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Tralokinumab, a fully human IgG4 monoclonal antibody, specifically neutralizes IL-13. The ATMOSPHERE
clinical development program comprised four randomized, placebo-controlled clinical trials and an open-
label study that aimed to assess the efficacy and safety of tralokinumab for the treatment of severe,
uncontrolled asthma. The two pivotal trials (STRATOS 1 and STRATOS 2; NCT02161757 and NCT02194699)
evaluated the efficacy and safety of tralokinumab, with STRATOS 1 identifying a subgroup most likely to
demonstrate enhanced response to treatment. Further trials have assessed the ability of tralokinumab to
reduce oral corticosteroid use (TROPOS; NCT02281357) and determined its mechanistic effects (MESOS;
NCT02449473). An open-label study in Japanese individuals (NCT02902809) assessed the long-term safety
and tolerability of tralokinumab in this population.
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Severe asthma overview
Asthma, an inflammatory airway disease, affects approximately 300 million people worldwide [1] and manifests as
variable respiratory symptoms (wheeze, shortness of breath, chest tightness and/or cough) and airflow limitation [2].
Approximately 5–10% of people with asthma have severe disease [3] defined as asthma that requires high-dosage
inhaled corticosteroids (ICS) plus long-acting β2 agonists (LABA) to prevent it from becoming uncontrolled,
or asthma that remains uncontrolled despite treatment [2]. The treatment of people with severe asthma remains a
significant unmet need. These individuals may require episodic treatment with oral corticosteroids (OCS) to manage
exacerbations and they may become reliant on daily OCS to control their disease. Long-term OCS use is associated
with a wide variety of serious adverse effects, such as osteoporosis, elevated risk of infections, and cardiovascular,
metabolic and psychiatric complications that increase healthcare resource use and associated costs [2,4,5]. Some
people with severe asthma continue to experience disease impairment, despite OCS use, and are at greater risk for
future exacerbations compared with those not receiving daily OCS [6].

Asthma manifests as a heterogeneous disease, both clinically and pathophysiologically, with multiple phenotypes,
defined by specific demographic and clinical characteristics that can affect response to treatment. In addition,
the underlying mediators of airway inflammation can vary. This is a critically important point as we progress
toward a precision medicine approach to the care of people with severe asthma because if the specific mediators
of airway inflammation in asthma are identified, then plausibly we could target such mechanisms with specific
therapies [2,7]. Conceivably, targeted treatments, such as biologics, can be added to standard therapy with ICS/LABA
to more effectively treat severe asthma [7]. Type-2-mediated inflammation represents an important feature of asthma
pathophysiology and the underlying features of type-2-mediated asthma require activation of cytokines IL-4, -5
and -13 [8]. In a study using bronchoscopy to biopsy the airways of people with mild to moderate asthma,
Woodruff et al. found that 22 of the 42 participants studied had evidence of overexpression of IL-13-induced
epithelial genes coding for CLCA1, periostin, and SERPINB2 [9]. Increased expression of mRNA for IL-13
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has been detected in bronchial biopsies of people with asthma [10,11], while increased concentrations of IL-13
have been found in the sputum of corticosteroid-naive people with asthma compared with those who had received
corticosteroids [12]. These data suggest a role for the pleiotropic cytokine IL-13 in the pathophysiology of asthma [9].
The effects of IL-13 include goblet cell hyperplasia and increased mucus production, fibrosis, airway remodeling,
airway hyper-responsiveness, and IgE synthesis [13–18]. Recognizing the possible importance of IL-13 in mediating
asthma prompted the development of anti-IL-13 biologics, such as tralokinumab.

Background to tralokinumab
IL-13 initiates cytosolic signaling by binding to IL-13Rα1 that then recruits IL-4Rα to form a heterodimeric
receptor complex and induces downstream effects that contribute to the pathophysiology of certain types of
asthma [19]. IL-13 also binds to IL-13Rα2 that acts as a decoy receptor and is most likely involved in fibrosis [20].
Tralokinumab, a fully human IgG4 monoclonal antibody, effectively and specifically neutralizes IL-13, preventing
interaction of the cytokine with the IL-13R α1 and α2 subunits (Figure 1) [21,22].

Tralokinumab has been studied in people with asthma in three Phase II trials (NCT00640016,
NCT00873860 [23], and NCT01402986 [24]), one of which was stopped early due to poor participant recruit-
ment. In the all-comers participant populations, neither of the fully enrolled Phase II studies (NCT00873860
and NCT01402986) met their primary endpoints [23,24]. In both Phase II trials, however, IL-13 blockade with
tralokinumab improved lung function in the all-comers population of participants with moderate to severe asthma
inadequately controlled with medium- or high-dosage ICS/LABA [23,24]. In post hoc analyses of the two trials,
an interesting pattern suggestive of a tralokinumab benefit was seen preferentially in participants with evidence of
IL-13 activation [23,24]. In the Phase IIa study (NCT00873860), in a subgroup of participants with moderate to
severe, uncontrolled asthma who had increased sputum concentrations of IL-13 at baseline, there were trends for
tralokinumab treatment to have clinically meaningful improvements in markers of asthma control (Asthma Control
Questionnaire [ACQ]-6), as well as in the forced expiratory volume in 1 s (FEV1) compared with placebo [23]. As it
was not practical to collect sputum in larger trials, in the Phase IIb study (NCT01402986), blood concentrations
of periostin and DPP-4 served as biomarkers of IL-13 activation [24]. In post hoc analyses of this study, subgroups
of participants with severe, uncontrolled asthma who had FEV1 reversibility ≥12%, were not receiving regular
OCS at study entry, and had elevated concentrations of DPP-4 or periostin at baseline, tralokinumab (300 mg
subcutaneously [SC] every 2 weeks [Q2W]) demonstrated improvements in lung function, exacerbations, asthma
symptoms and quality of life [24]. No safety signals of concern were observed in these Phase II studies. In the Phase
IIa study, there were no serious adverse events (AEs) considered to be related to study medication in participants
who received tralokinumab [23], while in the Phase IIb study, the incidence of treatment-emergent AEs was similar
between the tralokinumab and placebo groups [24].

An integrated pharmacokinetics (PK)–pharmacodynamic model interrogated the Phase II data to select the most
appropriate tralokinumab dosage to be used in Phase III trials. As near-maximal increase in FEV1 was predicted
at a dosage of 300 mg SC Q2W, this dosage of tralokinumab was selected for the Phase III trials [25]. In addition,
based on population PK modeling, weight-based dosing or dose adjustments of tralokinumab are not required for
use in adolescents [26] or people of Japanese ethnicity.

Objective of the review
The objective of this review is to provide a rationale for, and a summary of, the tralokinumab late-stage clinical
development program and highlight the value of utilizing biomarkers of IL-13-driven disease in the clinical
management of severe, uncontrolled asthma.

The ATMOSPHERE program: late-stage clinical development of tralokinumab
Tralokinumab was in late-stage clinical development for the treatment of people with severe, uncontrolled asthma.
The ATMOSPHERE clinical program consisted of five clinical trials: STRATOS 1 (NCT02161757 [27]), STRATOS
2 (NCT02194699 [27]), TROPOS (NCT02281357 [28]), MESOS (NCT02449473 [29]) and a long-term trial in
Japanese people (NCT02902809), involving a total of 2310 participants, aged 12–75 years, across 27 countries
(Table 1).
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Figure 1. Tralokinumab mechanism of action.
Tralokinumab binds to IL-13 preventing its interaction with both IL-13Rα1 and IL-13Rα2, which in turn results in
inhibition of IL-13 signaling. IL-13 signaling is initiated through binding to IL-13Rα1, which then recruits IL-4Rα

forming a heterodimeric receptor complex and inducing downstream effects. Downstream biological processes
mediated by IL-13 signaling include airway inflammation, mucus production, airway hyper-responsiveness, and airway
remodeling.

The STRATOS 1 & STRATOS 2 studies
Rationale for studies

The Phase II segment of a clinical development program aims to answer key questions about a drug’s efficacy
profile, particularly what participant populations could potentially derive clinical benefit. This was not the case
with tralokinumab since the primary efficacy outcome measure was not met in the all-comers population in the two
completed Phase II studies (improvement in asthma control in the Phase IIa study [23]; reduction in the annualized
asthma exacerbation rate [AAER] in the Phase IIb study [24]). However, there were indications in both studies
that a subgroup of participants with evidence of IL-13 axis activation could benefit from tralokinumab treatment.
In the Phase IIa and IIb studies, participants with increased sputum concentrations of IL-13 and with increased
blood concentrations of periostin and DPP-4 (biomarkers of activated IL-13), respectively, achieved improved
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Table 1. Summary of the trials in the ATMOSPHERE clinical program.
STRATOS 1 [27] STRATOS 2 [27] TROPOS [28] MESOS [29] Japanese LTS

Number of participants 1207 856 140 79 28

Run-in period 4–6 weeks 4–6 weeks 2 weeks – ≤2 weeks

Treatment period 52 weeks 52 weeks 40 weeks 12 weeks 52 weeks

Follow-up period 20 weeks 20 weeks 14 weeks 14 weeks 14 weeks

Participant population Participants with asthma
inadequately controlled
with ICS/LABA

Participants with asthma
inadequately controlled
with ICS/LABA

Participants with asthma
who require maintenance
OCS in addition to
ICS/LABA

Participants with asthma
inadequately controlled
with ICS

Japanese participants with
asthma inadequately
controlled with ICS/LABA

Tralokinumab dosage 300 mg SC Q2W or
300 mg SC Q4W

300 mg SC Q2W 300 mg SC Q2W 300 mg SC Q2W 300 mg SC Q2W

Comparator Placebo SC Q4W Placebo SC Q2W Placebo SC Q2W Placebo SC Q2W –

Primary objective Assess efficacy and safety
of tralokinumab in
all-comers population
and identify
biomarker-positive
subgroup

Validate efficacy and
safety of tralokinumab in
biomarker-positive
subgroup

Assess effect of
tralokinumab on
reducing the OCS dosage

Assess effect of
tralokinumab on
eosinophilic airway
inflammation and
remodeling

Assess long-term safety and
tolerability of tralokinumab
in Japanese participants

Primary outcome measure AAER up to week 52 AAER up to week 52 Percentage change from
baseline in average OCS
dose at week 40

Change in number of
airway submucosal
eosinophils per mm2 from
baseline to week 12

Number of AEs and serious
AEs

AAER: Annualized asthma exacerbation rate; AE: Adverse event; ICS: Inhaled corticosteroid; LABA: Long-acting �2 agonist; LTS: Long-term study; OCS: Oral corticosteroid; Q2W: Every 2
weeks; Q4W: Every 4 weeks; SC: Subcutaneous.

outcomes following tralokinumab treatment. Identification of a subgroup of participants with severe asthma who
had evidence of IL-13 axis activation and subsequent confirmation of an enhanced benefit in this population with
tralokinumab would be an important step forward in developing a personalized approach to severe asthma care.

Primary objectives

The tralokinumab Phase III clinical program was designed to address two fundamental questions: Does tralok-
inumab provide benefit in severe asthma?; is there a subgroup of the severe asthma population that derives enhanced
benefit from tralokinumab? A novel approach was taken to address these questions. Two pivotal Phase III studies,
STRATOS 1 and STRATOS 2, both of which included similar populations of participants with severe asthma
inadequately controlled despite the use of ICS/LABA, were planned with staggered start and end dates. As a
primary objective, STRATOS 1 was intended to examine the effect of tralokinumab on the AAER in the all-comers
population and an exploratory objective was to identify a subgroup of participants with an enhanced benefit profile.
In addition, STRATOS 1 aimed to assess the safety and tolerability of tralokinumab. The aim of STRATOS 2 was
to validate the findings of enhanced benefit (and safety) in the identified subgroup. Staggering of the end dates
for these studies allowed analysis of STRATOS 1 and appropriate revision of the STRATOS 2 statistical analysis
plan. Linking the two studies was an exploratory biomarker analysis plan that would assess the value of multiple
biomarkers in predicting tralokinumab benefit and identify the most appropriate threshold for determining a
biomarker-positive subgroup. The two trials did not meet their primary objectives, and the results will be presented
in full in a future publication.

Study design & treatment

STRATOS 1 and STRATOS 2 were both Phase III, randomized, double-blind, parallel-group, multicenter, placebo-
controlled trials. The trials were conducted concurrently, but with staggered start and end dates to allow sequential
analysis, as outlined above and described further below. The key inclusion and exclusion criteria for both studies are
summarized in Table 2. In STRATOS 1, 1207 participants were randomized at 198 sites, while in STRATOS 2, 856
participants were randomized at 170 sites. The studies consisted of a 4–6-week run-in period, a 52-week treatment
period and follow-up visits at weeks 56 and 72. In STRATOS 1, participants received 300 mg tralokinumab or
placebo SC Q2W (total 26 doses), or 300 mg tralokinumab or placebo SC every 4 weeks (Q4W) (total 13 doses)
(each in a 2:1 ratio), while in STRATOS 2, participants received 300 mg tralokinumab or placebo SC Q2W (total
26 doses) in a 1:1 ratio. At randomization, participants were stratified by baseline serum periostin concentration
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Table 2. Summary of the key inclusion and exclusion criteria in the ATMOSPHERE clinical program.
STRATOS 1 [27] STRATOS 2 [27] TROPOS [28] MESOS [29] Japanese LTS

Inclusion criteria

Age (years) 12–75 12–75 12–75 18–75 12–75

Weight (kg) ≥40–�150 at enrollment ≥40–�150 at enrollment ≥40–�150 at enrollment ≥40–�150 at enrollment ≥40–�150 at enrollment

Ethnicity Any Any Any Any Japanese

History of asthma • Physician-diagnosed
asthma for ≥12 months
before enrollment
• ≥2 exacerbations in
12 months prior to
enrollment requiring SCS

• Physician-diagnosed
asthma for ≥12 months
before enrollment.
• ≥2 exacerbations in
12 months prior to
enrollment requiring SCS

• Physician-diagnosed
asthma for ≥12 months
before enrollment

• Physician-diagnosed
asthma for ≥12 months
before enrollment

• Physician-diagnosed
asthma for ≥12 months
before enrollment.
• ≥1 exacerbations in
12 months prior to
enrollment requiring SCS

Lung function • Pre-BD FEV1 �80%
predicted (�90% in
adolescents) at
enrollment
• Post-BD FEV1

reversibility of ≥12% and
≥200 ml at run-in

• Pre-BD FEV1 �80%
predicted (�90% in
adolescents) at
enrollment
• Post-BD FEV1

reversibility of ≥12% and
≥200 ml at run-in

• Pre-BD FEV1 �80%
predicted (�90% in
adolescents) at
enrollment
• Post-BD FEV1

reversibility of ≥12% at
enrollment or
documented reversibility
within 6 months before
enrollment

• Pre-BD FEV1 �50% and
�1 l at enrollment
• Post-BD FEV1

reversibility of ≥12% and
≥200 ml at run-in

• Pre-BD ≥40% predicted at
enrollment or run-in

Asthma control ACQ-6 score ≥1.5 at
enrollment or run-in

ACQ-6 score ≥1.5 at
enrollment or run-in

N/A ACQ-6 score ≥1.5 at
enrollment or run-in

ACQ-6 score ≥1.5 at
enrollment or run-in

Current asthma treatment • Medium- to
high-dosage ICS for
≥6 months of 12 months
before enrollment
• Documented ICS (total
daily dose ≥500 μg
fluticasone propionate
DPI or equivalent)/LABA
for ≥3 months prior to
enrollment

• Medium- to
high-dosage ICS for
≥6 months of 12 months
before enrollment
• Documented ICS (total
daily dose ≥500 μg
fluticasone propionate
DPI or equivalent)/LABA
for ≥3 months prior to
enrollment

• Medium- to
high-dosage ICS for
≥6 months of 12 months
before enrollment
• Documented ICS (total
daily dose ≥500 μg
fluticasone propionate
DPI or equivalent)/LABA
for ≥3 months prior to
enrollment
• OCS for 6 months
before visit 1 and stable
OCS dose ≥7.5–≤30 mg
(prednisone or
equivalent) daily for
≥1 month before
enrollment

• ICS (≥250 μg
fluticasone propionate
DPI or equivalent) alone
or in combination for
≥6 months, with stable
dose for ≥1 month prior
to enrollment

• Medium- to high-dosage
ICS for ≥6 months of
12 months before
enrollment
• Documented ICS (total
daily dose ≥500 μg
fluticasone propionate DPI
or equivalent; �200 μg for
patients ≤15 years
old)/LABA for ≥3 months
prior to enrollment

Exclusion criteria

Comorbidities • Clinically important
pulmonary disease other
than asthma
• History of anaphylaxis
following any biologic
treatment

• Clinically important
pulmonary disease other
than asthma
• History of anaphylaxis
following any biologic
treatment

• Clinically important
pulmonary disease, other
than asthma; associated
with increased peripheral
eosinophil counts

• History of interstitial
lung disease, chronic
obstructive pulmonary
disease or other clinically
significant lung disease
other than asthma

• Clinically important
pulmonary disease other
than asthma
• History of anaphylaxis
following any biologic
treatment

Exacerbation history Clinically significant
exacerbations, including
those which require use
of OCS 30 days prior to
enrollment, or during the
screening/run-in period

Clinically significant
exacerbations, including
those which require use
of OCS 30 days prior to
enrollment, or during the
screening/run-in period

Clinically significant
asthma exacerbations
≤30 days prior to
informed consent or
during run-in period

Hospitalization or OCS
requirement within 6
weeks of enrollment; or
history of �3
exacerbations requiring
corticosteroid treatment
in the previous year; or
history of intubation/ICU
in the previous year

Clinically significant
exacerbations, including
those which require use of
OCS 30 days prior to
enrollment, or during the
screening/run-in period

OCS use OCS use within 3 months
prior to enrollment

OCS use within 3 months
prior to enrollment

N/A Long-term OCS use.
OCS use within 6 weeks
of enrollment

OCS use within 3 months
prior to enrollment

Asthma control N/A N/A Asthma control reached
at OCS dose ≤5 mg
during run-in or OCS
optimization period

N/A N/A

ACQ: Asthma Control Questionnaire; BD: Bronchodilator; DPI: Dry powder inhaler; FEV1: Forced expiratory volume in 1 s; ICS: Inhaled corticosteroid; LABA: Long-acting �2 agonist;
LTS: Long-term study; N/A: Not applicable; OCS: Oral corticosteroid; SCS: Systemic corticosteroid.
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(<16.44 ng/ml or ≥16.44 ng/ml), geographical region and age group (adult or adolescent). Written informed
consent was obtained from all participants prior to the start of the study; for participants below the age of majority
(as per local law), consent was also obtained from a legal guardian.

Outcome measures

The primary outcome measure of both STRATOS 1 and STRATOS 2 was the AAER up to week 52. An asthma
exacerbation was defined by worsening of asthma requiring use of systemic corticosteroids for ≥3 days, an emergency
room or urgent care visit because of asthma (which required systemic corticosteroids), or an inpatient hospitalization
because of asthma. Key secondary outcome measures for both trials included: change from baseline in FEV1; daily
asthma symptom score; Asthma Quality of Life Questionnaire score; and Asthma Control Questionnaire (ACQ-
6) score. In addition to periostin and DPP-4, fractional exhaled nitric oxide (FeNO), blood eosinophils and
total serum IgE were assessed as potential predictive biomarkers for increased IL-13 activation (STRATOS 1).
Safety, tolerability, immunogenicity and PK were also assessed. Further details on outcome measures are found in
Panettieri et al. [27].

Statistical methodology

In both studies efficacy and patient-reported outcome (PRO) analyses were assessed using the full analysis set (FAS;
all randomized participants who received any investigational product) and were categorized by randomized treatment
group. The safety analysis sets included all participants who received any investigational product, categorized by
treatment received and were used for all safety and immunogenicity evaluations. Planned sample sizes of 1140
participants (380 per tralokinumab treatment arm, 190 per placebo treatment arm) for STRATOS 1, and 770
participants (385 per treatment arm) for STRATOS 2 were considered sufficient to demonstrate reductions in the
AAER with tralokinumab compared with placebo. Further details on the sample size calculation are provided in
Panettieri et al. [27].

In both studies, the AAER was assessed using a negative binomial model. In STRATOS 2, for the analysis
of the biomarker subgroups only, a variable for the biomarker subgroup (positive, negative), and a treatment-
by-biomarker subgroup interaction term were included in the model. Key secondary outcome measures were
assessed using repeated measures analysis. Full details on the analysis of the outcome measures can be found in
Panettieri et al. [27].

Multiple testing procedures in each study were prespecified to strongly control the Type I error across primary
and key secondary end points (FEV1, Asthma Quality of Life Questionnaire, ACQ-6 and mean daily asthma
symptom score). In STRATOS 1, end points were formally tested in the all-comers population, while in STRATOS
2, end points were formally tested first in the biomarker-positive subgroup as identified in STRATOS 1, and then
in the all-comers population. Further details on the testing strategy are provided in Figure 2.

The TROPOS study
Rationale for study

STRATOS 1 and STRATOS 2 did not include the entire spectrum of severe asthma, as participants receiving
OCS at study entry were excluded from these trials. As described above, overuse of OCS has detrimental effects
on health-related quality of life and alternative, effective treatments are required. TROPOS addressed this need by
using an end point relevant for this OCS-dependent participant population, reduction of OCS dosage, rather than
AAER as used in STRATOS 1 and 2.

Primary objective

The primary objective of TROPOS was to assess the effect of tralokinumab in reducing the OCS dosage in an
unselected population of participants with asthma who require treatment with maintenance OCS in addition to
ICS plus LABA. This primary objective was not met, and the full data from TROPOS will be published in full in
the near future.

Study design & treatment

TROPOS was a Phase III, randomized, double-blind, parallel-group, multicenter, placebo-controlled study; 140
participants were randomized at 44 sites. The key inclusion and exclusion criteria are summarized in Table 2. The
study included a 2-week run-in period or a 2-week run-in period plus an 8-week optimization period (if there had
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Figure 2. Testing strategy for primary and key secondary outcomes in STRATOS 1 and STRATOS 2.
A predefined hierarchical testing strategy for the primary and key secondary outcome measures was applied to provide strong global
control of type I errors (family-wise error rate). A significant effect was required at each step in order to move on to the following step,
otherwise testing would be stopped and all subsequent results would be considered nonsignificant.
(A) STRATOS 1
• Step 1: tralokinumab 300 mg SC Q2W was assessed versus placebo with regard to the AAER (two-sided significance level [α] of 0.05).
• Step 2: the effect of tralokinumab on the key secondary outcome measures was tested (two-sided α of 0.04), using the hierarchical
strategy shown. The AAER was then tested for tralokinumab 300 mg SC Q4W (two-sided α of ≥0.01); the α used was determined by the
results of the tests on the key secondary end points.
• Step 3: if treatment effect was demonstrated for tralokinumab Q4W in step 2, the key secondary outcome measures were tested for
tralokinumab Q4W (α retained from step 2).
(B) STRATOS 2
In STRATOS 2, end points were assessed first in the biomarker-positive subgroup as identified in STRATOS 1 (steps 1–5), and then the
all-comers population (steps 5–9).
• Step 1: the AAER was tested (two-sided α of 0.05) in the biomarker-positive subgroup.
• Steps 2–4: FEV1, AQLQ and ACQ-6 were then tested sequentially in the same population (two-sided α of 0.05).
• Step 5: if a significant treatment effect was demonstrated for ACQ-6 in the biomarker-positive subgroup, then mean daily asthma
symptom score in the biomarker-positive subgroup and AAER in the all-comers population were both tested using a Bonferroni approach
at α/2 of 0.025. If a significant effect was observed for at least one end point in this step, testing proceeded to step 6.
• Step 6: FEV1 was tested in the all-comers population; the significance level used depended on whether only one (resulting in α/2 of
0.025) or both (resulting in α of 0.05) outcome measures were found to be significant at step 5.
• Steps 7–9: The effects on AQLQ, ACQ-6 and mean daily symptom score in the all-comers population were successively tested using α

retained from step 6.
AAER: Annualized asthma exacerbation rate; ACQ-6: Asthma Control Questionnaire; AQLQ: Asthma Quality of Life Questionnaire; FEV1:
Forced expiratory volume in 1 s; Q2W: Every 2 weeks; Q4W: Every 4 weeks; SC: Subcutaneous.
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not been a failure of OCS dosage reduction in the past 6 months prior to visit 1), to establish a minimum effective
dosage of the prescribed OCS. The 40-week treatment period consisted of three phases: the induction phase (12
weeks), when participants remained on their optimized dosage of OCS (weeks 0–12); the OCS reduction phase (20
weeks), when OCS dosage was reduced at 4-week intervals (weeks 12–32); and the maintenance phase (8 weeks),
when participants remained on the OCS dosage (could be 0 mg) reached at week 32 during the reduction phase.
Follow-up visits took place at weeks 44 and 54. Participants received 300 mg tralokinumab or placebo SC Q2W
(total 20 doses) and were stratified by age group and OCS dosage (≤10 mg vs >10 mg prednisone/prednisolone;
adult participants) at randomization. Written informed consent was obtained from all participants prior to the start
of the study; for participants below the age of majority (as per local law), consent was also obtained from a legal
guardian.

Outcome measures

The primary outcome measure of TROPOS was the percentage change from baseline in the average OCS dosage at
week 40, without loss of asthma control in the all-comers population. Secondary outcome measures included the
proportion of participants with a prescribed OCS maintenance dosage ≤5 mg at the end of the treatment period
(week 40), the proportion of participants with ≥50% reduction in their prescribed OCS maintenance dosage at the
end of the treatment period (week 40) and the AAER up to week 40 with tralokinumab compared with placebo.
The effects of tralokinumab on OCS dosage reduction have also been assessed in a biomarker-positive population,
as defined in STRATOS 1. Further details on outcome measures are found in Busse et al. [28].

Statistical methodology

The analysis sets for TROPOS were as described for STRATOS 1 and STRATOS 2. The original sample size
calculation for TROPOS assumed that the targeted difference in the percentage reduction in OCS dosage between
tralokinumab and placebo would be 50% in the all-comers population, which would require at least 55 participants
in each treatment group (see Busse et al. [28] for further details). However, following analysis of results from
STRATOS 1, which indicated that benefits of tralokinumab on the AAER were restricted to a subgroup of
participants with high biomarker concentrations, the statistical analysis methodology for TROPOS was revised to
allow the possibility of a primary analysis in a biomarker-high subgroup. In this study with a small sample size
and an unknown distribution of baseline biomarker concentrations in a severe asthma population using OCS,
two thresholds for a biomarker population were chosen (biomarker-mid and biomarker-high). If the proportion of
patients above either threshold was not ≥50%, then the primary population would be the all-comers population.
Further details on the testing strategy are provided in Figure 3.

The primary efficacy outcome measure, change from baseline in average OCS dosage to week 40, was assessed
using an analysis of covariance model with a sandwich estimator for the covariance. Secondary outcome measures
were assessed using logistic regression, controlling for OCS dosage at baseline.

The MESOS study
Rationale for study

In previous studies, treatment with tralokinumab increased blood eosinophil numbers [23,24]. This effect is consistent
with findings with other biologics that target IL-13 signaling, namely lebrikizumab and dupilumab [30,31]. As blood
eosinophils are associated with worse disease outcomes in asthma [32], there is a need to understand whether
the increase in blood eosinophils following tralokinumab treatment is associated with a corresponding increase in
airway eosinophils. A mathematical modeling analysis of eosinophil dynamics following treatment with anticytokine
biologics predicted that, despite an increase in blood eosinophils with tralokinumab treatment, there would be
a decrease in lung eosinophils due to decreased release of eosinophil chemotactic factors in the lung [33]. These
data were the basis for the hypothesis to be tested in the MESOS study that tralokinumab reduces ‘trafficking’ of
eosinophils from the blood to the lungs, with a consequent increased number in the blood and also a reduction in
the number of activated eosinophils [33]. Another hypothesis tested in MESOS was that tralokinumab, as a biologic
entering the lungs via the bloodstream, is more likely to improve small airway function than an inhaled drug, which
would access the large airways relatively easily, but the small airways less so.
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Figure 3. Testing strategy for primary and key secondary outcomes in TROPOS.
Following analysis of STRATOS 1 results, the statistical analysis plan for TROPOS was revised. As TROPOS was fully
recruited (N = 140) and the distribution of biomarker concentrations at baseline was not known, the primary
population for analysis of the study would instead be determined by the observed distribution of biomarker
concentrations. Three cut-off scenarios were devised in order to ensure there were sufficient numbers of patients in
each treatment arm for the primary statistical analyses.
(A) Primary population: biomarker-positive subgroup.
• If ≥50% of patients in TROPOS (i.e., ≥70 patients) had baseline biomarker concentrations above the cut-offs
identified in STRATOS 1 (i.e., biomarker-high), this biomarker-defined population would become the primary
population for testing the primary and secondary outcome measures.
• In this study with a small sample size and an unknown distribution of baseline biomarker concentrations in a severe
asthma population using OCS, a second lower, but still clinically meaningful, threshold for the biomarker-high
population was also chosen. If <50% of patients had biomarker concentrations above the threshold defined in
STRATOS 1, but ≥50% of patients had biomarker concentrations above the second, lower, cut-off, the primary
population could comprise all patients with biomarker concentrations above this alternative cut-off (i.e., a
biomarker-mid and biomarker-high subgroup).
• As per the original plan, it was expected that the treatment effect would be 50% OCS reduction in the
biomarker-high subgroup, 30% OCS reduction in the biomarker-mid subgroup and 0% OCS reduction in the
biomarker-low subgroup.
• The standard deviation of OCS reduction responses would be 80%, and the two-sided type I error rate would be 5%.
• If biomarker-high was the primary population (minimum 50% prevalence), ≥35 patients per arm would provide
≥73% power. If biomarker-mid and -high was the primary population (minimum 50% prevalence), the power would
be 34–83%.
(B) Primary population: all-comers population.
• If ≥50% of the patients had biomarker concentrations below either of the two thresholds described above
(i.e., biomarker-low), the primary population would be the all-comers population.
• If the all-comers population was the primary population, 70 patients per arm would provide 2.5–44% power.
OCS: Oral corticosteroid.
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Primary objective

The primary objective of MESOS was to assess the effect of tralokinumab on eosinophilic airway inflammation
and airway remodeling in participants with asthma that remains inadequately controlled despite the use of ICS.

Study design & treatment

This was a Phase II, randomized, double-blind, parallel-group, multicenter, placebo-controlled trial, with 79
participants randomized at 14 sites. The key inclusion and exclusion criteria are summarized in Table 2; in addition
to these criteria, participants were required to have a successful bronchial biopsy procedure, as judged by the
investigator. The study consisted of a 12-week treatment period and a 14-week follow-up period, with participants
receiving 300 mg tralokinumab or placebo SC Q2W for a total of six doses. Written informed consent was obtained
from all participants prior to the start of the study.

Outcome measures

The primary outcome measure was the change in number of airway submucosal eosinophils per mm2 from base-
line to week 12 in bronchoscopic biopsies following tralokinumab treatment compared with placebo. Secondary
outcome measures included: change from baseline to week 12 in number of blood eosinophils; number of differ-
ential sputum eosinophils; and blood- and sputum-free ECP concentrations with tralokinumab versus placebo.
Exploratory outcome measures included small and large airway structure and function. Further details on outcome
measures are found in Brightling et al. [29].

Statistical methodology

The all-subjects analysis set included all participants screened for the study (disposition and screening failures
data); the FAS included all participants who were randomized and received investigational product, regardless of
their protocol adherence and continued participation in the study (efficacy data); the safety analysis set included
all participants who received investigational product (safety data); the PK analysis set included all participants in
the FAS who received investigational product, with the assumption that PK blood samples were not affected by
protocol deviations; and the PRO analysis set was defined based on the FAS (PRO data). The sample size was based
on the primary outcome measure, change from baseline to week 12 in airway submucosal eosinophils. Based on
the assumed standard deviation of the log values in the two treatment groups being 1.62 (tralokinumab) and 1.82
(placebo), it was estimated that 31 participants in each treatment arm would be sufficient to achieve ≥80% power
to detect a 3.5-fold difference versus placebo using a two-sided test at 5% significance level.

The primary outcome measure was assessed using an analysis of covariance with at least baseline value and
treatment as covariates, while secondary outcome measures were assessed using a mixed model for repeated
measures with at least treatment as covariate.

Japanese long-term study
Rationale for study

A population PK modeling analysis of tralokinumab in Japanese healthy volunteers and people with asthma
demonstrated that dose adjustment for individuals of Japanese ethnicity would not be required. Further to this,
Japanese participants in the ATMOSPHERE program received the 300 mg Q2W SC dosage selected through the
PK/pharmacodynamic modeling analysis of the Phase II studies, which included both Japanese and non-Japanese
participants [25]. This long-term study aimed to provide additional safety and efficacy data for this dosage of
tralokinumab in Japanese participants.

Primary objective

The objective of this study was to assess the long-term safety and tolerability of tralokinumab in Japanese people
with asthma inadequately controlled despite the use of ICS/LABA.

Study design & treatment

This was a Phase III, open-label study in which 28 Japanese participants received treatment (300 mg tralokinumab
SC Q2W; total of 26 doses) at four sites in Japan. The key inclusion and exclusion criteria are summarized in
Table 2. The study consisted of a run-in period of maximum 2 weeks, a 52-week treatment period and follow-up
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visits at weeks 56 and 66. Written, informed consent was obtained from all participants prior to the start of the
study; for participants <20 years of age, consent was also obtained from a legal guardian.

Outcome measures

Primary outcome measures included the number of AEs and serious AEs, laboratory variables, vital signs, electro-
cardiograms and physical examinations. Exploratory outcome measures included: ACQ-6 score; percentage change
from baseline in FEV1; AAER (an exacerbation was defined as a worsening of asthma requiring systemic corticos-
teroids for ≥3 days, an emergency room visit, or inpatient hospitalization); baseline concentrations and change
from baseline in biomarkers (periostin, DPP-4 and others that might be associated with upregulation of IL-13);
serum tralokinumab concentration; and incidence of antidrug antibodies and characterization of their neutralizing
potential.

Statistical methodology

The safety and immunogenicity assessments were based on the safety analysis set, which included all participants who
received at least one dose of tralokinumab. The FAS included all participants receiving any dose of tralokinumab,
regardless of protocol adherence or continued participation, and was used for the exploratory efficacy and PRO
analyses. The PK analysis set, used for PK assessments, comprised all participants from the FAS, excluding those
whose PK blood samples may be affected by protocol deviations (e.g., taking disallowed medications). No formal
sample size calculation was performed, given the objectives of the study. Approximately 22 Japanese participants
(who completed the planned 52-week treatment period) were considered sufficient for collecting additional safety
information on tralokinumab. Descriptive statistics were used for all outcome measures.

Potential biomarkers in IL-13-driven asthma
A biomarker can be defined as "any substance, structure or process that can be measured in the body or its products, and
influence or predict the incidence of outcome or disease" [34]. Ideally, biomarkers should be easy to collect and measure
noninvasively and relatively inexpensively [35]. Five potential biomarkers for IL-13 activity have been identified,
including proteins derived from the bronchial epithelium (e.g., DPP-4 and periostin), FeNO, blood eosinophils
and total serum IgE (Figure 4). The utilization of these five biomarkers in the STRATOS 1 and STRATOS 2 studies
to identify a subgroup of participants with severe asthma who would obtain enhanced benefit from tralokinumab
is a step forward in enabling a personalized approach to the treatment of IL-13-driven asthma.

Dipeptidyl peptidase-4

DPP-4 is multifunctional protein expressed in bronchial epithelial cells and its expression is increased in response
to IL-13 [36]. The role of DPP-4 in the pathophysiology of asthma is not established, but it might be involved in
airway inflammation, cell proliferation and fibronectin production. Specifically, DPP-4 increases the proliferation
of lung fibroblasts and bronchial smooth muscle cells, as well as production of fibronectin from these cells. It
is also involved in T-cell activation [37]. As a biomarker, DPP-4 can be measured in the blood using a validated
immunoassay [38]. In a Phase IIb study, a subset of participants with elevated serum DPP-4 concentrations, baseline
FEV1 reversibility, no long-term OCS and who received tralokinumab, achieved improvements in lung function,
asthma control and quality of life compared with those participants who had low concentrations of DPP-4 [24].

Periostin

Periostin is a matricellular protein expressed in airway fibroblasts and epithelial cells, and its expression is increased in
response to IL-4, IL-13 or TGF-β [39]. Periostin promotes eosinophil adhesion and recruitment to the airways, which
could contribute to increased airway type-2 inflammation and fibrosis in the lungs of participants with asthma [40,41].
It also activates eosinophil-specific functions: O2

- generation and eosinophil-derived neurotoxin release [42]. Similarly
to DPP-4, periostin is a noninvasive biomarker that can be measured in the blood using a validated immunoassay [43].
In a Phase IIb study, a subset of participants with elevated serum periostin concentrations, baseline FEV1 reversibility,
no long-term OCS and who received tralokinumab, achieved improvements in the AAER, lung function and asthma
control (ACQ-6) compared with those with low concentrations of periostin [24].
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Figure 4. Potential biomarkers of
IL-13-driven asthma.
FeNO: Fractional exhaled nitric
oxide.

Fractional exhaled nitric oxide

The role of NO in the airways is complex [44]. It might function as a proinflammatory mediator contributing
to airway hyper-responsiveness, while under physiological conditions it contributes to smooth muscle relaxation
and inhibits airway hyper-responsiveness [45,46]. FeNO is the concentration of NO in exhaled breath and can
be measured using a variety of techniques and devices; however, the sensitivity and accuracy of these devices
can vary, limiting repeatability [47]. High FeNO concentrations can indicate elevated type-2 inflammation [48],
which is often seen in asthma, and is associated with an increased risk of exacerbations [47]. In addition, there
is an association between FeNO and steroid insensitivity in some participants with asthma [49]. FeNO has been
measured as a biomarker of type-2 inflammation in several past and ongoing clinical trials of biologics in severe
asthma [27,31,50,51]. It is specifically linked to IL-13 axis activation through the activity of inducible NO synthase
(iNOS), an enzyme responsible for producing NO in the airways [52] that is upregulated by IL-13 [53]. The results
of STRATOS 1 and STRATOS 2 will therefore help to understand the potential benefit of this biomarker for
guiding personalized treatment in IL-13-driven disease.

Eosinophils

Eosinophils are leukocytes that are involved in the innate immune response to external stimuli, including helminth
parasites, viruses and allergens [54]. They are recruited to sites of inflammation (such as the lungs) by type-
2 cytokines [55], where they release proinflammatory cytokines and cytotoxic molecules that contribute to the
pathogenesis of asthma [56]. Elevated eosinophil counts in the airway and blood are associated with decreased
lung function, increased disease severity and frequent exacerbations [55,57]. Blood eosinophil counts are used as
the biomarker to identify participants likely to benefit from anti-IL-5 biologics [58–61]. In participants receiving
tralokinumab as part of a Phase IIb study, there were trends toward an AAER reduction and improved lung function
in subgroups with high type-2 status (defined as serum IgE >100 IU/ml and blood eosinophils ≥140 cells/μl)
and those with baseline peripheral blood eosinophil counts ≥300 cells/μl [24].
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IgE

IgE is typically involved in host responses to helminth parasites, but also has a central role in the pathophysiology of
allergic reactions, including atopic asthma [62]. In the lungs, allergen-specific IgE triggers mast cells and basophils
to degranulate upon contact with the allergen, which leads to bronchoconstriction, edema and recruitment of other
immune cells to the site of inflammation [62]. Allergen-specific IgE can be used as a biomarker for atopic asthma,
and there is an inverse correlation between elevated serum IgE concentrations and reduced lung function [63–65]. IgE
has been measured in several clinical trials of biologics in severe asthma [27,31,50,66,67], and serum total IgE is used to
determine the dose of omalizumab used in participants with allergic asthma [68]. In a Phase IIb study investigating
the efficacy and safety of tralokinumab in participants with severe, uncontrolled asthma, serum IgE was one
parameter used to identify participants who were ‘type-2 high’ (defined as IgE >100 IU/ml and blood eosinophils
≥140 cells/μl); there was a trend toward AAER reduction and improved lung function in this subgroup [24].

Conclusion & future perspective
Asthma, particularly severe asthma, represents a heterogeneous disease that responds differently to treatments,
and established therapies have limitations in the management of the disease. A major unmet need remains for
people with severe asthma whose disease is inadequately controlled with high-dosage ICS/LABA. In addition,
these patients can become reliant on OCS treatment, which is associated with serious AEs. The ATMOSPHERE
program was developed to assess whether tralokinumab, an anti-IL-13 monoclonal antibody, has beneficial effects
for people with severe, uncontrolled asthma. In the tralokinumab Phase III clinical development program, a novel
approach was implemented to address two key objectives, specifically whether tralokinumab would provide benefit
in severe asthma and whether there was a subgroup of participants with severe asthma who derived enhanced benefit
with tralokinumab. STRATOS 1 was initiated and completed before STRATOS 2, thus enabling an exploratory
biomarker analysis of the results from STRATOS 1 to be applied to the analysis of STRATOS 2. This approach
permitted evaluation of the utility of potential biomarkers for IL-13 activation to allow for a personalized approach
in the treatment of people with IL-13-driven, severe asthma. TROPOS assessed the possibility of reduced reliance
on OCS, while a study in Japanese individuals was intended to confirm the long-term safety of tralokinumab
in this population. Furthermore, MESOS will contribute to our understanding of the mechanism of action of
tralokinumab in airway inflammation and remodeling. There are limitations in the study design of the trials in
the ATMOSPHERE program. Specifically, when a biomarker-positive subgroup was identified in STRATOS 1,
participant recruitment for STRATOS 2 and TROPOS had been completed. Therefore, it was not possible to
modify the study design to enrich for the biomarker-positive subgroup; changes could only be made to the statistical
analysis plan. In addition, ideally, the MESOS study should have been performed before the Phase III studies to
confirm the mechanism of action of tralokinumab as an anti-inflammatory agent.

The ATMOSPHERE program aimed to determine whether a proportion of participants experience an enhanced
response to tralokinumab, thus enabling more efficient management of IL-13-driven asthma compared with
currently available therapies. Other biologics developed to target IL-13-driven asthma have had mixed success.
In Phase III trials, the anti-IL-13 biologic lebrikizumab did not demonstrate a consistent benefit in participants
with severe asthma either in the all-comers population or in a subgroup defined by elevated serum periostin and
blood eosinophil concentrations [51]. Dupilumab, a biologic developed to inhibit both IL-4 and -13, however, has
demonstrated efficacy in both an all-comers population of participants with severe asthma and in those who had
elevated blood eosinophil counts in a Phase IIb trial [31]. The studies with tralokinumab, similar to the lebrikizumab
experience, were unable to identify a population of participants with consistent, clinically meaningful treatment
benefit.
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Executive summary

Asthma overview
• Asthma is a heterogeneous disease, and currently available therapies for disease management have limitations.

• There is a major unmet need for people with severe asthma whose disease remains inadequately controlled
despite high-dosage inhaled corticosteroids/long-acting β2 agonists, particularly those who depend on long-term
oral corticosteroids.

• People with asthma exhibit different underlying mechanisms of inflammation and so respond differently to
treatment.

• Some types of asthma are driven by IL-13 signaling.
Background to tralokinumab
• Tralokinumab is a fully human IgG4 monoclonal antibody, which potently and specifically neutralizes IL-3 by

preventing its interaction with IL-13Rα1 and IL-13Rα2.

• In two Phase II studies, tralokinumab treatment improved the symptoms of asthma in participants with severe,
uncontrolled asthma and activation of IL-13.

The ATMOSPHERE program
• The ATMOSPHERE clinical program consisted of five clinical trials: STRATOS 1, STRATOS 2, TROPOS, MESOS and a

long-term trial in Japanese individuals.

• The program aimed to evaluate tralokinumab for the treatment of people with severe, uncontrolled asthma.
Potential biomarkers in IL-13-driven asthma
• Five potential biomarkers for type-2 airway inflammation and IL-13 activity (DPP-4, periostin, fractional exhaled

nitric oxide, eosinophils and IgE) have been evaluated in the ATMOSPHERE program.

• The biomarkers have been assessed for their ability to identify a subgroup of participants most likely to respond
to tralokinumab.

Conclusion & future perspective
• The ATMOSPHERE program has assessed the efficacy and safety of tralokinumab in people with severe,

uncontrolled asthma.

• The aim of the ATMOSPHERE program was the identification of a proportion of participants with
biomarker-based evidence of IL-13-driven disease most likely to respond to tralokinumab, to allow for more
efficient management compared with currently available therapies; however, the studies were unable to identify
such a population.
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