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ABSTRACT
Background and aims The chemoattractant receptor-
homologous molecule expressed on T helper type 2 cells
(CRTH2) antagonist timapiprant improved lung function
and asthma control in a phase 2 study, with evidence
suggesting reduced exacerbations. We aimed to assess
whether timapiprant attenuated or prevented asthma
exacerbations induced by experimental rhinovirus (RV)
infection. We furthermore hypothesised that timapiprant
would dampen RV-induced type 2 inflammation and
consequently improve antiviral immune responses.
Methods Atopic patients with partially controlled
asthma on maintenance inhaled corticosteroids were
randomised to timapiprant (n=22) or placebo (n=22)
and challenged with RV-A16 3 weeks later. The primary
endpoint was the cumulative lower respiratory symptom
score over the 14 days post infection. Upper respiratory
symptoms, spirometry, airway hyperresponsiveness,
exhaled nitric oxide, RV-A16 virus load and soluble
mediators in upper and lower airways samples, and
CRTH2 staining in bronchial biopsies were additionally
assessed before and during RV-A16 infection.
Results Six subjects discontinued the study and eight
were not infected; outcomes were assessed in 16
timapiprant-treated and 14 placebo-treated, successfully
infected subjects. There were no differences between
treatment groups in clinical exacerbation severity
including cumulative lower respiratory symptom score
day 0–14 (difference 3.0 (95% CI −29.0 to 17.0),
p=0.78), virus load, antiviral immune responses, or
RV-A16-induced airway inflammation other than in the
bronchial biopsies, where CRTH2 staining was increased
during RV-A16 infection in the placebo-treated but
not the timapiprant-treated group. Timapiprant had a
favourable safety profile, with no deaths, serious adverse
events or drug-related withdrawals.
Conclusion Timapiprant treatment had little impact
on the clinicopathological changes induced by RV-A16
infection in partially controlled asthma.

INTRODUCTION

Asthma is one of the most common chronic
diseases affecting 240–300 million people worldwide with ~49 million deaths in 2017.1 Most

Key messages
What is the key question?

►► Does the chemoattractant receptor-homologous

molecule expressed on T helper type 2 cells
(CRTH2) antagonist timapiprant attenuate
or prevent asthma exacerbations induced by
experimental rhinovirus infection?

What is the bottom line?

►► In this single-centre, double-blind, placebo-

controlled, parallel group randomised
controlled study, timapiprant treatment had
minimal impact on the clinicopathological
changes induced by experimental rhinovirus
infection in partially controlled asthma.

Why read on?

►► There has been considerable interest in oral

CRTH2 antagonists as treatments for asthma;
our data suggest that these therapies do not
improve clinical or immunological markers in
asthma exacerbations.

of the morbidity, mortality and healthcare costs
associated with asthma are due to acute increases
in symptomatology called exacerbations, episodes
commonly triggered by respiratory viruses, particularly rhinoviruses (RVs).2 Despite treatment, almost
half of patients with asthma continue to experience
exacerbations.3 These are often associated with an
acute rise in ‘type 2’ inflammation, as demonstrated
by increases in the type 2 cytokines interleukin
(IL)−4, IL-5 and IL-13 in airways samples,4 5 which
correlate with symptom severity.5 Type 2 inflammation has been shown to impair antiviral immunity,6–8 thus suppressing type 2 inflammation may
confer beneficial effects on host immunity and
exacerbation susceptibility. Recent clinical trial
and real-
world data confirm that targeting type
2 inflammatory pathways is effective in reducing
asthma exacerbations.9–13
The
chemoattractant
receptor-
homologous
molecule expressed on T helper type 2 (Th2) cells
(CRTH2) is a target for tackling type 2 inflammation. It is expressed on immune cells instrumental
in promoting type 2 inflammation: eosinophils,
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METHODS
Study design

This was a single-site, randomised, double-blind, parallel group,
placebo-
controlled trial examining the effect of the CRTH2
antagonist timapiprant on the response to RV infection in
asthma.

to a randomisation list generated by a statistician working independently of the trial that was encoded in the study database and
concealed up to allocation. Subjects were randomised in blocks
of four to ensure balanced allocation to each group. Subjects
and study investigators were blinded to treatment allocation
from randomisation until database lock. Treatment identity
was concealed by using placebo identical in packaging, labelling, schedule of administration, appearance, taste and odour to
timapiprant.

Procedures

The study comprised a 3-
week preinfection treatment phase
after which both groups were inoculated with RV-A16, with
treatment continuing until 2 weeks after inoculation, and a single
convalescence visit 4 weeks later (figure 1A). Subjects completed
daily diary cards of upper and lower respiratory symptoms
(details in online supplemental material), home spirometry readings and medication use from randomisation until the end of the
study. Subjects additionally attended for 11 study visits: baseline
visits at randomisation (day −21) and after 13 days of treatment
(day −8); an inoculation visit (day 0) when subjects received 100
tissue culture infective dose 50% of RV-A16 using methods as
previously described5; and visits on days 2, 3, 4, 5, 7, 10 and 42
post inoculation. Clinical assessment and sampling at study visits
included ACQ-6 score, clinic spirometry, bronchoprovocation
challenge (to calculate the histamine provocation concentration
producing a 20% fall in forced expiratory volume in 1s (FEV1)
(PC20), exhaled nitric oxide (FeNO), nasal lavage, nasal and bronchial lining fluid sampling using synthetic absorptive matrices
(nasosorption and bronchosorption, respectively), and bronchial
biopsies, with methods as per previous studies.5 31 See online
supplemental material for further details.
RV-A16 infection was confirmed by positive qPCR for RV-A16
in nasal lavage at any time after inoculation or seroconversion
(positive antibodies to RV-A16 at a titre of at least 1:4 at the
final study visit). Virus copies were quantified in nasal lavage,
bronchoalveolar lavage and sputum samples by qPCR as previously described.5
Concentrations of soluble mediators were quantified in the
nasosorption and bronchosorption strip eluates as previously
described.5 25 CRTH2 immunostaining was performed using
rabbit anti-
CRHT2 (abcam, UK) at a dilution of 1:300 and
the EnVision peroxidase staining method (Agilent Dako, USA),
method and quantification as previously described.33

Outcomes

Non-smoking atopic subjects with partially controlled asthma
maintained on inhaled corticosteroids (ICS) were eligible for the
study. Subjects were aged 18–55 years with absent antibodies to
RV-A16 in a microneutralisation assay32 at screening. Subjects
were required to have a doctor diagnosis of asthma treated with
ICS, airway hyper-responsiveness or a bronchodilator response
of ≥12%, a positive skin prick test to any of a panel of aeroallergens,31 and an Asthma Control Questionnaire (ACQ)−6 score
of >0.75. See online supplemental material for full inclusion
and exclusion criteria. Written informed consent was obtained
prior to participation.

The primary endpoint was the total lower respiratory symptom
score (sum of daily lower respiratory symptoms on days 0–14
after RV inoculation). This was chosen as it is well established
that experimental RV infection in subjects with asthma induces
lower respiratory symptoms consistent with mild-to-moderate
exacerbations,34 whereas it very rarely results in a severe exacerbation requiring oral corticosteroids (the primary outcome
for most phase 3 clinical trials). Secondary efficacy endpoints
included upper respiratory symptoms, ACQ-6 scores, lung function (FEV1 and peak expiratory flow, PEF), PC20, FeNO and virus
load. Exploratory outcomes included soluble mediator concentrations in the upper and lower airways, and CRTH2+ cells in
immunohistochemistry-stained bronchial biopsies.

Randomisation and masking

Statistical analysis

Participants

Eligible subjects were randomly assigned to either one time a day
timapiprant (50 mg) or matched placebo in a 1:1 ratio, according
2

An initial sample size calculation based on a previously completed
study with similar design conducted at the same site5 indicated
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basophils, Th2 cells and type 2 innate lymphoid cells (ILC2s).
When bound to its endogenous ligand prostaglandin D2 (PGD2),
CRTH2 receptor signalling leads to migration of Th2 cells,
ILC2s, eosinophils and basophils,14 15 type 2 cytokine release by
Th2 cells16 and ILC2s,17 eosinophil shape change and degranulation,18 and enhancement of IgE-
mediated basophil degranulation.19 Thus, CRTH2 may be a central regulator of type 2
inflammation and represents a biologically plausible therapeutic
target. Evidence for a role in asthma is supported by lower airways
samples from patients with asthma showing increased levels of
PGD2 and CRTH2 mRNA,20 21 increased expression of enzymes
required for PGD2 synthesis20 22 and higher numbers of PGD2-
responsive CRTH2+ cells20 23 24 compared with healthy controls.
PGD2 has additionally been implicated in asthma exacerbations:
PGD2 is increased during RV-induced exacerbations with levels
correlating with exacerbation severity,25 by a variety of respiratory
viruses in animal models of allergic asthma,26 and by bronchial
allergen challenge in atopic individuals27 especially if they have
asthma.28 Moreover, BAL PGD2 and CRTH2 mRNA are higher in
patients with a recent asthma exacerbation.20 Clinical trials have
included a phase 2a study of the CRTH2 antagonist timapiprant
in asthma that observed a lower rate of exacerbations (3.8% in
the pooled timapiprant dose groups vs 7.7% placebo; p=0.107),
not statistically significant in the context of the study not being
powered for this outcome.29 A recent publication of two phase 3
clinical trials in subjects with severe asthma found ‘consistent and
modest reductions in exacerbation rates in both studies’, around
22%, although this failed to reach statistical significance.30 Collectively these data provide a rationale for the investigation of drugs
targeting PGD2-CRTH2 signalling in asthma.
We have previously reported a model of experimental RV-induced exacerbation of asthma that provides a controlled experimental system to study the effects of novel therapies.5 31 The
current trial was designed to assess the potential for the CRTH2
antagonist timapiprant to prevent or attenuate asthma exacerbations using this model. We hypothesised that timapiprant
would attenuate type 2 inflammation and thus prevent RV-induced accentuation of clinical asthma severity including lower
respiratory symptom scores, lung function decline and airway
hyper-responsiveness.

Asthma

that 10 subjects per treatment group with confirmed RV infection were required, provided they had an ACQ-6 score of ≥1.5.
Following difficulties in recruitment and improvements in ACQ-6
scores between screening and randomisation in several subjects,
attributed to better compliance with maintenance asthma treatment on involvement in a clinical trial, the ACQ-6 cut-off was
relaxed to >0.75. A revised sample size calculation, assuming a
difference in mean score of 22.21 in the primary endpoint with
a SD of 21.15, yielded 15 subjects per treatment group at 80%
power using a two-sided test at the 5% significance level. This
was grossed up for RV infection success (80%) and anticipated
drop-out rate (15%) to yield 22 patients per treatment group.
Data were analysed using SAS V.9.4 (SAS Institute) and
GraphPad Prism V.8 (GraphPad Software, USA). Continuous
variables are presented as means and SD where data were consistent with a normal distribution, otherwise as medians and IQR.
Correspondingly, the unpaired t-test and Mann-Whitney U test
were used to analyse between groups. Categorical variables are
presented as frequencies and percentages and analysed between
Farne H, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2021-217429

groups using the χ2 test or Fisher’s exact test as appropriate.
Differences between time points within groups were investigated by paired t tests for parametric or Wilcoxon’s signed-
rank test for non-parametric data. Correlations were examined
using Pearson’s and Spearman’s correlation tests depending on
normality of the data. Differences were considered statistically
significant at p<0.05. All p values are two sided.

RESULTS
Between 9 March 2016 and 22 November 2017, 44 patients
were randomly assigned to timapiprant 50 mg (n=22) or placebo
(n=22) (figure 1B). The mean (SD) ACQ-6 score improved for
the overall cohort of 44 subjects from 1.54 (0.62) at screening
to 1.31 (0.67) at randomisation (day −21), p=0.012. Six were
withdrawn following randomisation prior to RV inoculation;
four with incidental respiratory tract infections, two due to
non-compliance with the study protocol (both did not attend a
study visit or respond to contact in the following days). A further
3
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Figure 1 Study design and trial profile. (A) Schematic of study design. (B) Consolidated Standards of Reporting Trials flow diagram.

Asthma
Subject demographics and clinical characteristics at enrolment (day −21)

Age (years)

Placebo (n=14)

Timapiprant (n=16)

25.4 (3.8)

25.3 (8.9)

Sex
 Male
 Female

5 (36%)
9 (64%)

7 (44%)
9 (56%)

Body mass index (kg/m2)

23.8 (2.4)

24.8 (4.3)

Inhaled corticosteroid dose (beclometasone dipropionate equivalent μg/day)

366 (356)

519 (281)

Long acting β2 agonist use (no.)

6 (43%)

8 (53%)

ACQ-6

1.20 (0.72)

1.32 (0.79)

FEV1 (litres)

3.57 (3.32–4.03)

3.55 (2.98–4.32)

FEV1 (% predicted)
PC20 (mg/mL histamine)

93 (80–98)
1.30 (0.63–4.73)

94 (78–102)
1.79 (0.53–3.93)

FeNO (parts per billion)

30.5 (21.8–67.3)

38.0 (25.3–69.3)

Blood eosinophils (cells × 109/L)

0.30 (0.20–0.40)

0.35 (0.23–0.48)

Total serum IgE (IU/mL)

190 (117–289)

398 (106–692)

Skin prick test responses (total positive)

3.7 (1.5)

4.5 (1.5)

Ex-smoker (no.)

1 (7.1%)

2 (12.5%)

Smoking pack years

0.04 (0.13)

0.53 (2.00)

 Ex-smokers only

0.50 (not applicable)

4.25 (5.30)

Data are number (%), mean (SD), or median (IQR).
ACQ, Asthma Control Questionnaire; FeNO, fractional exhaled nitric oxide ; FEV1, forced expiratory volume in 1 second; IgE, immunoglobulin E; PC20, provocation concentration of
histamine required to produce a 20% drop in FEV1.

eight subjects failed to develop RV infections and were excluded
from the analysis. In total, 30 subjects with confirmed infection
completed the study and formed the analysis set, meeting the
sample size calculation target of 30 subjects.
Subjects with confirmed infection were young (mean age 25.3
(6.9) years) with partially controlled asthma with a mean ACQ-6
score of 1.27 (0.75) and modest airflow obstruction (median
FEV1 93.5% (80.0%–100.0%) predicted) at randomisation (day
−21). They had evidence of ongoing type 2 inflammation at
baseline with a median FeNO of 34 (25–66) ppb and blood eosinophil count of 0.3 (0.2–0.4)×109/L, suggesting they would be
susceptible to RV-induced changes in asthma control and that
biological pathways relevant to drug treatment were active. The
baseline characteristics of subjects who were successfully infected
were similar across treatment groups (table 1).

Timapiprant treatment did not affect clinical exacerbation
severity

Subjects had significantly increased upper and lower respiratory symptoms during RV infection (figure 2A–B). Lung function was reduced during infection compared with baseline,
with a statistically significant decline in PEF in the timapiprant group only (figure 2C–D). The median cumulative lower
respiratory symptom score in the 14 days post infection
was 21.0 (IQR 13.3 to 46.5) in the timapiprant group and
18.0 (9.8 to 51.5) in the placebo group, a difference of 3.0
(95% CI −29.0 to 17.0; p=0.78). There was no difference
between the timapiprant-treated and placebo-treated groups
in other measures of clinical exacerbation severity, including
upper respiratory symptoms, lung function, or airway hyper-
responsiveness assessed either individually at each time point
or in terms of cumulative area under the curve (AUC) values
(figure 2A–E and table 2).
4

Timapiprant treatment had little effect on virus-induced
airway inflammation

Having observed no effect on clinical parameters, we next sought
to study type 2 and proinflammatory pathways to assess whether
timapiprant administration had any effect on RV-induced airway
inflammation. RV infection led to statistically significant induction of nasal IL-4, IL-5 and IL-13 in both groups and bronchial
IL-5 and IL-13 in the timapiprant group only (figure 3B–F).
In keeping with a lack of effect of timapiprant on symptoms,
there were no differences between the timapiprant-treated and
placebo-treated groups at individual timepoints (figure 3B–F)
or in terms of overall AUC for concentrations of the prototypical type 2 cytokines IL-4, IL-5 and IL-13 in nasosorption and
bronchosorption samples (online supplemental figure S1; online
supplemental table S3) or exhaled breath FeNO, a biomarker of
type 2 inflammation (figure 3A; table 2). There was similarly no
effect of the drug on the induction of proinflammatory mediators IL-1β, IL-6, IL-8 and tumour necrosis factor, other than a
small but statistically significant greater increase in nasal (but not
bronchial) IL-1β in the timapiprant group (online supplemental
figure S1; online supplemental table S3).
In bronchial biopsy samples, there was evidence of recruitment of CRTH2+ cells during RV infection in the placebo group
that was absent in the timapiprant-
treated subjects, although
the difference between the groups was not significant at the 5%
level (figure 3G–H). Collectively, these data indicate that type 2
inflammation and proinflammatory responses to virus infection
were largely unaffected by timapiprant.

Timapiprant had no effect on antiviral immune responses

Given the lack of anticipated suppression of type 2 inflammation, we next determined whether timapiprant had any effects
on antiviral responses and associated virus replication. Virus
Farne H, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2021-217429
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Table 1

Asthma

RNA copies were increased from baseline in both treatment and
placebo groups at day 2–4 post inoculation with no effect of
timapiprant observed at any time point (figure 4A). RV infection was associated with increased levels of the antiviral mediators interferon (IFN)-α, -λ, and various IFN-inducible proteins
(IFN-γ-induced protein (IP)-
10 also known as C-
X-
C motif
chemokine ligand (CXCL)10, macrophage inflammatory protein
(MIP)1-α and MIP-1β also known as chemokine (C-C motif)
ligand (CCL)3 and CCL4, respectively; figure 4B–H; online
supplemental table S3). Timapiprant treatment had no effect on
levels of IFN-α/-λ at any individual time point (figure 4B–C and
E–F) or overall AUC (figure 4G–H; online supplemental table
S3) in nasosorption or bronchosorption samples.
Farne H, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2021-217429

Although there were no differences between the groups in
virus copies at any time point, virus loads remained significantly
elevated at day 5 compared with baseline in the placebo but
not the timapiprant group. This could be consistent with faster
virus clearance in timapiprant-treated participants, but this is
not supported by differences in any other antiviral mediator and
could be artefact consequent on small subject numbers.

PGD2 was not induced by RV infection and was unaltered by
timapiprant
A previous study from our group demonstrated induction of
PGD2 following RV challenge in a similar group of subjects with
5

Thorax: first published as 10.1136/thoraxjnl-2021-217429 on 29 October 2021. Downloaded from http://thorax.bmj.com/ on January 9, 2023 by guest. Protected by copyright.

Figure 2 Timapiprant did not alter symptom scores, lung function, or PC20 during rhinovirus (RV) infection in subjects with asthma. Thirty patients
with asthma were experimentally infected with RV-A16 with n=16 receiving timapiprant and n=14 receiving placebo. (A) Upper and (B) lower
respiratory symptom scores during infection. (C) Morning peak expiratory flow (PEF), (D) FEV1 and (E) histamine PC20 during infection. Values shown
are medians and IQR (non-parametric) except (C) morning PEF, shown in mean and SE (parametric). The placebo and timapiprant groups were
compared at each time point, with no significant differences, and within each group each time point was compared with baseline (by mixed-effect
model with the Geissner-Greenhouse correction followed by Dunnett’s multiple comparison tests for parametric data with missing values, or Friedman
test followed by Dunn’s multiple comparisons for non-parametric data). *p<0.05, **p<0.01, ***p<0.001.

Asthma
Lower respiratory symptoms, lung function, FeNO, PC20 and ACQ-6
Placebo

Timapiprant

Difference (timapiprant – placebo) (95% CI)

P value

Total lower respiratory symptom score day 0–14

18.0 (9.8 to 51.5)

21.0 (13.3 to 46.5)

3.0 (−29.0 to 17.0)

0.78

Morning PEF % change from baseline day 0–14 AUC

−41.3 (−145.7 to −2.1)

−73.4 (−171.0 to −40.3)

−32.1 (−102.7 to 77.6)

0.58

Morning FEV1 % change from baseline day 0–14 AUC

−13.5 (−93.3 to 17.6)

−45.1 (−106.6 to −3.2)

−31.7 (−84.5 to 59.5)

0.35
0.28

FeNO % change from baseline day 0–10 AUC

−2 (−106 to 264)

294 (−40 to 459)

296 (−98 to 494)

PC20 day 7

1.95 (0.63 to 3.17)

1.08 (0.31 to 7.28)

−0.88 (−2.32 to 4.74)

0.58

ACQ-6 day 10; mean (SD)

1.49 (0.73)

1.32 (0.70)

−0.17 (−0.70 to 0.37)

0.53

Data are median (IQR) except where shown. 95% CIs for median values derived via bootstrapping. AUC scores were derived using the trapezoidal method and are based on AUC
over x-axis—AUC under x-axis. Note: one subject in the placebo group was unable to complete PC20 on day 7 for logistical reasons and is therefore excluded.
ACQ, Asthma Control Questionnaire; AUC, area under the curve; FeNO, Fractional exhaled nitric oxide; FEV1, Forced expiratory volume in 1 second; PC20, Provocation concentration
of histamine required to produce a 20% drop in FEV1; PEF, peak expiratory flow.

asthma,25 providing a rationale for this study. Having failed to
observe a convincing effect of CRTH2 antagonism on either
symptoms or inflammation, we next investigated whether the
endogenous ligand of the target receptor, PGD2, had been
induced by RV infection in the present study and whether
timapiprant altered this. PGD2 was readily detectable in nasal
and bronchial samples at all timepoints including preinfection,
with no induction after RV infection and no effect of timapiprant seen (online supplemental figure S2A–C).
Our previous observation of RV-
induced nasal PGD2 in
asthma25 included ICS-
naïve (n=11) as well as ICS-
treated
(n=17) subjects. As the patients in the current study were all on
ICS treatment, we postulated that the broad immunosuppressive effects of ICS might mask any potential beneficial effects
of concomitant timapiprant. We therefore investigated whether
there was a relationship between ICS treatment and nasal
PGD2 levels and found that nasal PGD2 levels were negatively
correlated with the prescribed dose of ICS (online supplemental
figure S2D). This raises speculation that timapiprant may not
have effects on PGD2 in addition to those imparted by ICS alone.

Timapiprant was safe and well-tolerated

The incidence of adverse events was similar in the timapiprant
and placebo groups (online supplemental table S4), consistent
with previous clinical trials of timapiprant29 35–39 and other
CRTH2 antagonists. There were no drug-related withdrawals,
serious adverse effects or deaths.

DISCUSSION

This study builds on the literature showing a limited effect of
CRTH2 antagonists in asthma29 30 35 37 40–55 by assessing their
efficacy in the setting of virus-
induced acute asthma exacerbation. Despite prior data demonstrating upregulation of the
CRTH2-PGD2 pathway in asthma20 and that targeting the
CRTH2 receptor reduces type 2 inflammation in vitro16 17 and, to
some degree, in vivo (reduction of sputum eosinophils, although
no change in blood eosinophils or FeNO),41 in the current study
the CRTH2 antagonist timapiprant did not attenuate the clinicopathological changes induced by RV infection in asthma.
Indeed, the difference between treatment groups in the primary
endpoint, median cumulative lower respiratory symptom score
in the 14 days post-RV inoculation, was 3.0 (95% CI −29.0 to
17.0; p=0.78).
As in previous RV challenge studies in asthma, RV infection
resulted in a worsening of asthma-related inflammation, symptoms and lung function as evidenced by significant increases
in type 2 and antiviral inflammatory mediators in bronchial
samples (figures 3E–F and 4E–F), in CRTH2+ immunostaining
6

in the lower airways (figure 3G–H), FeNO (day 3, timapiprant-
treated group, figure 3A), lower respiratory symptoms (at days
5 and 7 in the placebo-treated and timapiprant-treated groups,
respectively; figure 2B), and a significant decline in morning PEF
(days 5 and 7, timapiprant-treated group, figure 2C). Timapiprant treatment failed to attenuate this.
We believe it unlikely the lack of effect observed in this study
was due to choice of drug, as there is no evidence to suggest
timapiprant is less efficacious than any other CRTH2 antagonist. No head-to-head studies have been conducted, but previous
comparisons of drug studies have indicated that they are broadly
similarly effective.56 Timapiprant was selected as a dose-ranging
study, not powered to look for a difference in exacerbation rate,
reported a significant reduction in respiratory infections (12.3%
vs 23.1%; p=0.003) and a non-significant reduction in exacerbations (3.8% vs 7.7%; p=0.107) in the pooled dose group29—a
signal not seen with any other CRTH2 antagonists. Timapiprant
was also the CRTH2 antagonist with the best safety record at
the time of study initiation, having been trialled in the largest
number of patients including the most with asthma.
The dose administered appeared well justified as the same
dose-ranging study of timapiprant found plasma levels well in
excess of the equilibrium dissociation constant (KB) at the lowest
dose, 25 mg once a day, when first measured after 2 weeks treatment. Treatment with 50 mg once a day for 3 weeks prior to RV
inoculation, as employed in this study, substantially exceeds this.
Moreover, there appeared to be a treatment effect on RV-induced
recruitment of CRTH2+ cells to the airway wall (recruitment
was observed in placebo-treated but not in timapiprant-treated
patients), suggesting 3 weeks treatment was sufficient to impact
CRTH2+ cell recruitment.
There are several explanations for the lack of effect observed
in our study. The subjects in this study had moderate rather
than severe asthma and the exacerbations were relatively mild,
not requiring oral corticosteroids or nebulised bronchodilators.
There may therefore have been insufficient inflammation to
detect an effect of the drug. In particular, PGD2 levels in airway
secretions were not increased during infection contrary to the
only previous study to measure this.25 There were nonetheless
readily quantifiable levels of PGD2 in the airways to serve as a
target for timapiprant. Furthermore, our results are consistent
with two recent phase 3 clinical trials that found the CRTH2
antagonist fevipiprant did not reduce the rate of asthma exacerbations requiring systemic corticosteroids in patients with severe
asthma, including a subgroup with raised blood eosinophils
indicative of ongoing type 2 inflammation.30 Our study highlights that controlled experimental RV challenge studies can be
used to study the effects of novel therapies using smaller numbers
Farne H, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2021-217429
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Table 2

Asthma
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Figure 3 Timapiprant treatment had little effect on virus-induced type 2 airway inflammation. Thirty patients with asthma were experimentally
infected with RV-A16 with n=16 receiving timapiprant and n=14 receiving placebo. (A) FeNO during infection. (B–F) Concentration of interleukin (IL)-4,
IL-5 and IL-13 at baseline and during infection in nasosorption (B–D, respectively) and bronchosorption samples (E, F, respectively; IL-4 not shown);
there are two fewer bronchosorption samples as two patients did not undergo bronchoscopy for logistical reasons (one in each group). (G, H) CRTH2
staining of epithelial and subepithelial sections, respectively, from before and during infection. Four patients are not included in the biopsy analysis;
two who did not undergo bronchoscopy and two who did not have bronchial biopsies on one occasion for technical reasons (one in each group).
(A–D) Medians with IQRs. (E–H) Individual subjects. The placebo and timapiprant groups were compared at each time point by Mann-Whitney U tests.
Within each group, each time point was compared with baseline by Wilcoxon rank sum tests. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Figure 4 Timapiprant had no effect on virus load or antiviral immune responses. Thirty patients with asthma were experimentally infected with
rhinovirus-A16 with n=16 receiving timapiprant and n=14 receiving placebo. (A) Virus copies determined by qPCR expressed as Log10 copies per mL of
nasal lavage. (B–F) Concentrations of interferon (IFN)-α/-λ and IFN-γ-induced protein (IP)-10 in nasosorption (B–D, respectively) and bronchosorption
samples (E, F, respectively; IFN-α not shown) at baseline and during infection. (G) Area under the curve (AUC) during infection of IFN-α/-λ and
IFN-induced proteins (IP-10, macrophage inflammatory protein (MIP)1-α, MIP-1β) in nasosorption. (H) Change from baseline to infection in
bronchosorption in IFN-α/-λ and IFN-induced proteins. There are two fewer bronchosorption samples as two patients did not undergo bronchoscopy
for logistical reasons (one in each group). (A–D) Medians with IQRs. (E, F) Individual subjects. (G, H) Medians (lines) with IQRs (boxes) and full range
(whiskers). The placebo and timapiprant groups were compared at each time point by Mann-Whitney U tests. Within each group, each time point was
compared with baseline by Wilcoxon rank sum tests. *p<0.05, **p<0.01, ***p<0.001.
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function response to timapiprant in an earlier trial: atopic with
positive skin prick tests, partially uncontrolled asthma as defined
by ACQ-6 score, raised blood eosinophil counts, and relatively
young.29 No alternative biomarker or clinical parameter for
identifying treatment response has been suggested in the literature. The subject numbers in the current study were too small
to perform subgroup analyses, but there was no trend to suggest
there was a subgroup of responders.
Alternatively, CRTH2 blockade may not offer additional
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between prescribed ICS dose and PGD2 levels during RV infection. Twelve previous studies of CRTH2 antagonists have been
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IL-5, IL-13, blood eosinophils, FeNO and total IgE).60 61
In conclusion, the CRTH2 antagonist timapiprant did not
attenuate RV-induced increases in symptoms and asthma pathophysiology in a group of ICS-
treated subjects with partially
controlled asthma. The results of the ongoing phase 3 clinical
trial of timapiprant in asthma are awaited with interest.
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Inclusion and exclusion criteria
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Table S1 Inclusion and exclusion criteria
Inclusion criteria
•

•

•

•

•

Exclusion criteria

An Asthma Control Questionnaire •

Presence

(ACQ-6) Score >0.75

diseases

Positive histamine challenge test

(cardiovascular,

(PC20 <8 μg/mL, or <12 μg/mL and

gastrointestinal,

bronchodilator response ≥ 12%)

pulmonary,

neurological,

Worsening asthma symptoms with

genitourinary,

autoimmune,

infection since last change in asthma

endocrine, metabolic, neoplasia etc.),

therapy

which,

of

the

Positive skin prick test to common

investigator, may either put

the

aeroallergens (e.g. house dust mite,

patient at risk because of participation

pollens, animal epithelia)

in the trial, or diseases which may

Treatment

comprising

•

of

clinically

other

in

the

significant

than

asthma

renal,

hepatic,

haematological,

opinion

influence the results of the study or

inhaled

corticosteroids (ICS) or combination

the patient’s ability to take part in it

inhaler (Long-Acting Beta Agonist •

Smoking history over past 12 months

•

Seasonal allergic rhinitis symptoms at

with ICS)
•

Thorax

Participant is willing for their GP to be

screening or during the 3-week pre-

informed of their participation

treatment phase (prior to rhinovirus

Absence

inoculation)

of

serum

neutralizing

antibodies to rhinovirus-A16

1
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Asthma exacerbation or viral illness
within the previous 6 weeks or during
the 3-week pre-treatment phase (prior
to rhinovirus inoculation)

•

Current or concomitant use of oral
steroids,

anti-leukotrienes

or

monoclonal antibodies
•

Pregnant or breast-feeding women.
Patients should not be enrolled if they
plan to become pregnant during the
time of study

•

Contact with infants <6 months or
immunocompromised

persons,

elderly and infirm at home or at work
•

Subjects who have known evidence
of lack of adherence to medications
and/or ability to follow physician’s
recommendations

1
2

2
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ACQ-6

X

X

X

X

Clinic spirometry

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Thorax

Visit 11
day 42

Visit 10
day 10

Visit 9
day 7

Visit 7
day 4

Visit 6
day 3

Visit 5
day 2

Visit 4
day 0

Visit 3
day -8

Table S2 Summary of study assessments and sampling

Visit 2
day -9

2

Visit 1
day -21

Summary of study assessments and sampling

Screening

1

Visit 8
day 5
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X

X

X

X

X

X

X

X

X

X

X

X

Exhaled nitric
X

oxide (FeNO)
Histamine
X

challenge (PC20)
Blood tests

X

X

X

Other screening
X
tests*
Home symptom
scores
Home spirometry
Nasosorption and
X

X

X

X

X

X

X

X

nasal lavage
Bronchoscopy
(bronchosorption,

X

X

biopsies)
Virus inoculation

X

3

*Other screening tests include: skin prick testing, ECG, urinary pregnancy test, chest

4

radiograph

5
3
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1

Symptom scores

2

Symptoms were assessed by daily diary cards, from randomization three weeks

3

before virus inoculation until six weeks post-inoculation. The daily cold score was

4

measured using the Jackson scale(1) and summated from individual scores (sneezing,

5

headache, malaise, chilliness, nasal discharge, nasal obstruction, sore throat, cough,

6

fever) each graded from 0 (absent) to 3 (severe). The daily lower respiratory score

7

was also summated from individual symptom scores (cough on waking; wheeze on

8

waking; daytime cough; daytime wheeze; daytime chest tightness; daytime shortness

9

of breath; nocturnal cough, wheeze or shortness of breath), also each graded 0–3

10

(absent, mild, moderate, severe). The same diary cards recorded study medication

11

usage and home spirometry.

12

Clinical assessments

13

Spirometry was performed at home using a PiKo-1 (nSpire Health, UK) or Asma-1

14

handheld spirometer (Vitalograph, UK), and in clinic using a MicroLab spirometer

15

(CareFusion, Kent, UK). FeNO was measured in clinic using a NIOX VERO (Aerocrine

16

AB, Sweden). Bronchoprovocation testing using histamine was undertaken to

17

calculate the provocative concentration of histamine causing a 20% reduction in FEV 1

18

(PC20) as per previous studies(2, 3).

19

Sampling procedures

20

Nasosorption, nasal lavage, and bronchoscopy (including bronchosorption and

21

bronchial biopsies) were all performed as in previous studies(2, 3).

22

4
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Laboratory methods

2

Concentrations of soluble mediators were quantified in the eluates from the

3

nasosorption and bronchosorption strips. For PGD2, a PGD2-MOX enzyme

4

immunoassay was used (Cayman Chemical Company, USA). The remaining

5

mediators were measured using highly sensitive MesoScale Discovery assays

6

(MesoScale Discovery, USA) as previously described(2), including: IL-1β, IL-4, IL-5,

7

IL-6, IL-8, IL-13, interferon (IFN)-α, IL-29/IFN-λ1, IFN-γ-induced protein (IP)-10 also

8

known as C-X-C motif chemokine ligand (CXCL)10, macrophage inflammatory protein

9

(MIP)1-α and MIP-1β also known as chemokine (C-C motif) ligand (CCL)3 and CCL4

10

respectively), and tumour necrosis factor (TNF).

11

5
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Supplementary tables

2

Table S3 Nasal and bronchial cytokines, CRTH2 staining in bronchial biopsies, and

3

virus copies in nasal lavage
Placebo

Timapiprant

Difference
(timapiprant –
placebo)
(95% CI)

2.173

2.234

0.061 (-3.769 to

(0.718 to 6.255)

(1.515 to 4.072)

1.964)

125.6

91.37

-34.2 (-179.4 to

(13.73 to 267.1)

(41.87 to 243.5)

138.7)

53.72

82.62

28.9 (-49.2 to

(23.24 to 125.9)

(34.88 to 133.6)

79.5)

17.54

10.9

-6.64 (-25.55 to

(1.493 to 36.08)

(5.076 to 25.58)

9.28)

412.4

518.6

106.2 (-188.4 to

(149.9 to 597.5)

(161.7 to 885.9)

560.1)

125012

454645

(59252 to

(149871 to

1199856)

1975763)

1063

1476

413.4 (-519.0 to

(491.2 to 1841)

(808.5 to 3350)

1689.2)

2556

4025

1469 (-1098.5 to

(865.2 to 4913)

(2267 to 5143)

3018.7)

Nasal IL-4 AUC

Nasal IL-5 AUC

Nasal IL-13 AUC

Nasal IFN-α AUC

Nasal IFN-λ AUC

329634 (-641673
Nasal IP-10 AUC

to 1238147)

Nasal MIP-1α AUC

Nasal MIP-1β AUC

6
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675.1

1704

1029 (-284.0 to

(477.8 to 1449)

(635.2 to 3153)

2124.5)

606.9

677.6

70.75 (-1331 to

(152.2 to 2187)

(250 to 1379)

749.4)

Thorax

Nasal IL-6 AUC

72289
54661
Nasal IL-8 AUC

17628 (-18841 to
(39676 to

(40977 to 79169)

120489)
193940)

40.79

54.04

13.25 (-41.52 to

(21.5 to 88.69)

(28.18 to 110.8)

64.38)

9.167

8.355

-0.812 (-4.707 to

(7.415 to 12.83)

(6.67 to 10.86)

1.699)

0

0.001883

(-0.01643 to

(-0.01107 to

0.02396)

0.02885)

Nasal TNF AUC

Nasal PGD2 AUC

Bronchial IL-4

0.002 (-0.010 to

(change D+5 vs D-8)

0.031)

0.5004
Bronchial IL-5

0.04902

0.451 (-0.706 to
(-0.0003907 to

(change D+5 vs D-8)

(-0.3711 to 1.149)

1.792)
1.751)

0
Bronchial IL-13

0.313

0.313 (-0.385 to

(0 to 1.282)

1.276)

0.08973

0.090 (-0.153 to

(-0.1404 to 2.786)

2.518)

1.521

1.463

-0.058 (-2.621 to

(0.3973 to 4.482)

(0 to 23.69)

15.732)

(-0.7222 to
(change D+5 vs D-8)
0.7579)
0
Bronchial IFN-α
(-0.4273 to
(change D+5 vs D-8)
0.1341)
Bronchial IFN-λ
(change D+5 vs D-8)

7
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Bronchial IP-10
(change D+5 vs D-8)
Bronchial MIP-1α
(change D+5 vs D-8)
Bronchial MIP-1β
(change D+5 vs D-8)
Bronchial IL-1β
(change D+5 vs D-8)
Bronchial IL-6
(change D+5 vs D-8)
Bronchial IL-8
(change D+5 vs D-8)

226.7

646.9

420.2 (-487.6 to

(-280.6 to 1033)

(-23.64 to 3042)

2226.0)

2.092

8.443

6.351 (-12.564 to

(-18.2 to 12.31)

(-7.48 to 39.91)

34.852)

-6.86

21.33

28.188 (-16.34 to

(-46.08 to 24.83)

(-5.472 to 92.67)

83.00)

-0.4316

3.236

3.668 (-4.223 to

(-16.37 to 6.322)

(-2.482 to 13.79)

19.461)

0.9457

2.542

1.596 (-2.976 to

(-9.82 to 4.205)

(-0.8302 to 8.526)

11.159)

93.01

182.7

89.66 (-240.53 to

(-851.4 to 285.7)

(-84.81 to 507.1)

1032.24)

0.09044

0.1421

(-0.5547 to

(0.01724 to

Bronchial TNF

0.053 (-0.189 to

(change D+5 vs D-8)

0.569)
0.3608)

0.5016)

-0.00336

-0.1542

(-0.1476 to

(-0.3205 to

0.1735)

0.1722)

16.35

-11.64

-27.99 (-61.08 to

(-9.925 to 29.57)

(-41.48 to 23.72)

18.08)

63.4

18.21

-45.19 (-82.30 to

(-18.78 to 87.62)

(-11.82 to 63.75)

38.31)

479828

708923

229095 (-

(31650 to

(100546 to

2873623 to

5859697)

3623753)

2142014)

Bronchial PGD2

-0.151 (-0.433 to

(change D+5 vs D-8)

CRTH2 staining in
epithelium
CRTH2 staining in
subepithelium

Thorax

0.194)

Virus copies in nasal
lavage (AUC)

8
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Data are median (IQR). 95% confidence intervals (CI’s) for median values derived via

2

bootstrapping. AUC scores were derived using the trapezoidal method and are based

3

on AUC over x-axis – AUC under x-axis. Note that two subjects did not undergo

4

bronchoscopy for logistical reasons, one from each group, and the baseline

5

bronchosorption sample for one further subject was lost and therefore that subject is

6

also excluded from the bronchial cytokine data above (timapiprant arm).

7

9
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Table S4 Adverse events in the safety set
Placebo (n=22)

Timapiprant (n=22)

Mild

10

17

Moderate

5

0

Headache

5

17

Musculoskeletal pain

2

0

Pneumonia

1

0

Respiratory tract infection

1

0

Fever post-bronchoscopy

1

0

Cough

1

0

Sore throat

1

0

Periodontitis

1

0

Periorbital oedema

1

0

Fractured clavicle

1

0

9/22 (40.9%)

5/22 (22.7%)

Adverse events (number)

Adverse events (type)

Subjects with adverse events
2
3

10
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Supplementary figure legends

2

Figure S1 Timapiprant treatment had no effect on virus-induced non-type 2

3

airway inflammation. 30 patients with asthma were experimentally infected with RV-

4

A16 with n=16 receiving timapiprant and n=14 receiving placebo. (A-D) and (F-I)

5

Concentration of IL-1β, IL-6, IL-8 and TNF at baseline and during infection in

6

nasosorption (A-D respectively) and bronchosorption samples (F-I respectively).

7

There are two fewer bronchosorption samples as two patients did not undergo

8

bronchoscopy for logistical reasons (one in each group). (E) AUC during infection of

9

type 2 (IL-4, IL-5, IL-13) and proinflammatory cytokines (IL-1β, IL-6, IL-8, TNF) in

10

nasosorption. (I) Change from baseline to infection in bronchosorption in type 2 and

11

proinflammatory cytokines. (A-D) and (F-I) show medians with interquartile ranges, (E)

12

and (J) show medians (lines) with interquartile ranges (boxes) and full range

13

(whiskers). The placebo and timapiprant groups were compared at each time point by

14

Mann-Whitney U tests. Within each group, each time point was compared to baseline

15

by Wilcoxon rank sum tests. *P < 0.05 **P < 0.01 ***P < 0.001.

16

Figure S2 PGD2 levels in the airways were not affected by RV infection or

17

timapiprant treatment. 30 patients with asthma were experimentally infected with

18

RV-A16 with n=16 receiving timapiprant and n=14 receiving placebo. (A-C)

19

Concentrations of PGD2 in nasosorption (A) and bronchosorption samples (B) at

20

baseline and during infection, and in terms of AUC for nasosorption (C). There are two

21

fewer bronchosorption samples as two patients did not undergo bronchoscopy for

22

logistical reasons (one in each group). (D) Correlation between prescribed ICS dose

23

and nasal PGD2 AUC during infection. (A) and (C) show medians with interquartile

24

ranges. The placebo and timapiprant groups were compared by Mann-Whitney tests.

25

Within each group, each time point was compared to baseline by Wilcoxon rank sum
11
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1

tests. The relationship between prescribed ICS dose and nasal PGD 2 AUC was

2

analyzed by linear regression.

12
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