivity is closely related to 
TRPV1 activation (23). Furthermore, TRPV1 expression 
is increased on sensory nerve fibers in the bronchial walls 
of patients with chronic cough (24). Thus, TRPV1 may be 
important in the development of CHS. Heightened cough 
responses to capsaicin inhalation have been described in 
patients with viral upper respiratory tract infections (25),  

asthma (26-28), chronic obstructive pulmonary disease 
(28,29), idiopathic fibrosis (30) and chronic cough 
(31,32). In addition, some clinical studies have found 
that leukotriene receptor antagonist (33), tiotropium (34) 
and bronchial thermoplasty (35) may ameliorate chronic 
asthmatic cough by altering the expression of TRPV1 to 
regulate capsaicin sensitivity; however, the clinical utility of 
TRPV1 antagonists is limited by their adverse effects, which 
include hyperthermia and impaired thermal sensation, 
as well as by their lack of stable pharmacokinetics and 
pharmacodynamics (36,37). In a double-blind randomized 
controlled trial conducted by Khalid et al., which was 
the first study to assess a TRPV1 receptor antagonist  
(SB-705498) as an antitussive agent in patients, SB-705498) 
failed to improve spontaneous cough frequency in patients 
with refractory chronic cough, but produced the reduction 
in capsaicin-evoked cough (38). Subsequently, Belvisi et al.  
validated that the potent TRPV1 inhibitor XEN-D051 
showed superior efficacy and potency in preclinical and 
clinical capsaicin challenge studies, but was no associated 
with any improvements in objective cough frequency, 
further providing the evidence that TRPV1 is not a 
therapeutic effective target for refractory cough (39).

Role and potential mechanism of ATP in the 
etiology of CHS 

ATP and P2 receptors 

Under physiological conditions, cellular ATP functions 
in energy storage and energy supply, and the few ATP 
molecules released into the extracellular space are degraded 
to adenosine by extracellular nucleotidases; however, in 
inflamed airways, ATP is released into the extracellular 
space in large amounts, due to cell damage, stress, or 
hypoxia and, contributes to the development of disease 
and inflammation as a signaling molecule (9). Extracellular 
ATP can originate from nerve endings, red blood cells, 
platelets, skeletal muscle cells, ischemic and apoptotic cells, 
vascular smooth muscle cells, and endothelial or epithelial 
cells (8,40), and acts in an autocrine or paracrine manner on 
P2 purine receptors on the surface of target cells, thereby 
regulating cellular immune function. 

In addition to cytolytic and extracellular secretion 
mechanisms, ATP release can even be induced by normal 
respiratory movements (41), when respiratory epithelium 
is subjected to stress; for example, by mechanical stimuli. 
Purinergic receptors include two major categories: P1 and 
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P2. The ligand for the P1 receptor is adenosine, which has 
four subtypes: A1, A2A, A2B, and A3. ATP-bound P2 receptors 
include two major families, P2XR and P2YR, the former 
being ligand-ATP-gated non-selective cation channels, 
with seven known receptor subtypes, P2X1–7R, which allow 
the passage of cations, such as Ca2 +, Na2 +, and K+; when 
activated. Of these subtypes, P2X2R is widely distributed 
in the peripheral and central nervous systems, and P2X3R 
is primarily found in sensory nerve cells, including the 
trigeminal nerve, dorsal root ganglia, and nodose ganglia, 
and is closely associated with cough (42). P2X4R and  
P2X4/P2X6R heteromers are moderately expressed in the 
lung, while P2YR is a metabotropic G-protein coupled 
receptor expressed in almost all epithelial cells, and is 
responsible for fluid control and electrolyte transport, 
including P2Y1R, P2Y2R, P2Y4R, P2Y6R, and P2Y11-14R8 
receptor subtypes (43). Among them, P2Y1R, P2Y2R, and 
P2Y4R are more strongly expressed in the airways and lungs 
(43,44), while P2Y1R is mainly related to transient platelet 
aggregation and deformation, and P2Y2R and P2Y4R are 
involved in regulation of the physiological functions of 
the respiratory system. (More specific distributions and 
functions of purinergic receptors are shown in Table S1).

ATP may be involved in the etiology of CHS 

Airway inflammation and remodeling are common 
pathological changes in chronic cough caused by various 
intrapulmonary and extrapulmonary diseases; however, 
airway injury caused by persistent cough also leads to 
airway inflammation (45,46), which presents as pathological 
changes, such as mucosal vasodilatation, plasma exudation, 
tissue edema, epithelial injury, and inflammatory cell 
infiltration (46). Numerous studies have indicated the 
presence of extracellular ATP during the development of 
airway inflammation. Esther et al. found that ATP levels 
in bronchoalveolar lavage are inversely correlated with 
lung function in children with pulmonary cystic fibrosis, 
while extracellular purines, including ATP, can be used 
as biomarkers of neutrophilic airway inflammation (47).  
Basoglu et al. found that aerosol inhalation of ATP 
can produce cough in 70% of healthy subjects and 
90% of those with mild intermittent asthma; however, 
ATP had no bronchoconstriction effect on healthy 
subjects. Extracellular ATP is involved in neuropathic 
bronchoconstriction, inflammation, and cough caused 
by P2 receptor sensitization in airway sensory nerves, 
which may contribute to the pathogenesis of asthma and 

obstructive airway diseases (10). Fowles et al. conducted 
a randomized controlled trial that recruited 20 healthy 
volunteers and 20 patients with chronic cough, with the 
same sex ratio in both groups. Each group was subjected to 
cough provocation tests with ATP and AMP; the primary 
endpoints were the differences between ATP and AMP, as 
well as the substance concentration provoking cough after 
2 and 5 cough exposures (C2 and C5), between healthy 
volunteers and patients with chronic cough. They found 
that aerosol inhalation of ATP could produce cough in 
both healthy subjects and patients with chronic cough, and 
that C2 and C5 values were significantly lower in patients 
with chronic cough than those in healthy volunteers, while 
the response to ATP was more pronounced (12). Under 
pathological conditions, binding of extracellular ATP to 
P2 receptors can produce different physiological effects. 
ATP activates P2X2/3R, located on C and Aδ fibers, to 
stimulate vagal afferent nerve endings in the lungs, leading 
to the release of local neurogenic inflammatory mediators, 
bronchoconstriction, and cough (48,49). By activating 
P2Y6R, ATP causes the release of inflammatory factors, 
including IL-6 and IL-8, which amplifies inflammatory 
effects on the airway (50,51). IL-6 and IL-8 also contribute 
to the release of thromboxane from the airway epithelium 
via P2Y4 and P2Y6, causing allergic bronchospasm (52). 
Exonuclease E-NPP1 expression is decreased in blood 
leukocytes from patients with severe acute bronchial 
asthma episodes, and P2X7 and P2Y4 receptors mediate 
increased production of endogenous ATP, exacerbating 
asthma (53). Pelleg et al. found that ATP enhances 
IgE-mediated histamine release from mast cells (54).  
In addition, histamine also induces ATP release from 
subcutaneous and smooth muscle fibroblasts (55,56). Kamei 
et al. suggested that ATP did not cause cough directly, 
but may enhance cough reflex sensitivity in guinea pigs 
by becoming rapidly adapted to cough receptors, rather 
than the C-afferent fiber pathway, with P2X receptors an 
important link in this process (11,56).

P2 receptor antagonists can be used to treat unexplained 
refractory chronic cough

Selective P2X3R antagonists  can be used to treat 
unexplained refractory chronic cough. P2X3R is an 
important vector for cough hypersensitivity that is mainly 
expressed on C-vagal afferent nerve fibers (57). A recent 
study using the whole-cell patch clamp technique in 1321N1 
cells expressing human P2X3R and P2X2/3R receptors 
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found that the reversible selective P2X3R and P2X2/3R 
antagonist, MK-7264 (gefapixant), exerted its antagonistic 
effects through negative allosteric modulation. In addition, 
in vivo experiments demonstrated that MK-7264 had 
high oral bioavailability in a rat model of neuropathic 
sensitization, could treat neuralgia, and had comparable 
efficacy to gabapentin, supporting its clinical application 
for diseases involving chronic hypersensitivity (13).  
In a randomized placebo-controlled clinical trial, Morice 
et al. demonstrated that oral administration of 100 mg 
of the P2X3 receptor antagonist, AF-219/MK-7264, in 
patients with chronic cough significantly reduced cough 
reflex sensitivity induced by inhaled ATP challenge  
5 hours later; however, it had no inhibitory effect on cough 
hyperresponsiveness induced by capsaicin and citric acid 
challenge, indicating that AF-219/MK-7264 only inhibits 
P2X3 receptors on airway cough receptors, and is not 
associated with the inhibition of receptors such as TRPV1 (16).  
Further, a single-center randomized, double-blind, placebo-
controlled phase II clinical study, conducted by Rayid 
Abdulqawi et al. (14), showed that oral administration 
of the P2X3 receptor antagonist, AF-219/MK-7264  
(600 mg twice daily for 2 weeks), could significantly 
reduce cough frequency and severity, and improve the 
quality of life in patients with refractory chronic cough. 
Despite good antitussive effects, where cough frequency 
can be reduced by 75% in patients administered AF-219 
compared with those receiving placebo, AF-219/MK-
7264 was associated with frequent dysgeusia as a side-
effect; all patients with refractory chronic cough taking 
AF-219 experienced this symptom, and six discontinued 
the drugs due to intolerance, which usually appeared 
within a few hours after administration, fully recovering by  
24 hours after discontinuation. Subsequent dose-finding 
studies showed that reducing the dose of medication 
significantly diminished the incidence and extent of 
dysgeusia, while maintaining high efficacy, indicating that 
AF-219/MK-7264 has great promise for final inclusion 
in clinical treatment. To explore efficacy and tolerability 
of gefapixant (AF-219/MK-7264), the P2X3 receptor 
antagonist, for the treatment of chronic cough, Smith 
et al. designed two randomized, double-blind, placebo-
controlled, crossover, dose-escalation studies (58). 
Both studies were composed of two 16-day treatment 
periods with either 3–7 days (Study 1) or 14–21 days  
(Study 2) washout periods. Study 1 was the high-dose 
cohort, in which gefapixant was received at four BID dose 
levels (50, 100, 150 and 200 mg); study 2 investigated a 

lower range of four BID dose levels (7.5, 15, 30 and 50 mg); 
both doses escalated every 4 days. This work suggested 
that compared with placebo, gefapixant dose ≥30 mg 
ameliorated cough utmostly and taste disturbances were 
closely related to the doses, most obvious at dose ≥150 mg.  
Gefapixant could maintain the maximum efficacy at a lower 
dose of 50 mg than previous research twice daily, well 
tolerated. Recent work about gefapixant in the treatment 
of refractory or unexplained chronic cough, a randomized, 
double-blind, controlled, parallel-group, phase 2b trial, 
was reported in Lancet Respir Med by Smith et al. (59), 
first to show the anti-tussive efficacy of P2X3 antagonist 
maintained over 12 weeks. Dosing regimen used in this 
study was set at 7.5 to 50 mg twice daily as a dose response 
plateau in the former dose-escalation research evaluating 
doses of gefapixant from 7.5 to 200 mg (58). 253 patients 
enrolled were randomly assigned to receive placebo or 
one of three doses (7.5, 20, or 50 mg) of oral gefapixant 
twice daily for 84 days and were found that inhibiting P2X3 
receptor with gefapixant at a dose of 50 mg twice daily had 
good safety and tolerability, significantly reducing cough 
frequency in patients with refractory and unexplained 
chronic cough after 12-week treatment. This large-scale, 
multicenter study validated and complemented previous 
preliminary proof-of-concept studies on the anti-tussive 
efficacy of P2X3 antagonist and investigations on the 
balance between efficacy and tolerability (Table S2). At 
present, an ongoing global multicenter phase III clinical 
trial of low-dose gefapixant for treatment of refractory 
chronic cough has enrolled 2,000 subjects, and is expected 
to obtain positive efficacy results, representing an optimistic 
development for patients with refractory chronic cough (15).  
Moreover, studies by Smith et al. also found that gefapixant 
did not eliminate excessive cough completely (59) and 
failed to show a good response to patients with lower daily 
cough frequencies (14), which can be explained by the 
heterogeneity among patients with chronic refractory cough 
(60,61). There may exist other processes related to the cough 
hypersensitivity in refractory chronic cough patients rather 
than ATP-P2X pathways. Coughing of those subjects with 
poor efficacy may be mainly produced by hypersensitivity 
and continuous exposure to inhaled stimuli, rather than by 
endogenous ATP-dependent mechanisms (62).

Novel P2X3R antagonists are also being explored. 
BLU-5937 is a non-competitive antagonist with high 
selectivity for P2X3R homotrimers. In guinea pig cough 
models, BLU-5937 significantly reduced the increase in 
cough episodes induced by histamine or ATP in a dose-
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dependent manner. Further, in rat models of behavioral 
taste response, BLU-5937 had no significant effect on 
taste, compared with control animals (63). BLU-5937 
has excellent pharmaceutical properties, including high 
oral bioavailability, stable metabolism, no blood-brain 
barrier permeability, and good tolerability, and is currently 
in clinical phase I development. Besides, S-600918, a 
new antagonist, highly selective for P2X3 homomer 
compared with P2X2/3 heteromer, is expected to reduce 
cough frequency with minimal taste-related side effects 
in patients with refractory chronic cough (64). Molecules 
exhibiting greater selectivity for P2X3 compared with 
P2X2/3 are also under investigation, such as BAY 1817080 
and BAY1902607 (42). The results of the above studies 
indicate that ATP may be involved in the formation of CHS, 
and show that P2X3R antagonists have a clear therapeutic 
effects on refractory chronic cough; however, in view of the 
high incidence of dysgeusia, further dose response studies 
are needed to achieve cough improvement at well-tolerated 
doses. Further, BLU-5937, as a non-competitive antagonist 
with high potency, selectivity for the P2X3R homotrimer, 
and excellent pharmaceutical properties for the treatment 
of chronic cough, strongly warrants additional investigation 
in clinical practice. Gefapixant, the P2X3 antagonist, is 
expected to be the first therapy approved for the treatment 
of refractory chronic cough. In addition, refractory chronic 
cough can be treated by therapies targeting other channels, 
such as neuromodulators and speech therapy, indicating 
that the pathogenesis of excess cough are unlikely occur 
independently, and coughing in different patients may be 
dominated by different mechanisms (42). Consequently, for 
the management of different patients with refractory chronic 
cough, their clinical characteristics must be analyzed to 
achieve accurate phenotyping in line with various preclinical 
and clinical researches to predict their potential underlying 
mechanisms and choose the optimal therapy.

Possible mechanism of the involvement of ATP in the 
etiology of CHS

ATP and TRPV1 
TRPV1 is mainly expressed in primary afferent sensory 
neurons, smooth muscle cells of the lung, bronchial 
and small airway epithelial cells, and dendritic cells of 
the lung, and is involved in the activation of a variety of 
neuroinflammatory pathways (20,65), usually mediated 
by capsaicin. In addition, almost all major neurogenic 
inflammatory signaling pathways converge on TRPV1, 

to increase the excitability of C fibers during airway 
inflammation (21), and produce neurohypersensitivity, 
causing patients to respond to minimal stimulation, 
thus forming a vicious cycle and leading to therapeutic 
difficulties. Clinically, airway wall injury, due to mechanical 
shear stress generated during prolonged and repeated 
coughing in patients with refractory chronic cough, may 
increase ATP release into the airways (66,67), recruit 
inflammatory cells, and initiate or aggravate airway 
inflammation and remodeling (68). Extracellular ATP itself 
can directly depolarize vagal nerve fibers in animals and 
humans (57), with similar effects to capsaicin, producing 
transient but unsustained receptor potential pathways 
that sensitize vagal sensory fiber terminals in the lung, 
resulting in increased bronchoconstriction and cough 
reflex sensitivity, an effect that may be associated with 
activation of TRPV1 (8). In addition, Ma et al. found that 
ATP is involved in HCl-induced activation of TRPV1 
receptors in the esophageal mucosa (69) and that TRPV1 
can also mediate acid-stimulated ATP release from porcine 
bladder mucosa (70). ATP can interact with TRPV1, as 
demonstrated by studies in TRPV1-deficient mice, as it 
induces thermal hyperalgesia in wild-type, but not TRPV1-
deficient, mice (71). TRPV1 expressed by C afferent 
vagal nerve fiber terminals is closely related to cough 
reflex sensitivity. During airway inflammation, a variety of 
inflammatory mediators can activate TRPV1, so that C 
afferent vagal nerve fiber neurolemma is rapidly depolarized, 
leading to excitement and enhancing cough reflex sensitivity. 
However, combined with the finding of Morice et al. that oral 
administration of the P2X3 receptor antagonist, AF-219/MK-
7264, did not affect cough reflex sensitivity to either capsaicin 
or citric acid in patients with chronic cough (16), whether 
ATP-mediated changes in cough reflex sensitivity are related 
to TRPV1 is uncertain and further studies are warranted.

TRPV4 and ATP 
TRPV4 is a non-selective calcium channel, widely 
expressed in the respiratory tract, including epithelium 
(human), macrophages (human and rat), and airway 
smooth muscles (human and guinea pig). It is also 
expressed in the trigeminal and dorsal root ganglia. 
A variety of physical and chemical stimuli, including 
mechanical stimulation, mild thermal stimulation 
above 24 ℃, and arachidonic acid metabolites (72),  
can activate TRPV4. Further, TRPV4 can act as an osmotic 
sensor, to participate in cough development. Buday et al. 
also confirmed that TRPV4 mediates the cough response 
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induced by citric acid and hypotonic solution (72-75). 
Activation of TRPV4 causes depolarization of vagal 
fibers and activation of Aδ, rather than C, fibers and the 
transmission of impulses to the nodose ganglia causes 
an increase in intracytoplasmic calcium concentration, 
which exacerbates cough, or causes airway smooth muscle 
contraction, in humans and animals; the jugular ganglion 
does not contribute to this process, and TRPV4 antagonists 
can reduce cough (75,76). Studies on human primary alveolar 
macrophages and bronchial epithelial cells exposed to 
cigarettes have shown that ATP release can be reduced using 
specific antagonists of TRPV1 or TRPV4, and that TRPV1 or 
TRPV4 agonists can directly induce ATP release (74). TRPV4 
also mediates ATP release from human lung fibroblasts and 
subsequently acts on the purinergic receptor, P2YR, in an 
autocrine or paracrine manner (77). 

Unlike the capsaicin-mediated cough reflex, extracellular 
ATP-mediated enhancement of the cough reflex is not 
attenuated by desensitization of C-fibers, suggesting that 
the mechanism by which ATP enhances the cough reflex 
may also involve Aδ-fibers (8). In a study by Morice et al., 
the P2X3R antagonist, gefapixant, was found to increase the 
cough threshold for inhalation of distilled water, without 
having a significant effect on cough threshold on inhalation 
of capsaicin or citric acid, which also suggests that ATP-
related changes in cough reflex sensitivity may not be 
related to C fibers (16). Further, Gu et al. injected the potent 
TRPV4 agonist, GSK1016790A, into the right atrium of 
anesthetic rats with spontaneous breathing, causing rapid 
shallow breathing observed in anesthetized rats, an effect 
that could be abolished by the selective TRPV4 antagonist, 
GSK2193874, or vagotomy. Moreover, patch clamp 
experiments showed that GSK1016790A does not directly 
activate bronchopulmonary sensory neurons, possibly 
acting indirectly on TRPV4-expressing cells in the lung and 
airways to regulate respiration (72). In addition, Bonvini 
et al. found that TRPV4 agonists and hypotonic solutions 
can induce depolarization of isolated vagal and Aδ fibers 
(non-C fibers) in mouse, guinea pig, and human tissues, 
using calcium imaging techniques, in vivo electrophysiology, 
and in vivo animal models of cough. Further, this effect 
was blocked by TRPV4 or P2X3R antagonists, which have 
similar effects, while the TRPV4 agonist, GSK1016790A, 
caused slower activation of Aδ fibers than capsaicin and 
citric acid, indicating that TRPV4 activation has an indirect 
effect on Aδ fiber activation, rather than a direct effect (75).  
Hence, it is speculated that TRPV4 may mediate ATP-
activation-induced depolarization of vagal fibers and 

activation of Aδ fibers.
Overall, we propose that endogenous ATP release and 

P2XR activation are prerequisites for the TRPV4-mediated 
cough reflex, and that TRPV4-ATP-P2X signaling may be 
the main driver of hypotonicity-induced airway afferent 
nerve fiber activation. Nevertheless, Buday et al. also found 
that TRPV4 antagonists partially inhibited citric acid-
induced cough in guinea pigs, while having no effect on 
cough induced by distilled water and hypertonic fluid. 
TRPV4-mediated activation of airway afferent nerve fibers 
does not fully explain osmolarity-related cough (73). The 
mechanism underlying TRPV4-induced ATP release 
remains unclear and requires further study. However, a 
clinical research by Ludbrook et al. suggested that the 
selective TRPV4 channel blocker GSK2798745 had no 
effect on reducing cough frequency (78). Therefore, 
whether TRPV4 antagonists can be used as an alternative 
therapy to P2X3R antagonists for patients with refractory 
chronic cough remains to be validated.

Summary of mechanism of action 
In summary, ATP is released into the extracellular space 
during airway inflammation, where it binds to corresponding 
P2 receptors to mediate the cough reflex and participate in 
the formation of cough hypersensitivity. The underlying 
mechanism may be related to TRPV4-mediated activation 
of Aδ afferent vagal fibers. Periodic force, generated during 
activation of TRPV4 (for example by hypotonic solution, 
low PH, citric acid, or inflammatory metabolites) or cough, 
damages airway epithelium and causes it to release a large 
amount of ATP, thereby stimulating P2X receptors on 
activated cough receptors, producing signal transduction, 
and further activating Aδ afferent vagal fibers. Nerve 
impulse transmission to nodose ganglia causes increased 
intracytoplasmic calcium concentration. The conduction of 
peripheral stimuli to the cough center will result in increased 
cough reflex sensitivity, further inducing TRPV1 expression 
in airway sensory nerve fiber terminals. In addition, ATP 
may also promote inflammatory cells to release inflammatory 
factors or act directly on P2 receptors on a few nodose 
ganglion C fibers, producing neurogenic inflammation and 
activating TRPV1 in vagal nerve endings, thereby generating 
a vicious cycle of increased cough reflex sensitivity, rendering 
the cough difficult to cure.

Future prospects

The treatment of refractory chronic cough remains a 
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common medical problem facing clinicians. Although a 
number of studies have verified the effectiveness of P2X3R 
for the treatment of refractory chronic cough, the high 
incidence of the adverse reaction of dysgeusia limits the 
sample size of clinical trials. Further, the optimal dose, 
treatment cycle, underlying mechanism of action, and safety 
of the long-term application of P2X3R for the treatment of 
refractory chronic cough are unclear. A global multicenter 
study is ongoing. New drugs, highly specific for P2X3R 
targets, need to be studied and developed. Simultaneously, 
basic research to further explore the specific mechanism 
underlying the involvement of ATP in the etiology of cough 
hypersensitivity is warranted, to provide theoretical support 
for the clinical research.
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Table S1 Distributions and functions of purinergic receptors 

Purinergic 
receptors

Ligands Types Subtypes Expression positions Functions

P1 Adenosine AR A1 Highly expressed in the CNS and less in lungs Bidirectional regulating the airway contraction and inflammation (79)

A2A Highly expressed in the brain striatum, immune cells of the spleen, 
lymphocytes, thymus and platelets and moderately in heart, lungs 
and blood vessels

Mediating inflammatory response (79)

A2B Widely distributed in heart, lungs, spleen, kidneys, colon, etc., 
especially in the vasculature

Bidirectional adjusting the function of CNS; Inhibiting myocardial injury and promoting 
angiogenesis; regulating intestinal motility and inflammation, etc. (80)

A3 Eosinophils of lungs and liver Inhibiting the aggregation and degranulation of neutrophils and eosinophils, thus anti-
inflammatory (79)

P2 ATP P2XR P2X1 Mainly expressed in smooth muscle cells Involved in the regulation of smooth muscle contraction and relaxation, especially closely 
related to bladder functions (81)

P2X2 Widely distributed in peripheral and central nervous system Co-expressed with P2X3 and involved in modulating sensory functions (43)

P2X3 Sensory cells of trigeminal nerve, dorsal root ganglion of spinal nerve 
and nodose ganglion

Closely related to cough and important in pain regulation (42)

P2X4 Widely distributed in brain, spinal cord, sympathetic nerve and 
sensory ganglion and moderately in lungs

Involved in the regulation of allergic airway inflammation, airway remodeling and 
physiological processes of the CNS, including pain and Parkinson, etc. (82,83)

P2X5 Highly expressed in heart Involved in regulating the physiological function of the cardiovascular system (81)

P2X6 P2X4/P2X6 heteromer is widely expressed in the CNS and moderately 
in lungs

Co-expressed with P2X4; exciting P2X6 itself does not cause current (81,84)

P2X7 Highly expressed in pancreas, liver, heart, thymus and brain and 
moderately in lungs

Involved in inflammation and pain regulation (85,86)

P2YR P2Y1 Widely distributed in heart, brain, lungs, placenta and co-expressed 
with P2Y12 in platelets

Involved in the transient formation and aggregation of platelets; anti-inflammatory; 
dilating blood vessels; promoting the growth of neurons and nerve fibers (87)

P2Y2 Epithelial cells in airways Involved in secretion of mucin by glands and airway allergic reaction (40)

P2Y4 Co-expressed with P2Y2, mainly in gastrointestinal Mediating Cl- secretion in gastrointestinal tract; maintaining Na + balance in cochlea (88)

P2Y6 Cardiovascular system dominated Regulating inflammation, promoting smooth muscle contraction and cardiovascular 
disease (89)

P2Y11 Brain and white blood cells An important regulator of immune cell survival (90)

P2Y12 Platelets Related to TLR2-mediated random migration of microglial cells and transient platelet 
formation and aggregation (91)

P2Y13 Spleen and brain Involved in stem cell proliferation and differentiation (90)

P2Y14 Universally expressed in vivo and significantly in various immune 
cells

Involved in modulating inflammation and immune response (90)

CNS, central nervous system; TLR2, toll-like receptor 2.
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Table S2 Clinical studies of P2X3 antagonists for the treatment of chronic cough 

Study Study type Recruited patients Drug dose and course of treatment Primary endpoint measure Main findings Side effects Conclusion

Abdulqawi R et 
al. 2015 (14)

Randomized, double-blind, 
placebo-controlled Phase II 
study

24 RCC patients Oral AF-219 600 mg or placebo for 2 weeks, bid, then 
crossover for 2 weeks 

Cough frequency 75% reduction in cough frequency 
vs. placebo control, accompanied by 
significant improvements in CQLQ scores 
and VAS scores 

All patients experienced dysgeusia, which 
disappeared after drug withdrawal 

P2X3 antagonists significantly improve cough symptoms 
in RCC patients, but further dose-response studies are 
needed 

Morice AH et al. 
2019 (16)

Randomized, double-blind, 
placebo-controlled Phase II 
study

24 patients with chronic cough 
vs. 12 healthy subjects 

Cough sensitivity to ATP, citric acid, capsaicin, and 
distilled water was measured at 1, 3, and 5 h after oral 
administration of gefapixant (100 mg) or placebo 

Change in C2 and C5 
cough thresholds after drug 
administration vs. before drug 
administration 

Gefapixant inhibited cough sensitivity 
to ATP or distilled water, but had no 
significant effect on cough responses 
elicited by capsaicin or citric acid 

Dysgeusia occurred in 75% of healthy subjects 
and 25% of patients with chronic cough

Gefapixant may improve cough symptoms in patients 
with CC, and cough hypersensitivity in RCC may be 
mediated by the TRPV4/ATP pathway

Smith JA et al.  
2020 (58)

Two randomized, double-blind, 
placebo-controlled, crossover, 
dose-escalation studies

In total 59 patients with 
refractory chronic cough were 
randomized; 29 in study 1, 30 
in study 2 with 18 subjects 
participating in both studies

Both studies were composed of two 16-day treatment 
periods with either 3–7 day (Study 1) or 14-21 day (Study 
2) washout periods. In study 1 gefapixant was received at 
four BID dose levels (50, 100, 150 and 200 mg); study 2 
investigated a lower range of four BID dose levels (7.5, 15, 
30 and 50 mg); both doses escalated every 4 days

Awake cough frequency 
assessed with 24 h ambulatory 
cough monitor at baseline and on 
day 4 of each dose

Gefapixant doses ≥30 mg produced 
maximal improvements in coughing 
compared with placebo; taste 
disturbances were closely related to 
doses, apparently maximal at dose ≥150 
mg

Four subjects terminated study drug early due 
to AEs, 3 in study 1 and 1 in study 2; only one 
termination was due to taste disturbance

P2X3 antagonism with gefapixant demonstrates anti-
tussive efficacy and improved tolerability at lower doses 
than previously investigated. Longer duration studies are 
warranted

Smith JA et al.  
2020 (59)

Randomised, double-blind, 
controlled, parallel-group, 
phase 2b trial

253 patients with refractory 
or unexplained chronic cough 
aged 18–80 years

Patients enrolled were randomly assigned to gefapixant 7.5 
mg (n=64), 20 mg (n=63), or 50 mg (n=63), or a matching 
placebo (n=63) twice daily for 12 weeks

Placebo-adjusted change 
from baseline in awake cough 
frequency after 12 weeks

Inhibiting P2X3 receptor with gefapixant 
at a dose of 50 mg twice daily had 
good safety and tolerability, significantly 
reducing cough frequency in patients with 
refractory and unexplained chronic cough 
after 12-week treatment

Taste-related adverse events, oral paraesthesia, 
and oral hypoaesthesia increased in frequency 
in a dose-dependent manner. Dysgeusia and 
hypogeusia were the most common adverse 
events in this study

Gefapixant shows promise as a novel therapy for chronic 
cough, and further studies examining longer-term 
antitussive benefit are warranted

CC, chronic cough; RCC, refractory chronic cough; CQLQ, Cough Quality of Life Questionnaire; VAS, visual analog score; C2, minimum challenge inhalation concentration required to induce ≥ two coughs; C5, minimum challenge inhalation concentration required to induce ≥ five coughs; AEs, adverse events.
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