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Abstract
Background: To determine the proportion and reproducibility of cat- allergic mild 
asthmatics with early asthmatic response (EAR) during cat allergen exposure in a nat-
uralistic exposure chamber (NEC).
Methods: This was a prospective, observational study in 30 cat- allergic mild asthmat-
ics who received two 180- min cat- allergen (Felis domesticus allergen 1 [Fel d 1]) chal-
lenges 27 days apart in an NEC.
Results: An EAR (≥20% reduction from baseline in forced expiratory volume in 1 s 
[FEV1]) was observed in 67% and 52% of subjects at first and second NEC exposure, 
respectively, with similar median time to EAR; 44% of subjects had an EAR on days 1 
and 28. Late asthmatic response (≥15% reduction in FEV1 within 24 h of NEC exit) was 
observed in 33% of subjects following either exposure. Average FEV1 and total nasal 
symptom score during NEC exposure were highly correlated within subjects between 
NEC exposures (r = 0.91, p < 0.0001; r = 0.73, p < 0.001), but total ocular symptom 
score was not. Time to EAR, but not average FEV1, was significantly associated with 
NEC Fel d 1 concentration, which was variable. There were no serious adverse events; 
12/30 subjects experienced 20 adverse events (including asthma, 10%; headache, 
10%).
Conclusions: The NEC model demonstrates that average FEV1 change is highly repro-
ducible and has a low correlation with cat allergen levels. However, time to EAR and 
incidence of EAR are less reproducible and are highly correlated with NEC allergen 
levels. Average FEV1, rather than incidence of EAR or time to EAR, could be consid-
ered as an endpoint for interventional trials testing cat- specific anti- allergy therapies 
using an NEC.
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1  |  INTRODUC TION

Cat allergens are among the most important indoor allergens, and 
are a common cause of Type 1 (immunoglobulin [Ig] E- mediated) al-
lergic disease world- wide, affecting an estimated 10%– 15% of adults 
presenting with allergic rhinoconjunctivitis and/or asthma.1 Felis 
domesticus allergen 1 (Fel d 1) in cat hair is produced by the skin, 
and by the salivary and lacrimal glands of the cat.2 Dried saliva and 
dander from cat hair are spread as small airborne particles into the 
environment and readily adhere to surfaces such as walls, carpets 
and furniture. While the highest amount of Fel d 1 allergen is found 
in households with cats, and the concentration correlates with the 
number of cats per house,3– 5 this allergen can be carried on clothes 
and shoes into homes and schools without cats and may persist in 
these areas for months to years.6 Hence, it is difficult to avoid expo-
sure to cat allergen in the environment.

The association between cat allergy and asthma is significant; 
~30% of allergic asthmatics have a concomitant allergy to cats.7 
Additionally, more than 50% of cat- sensitized subjects have a diag-
nosis of comorbid asthma, ranging from intermittent mild to poten-
tially life- threatening asthmatic exacerbations requiring treatment 
with short-  and long- acting bronchodilators, inhaled corticosteroids 
and broad allergen immunotherapy agents.8 Patients with high con-
centrations of cat allergen- specific IgE are at higher risk for oculo- 
nasal and/or asthma symptoms.9,10 There is an unmet need for 
improved prophylaxis of cat allergy to reduce cat allergen- associated 
asthma exacerbations.

Recommendations for treating allergic rhinitis include aller-
gen avoidance, antihistamines and intra- nasal corticosteroids and 

allergen- specific immunotherapy.11 Although antihistamines and 
intra- nasal corticosteroids are widely used as preventative agents, 
up to ~50% of patients report poor or only partial symptom con-
trol.12– 15 Specific immunotherapy (SIT), including subcutaneous 
immunotherapy and sublingual immunotherapy, is indicated when 
moderate- to- severe symptoms persist despite the use of antihista-
mines and intra- nasal corticosteroids.16– 19 However, adverse events 
(AEs) occur in 40%– 50% of patients, ranging from mild reactions (e.g. 
swelling, injection- site reactions and urticaria) to life- threatening re-
actions (e.g. asthma exacerbation and anaphylaxis)20; the incidence 
of severe systemic reactions is estimated to be <1% with conven-
tional immunotherapy and >30% with rush immunotherapy.21 
Uncontrolled asthma may be exacerbated by SIT and therefore is 
contraindicated. Given these factors, there is a significant unmet 
need to develop novel therapies to treat moderate- to- severe aller-
gic rhinoconjunctivitis and asthma due to cat allergy that are effi-
cacious, more rapid and more convenient than currently available 
therapies, and for novel study designs to determine their efficacy.

G R A P H I C A L  A B S T R A C T
In this prospective, observational study in cat- allergic mild asthmatics who received cat- allergen challenges in an NEC, 67% and 52% of 
subjects experienced an EAR at first and second exposure. The time to and incidence of EAR were highly correlated with NEC allergen 
levels, while average FEV1 during NEC challenges was highly correlated within subjects between NEC exposures. Average FEV1 could be a 
possible endpoint for interventional trials testing cat- specific anti- allergy therapies using an NEC.

Key messages

• Sixty- seven percent and 52% of subjects experienced an 
EAR at first and second NEC exposure

• Time to and incidence of EAR are highly correlated with 
NEC allergen levels

• Average FEV1 during NEC challenges was highly corre-
lated within subjects between NEC exposures
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Historically, regulatory approval of novel allergy therapeu-
tics targeting aeroallergens has required field studies conducted 
during the natural allergy season. This type of study is limited by 
confounding environmental factors (rain, dust, other allergens, 
etc.) and allergen exposure avoidance by patients.22 Limited para-
digms exist to study novel allergy therapeutics targeting perennial 
allergens such as cat allergen.23– 25 To overcome the limitations of 
field studies, environmental exposure units (EEUs) that expose al-
lergic patients to nebulized cat allergen, as well as ‘live- cat rooms’ 
that expose allergic patients to cat dander in rooms where cats live, 
have been developed to standardize the assessment of anti- allergen 
therapies.23,26– 28 Novel study designs in the EEU are emerging to de-
termine the efficacy of anti- allergen immunotherapies for the pre-
vention of asthma exacerbations.29– 33

It is currently unknown whether the EEU model or the live- cat 
room model will be developed to obtain regulatory approval of novel 
allergy therapeutics targeting cat allergy and cat allergen- associated 
asthma exacerbations. It is also unknown how well allergic and asthma 
symptoms elicited in an EEU compared to symptoms elicited in a live- 
cat room. Arvidsson et al. demonstrated an association between bron-
choconstriction elicited by a bronchial challenge with nebulized cat 
allergen extract and by a live- cat room.34 Corren et al. demonstrated 
that omalizumab significantly reduced bronchoconstriction in patients 
with cat allergy and moderate asthma who were exposed to cat aller-
gen in a live- cat room.35 The live- cat rooms that were used for these 
studies were not permanent fixtures, and therefore not maintained 
over time. The live- cat challenge room, or naturalistic exposure cham-
ber (NEC), that has been established at Red Maple Trials (RMT) has 
been purposely built and maintained to conduct such studies. The ob-
jective of the NEC is to generate a realistic allergen exposure chamber 
to that experienced in an indoor home environment. This model com-
plements highly controlled allergen exposure chamber studies.

The NEC is a type of natural environmental exposure which of-
fers a more controlled environment than a traditional field study, 
but more natural allergen exposure than in an EEU, as allergens are 
produced by living cats. This study was performed to determine 
whether an NEC, representative of natural cat exposure, may be 
used to induce an early asthmatic response (EAR) in cat- allergic mild 
asthmatics in a reproducible manner. Frequent spirometry and sub-
ject monitoring for up to 24 h after subjects exited the cat allergen 
exposure was employed to optimize safety monitoring. These data 
may be used to inform the design of future interventional clinical 
trials of cat- specific anti- allergic therapies.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

This prospective, single- centre, observational study evaluated aller-
gic symptoms provoked by exposure to live- cat allergen in an RMT 
NEC in cat- allergic subjects with mild asthma. The study comprised 
a 4- week screening period, including skin prick testing for cat hair 

and other common allergens, serum for total IgE and specific IgE for 
Fel d 1 and cat hair, and spirometry testing. The reproducibility of 
symptom onset following cat allergen exposure was assessed by two 
cat allergen challenges in the NEC, separated by 27 days, after which 
subjects were followed up for 1 week. The study design and subject 
disposition are shown in Figure 1A and B.

The study was conducted in accordance with the 2013 principles 
of the Declaration of Helsinki and the International Conference on 
Harmonization Good Clinical Practice guidelines. The study proto-
col and all amendments were approved by the institutional review 
board at the participating study site (Advarra, Pro- 0037395). All the 
participants provided written informed consent prior to enrolment.

2.2  |  Study participants

Male and female subjects aged between 18 and 65 years with a self- 
reported history of at least 2 years of cat allergy and mild asthma 
(Global Initiative for Asthma stage 1 [GINA 1]),36 with cat sensitiza-
tion confirmed at screening by: (1) a positive skin prick test (SPT) 
with cat hair extract (ALK, USA; mean wheal diameter at least 5 mm 
greater than a negative control) and (2) positive allergen- specific IgE 
tests for cat hair and Fel d 1 (>0.35 kAU/L at screening). Those with 
a >10% fall in FEV1 on three consecutive occasions during a 60- min 
control session with spirometry every 10 min were excluded from 
the study; only one subject was excluded based on this criterion.

2.3  |  Naturalistic exposure chamber challenge

Challenges were performed in an NEC (Red Maple Trials, Inc., 
Ottawa, Canada), a small room (2.81 m × 2.11 m × 2.44 m) where 
two male neutered cats (aged 3 years) resided for more than 1 year in 
an apartment- like setting with furniture, carpets and blankets except 
during challenges (cats were removed from the NEC prior to chal-
lenges; Figure 1C). The NEC was set up for two subjects to be chal-
lenged at one time; all challenges were performed in the morning. In 
addition, the study was conducted during the fall and winter, and all 
subjects were studied outside of their pollen seasons. The NEC has 
been approved as a research facility by the Ministry of Agriculture, 
Food and Rural Affairs of Ontario. The Canadian Council on Animal 
Care guidelines were followed.37

During the challenges, a modified robotic vacuum (Figure 1C) 
continuously dispersed particulate containing cat allergen from 
the floor into the air during the time that the subjects were in 
the NEC.38 The robot vacuum offered continuous recirculation of 
cat allergen without interruption of the subject or the exposure 
room. Airborne cat allergen (Fel d 1) was measured with multiple 
air sampling pumps (Gillian 5000, Sensidyne, Florida, USA) located 
throughout the room with cassettes containing filters to cap-
ture the antigen; for details, see online Supporting Information. 
Air samples, chosen randomly and spanning the study, all tested 
below detection levels for Dermatophagoides pteronyssinus 
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allergen 1 (Der p 1 [<3.7 ng/m3]) and Dermatophagoides farinae 
(Der f 1 [<0.8 ng/m3]).

Spirometry was measured just prior to and every 10 min during 
the challenges using mobile device- linked spirometry (Nuvoair, 
Sweden). Baseline spirometry was performed outside of the NEC in 
an area free of cat dander; spirometry measurements during chal-
lenges were conducted within the NEC. Rhinoconjunctivitis and re-
spiratory symptoms were captured prior to and every 20 min during 
the challenges using the same mobile device.

Subjects underwent the challenges for up to 180 min at base-
line and 27 days later. Prior to entering the NEC, their eligibility and 
medication use were reviewed, their Asthma Control Test (ACT) 
questionnaire39 was completed, and they performed spirometry and 
peak nasal inspiratory flow tests. They then recorded their nasal 
(total nasal symptom score [TNSS]),40 ocular (total ocular symptom 
score [TOSS])41 and chest symptoms (individual questions relating 
to chest tightness, wheezing, cough, swollen or tight throat, diffi-
culty breathing, itchy throat and itchy skin). If the subject's TNSS 
score was <2, meaning they were asymptomatic, ACT score ≥20 and 
forced expiratory volume in 1 s (FEV1) ≥70% predicted, signifying 
stable asthma control prior to cat allergen exposure, they were per-
mitted to undergo the challenge. The subjects left the NEC if they 
experienced an EAR (FEV1 reduction by 20% of baseline), if their 
symptoms became intolerable, or if 180 min was reached. Subjects 
who experienced an EAR and/or had asthma symptoms were treated 
with salbutamol, a short- acting beta agonist, per protocol, plus 

additional treatments if clinically indicated. For details of post NEC 
departure monitoring, see online Supporting Information.

2.4  |  Study endpoints

The primary endpoint was the proportion of cat- allergic asthmat-
ics who attained an EAR within 180 min during the first NEC chal-
lenge on day 1. Time to EAR was defined as either the time to a 
≥20% reduction in FEV1 in the NEC,32 or when the subject voluntar-
ily departed the NEC due to clinically significant allergic or asthma 
symptoms. Reductions in FEV1 of ≥20% were adjudicated by the 
investigators by blindly evaluating baseline and subsequent spirom-
etry data, including flow volume loops.

Secondary endpoints (see Table S1) included the proportion of 
cat- allergic asthmatics who attained an EAR within 180 min in the 
NEC on day 28, the proportion who experienced a late asthmatic 
response (LAR) within 24 h of being in the NEC, and the incidence 
rates of AEs and serious AEs through the end of the study.

During the on- site 6- h observation period, the time to LAR was 
defined as the time to a ≥15% reduction in FEV1 (with spirome-
try efforts adjudicated by the investigator) from leaving the NEC. 
During the at- home monitoring period up to 24 h after the subject 
exited the NEC, time to LAR was defined as time to a ≥15% reduc-
tion in FEV132 (confirmed by two spirometry efforts within 5 min) 
along with either rescue medication use (any medication at any dose) 

F I G U R E  1  Study design, subject 
disposition and NEC set up. NEC, 
naturalistic exposure chamber. *Two 
subjects with unreliable spirometry data 
were excluded from spirometry- related 
analyses
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within 1 h or the presence of chest symptoms within 1 h of the drop 
in FEV1 (adjudicated by the investigator). A subject could not have 
more than one LAR within 24 h of leaving the NEC.

2.5  |  Statistical analysis

Time to each type of asthma exacerbation was examined using 
Kaplan– Meier estimates, with times censored at 180 min, 24 h and 
27 h, if subjects did not experience EAR, LAR or any asthma re-
sponse (AAR), respectively. The median times to EAR, LAR and AAR 
and corresponding 95% confidence intervals (CIs) are provided for 
each NEC cat allergen challenge.

Average FEV1, TNSS and TOSS for each NEC cat allergen chal-
lenge were calculated as the area under the curve of each parameter, 
based on the trapezoidal rule, divided by the time the subject spent 
in the NEC at that challenge. Least squares (LS) means and 95% CIs 
are presented from mixed models with repeated measures, with 
the Fel d 1 concentration in the NEC and the baseline parameter 
value prior to the start of the NEC challenge as continuous covari-
ates and the challenge visit as a factor. An unstructured covariance 
structure was utilized. Pearson's correlation was used to assess the 
reproducibility of symptoms elicited in the NEC. Lin's concordance 
correlation coefficient was assessed as a sensitivity analysis; similar 
results to the Pearson correlation were observed and therefore are 
not reported here. Spearman's rank correlation was used to evalu-
ate correlations of the allergen concentration and IgE with clinical 
assessments.

3  |  RESULTS

3.1  |  Study participants

Among the 45 subjects assessed for eligibility, 30 met the inclusion/
exclusion criteria and were enrolled (Figure 1B). Subjects’ demo-
graphic and baseline characteristics, including response to screening 
cat challenge and Fel d 1- specific and cat hair- specific IgE levels, are 

shown in Table 1. Almost half of the subjects were male, and the 
mean age of all subjects was 32 years. Mean FEV1 was 3.64 L. In ad-
dition to cats, most subjects were also highly sensitized (SPT mean 
wheal diameter ≥5 mm) to timothy grass (15/30, 50%) and dust mite 
(Der p 1) (20/30, 66.7%). Additional allergens tested and IgE levels 
to cat- related and other common allergens are shown in Tables S2 
and S3.

3.2  |  Assessing intra- subject variability to 
cat allergen challenge in the NEC by examining 
EAR and symptoms

Overall, 66.7% (20/30) of subjects had an EAR (≥20% reduction in 
FEV1 within 180 min; 95% CI 47.2%, 82.7%) following exposure to 
cat dander from live cats during the first NEC challenge (day 1), while 
51.9% (14/27; two subjects were excluded from spirometry- related 
analyses due to unreliable spirometry results; 95% CI 31.9%, 71.3%) 
had an EAR during the second NEC challenge (day 28, Figure 2A). 
Only 12 subjects (44.4%) experienced an EAR within 180 min in the 
NEC during both challenges; eight (29.6%) had an EAR during one 
of the two visits and seven (25.9%) did not have an EAR at either 
challenge. The time to EAR was also defined as the time to a subject 
voluntarily departing the NEC due to clinically significant allergic or 
asthma symptoms; however, there were no subjects who voluntarily 
departed the NEC due to intolerability of their symptoms.

Median time to EAR was similar, 132 and 142 min, following the 
start of NEC cat allergen challenge on days 1 and 28, respectively 
(Figure 2B). Among subjects who had an EAR at both visits, the time 
to EAR differed by 37 min on average (mean [standard deviation, 
SD]; 37.6 [38.6] min); among subjects who had an EAR at one of the 
two visits, the time in NEC differed by over an hour (65.5 [52.3] min).

An additional supplementary analysis using a 15% reduction in 
FEV1 as the definition of an EAR showed similar reproducibility. 
With this definition, 90% (27/30) of subjects had an EAR during the 
first NEC challenge and 77.8% (21/27) had one during the second 
challenge. Nineteen subjects (70.4%) had a 15% reduction in FEV1 
during both challenges, and one subject (3.7%) did not have a 15% 

Total (N = 30)

Age, years, mean (SD) 32 (11.1)

Male, n (%) 13 (43.3)

Non- Hispanic white, n (%) 27 (90.0)

Screening cat skin test wheal diameter, mm, mean (SD) 8.78 (2.51)

Fel d 1 IgE, Ku/L, median (Q1: Q3) 4.74 (1.26: 10.70)

Cat hair IgE, Ku/L, median (Q1: Q3) 5.64 (1.47: 23.50)

Baseline FEV1, L, mean (SD) 3.64 (0.76)

Baseline FEV1, percent predicted, mean (SD) 97.85 (13.05)

Baseline minute ventilation (L/min), mean (SD) 13.28 (6.80)

Abbreviations: Fel d 1, Felis domesticus allergen 1; FEV1, forced expiratory volume in 1 s; Ig, 
immunoglobulin; SD, standard deviation.

TA B L E  1  Study participants’ 
demographic and baseline characteristics
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reduction during either challenge. The median time to a 15% re-
duction in FEV1 was 65 and 50 min on days 1 and 28, respectively. 
Among subjects who had a 15% reduction at both visits, the time 
differed by 30 min on average (mean [SD]; 29.5 [35.4] min); among 
subjects who had an EAR at one of the two visits, the time in NEC 
differed by 49 min on average (48.6 [32.4] min).

Average FEV1 was highly correlated between day 1 and day 
28 NEC exposure (r = 0.92, p < 0.0001; Figure 3) and was similar at 
the aggregate level (LS mean [95% CI] 3.10 L [3.01, 3.20] vs. 3.11 L 
[3.02, 3.20]). The maximum reduction in FEV1 (median [minimum, 
maximum]) during NEC exposures on day 1 (20.7% [11.5, 38.7%]) and 
day 28 (20.2% [7.0%, 41.8%]) ranged between 7% and 42%. Subjects 
were removed from the NEC once FEV1 dropped by 20% or more.

The Fel d 1 concentration in the NEC was variable in the 
two NEC exposures. Fel d 1 concentration measured at the sub-
ject shoulder (referred to as subject pump) ranged from 15.4 
to 167.5 ng/m3 over the first, mean (SD) 54.3 (41.6) ng/m3, and 
second exposure, 48.5 (32.5) ng/m3 (Figure 4A). Notably, the 
time to EAR was significantly associated with the concentration 
of Fel d 1 in the NEC, as calculated from the room and subject 
pumps (Figure 4B and C), but average FEV1 did not correlate with 
Fel d 1 concentration (room pump: r = 0.02, p = 0.88; subject 
pump: r = −0.08, p = 0.55). On average, subjects tolerated a sim-
ilar quantity of cat allergen in nanograms (ng) during both NEC 
exposures, as assessed by NEC Fel d 1 concentration over time 
(ng/m3) × min ventilation (L/min) × time in NEC (min) (where 1 L/
min = 1/1000 m3/min). Cat allergen quantity (ng) tolerated on day 
1 vs. day 28 (LS mean [95% CI]) was 53.5 ng (36.4, 70.5) vs. 48.8 ng 
(33.4, 64.1).

Average TNSSs induced by cat allergen challenge in the NEC were 
low but similar during exposures on day 1 and day 28 (LS mean [95% 
CI]: 3.17 [2.51, 3.84] vs. 2.65 [1.91, 3.39]), with a strong intra- subject 
correlation between the average TNSS on day 1 and day 28 (r = 0.73; 
p < 0.001). By contrast, although the average TOSS induced by a cat 
allergen challenge in the NEC was not significantly different on days 
1 and 28 (LS mean [95% CI]: 0.77 [0.30, 1.23] vs. 1.04 [0.38, 1.69]), no 
significant intra- subject correlation was observed (r = 0.28; p = 0.32).

Average chest symptoms observed were similar during expo-
sures on days 1 and 28, with the highest symptom score observed 
for symptoms related to chest tightness and cough (Table S4). A 
strong intra- subject correlation was observed for symptoms related 
to cough, itchy skin, and wheezing, and moderate correlation was 
observed for the other symptoms assessed (Figure S1).

3.3  |  IgE and SPT, and relationship with time to 
EAR and symptom scores

Baseline characteristics of SPT and IgE are included in Table 1. 
Correlation between SPT and IgE with time to EAR and symptom 
scores was evaluated. No significant correlation was observed be-
tween the SPT mean wheal diameter or cat dander IgE with the 
time to EAR (Table S5). A weak- to- moderate correlation with Fel d 
1 specific- IgE and total IgE with time to EAR was observed, with 
statistical significance achieved on day 1 for Fel d 1- specific IgE and 
on day 28 for total IgE (Table S5). No significant correlations were 
observed between cat dander IgE, Fel d 1- specific IgE, total IgE or 
SPT mean wheal diameter with average FEV1, TNSS or TOSS.

F I G U R E  2  (A) Proportion of subjects 
experiencing an EAR in the NEC and 
(B) median time to EAR at days 1 and 
28 following NEC challenge. EAR, 
early asthmatic response; Fel d 1, Felis 
domesticus allergen 1; NEC, naturalistic 
exposure chamber. “Day 1 or day 28” 
represents the proportion of subjects 
who experienced an EAR on either day 
1 or day 28, but not both. Dotted line 
corresponds to the median time to EAR on 
days 1 and 28

80

70

60

50

40

30

20

10

0
Day 1

66.7

Day 28

51.9

Su
bj

ec
ts

 w
ith

 E
A

R
 fo

llo
w

in
g 

Fe
l d

 1
ex

po
su

re
 in

 a
n 

N
EC

 (%
)

Day 1 +
Day 28

44.4

Day 1 or
Day 28

29.6

66.766.766.7

(A)

1.00

0.75

0.50

0.25

0.00Pr
ob

ab
ili

ty
 o

f r
em

an
in

g 
in

 N
EC

 w
ith

 n
o 

EA
R

Minutes from start of NEC exposure
Number at risk

0 20 40 60 80 100 120 140 160 180

30
27

Visit Day 1
Visit Day 2

30
27

27
25

22
18

19
16

17
15

15
15

14
14

13
12

11
12

Visit = Day 1

Visit = Day 28

(B)



    |  271YANG et Al.

3.4  |  Reproducibility of subjects experiencing LAR 
within 24 h of NEC challenge

Almost a quarter of the subjects (23.3%) had an LAR (within 24 h) 
following day 1 NEC cat allergen exposure, and fewer (14.8%) had 
one following day 28 NEC cat allergen exposure. The frequency of 
LAR was higher among the subjects who did not have an EAR than 
among those who had had an EAR on either day 1 ([3/10] 30%) vs. 
[4/20] 20%) or day 28 ([3/13] 23.1% vs. [1/14] 7.1%); no statistically 
significant difference was shown. The majority of subjects (66.7%) 
did not have an LAR following either day 1 or day 28 NEC exposure, 
29.6% had an LAR at one of the two exposures, and only one subject 
(3.7%) had an LAR after both exposures. Since most subjects did not 
experience an LAR, the median time to LAR could not be estimated 
for either day 1 or day 28. For subjects who experienced an LAR, 
the maximum reduction in FEV1 (n, median [minimum, maximum]) on 
day 1 (n = 7, 16.8% [15.8%, 22.2%]) and day 28 (n = 4, 21.4% [18.3%, 

23.1%]) ranged between 15.8% and 23.1%. Of the LARs experienced 
by subjects, the mean (SD) time to LAR after exiting the NEC was 6.2 
(5.4) h, with the majority (72%) occurring between 1 and 9 h after 
NEC exit.

Median time to AAR was similar, being 139 (95% CI 84, 395) and 
142 min (95% CI 61.2, not reached), during NEC cat allergen chal-
lenge on days 1 and 28, respectively.

3.5  |  Safety outcomes

Naturalistic exposure chamber cat allergen exposure was generally 
well tolerated. All subjects who experienced an EAR received salbu-
tamol after the end of the exposure. Ten subjects on day 1 and six 
subjects on day 28 required more than one treatment with salbuta-
mol in the 24 h after leaving the NEC. Twelve subjects on day 1 and 
two subjects on day 28 required salbutamol to treat an LAR during 

F I G U R E  3  FEV1 during day 1 and 
day 28 NEC exposure. FEV1, forced 
expiratory volume in 1 s; NEC, naturalistic 
exposure chamber; SE, standard error. 
Top plot shows the mean FEV1 (±SE) 
across subjects every 10 min for each 
NEC exposure. Middle plot shows the 
correlation of average FEV1 on day 1 
vs. day 28, with Pearson correlation 
coefficient, p- value and the line of best 
fit (linear least squares). Lower plot shows 
the average FEV1 per subject on day 1 vs. 
day 28; the lines connect the values for 
the same subject
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the 6- h observation period post NEC, and one subject required 
budesonide/formoterol to treat an LAR during the observation pe-
riod on day 1. Less than 30% of subjects required rescue medication 
at home within 24 h after each NEC exposure (Table 2). No subjects 
required asthma care outside of the clinical trial unit. Overall, 20 AEs 
were reported by 12 (40%) of 30 subjects during the study (Table 2). 
The most frequent AEs were asthma (2/3 mild, 1/3 moderate), head-
ache (3/3 mild) and nasopharyngitis, which occurred with incidences 
of 10%, 10% and 6.7%, respectively.

4  |  DISCUSSION

The results of this study demonstrate that the NEC model may be 
used to provoke asthma exacerbations in cat- allergic mild asthmat-
ics. All provoked asthma exacerbations were resolved with salbuta-
mol, with the exception of one subject who received budesonide/
formoterol for asthma treatment, during the on- site observation 
period, with resolution. Average FEV1, rather than time to EAR, was 
the most reproducible measurement of the provoked asthma exac-
erbation, exhibiting a high correlation between days 1 and 28 NEC 
exposure, and the least associated with cat allergen levels in the 

NEC. Incidence of EAR and time to EAR were less reproducible and 
highly associated with cat allergen levels in the NEC. An EAR was 
defined as a ≥20% reduction in FEV1 during allergen exposure in 
the NEC, or when the subject voluntarily departed the NEC due to 
clinically significant allergic or asthma symptoms. In a pre- specified 
analysis, when the threshold for defining EAR was ≥15% reduction, 
rather than ≥20% reduction, reproducibility of incidence of EAR and 
time to EAR may be slightly improved. Because average FEV1 was 
the most reproducible measure and the least susceptible to effects 
by variable cat allergen levels, this measurement may be the most re-
liable outcome measure for use in this type of cat- allergen interven-
tion. Furthermore, the definition of EAR as ≥20% reduction in FEV1 
is taken from the definition for bronchoalveolar challenge,34 and 
the 3- h period in the NEC was applied as this duration of exposure 
was previously shown to stimulate allergic rhinitis and conjunctivitis 
symptoms in an EEU42; however, these parameters may not be opti-
mal for the provocation of allergic and asthma symptoms in the NEC 
as the kinetics of allergic rhinitis/conjunctivitis and EAR may differ in 
these different experimental conditions. A limitation of the study is 
that EAR occurred in most subjects by 2– 3 h in the NEC, which is the 
time when allergic rhinitis and conjunctivitis symptoms rise and pla-
teau.42,43 Therefore, the opportunity to measure allergic rhinitis and 

F I G U R E  4  (A) Fel d 1 concentration 
during NEC exposure and, (B) and (C), 
association between time to EAR and 
Fel d 1 concentration in the NEC. C, 
concentration; EAR, early asthmatic 
response; Fel d 1, Felis domesticus allergen 
1; m, collected mass, NEC, naturalistic 
exposure chamber; Q, pump flow rate 
(typically 0.004 m3/min); SD, standard 
deviation; t, challenge duration. The 
calculated subject pump Fel d 1 air 
concentration in ng/m3 is averaged over 
the challenge duration: C = m/(Q*t). 
The calculated room pump Fel d 1 air 
concentration in ng/m3 averaged over the 
challenge duration, collected from the 
pump cartridge(s) suspended in the room 
nearest the subject, was C = m/(Q*t)
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conjunctivitis symptoms was confounded by the earlier kinetics of 
the EAR. Another limitation is that the time in the EAR was capped 
at 3 h. Longer or higher allergen level exposures in the NEC might 
have revealed more cat allergen- induced asthma exacerbations. In 
addition, the subjects were selected based on their asthma symp-
toms rather than on the severity of their rhinoconjunctivitis symp-
toms, as is done in studies specifically evaluating rhinoconjunctivitis 
during challenge.7,44

Environmental exposure units and live- cat rooms have been 
used to study anti- allergic treatments for allergic rhinitis/conjunc-
tivitis and asthma.24,26,28,35,45 With respect to asthma provocation 
by cat allergen, in one study it was demonstrated that, of the 62 
cat- allergic asthmatics studied, 100% achieved an EAR with a bron-
chial challenge with cat allergen (13.75 standardized quality [SQ] 
up to a maximum cumulative dose of 7026 SQ) while only 60% of 
the same patients achieved an EAR in a live- cat room exposure for 
3 h (Fel d 1 13.9 [1.5– 40] ng/m3) and approximately half of patients 

in both exposures developed an LAR (FEV1 reduction ≥15% within 
3– 24 h).34 Similarly, it was reported that approximately half of sub-
jects exposed to aerosolized allergen extract had an EAR alone, 
while the other half experienced both an EAR and LAR.46 These 
data suggest that the aerodynamic characteristics of the particles, 
and possibly the antigen concentration, affect the likelihood of an 
EAR. Particles in aerosols of allergen extract are spherical, with 
constrained diameters, while natural cat dander is platelike and of 
a wider range of sizes, likely resulting in a different pattern of depo-
sition in the airways and a different bronchoconstriction response. 
In another report, a controlled cat room was used to demonstrate 
that omalizumab significantly reduced the change in FEV1 and in-
creased the time the patient with cat allergy and moderate asthma 
was able to remain in the EEU during cat allergen exposure for up 
to 1 h (median Fel d 1 425 and 429 ng/m3 at baseline and Week 16, 
respectively).35 Our study findings complement these results and 
suggest that average FEV1, rather than incidence of EAR or time 
to EAR, may be the most reproducible measure in mild cat- allergic 
asthmatics exposed to cat allergen in a NEC and, therefore, would 
be the most relevant for studying a cat allergy- specific intervention.

5  |  CONCLUSIONS

This study establishes the safety and feasibility of the NEC to pro-
voke a reproducible EAR and a highly reproducible average FEV1 in 
cat- allergic mild asthmatics, and demonstrates the effectiveness of 
aerosolizing Fel d 1 using a modified vacuum cleaner. Our study find-
ings may inform the design of interventional clinical trials of novel 
cat- specific anti- allergic therapies for the prevention of allergic rhi-
nitis and asthma in the cat- allergic population.

ACKNOWLEDG EMENTS
The authors thank the study participants, and all investigators 
and staff (I. Dao, R. Friedrich, R. Bramm, A. Crawley, H. Torres, C. 
Germano, C. Santos and M. Dao) involved in this study. In particular, 
the authors thank the sub- investigators (Drs. T. Olynych, Z. Chad, 
P. Romero- Sierra, S. Whitley and J. Dollin). Medical writing support 
was provided by Nila Bhana, MSc, of Prime Global (Knutsford, UK) 
according to Good Publication Practice guidelines (Link) and funded 
by Regeneron Pharmaceuticals, Inc.

CONFLIC T OF INTERE S T
William H. Yang is a stockholder and employee of Red Maple Trials, 
Inc. He has received consultant and speaker fees from CSL Behring, 
Shire/Takeda, Novartis, Sanofi, Merck; and research grants from 
CSL Behring, Shire/Takeda, BioCryst, Pharvaris, Sanofi, Regeneron 
Pharmaceuticals, Inc., GSK, AstraZeneca, Amgen, Genentech/
Roche, Pfizer, ALK, Stallergenes, Providence, Galderma, Glenmark, 
Dermira and AnaptysBio. Suzanne Kelly is a stockholder and em-
ployee of Red Maple Trials, Inc. Laura Haya is an employee of Red 
Maple Trials, Inc. Rym Mehri has received grant contribution from 
Red Maple Trials, Inc. and Mitacs Canada. D. Ramesh, M. DeVeaux, 

TA B L E  2  Safety analysis: use of rescue medication and incidence 
of AEs

Timing
Rescue medication, 
N (%)

Day 1
(N = 30)

Day 28
(N = 27)

At NEC exit Any rescue medication 20 (66.7) 14 (51.9)

Salbutamol 20 (66.7) 14 (51.9)

Observation 
period

Any rescue medication 15 (50.0) 6 (22.2)

Budesonide formoterol 1 (3.3) 0 (0.0)

Cetirizine 
hydrochloride

1 (3.3) 1 (3.7)

Loratadine 3 (10.0) 3 (11.1)

Olopatadine 1 (3.3) 1 (3.7)

Salbutamol 12 (40.0) 2 (7.4)

At- home 
monitoring

Any rescue medication 7 (23.3) 8 (29.6)

Loratadine 0 (0.0) 3 (11.1)

Salbutamol 7 (23.3) 7 (25.9)

AE, n (%) Total (N = 30)

Asthma 3 (10.0)

Dyspnoea 1 (3.3)

Nasal 
congestion

1 (3.3)

Nasal oedema 1 (3.3)

Rhinitis allergic 1 (3.3)

Headache 3 (10.0)

Persistent postural- perceptual dizziness 1 (3.3)

Syncope 1 (3.3)

Nasopharyngitis 2 (6.7)

Influenza 1 (3.3)

Pneumonia 1 (3.3)

Pyrexia 1 (3.3)

Abbreviations: AE, adverse event; NEC, naturalistic exposure chamber.
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