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Background: Inhalation of capsaicin, the extract of hot chili
peppers, induces coughing in both animals and human subjects
through activation of transient receptor potential vanilloid 1
(TRPV1) on airway sensory nerves. Therefore the TRPV1
receptor is an attractive target for the development of
antitussive agents.

Objective: We sought to assess the antitussive effect of TRPV1
antagonism in patients with refractory chronic cough.
Methods: Twenty-one subjects with refractory chronic cough
(>8 weeks) attending a specialist clinic were recruited to a
randomized, double-blind, placebo-controlled crossover trial
assessing a TRPV1 antagonist (SB-705498). Cough reflex
sensitivity to capsaicin (concentration of capsaicin inducing at
least 5 coughs) and 24-hour cough frequency were coprimary
end points assessed after a single dose of SB-705498 (600 mg)
and matched placebo. Cough severity and urge to cough were
reported on visual analog scales, and cough-specific quality of
life data were also collected.

Results: Treatment with SB-705498 produced a significant
improvement in cough reflex sensitivity to capsaicin at 2 hours and
a borderline significant improvement at 24 hours compared with
placebo (adjusted mean difference of +1.3 doubling doses at 2
hours[95% CI, +0.3 to +2.2; P =.0049] and +0.7 doubling doses at
24 hours [95% CI, +0.0 to +1.5; P =.0259]). However, 24-hour
objective cough frequency was not improved compared with
placebo. Patient-reported cough severity, urge to cough, and cough-
specific quality of life similarly suggested no effect of SB-705498.
Conclusion: This study raises important questions about both
the role of TRVP1-mediated mechanisms in patients with
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refractory chronic cough and also the predictive value of
capsaicin challenge testing in the assessment of novel antitussive
agents. (J Allergy Clin Immunol 2014;HEN:EEN-EEN,)

Key words: Cough, transient receptor potential vanilloid 1,
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Effective antitussive agents remain a significant unmet clinical
need. It has been known for decades that inhaling aerosols of the
hot chili pepper extract, capsaicin, induces coughing.' ™ Further-
more, clinical studies have demonstrated that patients with
chronic dry cough have heightened responses to inhaled capsa-
icin®® that improve with successful treatment.” Consequently,
capsaicin challenge has become an established tool in cough
research,'” and the receptor responsible for transducing capsaicin
responses, the transient receptor potential vanilloid 1 (TRPV1), is
an attractive target for the development of antitussive agents.

First described in 1997,'' TRPV1 is primarily expressed by
unmyelinated sensory nerves (C-fibers)'”'® and, in addition to
cough, is responsible for the burning pain associated with capsa-
icin exposure. It is a polymodal transducer, activated not only
through vanilloids like capsaicin but also through a wide variety
of other stimuli, such as heat, ' acidity,14 inflammatory mediators
(bradykinin, prostaglandin E,, and leukotriene By),"”"'” and lip-
oxygenase products (12-hydroperoxyeicosatetraenoic acid and
15-hydroperoxyeicosatetraenoic acid).'®

The mechanisms underlying enhanced capsaicin responses in
chronic cough are not well understood, but responsiveness of
unmyelinated airway fibers could be increased through
decreasing the activation threshold of the TRPV1 channel,
upregulation of TRPV1 expression, or phenotypic switching of
myelinated fibers to also express TRPV1." Indeed, one study
suggested that TRPV 1 expression might be increased in the endo-
bronchial mucosa of patients with chronic cough.”’ However,
amplification of responses could also occur in the central nervous
system through sensitization of central pathways, failure of inhib-
itory control mechanisms, or both.?"*?

Several TRPV1 antagonists have been developedB; however,
during early-phase clinical trials, some molecules caused
hyperthermia’® and impaired perception of noxious heat.”>*
SB-705498 is a highly selective and potent competitive antagonist
of the human TRPV 1 receptor,””** which does not exhibit signif-
icant disturbances in temperature perception or control.”” It has
shown activity in a human experimental model of skin hyperalge-
sia (UVB-evoked inﬂammation).29 However, allergen-induced
symptoms in patients with allergic rhinitis did not improve with
intranasal SB-705498 alone or when combined with fluticasone
propionate.30 Similarly, in subjects with nonallergic rhinitis, it
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Abbreviations used
C2: Concentration of capsaicin inducing at least 2 coughs
CS5: Concentration of capsaicin inducing at least 5 coughs
CQLQ: Cough Quality of Life Questionnaire
HRT: Hormone replacement therapy
IQR: Interquartile range
Thax: Time to maximum observed plasma concentration
TRPV1: Transient receptor potential vanilloid 1
VAS: Visual analog scale

did not improve symptoms after cold dry air exposure.’’
SB-705498 is rapidly absorbed after oral administration (peak
concentrations, 45 minutes to 2 hours) but has a long elimination
half-life of 50 to 60 hours. In animals it crosses the blood-brain
barrier and therefore potentially has activity in both the peripheral
and central nervous systems.

Thus the aim of this study was to assess the antitussive effects
of TRPV1 receptor antagonism by using SB-705498 in patients
with refractory chronic cough. Capsaicin cough challenges were
used to assess airway TRPVI1 blockade and combined with
24-hour cough monitoring to assess the translation of this
mechanism into reductions in spontaneous cough frequency.
Some of these data have been published in abstract form.””

METHODS

Detailed methods are provided in the Methods section in this article’s
Online Repository at www.jacionline.org.

Study design

A randomized, double-blind, placebo-controlled crossover trial was
performed comparing a single dose of 600 mg of SB-705498 (6 X 100 mg)
with matched placebo. The coprimary end points were cough responses to
inhaled capsaicin (2 hours after dose) and objective cough frequency over the
24 hours after dosing. Subjects also rated cough severity and urge to cough on
visual analog scales (VASs). Because of the long half-life of SB-705498
(50-60 hours), a 4-week washout separated the 2 treatment periods, and the
Cough Quality of Life Questionnaire (CQLQ) was repeated at 14 days after
dosing to assess for prolonged treatment effects. The study design is shown
in Fig 1.

Subjects

Twenty-one patients with refractory chronic cough (>8 weeks’ duration)
attending a specialist cough clinic were recruited into the study. All subjects
had undergone full investigation and treatment trials for possible causes of
cough. Current smokers and exsmokers with a greater than 5 pack-year
smoking history were excluded, as were those who did not cough at least 5
times (concentration of capsaicin inducing at least [C5]) after capsaicin
inhalation up to a concentration of 250 wmol/L. The study was approved by
the research ethics committee (11/H1008/2), and the patients provided written
informed consent.

Procedures

Capsaicin challenge. Subjects took single inhalations of doubling
concentrations of capsaicin solution (0.49-1000 wmol/L; Stockport Pharma-
ceuticals Ltd, Stockport, United Kingdom) at 1-minute intervals from flow-
regulated nebulizer pots controlled by a dosimeter (Koko dosimeter;
DeVilbiss Health Care, Somerset, Pa). Three additional placebo pots (0.9%
saline) were randomly placed in the challenge sequence. The concentration of
capsaicin inducing at least 2 coughs (C2) and CS5 values within 15 seconds of
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inhalation were recorded. If C2/C5 occurred with placebo inhalation, analyses
were performed by treating such data as missing and also imputing the next
capsaicin concentration in the sequence.

Ambulatory cough recording. The VitaloJAK cough monitor
(Vitalograph, Buckinghamshire, United Kingdom) was used to make 24-hour
acoustic recordings from a free-field microphone and contact sensor. Silences
and background noise were removed by using validated, custom-written
software,”* and cough sounds were counted with an audio editing package
(Audition version 3; Adobe Systems, San Jose, Calif).

Additional end points. Blood samples were collected for
pharmacokinetic testing up to 4 hours after dosing and at 24 hours. Subjects
rated cough severity and urge to cough on separate 100-mm VASs before
dosing and 2 and 24 hours after dosing. The CQLQ, a cough-specific quality-
of-life questionnaire, was completed at baseline and 14 days after treatment.”*
Vital signs, electrocardiograms, body temperature, hematology, biochemistry,
and adverse events were monitored throughout to assess safety.

Data analysis

Both capsaicin cough responses and 24-hour cough frequency were log-
transformed before analysis, and the change from predose measures was
calculated. The differences between SB-705498 and placebo were analyzed by
using mixed-effects modeling (SAS version 9.2; SAS Institute, Cary, NC),
with statistical significance set at the .025 level.

The study was powered for changes in capsaicin sensitivity. Assuming an
SD of 0.50 for the difference in logC5 values between active and placebo
treatments,” the power to detect a 1-sided 2.5% difference in logC5 of 0.35
(>1 doubling dose) is 93% with 24 subjects.

RESULTS
Subjects

Patients’ characteristics are summarized in Table I. The majority
of subjects were female and middle aged, as is typical of patients
presenting with refractory cough. At screening, subjects were high-
ly sensitive to capsaicin; the median capsaicin C5 value was 7.81
pmol/L (range, 0.49-125 wmol/L). Of 21 patients screened and
randomized, 2 withdrew after the first treatment period because
of symptoms consistent with a viral upper respiratory tract infec-
tion. Both patients had received placebo treatment (Fig 2).

Capsaicin cough responses

Treatment with SB-705498 increased C5 values at 2 hours after
dosing compared with baseline values (median, +2 doubling
doses; interquartile range [IQR], 0 to +2 doubling doses); however,
there was no change with placebo treatment (median, O doubling
doses; range, — 1 to +1 doubling doses; Table Il and Fig 3 summa-
rize the raw data). The increase in C5 values was similar at 24 hours
after dosing (median, +2 doubling doses; IQR, +1 to +2 doubling
doses), and again, there was no change with placebo treatment
(median, 0.0 doubling doses; IQR, 0 to +1 doubling doses).

The difference between SB-705498 and placebo in the log-
transformed change from before dosing was investigated by using
a repeated-measures mixed-effects model with fixed-effects
terms for treatment, period, subject, and period baselines and
interactions between period and time point and treatment and
time point. Subject was treated as a random effect in the model,
and time point (2 and 24 hours) was treated as a repeated effect.
The improvement in C5 values with SB-705498 treatment was
significantly greater at 2 hours and borderline significant at
24 hours compared with that after placebo treatment (adjusted
mean difference of +1.3 doubling doses at 2 hours [95% CI, +0.3
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FIG 1. Summary of study design and procedures. VAS scores were recorded for both cough severity and
urge to cough. PK, Pharmacokinetics sampling.

TABLE l. Baseline characteristics of randomized subjects

Screened for eligibility

Demographics (n=21)

Age (y), mean (range) 53 (34-70)

Sex, no. (%) 21 l
Female 15 (7D Randomised
Male 6 (29) (n=21)

White race, no. (%) 21 (100)

Height (cm), mean (range)
Weight (kg), mean (range)
BMI (kg/m?)

FEV, (% predicted), mean * SD
FVC (% predicted), mean = SD

167.7 (152-184)
75.4 (54.9-98.5)

26.6 (22.3-31.7)
96.7 = 133
974 = 11.1

l

Allocated to SB-705498 (n=10)
Received SB-705498 (n=10)

|

Allocated to Placebo (n=11)
Received Placebo (n=11)

BMI, Body mass index; FVC, forced vital capacity.

to +2.2 doubling doses; P = .0049] and +0.7 doubling doses at
24 hours [95% CI, +0.0 to +1.5 doubling doses; P = .0259]).

C5 occurred on placebo inhalation on 1 occasion at baseline
and 1 occasion at 2 hours but no occasions at 24 hours. Imputing
the next capsaicin concentration for these missing data suggested
a very similar effect for SB-705498 treatment on C5 values
compared with placebo, an adjusted mean difference of +1.2
doubling doses at 2 hours (95% CI, +0.3 to +2.0 doubling doses;
P =.0042] and +0.7 doubling doses at 24 hours (95% CI, +0.0
to +1.4 doubling doses; P = .0212).

For the C2 end point, treatment with SB-705498 produced
borderline significant changes over placebo at 2 hours but no
effect at 24 hours after dosing (adjusted mean difference of +0.7
doubling doses at 2 hours [95% CI, 0.0 to +1.3 doubling doses;
P =.0255] and +0.4 doubling doses at 24 hours [95% CI, —0.4
to +1.2 doubling doses; P = .1452]). There were more missing
data because of subjects coughing twice with placebo inhalation
(1 occasion at baseline, 2 occasions at 2 hours, and 3 occasions
at 24 hours). However, imputing the next concentration of capsa-
icin as C2 did not change the findings with no significant improve-
ments in C2 values over those seen with placebo at either 2 hours
(adjusted mean difference, +0.5 doubling doses [95% CI, —0.1 to
1.1 doubling doses; P = .0483]) or 24 hours (adjusted mean
difference, +0.6 doubling doses [95% CI, —0.1 to 1.4 doubling
doses; P =.0436])).

Did not receive SB-705498 (n=0)

l l

Allocated to SB-705498 (n=11
Allocated to Placebo (n=10) s (nﬁg) )
';%Ci';’tegziceegfagblognzo) Did not receive SB-705498 due to

development of viral URTI (n=2)

l l

Analysed (n=10) ‘ ‘ Analysed (n=9)

Did not receive Placebo (n=0)

FIG 2. CONSORT flow diagram. URTI, Upper respiratory tract infection.

Objective cough frequency

There was no significant difference between hourly cough
count profiles between placebo and SB-705498 based on a
negative binomial model, with fixed-effects terms for subject
and period baselines, treatment, period, and time after dosing (in
hours) and a treatment by time after dosing (in hours) interaction
and subject as a random effect (P = .508, Fig 4). There were no
missing data for cough frequency. Twenty-four hour cough
frequency decreased by a median of —12.9% (IQR, —29.3%
to +12.1%) with SB-705498 relative to predose values and by a
median of —23.0% (IQR, —42.4% to —2.6%) with placebo rela-
tive to predose values (Table IT). Cough frequency was very stable
despite the 1-month separation in treatment periods. For the day-
time cough count analysis, there was a notable difference seen be-
tween the 2 periods. The means for placebo were higher than for
SB-705498 in period 1 but lower than for SB-705498 in period 2,
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TABLE Il. Capsaicin challenge and cough frequency data for placebo and SB-705498 treatment

Placebo SB-705498
Before dose 2 h After dose 24 h After dose Before dose 2 h After dose 24 h After dose
End point (pmol/L) (mol/L) (mol/L) (mol/L) (pmol/L) (mol/L)
Capsaicin
LogC5 0.89 (0.44 to 1.04) 0.59 (0.29 to 1.19) 0.89 (0.59 to 1.49) 0.29 (0.29 to 0.89) 1.19 (0.89 to 1.19) 0.89 (0.59 to 1.19)
LogC2 0.59 (—0.31 to 0.89) 0.29 (—0.01 to 0.74) 0.59 (—0.01 to 0.89) 0.29 (0.29 to 0.89) 0.89 (0.29 to 0.89) 0.59 (0.59 to 0.89)

Before dose (c/h)

After dose (c/h)

Before dose (c/h) After dose (c/h)

Cough frequency

24 h 23.6 (12.0 to 37.0) 18.2 (8.9 to 25.8) 20.7 (11.4 to 32.3) 17.0 (9.6 to 34.2)
Day 31.6 (16.4 to 51.1) 26.7 (13.3 to 41.2) 29.1 (16.6 to 54.5) 27.7 (12.1 to 50.7)
Night 1.6 (0.3 to 2.8) 0.9 (0.1 to 2.6) 0.9 (0.1 to 4.3) 1.5 (0.0 to 4.5)
All data are medians and IQRs. ¢/h, Coughs per hour.
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FIG 3. Cough reflex sensitivity logC5 and logC2 values at baseline and after SB-705498 and placebo
treatment: 2 hours (A and C) and 24 hours (B and D). Note that symbols are unconnected when subjects
coughed on placebo inhalation at one of the time points.

suggesting a possible treatment-by-period interaction. However,
this was not formally tested.

Secondary end points

There appeared to be no significant differences in either cough
severity or urge-to-cough VASs when comparing SB-705498 with
placebo (Fig 5, A and B). Similarly, CQLQ scores suggested no
significant improvement with SB-705498 compared with placebo
(Fig 5, O).

Pharmacokinetics

Fig 6 shows the average receptor occupancy was estimated at
approximately 45% at peak plasma concentrations (2 hours after
dosing), with a gradual reduction in occupancy to 25% at 24 hours
after dosing.

Adverse events

No subjects experienced serious adverse events during the
study. Ten nonserious adverse events were reported on placebo
treatment and 7 were reported on SB-705498 treatment. Head-
ache was the most common adverse event reported in 3 patients
during placebo treatment and 2 patients during SB-705498
treatment. In particular, there were no reports of fever and no
significant changes in tympanic temperature (see Fig E1 in this
article’s Online Repository at www.jacionline.org) with
SB-705498 treatment compared with placebo treatment.

DISCUSSION

To the best of our knowledge, this is the first study to assess a
TRPV1 receptor antagonist as an antitussive agent in patients.
Despite clear evidence of TRPV1 antagonism in the airways, with
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FIG 4. Objective cough frequency in the 24 hours after dosing for
SB-705498 and placebo (adjusted geometric mean cough counts per hour
with 95% Cls). Note the adjusted mean for placebo at 15 hours has not been
plotted because of wide Cls (0.000002-4.785); this increased variability likely
arises from differences in onset of sleep between patients.

a significant reduction in experimentally induced cough re-
sponses to capsaicin with SB-705498 treatment, this did not
translate into any significant improvement in spontaneous cough
frequency. Patient reports of cough severity, urge to cough, and
cough-specific quality of life similarly suggested no effect of SB-
705498 over placebo. Therefore this study raises important
questions about the role of TRPV1-mediated mechanisms in
patients with refractory chronic cough and also the predictive
value of capsaicin challenge testing in the assessment of novel
antitussive agents.

A significant body of evidence from both preclinical and
clinical studies has suggested that activation of TRPV1 receptors
plays an important role in evoking cough and in the sensitization
of the cough reflex seen in a range of respiratory disorders.
Therefore the finding in this study that significant shifts in cough
responses to capsaicin were not associated with any improve-
ments in spontaneous cough frequency is somewhat unexpected.
However, enhanced cough responses to capsaicin are not
implicitly a consequence of alterations in TRPV1 expression or
function and might arise from neuroplastic change anywhere in
the cough reflex pathway (central or peripheral). Indeed, there is
some evidence that sensitization of central processes might be
important in patients with chronic cough. For example, the
observation that reflux events in the distal esophagus are
temporally linked to and might therefore trigger coughing is
best explained by cross-talk between esophageal and airway vagal
afferents where they converge in the brainstem.*®

Furthermore, although TRPV1 receptors are clearly capable of
responding to an array of stimuli, the extent to which this single
receptor plays a key integrative role in mediating triggers of
coughing remains to be determined. In the clinic patients with
chronic cough are known to report coughing on trivial exposure to
a very broad range of stimuli, including environmental irritants
(perfumes, cigarette smoke, and dry air), mechanical stimuli to
the larynx/pharynx (talking and eating), and temperature changes
(both warm and cold),”” which suggests the involvement of other
receptors, including other TRP channels, such as TRPA1 % Such
generalized sensitivity is perhaps more consistent with
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FIG 5. Cough severity (A) and urge-to-cough (B) VAS scores and CQLQ
scores (C) before and after SB-705498 and placebo treatment (means and
95% Cls).

upregulation/sensitization of a variety of receptors on peripheral
nerve terminals or a central nervous system process. Therefore
blockade of any single ion channel responsible for stimulus trans-
duction might not be the most effective strategy for treating
chronic cough.

Although this study suggests that TRPV1-mediated mecha-
nisms might not be important in patients with refractory chronic
cough, some questions remain outstanding, such as whether a
more potent antagonist, more prolonged dosing, or both might
yield positive results. At 2 hours after treatment, SB-705498
receptor occupancy was estimated to be 45% and associated with
more than a doubling dose shift in C5 values over placebo, and
then by 24 hours, occupancy was 25% with a 0.7 doubling dose
shift (significant when an approximation of C5 is imputed into the
analysis). Although these levels of receptor occupancy might be
inadequate to inhibit G protein—coupled receptor function, for ion
channels, modest occupancy often produces maximal antagonism
because large changes in threshold for neuronal firing can be
brought about by small changes in current flow.””*" Whether
larger shifts in C5 values might be needed to alter the frequency
of spontaneous coughing remains unclear, nonetheless, some
authors have considered smaller changes in capsaicin response
to be clinically important.*' Unfortunately preclinical toxicology
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FIG 6. Estimated TRPV1 receptor occupancy of SB-705498 over a 240-hour
period after oral administration of a 600-mg dose. P, Prediction interval.

studies suggested SB-705498 was unsuitable for multiple oral
dosing in human studies because of adrenal vacuolation. Howev-
er, the relatively long half-life of SB-705498 did provide good
exposure to therapy over 24 hours, and cough-specific quality
of life was checked at 14 days to capture more prolonged action
but still did not suggest any clinical effect. Finally, it is important
to appreciate that failure of TRPV1 inhibition to modify coughing
in patients with refractory chronic cough does not exclude an
antitussive effect in other airway conditions. Heightened cough
responses to capsaicin inhalation have been demonstrated in
several other conditions associated with cough, including viral
upper respiratory tract infections,"” asthma,** chronic obstructive
pulmonary disease,” and idiopathic pulmonary fibrosis,” and
further investigation will be required to understand the potential
role of TRPV1 in patients with these conditions.

In addition to providing insights into the mechanisms under-
lying chronic cough, this study also has important implications for
the design of future trials testing novel antitussive agents.
Changes in capsaicin challenge have been used to imply antitus-
sive effects of a variety of pharmacologic therapies for
cough.”>*"*° This study clearly demonstrates that significant
changes in C5 values are not inevitably associated with improve-
ments in objectively measured cough frequency. Of note, recent
studies of morphine and gabapentin in patients with refractory
cough found no change in cough challenge responses, despite
demonstrating improvements in cough-specific quality of
life."”** Together, these observations draw into question the util-
ity of cough challenges in testing novel antitussive therapies. The
use of such challenges alone as a generic test of cough reflex
sensitivity, without the accompaniment of other well-validated
tools for the assessment of cough, has the potential to provide
misleading results.

We have recently reported a modification of the standard
capsaicin challenge methodology, extending the challenge
beyond the C5 end point to include the full dose response and
averaging cough responses over 4 inhalations at each concentra-
tion.”” By using this novel challenge, the maximal cough response
best differentiated patients with chronic cough from healthy con-
trol subjects and correlated strongly with spontaneous cough fre-
quency. Standard challenges and the somewhat arbitrary C5 end
point tend to correlate weakly with cough frequency,”’”' and
there is very significant overlap of values obtained from healthy
control subjects with those of patients with chronic cough.®
Although it would have been interesting to study the effect of
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SB-705498 on maximal cough responses, which might better pre-
dict changes in cough frequency, the results were not available at
the time of study design. Nonetheless, in this study the standard
capsaicin challenge and C5 end point still provided important
evidence of target engagement and future optimization of chal-
lenge methodology, and end points might improve their value in
predicting antitussive effects.*’

In contrast, this study confirms the importance of ambulatory
24-hour objective cough monitoring in proof-of-concept studies
of novel therapies for cough. Patients with refractory cough
exhibit high cough frequencies, which remain stable over time,
and as a consequence, the number of subjects required for proof-
of-concept studies is relatively small.”> Some investigators have
found cough studies confounded by large placebo effects (up to
85%), particularly when associated with upper respiratory tract
infections and when cough is counted over short time periods in
laboratory conditions.” Our experience with 24-hour ambulatory
recording is that much smaller placebo effects are observed.”

In conclusion, despite clear evidence of engagement of the
TRPV1 receptor, as evidenced by the shift in the capsaicin
threshold, there was no improvement in any clinical efficacy
parameter with TRPV1 antagonism in patients with chronic
cough. Therefore this study provides the first evidence that
TRPV1 receptor activation might not be an important determinant
of spontaneous cough frequency. Future studies are still required
to understand whether more potent antagonists, more prolonged
dosing, or both might still be effective and also whether TRPV1
antagonists are effective antitussive agents in other patient
groups. However, it is clear that reductions in capsaicin responses
in patients with chronic cough do not necessarily predict antitus-
sive effects.

We thank all the patients who took part in this study.

Key messages

o Despite significantly reducing cough induced by inhaled
capsaicin, an oral TRPV1 antagonist did not reduce
objective cough frequency in patients with refractory

chronic cough.

These data question the role of TRPV1-mediated mecha-
nisms in patients with refractory chronic cough and also
the predictive value of capsaicin challenge testing in the
assessment of novel antitussive agents.
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METHODS
Subjects

Patients with refractory chronic cough for more than 8 weeks were
recruited from a tertiary referral specialist cough clinic (University Hospital of
South Manchester, Manchester, United Kingdom) from September 2011 to
January 2012. These patients had undergone full investigation (lung function,
bronchial challenge testing, nasendoscopy, computed tomographic scan,
bronchoscopy, and 24-hour impedance/pH monitoring), and their symptoms
had not improved with treatment trials for gastroesophageal reflux disease,
asthma, eosinophillic bronchitis, and/or nasal disease, as indicated.

Study design

A randomized, double-blind, placebo-controlled crossover trial was
performed, comparing a single dose of 600 mg of SB-705498 (6 X 100 mg)
with a matched placebo. The study design is summarized in Fig 1. The copri-
mary end points were cough responses to inhaled capsaicin and objective
cough frequency over the 24 hours after dosing. After screening, subjects
underwent baseline 24-hour cough recording, capsaicin challenge, and subjec-
tive measures of cough and then were randomized to receive either SB-705498
or matched placebo in a double-blind fashion. On each treatment (day 2,
Fig 1), capsaicin responses were measured at 2 hours after dosing (ie, at
maximum observed plasma concentration) and again at 24 hours after dosing.
Ambulatory sound recordings were commenced before dosing and continued
for 24 hours. Coughing associated with the capsaicin challenge at 2 hours after
dosing were excluded from the cough counts, and the 24-hour postdose capsa-
icin challenge was performed after the cough recording had been completed.
Blood samples were also collected at regular time points after dosing up to 4
hours for pharmacokinetic analysis, after which subjects were allowed home
to complete the 24-hour cough recording. They returned the next day for
24-hour assessments. Subjects also rated cough severity and urge to cough
on VASs before dosing and 2 and 24 hours after dosing. Because of the long
half-life of SB-705498 (50-60 hours), treatment effects could have extended
well beyond the initial study period, and therefore the CQLQ score was
measured at 14 days after dosing. After a 4-week washout period, subjects
were crossed over to receive the alternative medication, and day 1 to 3 study
procedures were repeated. After the second period of treatment, a follow-up
visit was scheduled 29 to 42 days after the last dose of study medication.

Procedures

Capsaicin challenge. A stock concentration of 1000 pmol/L
capsaicin solution (Stockport Pharmaceuticals) was serially diluted with
0.9% normal saline to obtain a range of 12 concentrations from 0.49 to 1000
wmol/L. In addition to using these 12 concentrations for the cough challenge,
3 additional placebo pots containing 0.9% normal saline alone were placed in
random positions in the cough challenge sequence. A pseudorandomization
schedule was used to avoid adjacent placebo inhalations in the sequence.
Dilution of capsaicin and placement of placebos were performed by a separate
person who was not involved in the study to ensure that the person
administering the test remained blind. The cough challenge was performed
with DeVilbiss nebulizer pots incorporating a fixed baffle assembly and a flow
regulator valve and was controlled by using a Koko dosimeter. The apparatus
was calibrated to deliver 0.012 mL per inhalation. The cough challenge was
performed as a single inhalation of doubling concentration of capsaicin at 1-
minute intervals and stopped when the patients reached C5, which was defined
as the concentration resulting in 5 or more coughs within 15 seconds of
inhalation. Spirometry was performed before and after each challenge
(Spirotrac IV, Vitalograph) according to standard criteria (American Thoracic
Society/European  Respiratory = Society guidelines) to check for
bronchoconstriction.

Ambulatory cough recording. Ambulatory cough-sound
monitoring was performed with a custom-built device attached to a lapel
microphone and a chest wall sensor positioned over the sternum (VitaloJAK,
Vitalograph). Recordings were transferred to a personal computer; silences/
background noise were removed by using validated, custom-written software;
and cough sounds were counted by a trained observer using an audio editing
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package (Adobe Audition 3.0, Adobe Systems). Previous studies found
excellent agreement between trained observers performing manual cough
counts™""** and using this particular technique."

VASs. Cough severity and urge to cough were rated by patients on
100-mm VASs. For cough severity, the extremes of the scale were labeled “no
cough” and “maximum severity ever experienced.” For the urge to cough, the
extremes were labeled “no urge to cough at all” and “maximum urge to cough
ever experienced.” Patients rated cough severity and urge to cough at the
baseline visit, before dosing, and 2 and 24 hours after dosing (before each
capsaicin challenge).

CQLQ. The CQLQ is a 28-item survey in which each item is scored on a
4-point Likert scale (1, strongly disagree; 2, disagree; 3, agree; and 4, strongly
agree). A total score was calculated for each subject, where 28 is the lowest
score (good quality of life) and 112 is the maximum score (poor quality of
life). The CQLQ was completed at baseline and at day 14.

Pharmacokinetics. Blood samples were drawn for pharmacokinetics
analysis on each treatment day before dosing and then at 30 minutes, 1 hour, 1
hour and 30 minutes, 2 hours, 3 hours, 4 hours, and 24 hours after dosing.

Safety measures. In addition to the above procedures, all patients
had a physical examination, routine hematology and biochemistry testing,
12-lead electrocardiograms, and tympanic temperature and vital sign
measurements throughout the study. FEV, was also measured before and after
each capsaicin challenge to check for bronchoconstriction.

Inclusion/exclusion criteria
Inclusion criteria. A subject was eligible for inclusion in this study
only if all of the following criteria applied:

1. Aspartate aminotransferase, alanine aminotransferase, alkaline phos-
phatase, and bilirubin levels were 1.5 times the upper limit of normal
or less. An isolated bilirubin level of greater than 1.5 times the upper
limit of normal was acceptable if bilirubin was fractionated and direct
bilirubin was less than 35%.

2. The subject was considered healthy, as determined by a responsible and
experienced physician based on a medical evaluation, including medical
history, physical examination, and laboratory tests, with the exception of
chronic cough. A subject with a clinical abnormality or laboratory pa-
rameters outside the reference range for the population being studied
was included only if the investigator and the GlaxoSmithKline Medical
Monitor agreed that the finding was unlikely to introduce additional risk
factors and would not interfere with the study procedures.

3. The subject had idiopathic or chronic cough resistant to treatment
targeted at potential triggers.

4. Subjects were male or female and aged 18 to 75 years inclusive at the
time of signing the informed consent form.

5. A female subject was eligible to participate if the following were
accurate:

I. She was of nonchildbearing potential, which was defined as female
subjects with a documented hysterectomy, or postmenopausal, which
was defined as 12 months of spontaneous amenorrhea. Female sub-
jects receiving hormone replacement therapy (HRT) and whose
menopausal status was in doubt were required to use one of the
contraception methods in section 8.1 of the protocol if they wished
to continue their HRT during the study. Otherwise, they were to dis-
continue HRT to allow confirmation of postmenopausal status before
study enrollment. For most forms of HRT, at least 2 to 4 weeks will
elapse between the cessation of therapy and the blood draw; this in-
terval depends on the type and dosage of HRT. After confirmation
of postmenopausal status, the subjects resumed the use of HRT during
the study without use of a contraceptive method.

II. She was of child-bearing potential and agreed to use one of the
contraception methods listed in section 8.1 of the protocol for an
appropriate period of time (as determined by the product label or
investigator) before the start of dosing to sufficiently minimize
the risk of pregnancy at that point. Female subjects agreed to use
contraception until 84 days after the last dose.
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III. She had undergone tubal ligation and agreed to perform a pregnancy
test at time points specified in the protocol’s “Time and events table.”

6. Male subjects with female partners of child-bearing potential agreed to
use one of the contraception methods listed in section 8.1 of the pro-
tocol. This criterion was followed from the time of the first dose of
study medication until 84 days after the last dose.

7. The subject was a nonsmoker for at least 6 months with a pack history
of 5 pack years or less.

8. The subject had a body weight of 50 kg or greater and a body mass
index within the range 19 to 32.0 kg/m? (inclusive).

9. The subject was capable of providing written informed consent, which
included compliance with the requirements and restrictions listed in the
consent form.

10. The subject has a single ECG QT interval corrected for rate using
Bazett’s formula (QTcB) of less than 450 ms or a QTcB of less than
480 ms in those with bundle branch block.

Exclusion criteria. A subject was not eligible for inclusion in this

study if any of the following criteria applied:

1. history of a positive prestudy hepatitis B surface antigen or positive
hepatitis C antibody result within 3 months of screening or at
screening;

2. current or chronic history of liver disease or known hepatic or biliary
abnormalities (with the exception of Gilbert syndrome or asymptom-
atic gallstones);

3. history of confirmed positive prestudy drug/alcohol screen result;

4. history of regular alcohol consumption within 6 months of the
study, which was defined as an average weekly intake of greater
than 21 units for male subjects or greater than 14 units for female
subjects;

5. participation in a clinical trial and receipt of an investigational prod-
uct within the following time period before the first dosing day in the
current study: 30 days, 5 half-lives, or twice the duration of the
biological effect of the investigational product (whichever was
longer);

6. exposure to more than 4 new chemical entities within 12 months before
the first dosing day;

7. use of prescription or nonprescription drugs, including vitamins and
herbal and dietary supplements (including St John’s Wort), within
7 days (or 14 days if the drug was a potential enzyme inducer) or
5 half-lives (whichever was longer) before the first dose of study medi-
cation, unless it was the opinion of the investigator and GlaxoSmithK-
line Medical Monitor that the medication would not interfere with the
study procedures or compromise subject safety;

8. known lung cancer or other active malignancy or history of such
illness;

9. current treatment with oral corticosteroids or other immunosuppressive
agents;

10. FEV, of less than 80% of predicted value before dosing;

11. failure to reach C5 after an oral inhalation challenge of capsaicin at a
dose level of 250 wmol/L;

12. history of sensitivity to any of the study medications or components
thereof or a history of drug or other allergy that, in the opinion of
the investigator or GlaxoSmithKline Medical Monitor, contraindicated
their participation;

13. participation in the study would result in donation of blood or blood
products in excess of 500 mL within a 56-day period;

14. pregnant female subjects, as determined by positive human chorionic
gonadotropin test results at screening or before dosing;

15. lactating female subjects;

16. unwillingness or inability to follow the procedures outlined in the
protocol;

17. mental or legal incapacitation;

18. cotinine levels indicative of smoking or history or regular use of
tobacco- or nicotine-containing products within 6 months before
screening; and
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19. consumption of red wine, Seville oranges, grapefruit, or grapefruit
juice from 7 days before the first dose of study medication.

Blinding process. The study medication SB-705498 was matched
with a placebo tablet provided by GlaxoSmithKline that was identical in
appearance. All investigators and participants were blind to the treatments until
all the study visits were completed and all the cough recordings were analyzed.

No subject’s treatment was unblinded during the study.

Statistical analyses

Primary end points
Capsaicin challenge (C5). The primary end point was the capsaicin
concentration required to achieve CS5 after a single dose of SB-705498 at time
to maximum observed plasma concentration (T,,,x; 2 hours) compared with
before dosing (day 1). The data were logged (base 2) for analysis and the dif-
ference from day 1 (equivalent to ratio on log scale). The difference between
SB-705498 and placebo in log-transformed change from predose values was
investigated by using a repeated-measures mixed-effects model with fixed-
effects terms for treatment, period, subject, and period baselines and interac-
tions between period and time point and treatment and time point. The subject
was treated as a random effect in the model, and time point (2 and 24 hours) was
treated as a repeated effect. The mean treatment difference and associated 95%
ClIs are reported on the log (base 2) scale (ie, the number of doubling doses).

Some subjects achieved C2 or C5 on inhalation of placebo (ie, 0.9% saline)
during the cough challenge. As such, a result does provide some information
(ie, the C2/C5 is known to be higher than the last actual capsaicin dose
inhaled). For the a priori analysis, it was planned to impute the next highest
concentration of capsaicin in the sequence (after the placebo). The analyses
were also performed post hoc, treating such subjects as representing missing
data, to ensure the significant changes were not dependent on the imputed data.
Objective cough frequency. Twenty-four-hour cough counts
(coughs per hour) after a single dose of SB-705498 compared with placebo
were analyzed by first log transforming the cough counts taken on day —1 and
day 1 of each period in the 24-hour postdose period. The time period during
which the challenge was conducted was excluded from the cough count, and
cough counts were aligned relative to dosing time on each study day. The
difference between SB-705498 and placebo in log-transformed count rates was
investigated by using a negative binomial model with fixed-effects terms for
subject and period baselines, treatment, period, and time after dosing (in hours)
and a treatment-by-time interaction. The subject was treated as a random effect
in the model. The mean treatment difference and associated 95% Cls were
back-transformed to provide a treatment ratio and 95% ClIs for the ratio.

Our hypothesis was to test whether the drug had a positive effect over placebo
and not to determine whether it had a negative effect. We would only progress if
we saw a positive treatment effect, and therefore the team decided to base
decisions on a 1-sided ¢ test. When assessing positive effects, note that a 1-sided
test at an o value of .025 is equivalent to a 2-sided P value at an o value of .05.

Secondary end points

Capsaicin challenge (C2). C2 after a single dose of SB-705498 at
Thax (2 hours) was compared with baseline and was analyzed in an identical
fashion to the C5 response variable. The C2 and C5 values from the 24-hour
postdose challenge were also analyzed similarly to the analysis at Ty,x.
Subjective cough measures. Urge-to-cough and cough severity
VAS:s after a single dose of SB-705498 compared with placebo were analyzed
descriptively by treatment group. CQLQ results at 14 days after a single dose
of SB-705498 compared with placebo were analyzed descriptively by
treatment group.
Pharmacokinetic analysis. Plasma SB-705498 concentration-time
data were analyzed by using noncompartmental methods (WinNonlin Pro-
fessional, Version 5.2; Pharsight Corporation, Sunnyvale, Calif). Calculations
were based on the actual sampling times recorded during the study. From the
plasma concentration-time data, the following PK parameters were deter-
mined, as data permit: maximum observed plasma concentration, T ., con-
centration at 24 hours after dosing (C24), and area under the plasma
concentration-time curve (AUC [g_gasy))-



7.e3 KHALID ET AL

The receptor occupancy of SB705498 was determined from plasma
concentration data, assuming a 1:1 plasma/lung ratio (based on preclinical
tissue homogenate data) by using the following formula:

C(t)

Ro =100 % ——__
° *C)+1Cs

where C() is the plasma concentration at time 7 and ICs, is the free fraction of
the inhibitory concentration of 50% (1.4 pwg/mL).
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FIG E1. Vital signs before and after dosing with placebo and SB-705498.
Heart rate (A), systolic and diastolic blood pressure (B), and temperature (C)
are shown. All data are displayed as means and 95% Cls.
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