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Abstract

Purpose of Review This paper explores how the Environmental Exposure Unit (EEU) experimental model can be used to further
our understanding of pharmacotherapies and immunotherapies for the treatment of allergic rhinitis (AR).

Recent Findings EEUs are used increasingly for the study of combination therapies, immunotherapies, and novel AR treatments.
A combined antihistamine/corticosteroid nasal spray formulation was seen to have a faster onset of action relative to the therapies
individually in the Environmental Exposure Chamber. House dust mite sublingual immunotherapy tablets are both safe and
efficacious as evaluated by the Vienna Challenge Chamber. The Kingston EEU found that a novel peptide-based immunotherapy
approach to be effective in reducing grass pollen-induced AR. Lastly, nasal filters were determined to reduce seasonal AR
symptoms, given out-of-season in the Denmark Environmental Exposure Unit.

Summary EEUs are controlled, replicable models that provide valuable insight into the efficacy, onset and duration of action, and
dose-related impacts of AR therapeutics, with direct clinical relevance.

Keywords Environmental Exposure Unit - Allergic rhinitis - Allergen specific immunotherapy - Nasal corticosteroids -

Antihistamine - Therapy

Introduction

Allergic rhinitis (AR) is an inflammatory disease of the nasal
mucosa triggered by allergen exposure in sensitized patients.
It is the most common form of chronic rhinitis and manifests
clinically as rhinorrhea (runny nose), sneezing, nasal conges-
tion, nasal itch, and is often accompanied by conjunctivitis
with symptom of itchy, watery, and red/burning eyes [1].
While not a life-threatening condition, AR imposes a signifi-
cant socioeconomic burden on patients and their families,
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impacting sleep, productivity, and overall quality of life [2,
3]. AR has been associated with comorbid conditions, includ-
ing asthma, sleep apnea, and atopic dermatitis [2] and carries a
global incidence of ~ 15-25% [4¢]. The pharmacologic man-
agement of AR includes antihistamines, intranasal corticoste-
roids, antileukotrienes, and allergen immunotherapy [5]. The
utility of Environmental Exposure Units (EEUs) as a reliable
clinical model for AR is threefold. In essence, EEUs can fur-
ther the understanding of drug pharmacokinetics, the onset of
action, and the efficacy of established and proposed therapies.
This review aims to assess recent advancements in AR drug
therapeutics using the EEU model.

Historical and Technical Overview of EEU
Models

EEUs are among a collection of experimental models for the
study of AR, including but not limited to phase 3 efficacy
outpatient studies and outdoor park studies. A standard phase
3 efficacy study makes use of the natural environment for
allergen exposure and is typically used to evaluate the efficacy
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of AR medications [6]. They rely on patient compliance with
the treatment regimen and for daily recording of symptoms.
This model allows the effect of medications to be observed in
large numbers of participants for an extended timespan.
However, there are many disadvantages to this model, includ-
ing weather conditions that affect local pollen counts, varying
pollen exposure between participants due to lifestyle differ-
ences, and reliability of participant-reported data [7].
Similarly, these studies typically have to be multicentre to
achieve the proper statistical power [8]. Park studies make
use of the outdoor environment and natural pollen seasons to
expose participants. While this model ensures that the level of
pollen exposure is similar among participants, that the treat-
ment drug is taken appropriately, and that participants effec-
tively record their symptoms, there remain variables that are
unable to be controlled. These include weather conditions,
pollen season timings, and concurrent exposure to other aller-
gens, which may skew the results. The EEU model overcomes
the challenges faced with both phase 3 efficacy studies and
park studies because these custom-designed facilities allow
researchers to control temperature, allergen concentration, hu-
midity, and air quality. They are validated to ensure efficacy
and consistency and are proven specific and reproducible
models for investigating AR therapies [9e°].

The Vienna Challenge Chamber (VCC; Vienna, Austria) is
the longest-standing controlled allergen challenge facility, first
described in 1987 [10]. It features Burkard pollen traps to
measure allergen concentrations, with ceiling vents that circu-
late the air [8]. Soon after, the Environmental Exposure Unit
(EEU; Kingston, Canada) was initially developed to assess the
biological effects of formaldehyde foam insulation exposure
and was then converted to study AR in up to 140 participants
simultaneously [11]. Through a highly efficient ventilation
system, fresh outdoor air is filtered and circulated through
the Unit. A custom-engineered laser-aided system is respon-
sible for the release of allergen to a single point of delivery,
while directional fans propel and evenly distribute it through-
out the EEU [7]. Seven Rotorod impact samplers and micros-
copy are used to continually verify room allergen concentra-
tion during challenge sessions. Other facilities located in
North America include the Biogenics Research Chamber
(San Antonio, TX), the Environmental Exposure Chamber
(EEC; Mississauga, Canada), the Allergen Challenge
Theatre™ (Ottawa, Canada), and the BioCube (Andover,
MA) [12-16]. Denmark and Germany are home to an
Environmental Exposure Unit (EEU; Denmark) and the
Fraunhofer Environmental Challenge Chamber (ECC;
Hannover, Germany), respectively [8, 17]. The latter features
filtered air and a pollen feeding system, with concentrations
measured by a laser particle counter and Rotorod samplers
[17]. Japan is home to the Environmental Challenge
Chamber (ECC; Chiba, Japan), built in 2008, as well as the
Osaka allergen challenge chamber (Osaka, Japan) [18, 19].

@ Springer

Antihistamines

Antihistamines (AHs) are the first-line therapy for mild-
moderate AR and provide relief by inversely agonizing the
H;-receptor, meaning they suppress its activity [20]. AHs fall
under two broad classes: first generation and newer genera-
tion. Newer-generation AHs are safe and effective, without
the anticholinergic and sedative effects presented by first-
generation AHs [21ee, 22¢]. The Kingston EEU investigated
the efficacy of loratadine, astemizole, terfenadine, and
cetirizine, a set of newer-generation AHs, in relieving AR
symptoms [23]. It was found that terfenadine and cetirizine
ranked higher than astemizole and loratadine in both efficacy
and onset of action. Day et al. further investigated the effect of
cetirizine, loratadine, and placebo in a larger sample size, fol-
lowing ragweed pollen exposure in the Kingston EEU [24].
Again, cetirizine had the more rapid onset of action of 1 h,
whereas loratadine was 3 h. The same group replicated the
study few years after and yielded the same concluding results,
demonstrating the highly reproducible nature of the Kingston
EEU [25].

Levocetirizine is an R-enantiomer of the racemic cetirizine.
This drug has demonstrated its antihistaminergic and low sed-
ative effects in many studies [26¢, 27]. The effect of
levocetirizine in comparison with loratadine was assessed in
both seasonal and perennial AR patients in the VCC following
exposure to either grass pollen or house dust mite, respectively
[28]. Stiibner et al. found that both medications were more
efficacious than placebo; however, levocetirizine had a more
rapid onset of action. In comparison with desloratadine, the
active and potent metabolite found in loratadine, Day et al.
found that levocetirizine had an earlier onset of action and
greater symptom improvement [29, 30]. In the VCC,
levocetirizine has been seen to have a longer duration of action
than fexofenadine [31].

Fexofenadine is an active metabolite in terfenadine and is
more effective at controlling rhinorrhea and sneezing than the
latter [32]. It has been evaluated in the Kingston EEU for
efficacy, onset, and duration of action, and has been compared
with well-established AHs, such as cetirizine. Fexofenadine
was efficacious and safe for use at multiple doses (60 and
120 mg) with an average onset of 60 min, though it was less
effective than cetirizine at reducing seasonal AR symptoms
[33-35]. Investigations in the VCC confirmed such findings,
reporting that both bilastine and cetirizine had longer dura-
tions of action than fexofenadine [36]. The fact that unrelated
EEUs, each with their own unique ventilation and allergen
distribution systems, present similar findings when investigat-
ing the same medications attests to the reliability of these
facilities and the validity of the results.

Antihistamines can be administered as oral or intranasal
medication. The efficacy and onset of action of an azelastine
nasal spray were evaluated in the Kingston EEU compared
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with oral doses of loratadine and cetirizine against seasonal
AR [37]. While all three drugs were associated with nasal
symptom reduction, the effect of intranasal azelastine was
noticed as early as 15 min, compared with at least 60—
75 min post-dose for cetirizine and loratadine. Further analysis
showed that loratadine tablets had an onset of action of 75 min
for nasal and ocular symptomatic control [38¢¢]. These find-
ings also support previously established findings by the VCC
that the azelastine nasal spray was more efficacious than
desloratadine tablets in seasonal AR [39]. Olopatadine, anoth-
er intranasal AH, was assessed for efficacy in seasonal AR in
the EEC and was found to produce clinically relevant and
statistically significant symptom improvement compared with
placebo [40].

Preventative measures, such as prophylactic treatments,
have also been studied in EEUs. The Chiba EEC evaluated
the efficacy of an 8-day administration of levocetirizine (pro-
phylactically), a single dose on day 8 or an 8-day placebo
followed by allergen exposure on day 9 [41]. The prophylac-
tically administered levocetirizine showed no superior effica-
cy to the single dose. In the VCC, patients given a daily 10-mg
dose of rupatadine, an AH that is also a platelet-activating
factor antagonist, experienced less severe symptoms than pla-
cebo [42]. These studies reveal insights into the nature of
AHs, that a prophylactic regimen may confer some protective
effects. While further research is required, such findings from
EEU studies may direct clinical practice.

Antileukotrienes

Antileukotrienes (leukotriene receptor antagonists; LTRAs)
antagonize cysteinyl leukotriene-1 receptors to inhibit the ac-
tivity of cysteinyl leukotrienes, which mediate inflammation
in AR [43]. The efficacy of montelukast, an LTRA, was
assessed with levocetirizine, a newer-generation AH, in the
Kingston EEU [44]. Patel et al. found that while both drugs
showed significant symptomatic improvements compared
with placebo, levocetirizine provided longer-lasting relief with
higher patient satisfaction. A similar study in the EEC also
found that the 5-mg dose of levocetirizine was more effica-
cious than a 10-mg dose of montelukast [45]. EEUs prove to
be a useful model to compare and evaluate the efficacy and
clinical relevance of pharmacologic agents that act on inde-
pendent immunologic pathways.

Nasal Corticosteroids

In addition to antihistamines, intranasal corticosteroids
(INCS) are also considered first-line therapy for AR, classed
as the best option for both children and adults [46, 47¢¢]. The
first evaluation of an INCS in the Kingston EEU provided

revolutionary results. It was formerly believed that the onset
of action for INCS drugs was 3—7 days, though the investiga-
tion by Day et al. demonstrated that within 10-h post-admin-
istration, triamcinolone acetonide produced a marked reduc-
tion in nasal congestion [48, 49]. The Kingston EEU also
tested intranasal budesonide and found the onset of action to
be 7 h [50]. The same group also evaluated the onset of action
of a ciclesonide nasal spray in the treatment of seasonal AR,
though found no clinically significant differences in TNSS
between placebo during the 12-h study period, besides at hour
6 [51]. The EEC further assessed ciclesonide and determined
it to have a 6-h onset [52].

A novel nasal spray formulation, S0597, was studied for its
efficacy and safety, in the Fraunhofer Environmental
Challenge Chamber, compared with placebo [53].
Participants were given one of three twice-daily doses
(200 pg/day, 400 pg/day, or 800 png/day) for a 15-day evalu-
ation period. All three treatment conditions produced signifi-
cant symptom improvement compared with placebo, with the
800 pg/day resulting in the greatest improvement. The
Kingston EEU performed a similar study with lower doses
(50 pg, 200 pg, or 400 pug) and found, again, that all drug
concentrations were well-tolerated and resulted in significant-
ly reduced AR symptoms for participants following ragweed
pollen exposure [54].

The efficacy of INCSs has also been evaluated in compar-
ison with AHs. With an 8-h allergen exposure period in the
EEC, azelastine nasal spray ranked superior, in terms of
faster onset of action and symptom reduction, to both place-
bo and mometasone post-allergen exposure [55].
Olopatadine also mirrored the previous findings, being su-
perior in total nasal symptom score (TNSS) reduction and a
more rapid onset of action than both placebo and
mometasone [56]. Despite AHs displaying more significant
results in these studies, it is important to take into consider-
ation that INCSs have longer onsets of action than AHs,
hence would display symptom-modifying effects at a later
timepoint. INCS have been determined to be more effective
than AHs and have a greater prophylactic benefit [57]. The
Chiba EEC evaluated the 7-day prophylactic daily adminis-
tration of mometasone in comparison with fexofenadine be-
fore allergen challenge on day 8 [58]. Allergen-induced
symptoms persisted for up to 3 days, during which, the
mometasone group experienced significantly reduced
TNSS. This suggests that the prophylactic use of INCSs
may have a longer-lasting effect that is not present with
AHs. Fluticasone furoate, another intranasal glucocorticoid,
was studied in the VCC. With TNSS as the primary endpoint,
a daily 8-day course of fluticasone furoate (200 mcg) was
found to be more effective in comparison with placebo
[59]. Likewise, mometasone provided significant symptom-
atic relief when a daily dose (200 mcg) was taken for 8 days,
with a 6-h onset of action and > 24-h duration of action [60].
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Combination Therapies

The drugs previously discussed are well-established and have
proven efficacy against AR symptoms. Kingston EEU studies
have shown that when used in combination, the benefits can
be more significant. The Kingston EEU evaluated the onset of
action for an AH/LTRA combination (loratadine/montelukast)
and found that it reduced total symptoms and nasal congestion
after 75 min post-dose, with limited adverse events [61].
Interestingly, a similar investigation in the VCC noted the
same improvement in nasal symptoms compared with placebo
except the onset of action was determined to be 105 min [62].

Despite the effectiveness of AHs in regulating AR symptoms
as previously discussed, they provide minimal relief for nasal
congestion. Sympathomimetic drugs, such as pseudoephedrine,
promote vasoconstriction in the nasal mucosa, resulting in de-
congestion [63]. A cetirizine/pseudoephedrine combination ther-
apy was determined by the Fraunhofer Institute to be more effi-
cacious than when the drugs were used individually [64]. The
VCC investigated the safety and efficacy of an oral cetirizine/
pseudoephedrine formulation compared with a budesonide nasal
spray [65], with reduction of nasal congestion being the primary
endpoint. It was found that cetirizine/pseudoephedrine provided
more immediate symptom relief following allergen exposure,
though budesonide was more effective long-term than the for-
mer. Pseudoephedrine was also evaluated in the VCC in relation
to phenylephrine, another sympathomimetic agent, and was
found to provide superior nasal symptom relief [66].
Subsequently, the Kingston EEU investigated the efficacy of
phenylephrine in comparison with loratadine-montelukast in re-
lieving nasal congestion [67]. Berkowitz et al. found that the AH/
LTRA combination was more effective and resulted in fewer
adverse events than both the phenylephrine and placebo experi-
mental groups. The combination of fexofenadine/
pseudoephedrine was evaluated in (the now decommissioned)
Atlanta allergy exposure unit and determined to be safe and
efficacious (compared with placebo), with a 45-min onset of
action [68].

While efficacious, agents that combine antihistamines and
sympathomimetics come with various adverse events, includ-
ing headaches and insomnia [69]. Typical AHs target the H;-
receptor. It is thought that antagonists of Hs-receptors, rather
than H,-receptors, may present a better safety profile with
similar decongestion activities. The efficacy of combined
H,/H; receptor antagonists was well-tolerated with either oral
or intranasal administrations; however, only the intranasal for-
mula significantly reduced nasal symptoms after a continuous
3-day schedule [70]. The Kingston EEU was used to evaluate
the effect of an H;/H; combination (fexofenadine/ PF-
03654764) compared with a combined H;/sympathomimetic
(fexofenadine/pseudoephedrine) drug [71¢¢]. While the dual
antihistamine formulation improved symptoms compared
with placebo, it was not superior to the H;/sympathomimetic
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combination, and rather resulted in more adverse events.
Although a potential line of treatment, EEU studies have been
important in evaluating the safety profile of Hz-receptor
antagonists.

Intranasal antihistamines have also been combined with
intranasal corticosteroids in hopes of combining their thera-
peutic profiles. A formulation of azelastine and fluticasone
propionate in a single nasal spray (MP-AzeFlu) was deter-
mined to produce superior effects than either of the pharma-
cotherapies individually [72¢¢]. The EEC determined its onset
of action to be 5 min whereas sequential monotherapies of an
AH and INCS took 150 min. Moreover, MP-AzeFlu was more
efficacious [73]. A different solubilized INAH/INCS combi-
nation nasal spray (azelastine + budesonide) was also evalu-
ated by the EEC in comparison with solubilized budesonide
alone and respective suspension-type comparators [74]. The
combination therapy was more efficacious, with a longer-
lasting effect, than the other products. Interestingly, the solu-
bilized formulation allowed for a more rapid onset of action
and greater duration of action.

Immunotherapy

The EEU model is also conducive for the study of allergen
specific immunotherapies (AITs). AIT is a disease-modifying
treatment method that aims to grant patients long-term relief
from their AR symptoms [75]. It is often prescribed when
pharmacotherapies insufficiently address patients’ AR symp-
toms. The conventional method of administering AIT is sub-
cutaneously (SCIT) by injection. The Kingston EEU evaluat-
ed the efficacy of a 2-year SCIT treatment in ragweed-allergic
participants in comparison with allergic participants not re-
ceiving AIT and healthy controls [76¢]. After a 3-h allergen
exposure session, Donovan et al. observed that SCIT recipi-
ents experienced significantly reduced symptoms compared
with the positive controls [76¢].

As a newer AIT approach, sublingual immunotherapy (SLIT)
has gained traction as it is safer and more convenient than SCIT.
A series of house dust mite (HDM) SLIT investigations have
been undertaken recently using the EEU model. The safety and
efficacy of SLIT tablets using HDM extracts were studied in the
EEC. The participants took one of three daily doses (500IR,
300IR, or 100IR) of HDM-SLIT tablet or placebo for 6 months.
All three treatment doses were found to be well-tolerated, with on
average, 70% of participants receiving AIT reporting reactions at
the site of application [77]. A dose-response relationship was
observed, with the S00IR SLIT tablet resulting in the greatest
symptom reduction [78]. The VCC was used to explore the
efficacy and onset of action of two doses (6 developmental unit
(DU) and 12 DU) of MK-8237, an HDM SLIT tablet, taken by
HDM-allergic participants for 24 weeks [79]. While both doses
were well-tolerated with no serious adverse events reported, the
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12 DU HDM SLIT tablet had greater efficacy than both the 6 DU
dose and placebo, with an onset of action of 8 weeks.

SLIT treatments for pollen-induced AR have also been ex-
plored. The VCC evaluated the efficacy and onset of action of a
S-grass-pollen tablet [80]. Repeated grass pollen allergen chal-
lenges revealed that the SLIT tablet provided allergic participants
with significant symptom relief as from the first month of treat-
ment, with a sustained effect for up to 4 months. Finally, the
Kingston EEU evaluated whether a Timothy grass SLIT tablet
approved for grass pollen-induced AR would have an effect on
birch pollen-induced AR symptoms [81]. While the treatment
was well-tolerated using a once daily dosage for 4 months, symp-
tom occurrences with the SLIT group were comparable with
placebo. Given these results, it is likely that AIT treatments pro-
vide allergen-specific benefits. Clearly, EEUs provide clinically
relevant insights into the efficacy, onset of action, and dose ef-
fects of immunotherapy treatments for AR.

Peptide-based immunotherapy (PIT) is a novel AIT approach
though not commercially available. A study in the Kingston
EEU evaluated the efficacy of a grass allergen PIT comprised
of 7 T cell epitopes [82]. The participants received either eight
6 nmol biweekly doses (8x6Q2W), four 12 nmol doses every
4 weeks (4x12Q4W), or eight 12 nmol biweekly doses
(8x12Q2W). The 8x6Q2W group experienced significantly re-
duced TNSS compared with the placebo. The EEC investigated
an ultrashort course (4 injections given pre-seasonally) PIT reg-
imen featuring ragweed pollen extract [83¢¢]. Compared with
placebo, the treated group experienced significantly decreased
TNSS, demonstrating the efficacy of pre-seasonal AIT for sea-
sonal AR. A similar study used a peptide antigen treatment
against cat allergy in the EEC [84]. A PIT schedule of four 6 nmol
weekly doses was more efficacious than eight 3 nmol biweekly
doses, and the treatment effects persisted for up to 1 year since
the initiation of treatment.

Novel Therapies

EEUs can be used to explore novel experimental therapies.
The VCC evaluated the efficacy of OC000459, an antagonist
to chemoattractant receptor-homologous molecules (CRTH2)
which had previously shown promise for allergic disease [85,
86]. Compared with placebo, participants given the antagonist
experienced reduced nasal symptoms. A follow-up study was
completed by the Fraunhofer ECC, comparing three twice-
daily doses (50 mg, 200 mg, and 400 mg) of the oral
CRTH2 antagonist with a once-daily 200 pug fluticasone pro-
pionate nasal spray and once-daily 10 mg oral montelukast
[86]. Following a 6-h out-of-season ECC pollen exposure,
the 200-mg dose of the CRTH2 antagonist was seen to be
more efficacious at reducing seasonal AR symptoms.
Another alternative to conventional AR treatment involves
nasal filters. The Denmark EEU conducted a study of the

efficacy of Rhinix™ nasal filters in seasonal AR [87]. They
reduced daily sneezing and daily TNSS, though the maximum
TNSS values were not significantly greater than those experi-
enced by placebo. They were nonetheless well-tolerated by
the participants and resulted in no adverse events.

Conclusions

The EEU is a reproducible and unique model for the study of
AR therapies. Unlike phase 3 efficacy trials and park studies
which rely on the natural environment, EEUs allow for the
control of study variables, such as humidity, temperature, and
allergen distribution. AR symptoms generated in EEUs are
comparable with natural pollen seasons which allows for
allergen-specific research to continue even outside of the nat-
ural season. EEU studies have made important strides in our
understanding of the efficacy, onset and duration of action,
and pharmacodynamic properties of anti-allergic therapies,
including antihistamines, nasal corticosteroids, combination
therapies, and allergen-specific immunotherapies. These
models support the development and testing of new therapies
and provide clinically relevant insights for clinicians in the
treatment of allergic rhinitis.
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