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As required by the European Medicines Agency and the US
Food and Drug Administration for pivotal trials involving
allergen immunotherapy (AIT) products, clinical efficacy
assessment is currently based on double-blind, placebo-
controlled field studies with natural allergen exposure during
the allergen season. However, this study design is associated
with several drawbacks, such as the high variability of allergen
exposure in different trial sites or seasons and the presence of
confounding environmental factors. On the contrary,
environmental exposure chambers (EECs) aim to operate with a
stable and reproducible allergen exposure under highly
standardized environmental conditions. Technical validation
parameters for different EECs worldwide have been published
by several groups. However, full clinical validation of EEC
study outcomes is required for their classification as an
appropriate alternative to natural allergen exposure for AIT
product efficacy assessment. Some clinical validation
parameters have already been addressed for EEC units. The
reliability of provoked symptoms in repeated EEC sessions is
high, but the predictive power of EEC settings for the clinical
response on natural exposure and the impact of seasonal
priming on test results still have to be validated systematically,
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as does the inter-EEC variability. Thus the authors recommend
a continued in-depth validation of EECs to exploit the potential
of this technology for future AIT product development. (J
Allergy Clin Immunol 2014;nnn:nnn-nnn.)
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Clinical testing of products for allergen immunotherapy (AIT)
is traditionally conducted in clinical trials by using natural
allergen exposure in an outpatient setting. However, the
sensitivity, reproducibility, and comparability of such clinical
trials are affected by the variability of airborne allergen exposure:
pollen counts are subject to strong local, seasonal, and diurnal
variations and affected by confounding environmental conditions,
such as rain, temperature, humidity, and wind speed.1-3 Further-
more, the actual individual pollen exposure is influenced by the
respective subject’s lifestyle (indoor/outdoor activity) and
residence (urban/rural).2-4 The reliability and reproducibility of
such seasonal field studies also depends on the difficulty in
defining and capturing the peak pollen season and individual
variability in maintaining the study diary.1-5 Thus only limited
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ublingual immunotherapy
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information regarding the onset and duration of action of an
investigational compound can be drawn from such natural
exposure trials.1,4,6

The use of environmental exposure chambers (EECs) can
overcome these drawbacks by means of defined, stable, and
reproducible allergen exposure under highly standardized envi-
ronmental conditions.1,3,6 Furthermore, in allergic rhinitis (AR)
trials EEC assessments exclude bias because of the use of rescue
medication and enable controlled symptom scoring.1-3,5,7,8

EECs have been used for efficacy assessment and outcome
evaluation in AR trials since the 1980s: Horak and J€ager9 first re-
ported the Vienna Challenge Chamber in 1987. At the same time,
the Environmental Exposure Unit in Kingston, Canada, was es-
tablished for AR research.3,10 During the following decades, the
EEC model was continually evolved, and additional facilities
were established: the Fraunhofer Environmental Challenge
Chamber in Hannover/Germany and smaller or primarily
commercially operated EEC units in Denmark (Copenhagen),
the United States (Atlanta), and Japan (Wakayma, Osaka, and To-
kyo). The EEC setting has since been extensively used to evaluate
the efficacy and safety of antiallergic medication (antihistamines/
corticoids), with special emphasis on the onset and duration of ac-
tion of these drugs.11-23 These trials are reviewed by Day et al.3

Immunotherapy trials using the EEC system are firstmentioned
in the 1990s by Horak et al24 and Donovan et al.25 More recently,
the effects of novel allergen products for both sublingual immu-
notherapy (SLIT) and subcutaneous immunotherapy (SCIT)
were evaluated by means of EEC challenge.26-28 However, to
date, the use of EEC settings in AIT trials is relatively low and
generally limited to phase II trials. This can be attributed to the
fact that until now the European Medicines Agency (EMA) and
the US Food and Drug Administration do not recognize EEC tri-
als without evaluation of efficacy during natural exposure as the
primary end point as pivotal (phase III) studies.29,30 However,
the current EMA guideline on the clinical development of prod-
ucts for specific immunotherapy for the treatment of allergic dis-
eases29 accepts the EEC model for efficacy analysis in dose-
finding and pharmacodynamic studies.

Existing challenge chambers are technically validated and
reported to operate within their specifications in terms of
environmental conditions (eg, temperature, humidity, and air
pressure) and allergen distribution. Moreover, the use of EECs as
a promising outcomemeasure adjunct to natural pollen exposure in
phase III trials is discussed in the recently published European
Academy of Allergy and Clinical Immunology position paper on
clinical outcomes used in allergen immunotherapy trials.31 How-
ever,with respect to clinical validation ofEECs, there are still basic
questions to be answered, as pointed out by the EMA in 200829: Is
the treatment effect biased in out-of-season EEC sessions because
of the lack of seasonal priming? How well does the EEC setting
reproduce the real-life situation? In other words, how does the
controlled allergen challenge compare with natural exposure?

This review article aims at summarizing and discussing
published data on the validation status of EEC methods with
respect to technical aspects and an emphasis on clinical
validation. A focus will be on the unmet needs for validation
from a clinical and regulatory point of view, especially regarding
treatment outcome measurements in the EEC system.
TECHNICAL VALIDATION OF EXISTING EECs
Currently used pollen chambers have undergone systematic

technical validations. The main cornerstones of technical
EEC validation are homogenous spatial allergen distribution,
temporal stability of allergen levels (intrasession and intersession),
and stable, defined, and reproducible environmental conditions
throughout an exposure session. Temperature, humidity, and
volumetric air flow rate have to be monitored and kept within a
narrow range of target values during the entire challenge.2,3,7,10,32

There are 2 standard methods for controlling and documenting
spatial homogeneity and temporal stability of pollen levels: (1)
Rotorod samplers positioned throughout the subject’s seating area
for offline measurement (calculating the pollen dispersal levels in
the EEC retrospectively after completion of the exposure
session)3,32 and (2) laser particle counters for real-time determi-
nation (determining the actual pollen dispersal levels during the
EEC session).3,32

Krug et al32 found a strong correlation between the 2 methods
in the Fraunhofer unit. Target pollen concentrations during a
4-hour exposure and from day to day showed only slight varia-
tions (day-to-day variation, 3.7% to 5.5%), with spatial distribu-
tion of pollen within the chamber varying by 610%. Constant
ragweed pollen levels over an 8-hour challenge period and repro-
ducible pollen levels in 5 subsequent sessions have been shown
also for the Kingston Environmental Exposure Unit10: the average
daily ragweed pollen concentrations varied from the predefined
level by less than 5%.

Ito et al33 demonstrated that the pollen distribution in the EEC
in Osaka varied from 80% to 110% of target dispersal values, and
the rate of pollen level variations throughout an exposure session
did not exceed 15%.

Published technical validation data of existing EECs are
compiled in Table I.2,3,10,15,23,32-37 The various technical setups
and specifications of existing EEC facilities in Europe, Canada,
and the United States have been reviewed by Day et al.3

In summary, existing EEC facilities have been reported as
technically validated and proved to function within the predefined
specifications. Thus it can be concluded that controlled and
reproducible inhalation exposure to routine airborne allergens (eg,
grass, tree, ragweed, mountain cedar, Japanese cedar pollen, and
house dust mite) can be ensured. Furthermore, technical validation
is in progress for new EEC setups, such as mobile EEC systems.

However, comparison of the results obtained in distinct
units remains difficult because of the differences between physical
setup and engineering features of worldwide existing facilities.
CLINICAL VALIDATION OF EXISTING EECs
Systematic clinical validation of EECs existing worldwide

has not been conducted thus far. Only a few parameters



TABLE I. Published technical validation data of EECs

Facility Antigen dispersed Validation parameters References

Kingston EEU, Ontario, Canada Ragweed pollen T, H

Spatial distribution and temporal

stability of allergen

Day et al3; Day and Briscoe10; Day

et al35

Vienna Challenge Chamber, Vienna,

Austria

Grass pollen T, H

Spatial distribution and temporal

stability of allergen

Day et al3; Horak et al15

Fraunhofer ECC, Hannover, Germany Grass pollen T, H, airflow rate

Spatial distribution and temporal

stability of allergen

Correlation offline and real-time pollen

counter methods

Krug et al32

Biogenic Research Chamber, San

Antonio, Tex

Mountain cedar pollen T, H, airflow rate/characteristics

Spatial distribution of allergen

Sensitivity/correlation offline and real-

time pollen counter methods*

Jacobs et al2

ACC Osaka, EEU Wakayama, OHIO

chamber Tokyo, Japan

Japanese cedar pollen T, H

Spatial distribution and temporal

stability� of allergen

Correlation of 2 pollen counter methods�

Ito et al33; Enomoto et al36; Hashiguchi

et al34

Chamber at National University

Copenhagen, Denmark

House dust mite aerosol Aerodynamic properties of the unit

Effect of human activity

Reproducibility of airflow kinetics

Rønborg et al37

AEU Atlanta, Ga Ragweed pollen Temporal stability of allergen Berkowitz et al23

ACC, Allergen challenge chamber; AEU, allergen exposure unit; ECC, environmental challenge chamber; EEU, environmental exposure unit; H, humidity; T, temperature.

*Evaluated first in the unoccupied fully equipped chamber and then in the occupied unit.

�Only determined by Ito et al33 and Enomoto et al.36

�Only determined by Ito et al.33
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considered crucial for the acceptance of efficacy analysis in an
EEC as the primary end point in pivotal AIT trials have
already been addressed. Table II2,5,6,32,34,37-39 provides an
overview of validation parameters required from a clinical
and regulatory point of view and their validation status.
Table II differentiates between AR symptoms evoked in the
EEC and the AIT treatment outcome obtained with the EEC
setting, if applicable. The subsequent sections will follow
this principle.
Sensitivity/specificity of symptom induction by EEC

challenge
Sensitivity of the pollen chamber system is mainly driven by

the concentration of target pollen or the respective antigen
dispersed in the chamber. Systematic validation studies focused
on the identification of reasonable dispersal levels inducing
adequate symptoms but no severe side effects in the majority of
allergic subjects without affecting healthy volunteers (Table II).
Studies including several different pollen concentrations (eg,
1000, 2000, 4000, and 8000 grass pollen grains/m3)32 showed
a significant pollen concentration effect on symptom
severity.2,32,34

Pollen concentrations used in the EEC system are typically
much higher compared with mean pollen counts measured
during the natural pollination period. Higher antigen concen-
trations are chosen to ensure elicitation of the full range of
symptoms occurring during the peak pollen season.3,10 Ito
et al33 also noted that pollen counts at 1.6 m in height (at which
human subjects breathe) might be higher than rooftop
recordings from public pollen measuring stations. Jacobs
et al2 addressed the relevance of priming exposure sessions
on the elicitation of symptoms in all sensitized subjects,
including low responders. However, depending on preselection
of the study population, priming exposure sessions might not
be necessary, as shown by Hashiguchi et al.34 Typical pollen
and antigen loads used in various EEC facilities worldwide
are compiled in Table III.5,6,10,24,36,40-43

The specificity of individual exposure units was investigated by
means of provocation of healthy subjects, which was performed
by Jacobs et al2 and Rønborg et al.40 Both studies confirmed a
distinct allergic reaction in sensitized subjects only. Masked
sham runs were included in most of the validation studies listed
in Table II, revealing a minimum placebo response in sensitized
subjects.
Reproducibility of AR symptoms evoked in the EEC
Reproducibility of clinical findings captured in the EEC system

is not only crucial in regard to repetitive EEC sessions but also for
comparison between different EEC facilities.

Focus on repetitive EEC sessions. Several well-
designed studies investigated whether the degree of symptom
induction in different EEC sessions is reproducible (Table II).
Hohlfeld et al6 compared the diagnostic value (specificity,
sensitivity, and reproducibility) of several outcome measures
(nasal and ocular symptom scores, nasal flow rate, and exhaled
nasal nitric oxide) in 60 patients subjected to grass pollen
exposure on 2 measurements out of the pollen season with
an interval of 2 weeks. The total nasal symptom score



TABLE II. Overview of clinical EEC validation parameters and their validation status with respect to AR symptoms and AIT

treatment outcomes

Validation parameter Already addressed Facility Antigen dispersed References

Sensitivity/specificity of AR symptom

induction by EEC challenge

Yes Fraunhofer ECC, Germany

OHIO Chamber, Japan

Biogenic Research Chamber, Texas

Chamber at National University,

Copenhagen, Denmark

Grass pollen

Japanese cedar pollen

Mountain cedar pollen

House dust mite

Krug et al32

Hashiguchi et al34

Jacobs et al2

Rønborg et al37

Reproducibility of

I. AR symptoms

A. on different EEC sessions (retest

reliability)

B. between different EEC facilities

(inter-EEC variability)

II. AIT treatment outcomes

Yes

No

No

Fraunhofer ECC, Germany

OHIO Chamber, Japan

Grass pollen

Japanese cedar pollen

Hohlfeld et al
6
; Krug et al

32

Hashiguchi et al34

No data

No data

Correlation EEC vs natural exposure

I. With reference to AR symptoms

II. With reference to AIT treatment

outcome

Yes

No

Biogenic Research Chamber, Texas

Frauenhofer ECC, Germany

Ragweed pollen

Grass pollen

Jacobs et al
5

Hohlfeld et al
6

No data

Seasonal priming

I. Correlation of AR symptoms in-

season EEC/out-of-season EEC

II. Correlation of AIT treatment

outcome in-season EEC/out-of

season EEC

Yes

No

ACC Osaka, Japan

Fraunhofer ECC, Germany

Japanese cedar pollen

Grass pollen

Yuki et al
38
*

Badorrek et al
39

No data

ACC, Allergen challenge chamber; ECC, environmental challenge chamber; EEU, environmental exposure unit.

*Correlation of symptoms in end-of-season EECs/out-of-season EECs evaluated in 2 study populations.

TABLE III. Published data on typical pollen and antigen loads used in various EECs worldwide

Facility Antigen source Target antigen concentration References

Fraunhofer ECC, Germany Grass pollen 4000 6 300 grains/m3 Hohlfeld et al6

Kingston EEU, Canada Ragweed pollen 3500 6 500 grains/m3 Day and Briscoe10; Day et al41

Vienna Challenge Chamber, Austria Birch pollen

Der p 1

Grass pollen

1000 grains/m3

40 ng/m3

1500 6 120 grains/m3

Horak et al24

Horak et al42

Horak et al43

Chamber at National University Copenhagen, Denmark Der p 1 50 or 100 ng/m3 Rønborg et al40

EEU Wakayama, Japan Japanese cedar pollen 2000 grains/m3 Enomoto et al36

Biogenics Research Chamber, Texas Ragweed pollen 3500 6 500 grains/m3 Jacobs et al5

ECC, Environmental challenge chamber; EEU, environmental exposure unit.

J ALLERGY CLIN IMMUNOL

nnn 2014

4 R€OSNER-FRIESE ET AL
(TNSS) proved to have the best reproducibility and sensitivity/
specificity.

Reproducible symptoms and lung function parameters on 5
consecutive grass pollen exposures (3-6 days apart) outside the
natural pollination period in response to a predefined pollen
concentration were previously demonstrated by the same group.32

No significant difference in the TNSS, nasal flow rate, nasal secre-
tion, or FEV1 were detected from day to day in 24 volunteers with
seasonal AR (P > .05).

The above studies convincingly demonstrated the reproduc-
ibility of symptoms on repetitive EEC sessions as long as a
sufficient time gap (a minimum of 3 and preferably 7 days)
between subsequent EEC challenges is ensured. This is of
particular importance in view of experimental priming effects,
which would lead to exacerbated symptoms from one exposure to
the next, as seen from study data generated in the Canadian and
Japanese challenge units,5,33,38 where EEC sessions were per-
formed on 2 to 4 consecutive days.
Focus on differences between EEC facilities. The
comparability of individual EEC facilities in regard to symptom
induction has not been demonstrated thus far (see the section on
unmet needs for validation).
Reproducibility of treatment outcome measured by

using an EEC
The reproducibility of AIT treatment outcomes measured on

subsequent EEC sessions (retest reliability) or by different EEC
facilities (inter-EEC variability), respectively, has not been
investigated thus far to the authors’ knowledge (see the section
on unmet needs for validation).

Notably, Day et al35,41 investigated whether repetitive
EEC studies using an identical study protocol yielded the same
efficacy results for antiallergic drugs. The authors were able to
demonstrate similar treatment effects (onset of action and symp-
tom relief) of cetirizine and loratadine in comparison with



TABLE IV. Unmet needs for clinical validation of the EEC approach in AIT trials

Unmet needs Essential parameters* Additional parameters

Correlation EEC vs natural exposure Treatment effect Symptoms

Impact of seasonal priming Treatment effect Symptoms

Reproducibility I. Treatment outcome on different EEC sessions

(retest reliability)

II. Treatment outcome between different EEC

facilities (inter-EEC variability)
Symptoms between different EEC facilities (inter-EEC

variability)

*In view of the general acceptance of the EEC model in pivotal AIT trials.
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placebo in 2 EEC studies conducted out of the respective pollen
season approximately 4 years apart by using 2 different study
populations.
Correlation EEC versus natural exposure with

respect to AR symptoms
A perceived limitation of experimental allergen exposure

models is that the controlled indoor setting does not resemble
natural exposure conditions. During seasonal exposure multiple
cofactors are relevant, such as different weather conditions,
pollutants, and a wide variety of different allergen sources.
Moreover, the absence of seasonal priming, short exposure time
compared with real-time exposure, the trial context (artificial
environment, reduced normal life activity of participants, and
proximity to other volunteers), and subjects’ demographics
limited to the EEC area (especially in trials with multiple EEC
sessions) are also often reported as limitations of the EEC
approach.1-3,5,8 In view of these drawbacks, a correlation of clin-
ical symptoms evoked under experimental conditions in compar-
ison with natural exposure is frequently requested to confirm the
validity of data obtained by pollen chamber exposure.2,4,5,7,8

To date, 2 studies have been published that performed a
comparative analysis of symptoms induced by seasonal pollina-
tion versus out-of-season challenge in the pollen chamber.

Jacobs et al5 recently demonstrated a strong correlation among
symptom scores (nasal and ocular) recorded during the natural
ragweed season and in response to off-season ragweed challenge
with the same set of patients. In the EEC setting the study popu-
lation could be divided into slow/low and rapid/high responders in
terms of symptom induction and severity. Logistic regression
analysis revealed that symptom scores elicited in the EEC are
strong predictors of symptom levels reached in the natural allergy
season. In contrast, the severity of symptom development in the
EEC and during natural pollen exposure was not related to the
size of the corresponding skin test response, which is consistent
with previous studies.44,45

Contrary to earlier observations,5 Hohlfeld et al6 reported a
lack of correlation between the TNSS at the end of a 4-hour grass
pollen challenge outside the season and the TNSS recorded from
the same patient panel during the natural grass pollen season (r5
0.25). However the TNSS assessed 24 hours after EEC challenge
significantly correlated with the in-season TNSS (r5 0.41). The
lack of a positive correlation after 4 hours was attributed to (1)
different pollen concentrations during the natural season versus
chamber atmosphere and (2) early-phase reactions in the EEC
setting versus late-phase reactions under natural conditions.
Hohlfeld et al6 hypothesized that symptoms occurring 24 hours
after challenge instead reflect late-phase reactions and therefore
would better correlate with symptoms during field exposure.
The authors further postulated that in-season EEC measurements
might better reflect ongoing chronic inflammation and therefore
might correlate better with natural exposure.
Correlation EEC: Natural exposure with respect to

AIT treatment outcome
To the authors’ knowledge, up to now, studies comparing AIT

efficacy results (including placebo effects) measured in the
challenge unit with corresponding treatment outcomes of field
exposure trials have not been performed (see the section on unmet
needs for validation).
Impact of seasonal priming on AR symptom

induction in the EEC system
During natural pollen exposure, the continuous antigen trigger

results in allergic reactions, with chronic inflammatory processes
and late-phase responses being prominent. This so-called sea-
sonal priming possibly results in a different and stronger allergic
reaction and altered response to antiallergic treatments.7,39,46,47 It
is frequently argued that the EEC model lacks the impact of nat-
ural priming, and therefore transferability of EEC data to the real-
life situation is limited.3,7,38,39 Two published studies38,39 address
the effect of seasonal priming on EEC assessments.

Yuki et al38 found in 32 patients with Japanese cedar pollinosis
that symptoms (nasal and ocular) are more quickly induced and
are stronger when volunteers are challenged in the EEC just after
the end of the natural pollen season compared with EEC expo-
sures out of the natural season. In fact, on the first day of 3 consec-
utive challenges during the nonpollen season, no significant
symptoms could be elicited, but symptoms increased proportion-
ally with the number of exposure days, suggesting an experi-
mental priming effect. After the end of the pollen season,
significant symptoms were already induced 15 minutes after the
first initiation of exposure. Yuki et al concluded that without prim-
ing from natural pollination, medium- to long-term continuous
challenge is necessary to induce symptoms reflecting chronic
allergic inflammation during natural pollination. However, the
power of this study is limited because of the fact that 2 different
study populations were used (only 2 patients participated in
both parts of the trial) and because stratification was not
conducted.

Badorrek et al39 investigated in a well-designed study whether
the treatment effect of an established antiallergic treatment (com-
bination of cetirizine and pseudoephedrine) is the same when ob-
tained by in-season and out-of-season EEC challenge. Therefore
70 patients with seasonal AR underwent 4 grass pollen chal-
lenges, 2 in and 2 out of the season. Antiallergic treatment (cetir-
izine plus pseudoephedrine) was administered 2 hours after
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challenge initiation, and the effect on the TNSS was assessed as
the primary objective. Symptoms provoked in the EEC were
slightly increased during the season compared with those outside
the season. A decrease in FEV1 within 12 hours after challenge
was more frequently detected after in-season sessions also in pa-
tients with no history of asthma. Therefore the authors concluded
that seasonal priming during natural pollination increases the risk
for pulmonary side effects.

Both studies confirm an increased reactivity of allergic subjects
when challenged during or just after the natural pollen season,
which is most likely attributed to seasonal priming.
Impact of seasonal priming on treatment outcome

measured in the EEC
To date, no controlled study data are available on the impact of

seasonal priming effects on AIT efficacy results obtained in EEC
trials (see the section on unmet needs for validation). However,
regarding the treatment effect of symptomatic AR treatment,
Badorrek et al39 detected no significant difference in treatment
outcome between in- and off-season EEC exposures (intention-
to-treat population: P > .05). Regardless of the time point of
EEC challenge, treatment with cetirizine plus pseudoephedrine
significantly reduced the TNSS compared with that seen after
placebo.
USE OF EEC MEASUREMENTS IN AIT TRIALS
Although EECs have been extensively used to evaluate the

effects of pharmacotherapy13,16,35,48-50 (reviewed by Day et al3),
use in AIT trials has been limited to a few studies24-28 (reviewed
by Devillier et al1 and Pfaar et al51).

In an early trial a total of 32 adults with ragweed allergy (16
patients with an anamnesis of minimally 2 years of AIT and 16
patients without AIT) and 11 nonallergic control subjects were
exposed to levels of 2500 to 3000 ragweed grains/m3 over a single
challenge of 3 hours outside the ragweed pollen season.25 The au-
thors concluded that ragweed immunotherapy significantly re-
duces nasal symptoms in patients with ragweed allergy
compared with the control group without immunotherapy treat-
ment (P5 .025). They emphasized that the EEC provides ‘‘oppor-
tunities for additional studies on immunotherapy for allergic
respiratory conditions.’’25 A subsequent early trial on 41 patients
with birch pollen allergy evaluated the effects of a 4-month course
of SLITas assessed in a 2-hour challenge in the Vienna Challenge
Chamber.24 The authors found that in addition to other outcome
measures, actively treated patients produced less than half of
the nasal secretions at the second challenge (posttreatment) in
the active group compared with the placebo group. However,
this difference did not reach statistical significance. Rhinomano-
metric measurements revealed significantly improved nasal
airflow compared with that of placebo-treated patients at the sec-
ond challenge (P5 .028). Of note, at the beginning of the second
challenge, nasal airflow levels were much lower in both the active
and placebo groups compared with baseline values (possibly
caused by the beginning of the natural pollen flight in the course
of the second challenge inMarch), indicating these findingsmight
be biased by priming.

In a later double-blind, placebo-controlled trial by the same
group of investigators, the extent and onset of clinical effects of a
5-grass-pollen tablet for SLIT were analyzed in 89 adults with
grass pollen allergy.28 SLITwas performed outside the grass pol-
len season, and all patients underwent a standardized challenge at
baseline and again after 1, 4, 8, and 16weeks of treatment (outside
the grass pollen season). The analysis revealed a significant supe-
riority of active treatment versus placebo based on the average
rhinoconjunctivitis total symptom score (ARTSS) as soon as after
4 weeks of treatment. The ARTSS of the actively treated patients
further decreased at each of the following challenges.28,52 After 4
months of treatment, the relative mean improvement in the
ARTSS compared with baseline was 41.8% in the active and
18.5% in the placebo arms, resulting in a significant difference
(P 5 .003).28 However, in a subsequent analysis a correlation of
changes in patterns of peripheral CD41 T cells, antibody re-
sponses, or basophil activation with the clinical effects in the
same population of study patients could not be demonstrated.52-54

Nevertheless, increased expression of C1Q and STAB1 as bio-
markers indicating activity of regulatory dendritic cells was found
in PBMCs from clinical SLIT responders. In contrast, these
immunologic changes were not found in nonresponders or
placebo-treated patients.55

Another recently published clinical trial investigated the effects
of AIT with rBet v 1 produced as a folding variant in 37 patients
with birch pollen allergy exposed in a Canadian EEC.26 In this
dose-finding phase II trial, patients received a preseasonal
short-term course of AITover 10 weeks (randomized into 4 main-
tenance groups and one placebo group) and were challenged
twice under standardized exposure of 8 hours at baseline and after
therapy (before the season). The analysis of the total symptom
score revealed a mean reduction in the posttreatment total symp-
tom score of 18.8% for placebo-treated patients, 71.9% for those
receiving 20 mg of maintenance AIT, 75.6% for those receiving
80 mg of maintenance AIT, 81.8% for those receiving 160 mg
of maintenance AIT, and 78.3% for 320 mg of maintenance
AIT compared with baseline scores. This improvement was sig-
nificant versus placebo for all treatment arms investigated (P 5
.0003-.0022). The authors concluded that considering efficacy,
immunologic effects, and tolerability, a maintenance dose of 80
mg of rBet v 1 would be preferable for SCIT in adults with birch
pollen allergy.26 However, this has to be confirmed in further trials
with this recombinant allergen product.56

The same EEC was used in a randomized, double-blind,
placebo-controlled phase IIb study on the effects of a short
course of monophosphoryl lipid A–adjuvanted AIT in adults with
ragweed pollen allergy.27 The pollen exposure at baseline and af-
ter treatment was conducted outside the natural ragweed pollen
season and was standardized to an average airborne ragweed pol-
len concentration of 3500 6 500 grains/m3. The analysis of total
symptom scores before (baseline) and after short-course AIT re-
vealed a relative mean improvement in active- versus placebo-
treated patients of 48% (P < .05).27
UNMET NEEDS FOR VALIDATION FROM A

CLINICAL AND REGULATORY VIEW
As summarized above, the first steps toward a systematic

clinical validation of the EEC model have been taken, and
considerable efforts have been made to increase the body of
evidence for the validity and reliability of the EEC approach in
AIT trials. Nevertheless, several unmet needs require attention
and evaluation before the EEC system can be accepted as
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equivalent to traditional field trials for the proof of efficacy of AIT
products.31

Table IV compiles the unmet needs (highest relevance first) that
are considered crucial in view of a systematic clinical validation
of the EEC model in AIT trials.

The proof has yet to be delivered that the treatment outcome
obtained in the EEC setting correlates with effects found after
natural exposure.1,7,8,29,32 Correlation is not expected for symp-
tom severity, which is mainly driven by the amount and allerge-
nicity of pollen/antigen exposure. Both are highly variable
during the natural allergy season, whereas the allergen challenge
system tries to control these variables within a tight range.

Thus a lack of correlation in terms of symptom levels appears
comprehensible, as shown by Hohlfeld et al.6 Future validation
studies should rather focus on the clinical efficacy of AIT prod-
ucts after field versus EEC exposures. Comparative analyses
should be performed in the same study population and, if feasible,
in a multicenter approach. In particular, evidence needs to be pro-
vided that the EEC model is capable of predicting the perfor-
mance of investigational products for AIT during the natural
allergy season.32 This is considered crucial for accepting that
the EEC setting is of equal value as the traditional field design
in pivotal AIT trials.

Another important issue is to address the impact of seasonal
priming on the treatment outcome captured by the EEC challenge.
It remains to be elucidated whether the magnitude of the
treatment effect is biased by the time point of allergen challenge
(in-season vs out of season) and which exposure paradigm
correlates best with natural exposure. The EMA guideline29 states
that ‘‘the influence of measurement within or without the pollen
season (influence of inflammation) has to be evaluated before
such tests could be used as primary endpoints.’’ Given an impact
of seasonal priming on the treatment outcome, further work is
required on experimental priming effects mimicking natural
priming by means of subsequent EEC sessions. In this regard,
when in-season EEC challenges are performed, one should be
aware of the enhanced allergic responsiveness during the natural
pollen period and the increased risk of allergic side effects. This is
why lung function monitoring should be routinely performed dur-
ing in-season challenges.

Finally, efforts should be made to confirm reproducible
treatment outcomes on repetitive EEC sessions and between
different EEC facilities applying the same study population and
protocol.7,8 However, comparability studies of individual EEC fa-
cilities face major challenges, such as great geographic distances
between individual pollen chambers and the specific technical
features of each EEC facility. This makes comparative analysis
extremely demanding. In fact, it will be almost impossible to
achieve a numeric correlation of treatment outcomes between in-
dividual EEC facilities. Instead, comparative analysis should
focus on the correlation of treatment outcomes in terms of clinical
relevance and statistical significance.
CONCLUSION
The EEC approach represents a promising tool to facilitate AIT

trials and enhance the reliability and comparability of clinical trial
data by controlling multiple confounding variables inherent to
traditional field-based AR trials.

Over the last decades, great efforts have been undertaken to
validate the EEC system itself in terms of technical features.
Recent work focused on clinical aspects of EEC validation,
such as the correlation of EEC-captured data with field-based
trial data. However, the predictive power of challenge settings
for the clinical response on natural exposure, the role of
seasonal priming, and the reproducibility of clinical trial data
generated in controlled inhalation systems requires further
systematic investigations. There is still a way to go before the
body of evidence will be sufficient for using EECs for efficacy
testing in pivotal AIT trials. In view of the potentially added
scientific and economic value of the EEC technology on AIT
product development, it is worth taking up this challenge in the
future.
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