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Rationale: For many patients with asthma, allergic airway inflamma-
tion is primarily a Th2-weighted process; however, heterogeneity in
patterns of inflammation suggests phenotypic distinctions exist that
influence disease presentation and treatment effects.

Objectives: To assess the potential of fractional exhaled nitric oxide
(FEno), peripheral blood eosinophil count, and serum periostin as
biomarkers of Th2 inflammation and predictors of treatment ef-
fects of omalizumab.

Methods: The EXTRA omalizumab study enrolled patients (aged 12—
75 yr) with uncontrolled severe persistent allergic asthma. Analyses
were performed evaluating treatment effects in relation to Feno,
blood eosinophils, and serum periostin at baseline. Patients were
divided into low- and high-biomarker subgroups. Treatment effects
were evaluated as number of protocol-defined asthma exacerba-
tions during the 48-week treatment period (primary endpoint).
Measurements and Main Results: A total of 850 patients were en-
rolled. Data were available from 394 (46.4%), 797 (93.8%), and
534 (62.8%) patients for Feyo, blood eosinophils, and serum perios-
tin, respectively. After 48 weeks of omalizumab, reductions in
protocol-defined exacerbations were greater in high versus low sub-
groups for all three biomarkers: Feno, 53% (95% confidence interval
[Cl1], 37-70; P = 0.001) versus 16% (95% Cl, —32 to 46; P = 0.45);
eosinophils, 32% (95% Cl, 11-48; P =0.005) versus 9% (95% Cl, —24
to 34; P = 0.54); and periostin, 30% (95% Cl, —2 to 51; P = 0.07)
versus 3% (95% Cl, —43 to 32; P = 0.94).

Conclusions: The difference in exacerbation frequency between
omalizumab and placebo was greatest in the three high-biomarker
subgroups, probably associated with the greater risk for exacerba-
tions in high subgroups. Additional studies are required to explore
the value of these biomarkers in clinical practice.

Clinical trial registered with www.clinicaltrials.gov (NCT00314574).

Keywords: immunoglobulin E; eosinophil; fractional exhaled nitric ox-
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Although inflammation is well established as an important target
for treatment of patients with chronic asthma, there is increasing
recognition of inflammatory and immunologic phenotypic dis-
tinctions that could influence treatment effects (1, 2). Varying
responses to standard treatments are frequently observed in
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Because of the heterogeneity of response to therapy in asthma,
an identification of markers that assess treatment effects of
specific medications will improve the likelihood of treatment
effectiveness and efficacy in individual patients. We explored
the potential of three biomarkers of Th2-driven inflammation
(fractional exhaled nitric oxide [FEno], peripheral blood
eosinophils, and serum periostin) to serve as predictors of
treatment effects to omalizumab using data from patients with
severe allergic asthma enrolled in a large multicenter study
evaluating the long-term efficacy and safety of omalizumab
(EXTRA study); patients were divided into baseline low- and
high-biomarker subgroups.

What This Study Adds to the Field

In this study, treatment effect of omalizumab (percent re-
duction in exacerbations) was greater in all three high baseline
biomarker subgroups when compared with the low-biomarker
subgroups, indicating that these patients may achieve greater
benefit from omalizumab therapy. Additional studies are
required to further explore the characteristics and potential
prognostic effects of these biomarkers.

patients with asthma (3-5). A better understanding of the mech-
anisms underlying the heterogeneity of treatment responses in
patients with asthma is critical to the development of person-
alized medicine. This approach aims to tailor treatment to the
individual patient and could be facilitated by the identification
of biomarkers that predict responses to therapy (6).

IgE is central to the pathophysiology of allergic asthma (7, 8).
Airway inflammation is considered primarily an allergic, Th2-
weighted disease in many patients with asthma, characterized by
production of distinct cytokines including IL-4, IL-5, and IL-13
from Th2-type CD4™ cells (9-11), two of which (IL-4 and IL-13)
contribute directly to IgE class switch, thereby increasing IgE
levels (12). Unfortunately, levels of these cytokines are low and
cannot be measured reliably in blood, whereas serum IgE itself,
although readily measurable, has not been particularly predictive of
response to anti-IgE therapy (13, 14). Furthermore, antigen-specific
IgE has not been predictive of responses to omalizumab (15).

Three potential markers of Th2-driven inflammation involved
in inflammatory pathways downstream from these cytokines have
been investigated previously: (/) fractional exhaled nitric oxide
(FEno), (2) peripheral blood eosinophils, and (3) serum periostin.
The measurement of FEno, which is generated by an enzyme
(inducible nitric oxide synthase) induced by IL-13 (16), has been
standardized for clinical use by the American Thoracic Society
(ATS) (17). The presence of blood eosinophilia has long been
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associated with asthma (18), and there is evidence that there is
a distinct phenotype (eosinophilic asthma) associated with Th2-
driven inflammation (10). Serum periostin, which is also gener-
ated by airway epithelial cells in response to IL-13, was recently
identified as a marker of Th2-related airway inflammation in
patients with asthma (10, 19) and its presence has been associated
with a greater FEV,; improvement with anti-IL-13 therapy (20).

Omalizumab (Xolair) is a recombinant humanized monoclonal
antibody that selectively binds to free IgE. It is indicated in the
United States for adults and adolescents (=12 yr of age) with
moderate-to-severe persistent allergic (IgE-mediated) asthma
whose symptoms are inadequately controlled with inhaled corti-
costeroids (ICS) (21). Although previous studies have demon-
strated that omalizumab has important benefits for patients
with moderate-to-severe uncontrolled allergic asthma (4, 22—
30), not all patients with inadequately controlled asthma re-
spond to omalizumab and predictors of response to this biologic
agent are limited.

In these prespecified and post hoc analyses, we explored the
potential of Th2 inflammatory biomarkers (FExo, blood eosinophils,
and serum periostin) to serve as baseline predictors of therapeutic
benefit of omalizumab treatment in patients with inadequately con-
trolled severe allergic asthma who were enrolled in a large multi-
center longitudinal study (the EXTRA study) (26).

METHODS

Patients

Full details of the patient population enrolled in this study were de-
scribed previously (26). In short, patients were included in the study
if they were 12-75 years of age and had a history of severe persistent
allergic asthma for more than 1 year before screening. Patients whose
asthma remained inadequately controlled despite treatment with high-
dose ICS plus long-acting (3,-agonist (LABA) were enrolled (see online
supplement and Hanania and coworkers [26] for details).

Study Design

EXTRA was a prospective, multicenter, randomized, parallel-group,
double-blind, placebo-controlled study. Full details of the study design
have been published previously (26). In brief, after a 2- to 4-week run-in
period, eligible patients were randomized in a 1:1 ratio to receive oma-
lizumab or placebo (in addition to high-dose ICS and LABA, with or
without additional controller medications) for 48 weeks. To account for
baseline asthma controller medication, three strata were included in
the randomization: M1 (ICS plus LABAs alone); M2 (ICS plus LABAs
plus one or more additional asthma controller medications but exclud-
ing oral corticosteroids [OCS]); and M3 (ICS plus LABAs plus OCS).
Omalizumab dose and dosing regimen were determined based on se-
rum total IgE level (international units per milliliter) and body weight
(kilograms) at screening, according to the US omalizumab dosing table
(ensuring a minimum dose of 0.008 mg/kg/IgE [IU/ml] every 2 wk or
0.016 mg/kg/IgE [IU/ml] every 4 wk) (21). No modifications to the dose
of omalizumab or concomitant asthma medications were allowed dur-
ing the study.

Assessments and Variables

Primary and secondary outcomes measures from the EXTRA study have
been reported previously (26). In the present study, three biomarkers
(FEno, peripheral blood eosinophils, and serum periostin) were evaluated
as predictors of treatment effects. The criteria for division of patients into
subgroups with low and high levels of each biomarker at baseline were
defined before evaluation of treatment effects, but were not prespecified
in the study protocol. The median value for each biomarker across the
subjects was used to provide an approximately similar distribution of data
across subgroups. Evaluation of treatment effects within FExo subgroups
was a prespecified subanalysis, and was conducted only at sites in the
United States. Measurement of FExo was performed using a hand-held
portable device (NIOX MINO; Aerocrine, Solna, Sweden) in accordance

with ATS guidelines (31). At each visit, FExo measurements were taken
at least twice, and the mean value was recorded. The median of the
biomarker was predefined as the cut-off for determining low and high
subgroups (<19.5 ppb; =19.5 ppb). A post hoc analysis with an alternative
cut-off for defining low- and high-FEno subgroups (<24 ppb; =24 ppb)
was also performed based on the recently published ATS guidelines (17).
Evaluation of treatment effects within peripheral blood eosinophil sub-
groups was also a preplanned subanalysis. Peripheral blood eosinophil
counts at baseline were obtained from standard complete blood counts,
and patients were divided into two predefined groups based on baseline
median low (<260/pl) and high (=260/w.1) eosinophil counts. Serum peri-
ostin levels were assessed as a post hoc analysis, and were measured using
an Elecsys periostin immunoassay (in development, not commercially
available) on a cobase 601 analyzer (Roche Diagnostics, Indianapolis,
IN). As for previous studies, the median of the biomarker was predefined
as the cut-off for determining low and high subgroups (<50 ng/ml;
=50 ng/ml) (20).

Treatment effect was evaluated within each biomarker subgroup as
the number of observed protocol-defined exacerbations (defined as
worsening asthma symptoms requiring treatment with systemic cortico-
steroids for =3 d; for patients receiving long-term OCS, an exacerba-
tion was an increase of =20 mg in the average daily OCS dose); this
was used to calculate protocol-defined exacerbation rates reported dur-
ing the 48-week treatment period. Analyses were also conducted to
assess time to first protocol-defined exacerbation and secondary effi-
cacy endpoints of total asthma symptom score, albuterol use, asthma
quality of life questionnaire (AQLQ), and % predicted FEV, by low
and high subgroups of each of the three biomarkers (FEno, peripheral
blood eosinophils, and periostin).

Safety was evaluated by recording and monitoring the frequency and
severity of treatment-emergent adverse events (AE) and serious AEs.

Statistical Analysis

Efficacy analyses were performed in the modified intent-to-treat (mITT)
population and safety analyses were conducted in all patients who re-
ceived the study drug, as described previously (26). Poisson regression
with adjustment for overdispersion was used to estimate the rate of
protocol-defined asthma exacerbations over 48 weeks. This method
accounts for differential time on the study and allowed adjustment for
the following covariates: dosing schedule (every 2 or 4 wk); prior exac-
erbation status (<1 exacerbation, >1 exacerbation in the previous year);
and concomitant asthma medications at baseline (M1, M2, and M3 sub-
groups). A separate Poisson regression model was run for each of the
biomarker-low and -high subgroups to provide the estimated exacerba-
tion rates in the placebo group and omalizumab group. The Poisson
regression model also provided an estimate for the relative reduction
in the exacerbation rate (omalizumab vs. placebo), which was assessed
as one minus the exacerbation rate ratio. The P values for testing the
relative reduction equal to 0, indicating no benefit from omalizumab, are
provided, as are the confidence intervals (CI) of the relative reduction
for each of the low and high subgroups.

Exacerbation rates in the low- and high-biomarker subgroups in the
placebo arm were used to assess the prognostic effect of a biomarker,
whereby a difference between exacerbations in the low and high sub-
groups implies a prognostic effect. The predictive effect of a biomarker
was assessed by comparing the relative reduction (omalizumab vs. pla-
cebo) between the low- and high-biomarker subgroups; a difference in
relative reduction between the biomarker-high and -low subgroup implies
a predictive effect.

Time to first protocol-defined asthma exacerbation was estimated us-
ing Kaplan-Meier methodology. The hazard ratio (omalizumab vs. pla-
cebo) for exacerbations was estimated using the Cox proportional
hazards model with the following covariates: dosing schedule (every 2
or 4 wk); prior exacerbation status (<1 exacerbation, >1 exacerbation
in the previous year); and concomitant asthma medications at baseline
(M1, M2, and M3 subgroups). A hazard ratio less than 1 indicates a lower
risk of developing an exacerbation in the omalizumab group.

Secondary endpoints of change from baseline at Week 48 in total
asthma symptom score, albuterol use, AQLQ, and FEV; were assessed
using an analysis of covariance model including terms for dosing sched-
ule (every 2 or 4 wk) and concomitant asthma medications (M1, M2,
and M3 subgroups) at baseline as covariates. A separate analysis of
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covariance model was run for each of the biomarker-low and -high
subgroups.

To explore alternative cut-offs in addition to the prespecified cut-off
(medians), subpopulation treatment effect pattern plots (STEPP) plots
were generated, based on methodology developed by Lazar and cow-
orkers (32). This method evaluated treatment-effect heterogeneity
across overlapping intervals of continuous biomarkers. Specifically,
the plot provided reduction in exacerbations (vs. placebo) for sub-
groups of patients with biomarker values within a range of seven pos-
sible cut-offs corresponding to the 20th, 30th, 40th, 50th, 60th, 70th, and
80th percentiles of biomarker values. Each subgroup contains 40% of
patients with biomarker values around the selected cut-off (i.e., 20%
with biomarker values below the selected cut-off, and 20% with values
equal to or above the selected cut-off).

RESULTS

The disposition of the 850 patients (omalizumab, n = 427;
placebo, n = 423) enrolled in the EXTRA study has been de-
scribed previously (26). FEno and serum periostin measurements
at baseline were available in 394 (46.4%) and 534 (62.8%)
patients, respectively (Figure 1). Data on peripheral blood eo-
sinophil counts at baseline were available for 797 (93.8%) patients
(mITT population).

Opverall, patient demographic and baseline characteristics were
well balanced between the two treatment groups, and were similar
between the total EXTRA study population and those patients with
biomarker data available. However, there were a higher percentage
of females receiving placebo in the overall study and across all
biomarker subgroups (see Table El in the online supplement).

Between the biomarker-low and -high subgroups (Table 1), an
imbalance was observed for mean total IgE, which was higher in
the biomarker-high versus biomarker-low subgroups, and mean
weight, which was lower in the serum periostin-high versus
periostin-low group. Mild correlations were observed between the
three biomarkers (Spearman correlation coefficient ranged from
0.35-0.38 for each pair of biomarkers). Therefore, in general,
patients who were in one high-biomarker subgroup had elevated
baseline values for the other two biomarkers, although the cut-off—
defined subgroups for each biomarker did not completely overlap.

Efficacy

The results of the primary and secondary efficacy analyses for the
mlITT population have been reported previously (26).

Evaluation of Treatment Effects within
Biomarker Subgroups

FEno. Exacerbation rates in the FEyo-low and -high subgroups
were 0.71 and 1.07, respectively, in the placebo group and 0.60
and 0.50, respectively, in the omalizumab group. The omalizu-
mab group demonstrated a 53% (95% CI, 37-70; P = 0.001)
reduction in exacerbations versus the placebo group in the high
(=19.5 ppb) FEno subgroup, compared with a 16% (95% CI,
—32 to 46; P = 0.45) reduction in the low (<19.5 ppb) FEno
subgroup after 48-weeks of treatment, suggesting a greater ben-
efit of omalizumab over placebo for patients with higher levels
of FEno at baseline (Figure 2).

Randomized
n= 850
Omalizumab Placebo
n=427 n=423
y y
Treated Treated
n =427 (100.0%) n =421 (99.5%)
Low FeNO* High FeNO* Low FeNO* High FeNO*

n =102 (12.0%)

n =101 (11.9%)

n=91(10.7%)

n =100 (11.8%)

Low eosinophil*
n =186 (21.9%)

High eosinophil*
n =214 (25.2%)

Low eosinophil*
n =197 (23.2%)

High eosinophil*
n =200 (23.5%)

Low periostin*
n=142 (16.7%)

High periostin*
n=128 (15.1%)

Low periostin*
n =137 (16.2%)

High periostin*
n=127 (15.0%)

Discontinued: 83 (19.4%)
e Adverse event 16 (3.7%)
e |osttofollow-up 25 (5.9%)

e Patient/guardian withdrew

consent 22 (5.2%)
e Physician withdrew patient 15 (3.5%)
® Pregnancy 4(0.9%)
¢ Reason unknown 1(0.2%)

A

A

Completed study
n = 344 (80.6%)

Discontinued: 94 (22.2%)t
¢ Death 3(0.7%)
* Adverse event 11 (2.6%)
e |ost to follow-up 19 (4.5%)
"| o Patient/guardian withdrew

consent 33 (7.8%)
* Physician withdrew patient 22 (5.2%)
* Pregnancy 6 (1.4%)

4

Completed study
n =329 (77.8%)

Figure 1. Patient disposition. *Low and high levels of each biomarker at baseline. fIncludes two patients in the placebo group who were random-
ized but did not receive allocated treatment (no data available post baseline). Feno = fractional exhaled nitric oxide.
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TABLE 1. PATIENT DEMOGRAPHICS AND BASELINE CHARACTERISTICS FOR THE SUBGROUPS OF PATIENTS WITH LOW OR HIGH
BASELINE PERIPHERAL BLOOD EOSINOPHIL COUNTS, Feno, AND SERUM PERIOSTIN (FOR COMBINED OMALIZUMAB

AND PLACEBO PATIENT POPULATIONS)

Low Feno High Feno Low Eosinophil High Eosinophil Low Periostin High Periostin
Subgroup Subgroup Subgroup Subgroup Subgroup Subgroup
(<19.5 ppb) (=19.5 ppb) (<260/ul) (=260/ul) (<50 ng/ml) (=50 ng/ml)
(n=193) (n=207) (n= 383) (n=414) (n=279) (n = 255)
Mean (SD) age, yr 45 (13) 43 (15) 45 (14) 44 (15) 46 (12) 44 (16)
Mean body weight (SD), kg 90 (22) 85 (20) 90 (21) 85 (21) 93 (21) 82 (19)
Sex, n (%)

Female 130 (67) 128 (64) 242 (63) 279 (67) 181 (65) 168 (66)
Race, n (%)

White 155 (80) 138 (69) 284 (74) 318 (77) 214 (77) 183 (72)
Mean total serum IgE (SD), IU/ml 169 (126) 197 (152) 156 (123) 196 (140) 152 (120) 200 (144)
Mean prebronchodilator FEV; (SD), % predicted 66 (14) 64 (16) 67 (15) 64 (15) 65 (13) 64 (16)
Hospitalized for asthma, n (%)* 23 (12) 23 (11) 36 (9) 50 (12) 28 (10) 38 (15)
Mean (SD) number of exacerbations* 2 () 2(3) 2 (1) 2(2) 2(2) 2 (3)
Mean (SD) total asthma symptom scores 4(2) 4 (2) 4 (2) 4 (2) 4 (2) 4(2)
Mean (SD) number of albuterol per day, puff 4 (3) 4 (3) 4 (3) 4 (3) 4 (3) 4 (3)
Mean (SD) AQLQ 4 () 4 4 (1) 4 4 () 4 (1)
Mean (SD) Feno, ppb 12 (4) 45 (32) 20 (14) 37 (33) 21 (18) 37 (34)
Mean eosinophil count, per pl 264 (208) 445 (376) 152 (58) 535 (336) 257 (169) 444 (390)
Mean (SD) periostin, ng/ml 49 (15) 60 (24) 48 (14) 58 (20) 41 (6) 67 (18)
Concomitant asthma medications, n (%)

M1 subgroup 76 (40) 71 (35) 148 (39) 146 (35) 73 (35) 82 (32)

M2 subgroup 93 (48) 94 (47) 194 (51) 177 (43) 137 (49) 119 (47)

M3 subgroup 24 (12) 36 (18) 41 (11) 91 (22) 45 (16) 54 (21)

Definition of abbreviations: Feno = fractional exhaled nitric oxide; ICS = inhaled corticosteroids; LABA = long-acting ,-agonist; M1 = ICS plus LABAs alone; M2 = ICS

plus LABAs plus one or more additional asthma controller medications (excluding OCS); M3 = ICS plus LABAs plus OCS; OCS = oral corticosteroids.

*During the past 12 months.

Peripheral blood eosinophils. Exacerbation rates in the eosinophil-
low and -high subgroups were 0.72 and 1.03, respectively, in
the placebo group and 0.65 and 0.70, respectively, in the oma-
lizumab group. A greater percentage reduction in protocol-
defined exacerbations during the 48-week treatment period
was observed in patients with high baseline eosinophil counts
(=260/p1) than in patients with low eosinophil counts (<260/ul)
(32%, 95% CI, 11-48 [P = 0.005] vs. 9%, 95% CI, —24 to 34 [P =
0.54]), suggesting patients with higher baseline eosinophil counts

received a greater benefit from omalizumab therapy than those
with lower counts (Figure 2).

Serum periostin. Exacerbation rates in the periostin-low and -high
subgroups were 0.72 and 0.93, respectively, in the placebo group and
0.73 and 0.66, respectively, in the omalizumab group. The protocol-
defined exacerbation rate reduced post-treatment by 30% (95% CI,
—2 to 51; P = 0.07) in patients with high (=50 ng/ml) baseline
periostin levels, and by 3% (95% CI, —43 to 32; P = 0.94) in
patients with low (<50 ng/ml) baseline periostin levels (Figure 2).

FeNO Eosinophils Periostin
409 <195 ppb =19.5 ppb <260/pL =260/pL <50 ng/mL =50 ng/mL

I
Eb 20 ~
o O
¥ c
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g —32 -
o © . .
c o 20 - Figure 2. Mean percent reduction (95%
c6 Cl) in protocol-defined asthma exacerba-
-% E -53 tion rate in the low- and high-biomarker
3 o -40 subgroups (baseline fractional exhaled
o § nitric oxide [Feno], peripheral blood eosino-
T o phils, and serum periostin). *Exacerbation
§ g -60 reduction P values; omalizumab versus pla-
2 % cebo in each biomarker subgroup. Cl =

o n=193 n =201 n =383 n=414 n=279 n=255 confidence interval.

—80-  p_gus  P=0001 P-054 P =0.005 P=094"  P=007T"
Exacerbation rates
Low High Low High
Low FeNO  High FeNO eosinophils  eosinophils periostin periostin
at baseline  at baseline at baseline  at baseline at baseline  at baseline
Omalizumab 0.60 0.50 0.65 0.70 0.73 0.66
Placebo 0.71 1.07 0.72 1.08 0.72 0.93
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Exacerbation rates
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Omalizumab 0.56 0.55
Placebo 0.81 1.01

Figure 3. Post hoc analysis of mean percent reduction (95% Cl) in protocol-
defined asthma exacerbation rate in the low- and high-biomarker sub-
groups using a baseline fractional exhaled nitric oxide (Feno) cut-off of
24 ppb. *Exacerbation reduction P values; omalizumab versus placebo
in each biomarker subgroup. Cl = confidence interval.

In each of the biomarker-high subgroups, a substantial reduction
from placebo in the protocol-defined exacerbation rate for patients
on omalizumab was observed. Conversely, no significant differen-
ces versus placebo were observed in any of the low-biomarker sub-
groups, suggesting a greater benefit of omalizumab over placebo for
patients in the high-biomarker subgroups. Possible prognostic
effects were observed in patients with high FEyo, peripheral blood
eosinophil counts, and periostin levels at baseline, as demonstrated
by higher exacerbation rates in the biomarker-high placebo sub-
groups than the biomarker-low placebo subgroups.

In the overall EXTRA study population, it was found that the
treatment effect of omalizumab was smallest in the M3 subgroup
(26). In an additional analysis, we did not find that the biomarkers
had stronger predictive values in the subset of the M1+M2 pop-
ulation (see Figure E1).

Evaluation of Patterns of Treatment Effect for Varying
Levels of Each Biomarker

To explore alternative biomarker cut-offs to those predefined (pe-
ripheral blood eosinophils and FExo) or defined as part of the post
hoc analysis (serum periostin), a STEPP analysis was performed
for each biomarker subgroup. These analyses suggest that the
predefined median cut-off (260/pl) seems to be appropriate for
peripheral blood eosinophils, whereas slightly higher cut-offs (e.g.,
around the 60th percentiles, 24 ppb and 53 ng/ml, respectively)
may be preferable for FEno and periostin (see Figures E2A-E2C).
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Figure 4. Time to first protocol-defined asthma exacerbation in base-
line (A) fractional exhaled nitric oxide (Feno) low (<19.5 ppb) and high
(=19.5 ppb) subgroups, (B) peripheral blood eosinophil low (<260/pl)
and high (=260/pl) subgroups, and (C) serum periostin low (<50 ng/
ml) and high (=50 ng/ml) subgroups.

A post hoc analysis was conducted using 24 ppb for FEno
because it was also a clinically relevant cut-off based on the ATS
guidelines (17). Similar results were noted in the post hoc analysis
using an alternative FEno cut-off; exacerbation rates in the FEno
low (<24 ppb) and high (=24 ppb) subgroups were 0.81 and 1.01,
respectively, in the placebo group and 0.56 and 0.55, respectively,
in the omalizumab group. The omalizumab group demonstrated
a 46% (95% CI, 14-66; P = 0.009) reduction in exacerbations
versus the placebo group in the high FEno subgroup, compared
with a 31% (95% CI, —10 to 55; P = 0.087) reduction in the low
FEno subgroup after 48-weeks of treatment (Figure 3).

Time to first protocol-defined exacerbation. The Kaplan-Meier
curves and the hazard ratios of the exacerbation-free rate in each
of the three biomarker-high subgroups favored the omalizumab
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group over placebo; in each of the biomarker-low subgroups, the
difference between the omalizumab and placebo group was min-
imal (Figure 4; see Figure E3). Analyses of time to first protocol-
defined exacerbation were consistent with the greater percentage
reduction in protocol-defined exacerbations during the 48-week
treatment period observed in patients in each of the high-
biomarker subgroups, compared with those patients in the low-
biomarker subgroups.

Evaluation of secondary endpoints. There was a trend toward
greater treatment benefits from omalizumab in the FExo high
subgroup compared with the FEno low subgroup for the sec-
ondary endpoints of change from baseline at Week 48 in albu-
terol use, AQLQ score, and % predicted FEV; (Table 2; see
Table E2). However, no consistent predictive trends were ob-
served for either peripheral blood eosinophil count or serum
periostin for these secondary endpoints. Changes from baseline
in % predicted FEV; in the biomarker subgroups are shown in
Figures E4 and E5. Although the relative change from baseline
was consistently higher in the omalizumab treatment group
compared with placebo, none of the biomarkers showed a clear
predictive or prognostic effect (Table 2; see Figures E4 and ES).

Safety

The incidence of treatment-emergent AEs was similar in the
biomarker-low and biomarker-high subgroups, and no new safety
signal was detected (Table 3). Similar trends were seen across
treatment and biomarker subgroups for the incidence of serious
AE:s (data not shown). The most common AE in each low- and
high-biomarker subgroup, irrespective of study treatment group,
was upper respiratory tract infection (range across subgroups, 21—
26.1% of patients). Three deaths occurred during the study, all in
the placebo group. No clinically relevant abnormalities in labo-
ratory tests (including platelet count) were observed.

DISCUSSION

Examination of reductions in exacerbations between subgroups
of patients with low and high levels of biomarkers showed that
omalizumab treatment was associated with greater effects in all

three high-biomarker subgroups (FEno, peripheral blood eosino-
phils, and serum periostin). No consistent trends were observed
in subgroup analyses of the secondary endpoints of change from
baseline at Week 48 in total asthma symptom score, albuterol
use, AQLQ score, and % predicted FEV,, with the exception
of FEno (albuterol use, AQLQ score, and % predicted FEV;
only), although it should be noted that the improvements in
AQLQ score and % predicted FEV, are small and would likely
not be considered clinically meaningful (33, 34). Potential prog-
nostic effects were also observed for all three biomarkers, as
demonstrated by higher exacerbation rates in patients with high
baseline biomarkers in both the omalizumab and placebo groups.
Previous investigations have not shown that potential markers,
including allergen-specific IgE and total IgE, serum tryptase, and
soluble CD23, were able to predict effects of omalizumab (data
not shown) (14, 35).

The value of FEno as a predictor of a patient’s likelihood to
respond to ICS treatment is high, and has been described previ-
ously (17); however, because responses to corticosteroid treat-
ment were not assessed as part of the present study, these
findings could not be confirmed. It should be noted that the
prespecified cut-off for FExo used in our analyses is lower than
that recommended by the ATS, and that the overall FExo levels
recorded in patients in EXTRA were lower than those usually
expected for patients with severe asthma, possibly because of
high doses of inhaled and OCS treatment at baseline. We did,
however, also perform a post hoc analysis using a higher cut-off
similar to that recommended by the ATS (17); results were sim-
ilar to those using the prespecified lower FEno cut-off but results
should be interpreted with caution because of smaller sample size
per subgroup and the post hoc nature of the analysis.

Exhaled NO seems to originate from the airway epithelium as
a consequence of up-regulation of NO synthase, which is associ-
ated with inflammation (17). FExo therefore provides an indirect
marker of up-regulated airway inflammation (17). Similarly, eo-
sinophilia and high periostin also indicate a greater degree of
airway inflammation (10, 18, 19). Patients with greater levels of
airway inflammation, as evidenced by elevated FExo, blood eosi-
nophils, or serum periostin, may be a population of patients with

TABLE 2. SECONDARY EFFICACY ENDPOINTS OF TOTAL ASTHMA SYMPTOM SCORE, ALBUTEROL USE, AQLQ, AND % PREDICTED FEV;;
EVALUATION BY LOW AND HIGH SUBGROUPS OF EACH OF THE THREE BIOMARKERS (BASELINE Feno, PERIPHERAL BLOOD EOSINOPHIL

COUNT, SERUM PERIOSTIN)

Total Asthma

Change from Baseline

Symptom Score Albuterol Use AQLQ Score in % Predicted FEV,
Low High Low High Low High Low High
Subgroup Subgroup Subgroup Subgroup Subgroup Subgroup Subgroup Subgroup
Feno
Placebo (LSM) =1.11 -1.51 -1.35 -1.12 0.76 0.89 1.17 3.37
Omalizumab (LSM) -1.32 -1.80 —1.48 -1.85 1.00 1.28 3.34 6.62
LSM difference -0.21 -0.29 —0.14 -0.73 0.24 0.39 1.97 3.26
(95% Cl) (—0.68 t0 0.25) (—0.77 t0 0.19) (—0.73 to 0.45) (—1.30 to —0.16) (—0.09 to 0.57) (0.06 to 0.73) (—1.83 to 5.77) (—0.33 to 6.84)
P value 0.37 0.23 0.65 0.01 0.16 0.02 0.31 0.08
Eosinophils
Placebo (LSM) —-1.06 —1.47 -1.18 -1.42 0.84 1.01 2.05 5.61
Omalizumab (LSM) -1.41 -1.63 -1.30 -1.76 1.13 1.14 3.77 6.92
LSM difference —-0.34 —-0.16 —-0.13 —0.34 0.26 0.14 1.72 1.3
(95% ClI) (—0.69 to —0.02) (—0.51 to 0.19) (—0.61 to 0.30) (—0.83t0 0.11) (0.06 to 0.51) (—0.11 to 0.36) (—1.06 to 4.51) (—1.23 to 3.84)
P value 0.05 0.37 0.60 0.14 0.01 0.29 0.22 0.31
Periostin
Placebo (LSM) -1.07 -1.50 -1.25 -1.60 0.82 1.07 3.40 5.68
Omalizumab (LSM) -1.69 —1.46 —1.66 -1.49 1.32 1.17 5.20 6.01
LSM difference —-0.63 0.04 -0.41 0.12 0.50 0.10 1.79 0.42
(95% ClI) (—1.02 to —0.24) (—0.40 to 0.48) (—0.91 to 0.10) (—0.46 to 0.69) (0.22t0 0.77) (—0.19 to 0.40) (—1.15to 4.73) (—3.22 to 4.06)
P value 0.0017 0.86 0.11 0.69 0.0005 0.51 0.23 0.82

Definition of abbreviations: AQLQ = Asthma Quiality of Life Questionnaire; Cl = confidence interval; Feno = fractional exhaled nitric oxide; LSM = least squares mean.

P values represent omalizumab versus placebo in each biomarker subgroup.
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TABLE 3. NUMBER (%) OF PATIENTS WITH ADVERSE EVENTS IN EACH BIOMARKER SUBGROUP (SAFETY-EVALUABLE POPULATION)

Omalizumab

Placebo

Low-Biomarker

TEAEs, n (%) Subgroup at Baseline

High-Biomarker
Subgroup at Baseline

Low-Biomarker
Subgroup at Baseline

High-Biomarker
Subgroup at Baseline

Feno 86 (83.5)
Peripheral blood eosinophils 150 (80.6)
Serum periostin 119 (84.0)

81 (80.2) 72 (80.0) 73 (73.0)
172 (80.0) 161 (81.7) 158 (79.4)
105 (82.0) 112 (82.0) 103 (81.0)

Definition of abbreviations: Feno = fractional exhaled nitric oxide; TEAEs = treatment-emergent adverse events.

asthma at a higher risk of asthma exacerbations and therefore
more likely to benefit from omalizumab.

Despite earlier efforts using samples and datasets from prior
omalizumab studies, we were unable to demonstrate that many
commonly available serum biomarkers (specific-to-total IgE
ratios, serum tryptase, eosinophil cationic protein, or soluble
CD23) were able to predict outcomes with omalizumab (data
not shown). Before specifically examining FExo, peripheral blood
eosinophils, and serum periostin, limited exploratory analyses
were performed using data from the EXTRA study. Neither
FEno nor periostin had been assessed with respect to omalizumab
effects previously, because data for these biomarkers were not
collected in previous large placebo-controlled studies of omalizu-
mab. To minimize a selection bias associated with testing multi-
ple markers, two of the three biomarkers presented here were
prespecified as markers of interest for this analysis. The thresh-
olds used to define the low and high subgroup were also prespe-
cified arbitrarily as a median to provide an approximately equal
distribution of data across the subgroups; these were the only
thresholds initially considered with the aim of reducing the
chance of a false-positive finding associated with multiple testing.
Although STEPP analyses were used to explore alternative
thresholds, it should be noted that in typical situations, cut-off
selection involves a tradeoff between the size of the high-
biomarker subgroup and the treatment effect in that subgroup.
In addition, caution should be used in interpreting these results,
because the CIs are wide and multiplicity issues are of potential
concern when looking at multiple cut-offs and a large number of
associated subgroup analyses. Additional analyses to explore al-
ternative thresholds and to prospectively verify these findings in
future studies with larger datasets are necessary to optimize and
validate the predictive potential of these biomarkers.

The potential of periostin as a biomarker was noted in a recent
study of an anti-IL-13 therapy currently in clinical development
for asthma (20). Patients with high baseline periostin demon-
strated a greater improvement in lung function with anti-IL-13
therapy compared with those with low periostin levels (20). A
post hoc analysis also showed that the efficacy of anti-IL-13
therapy (in terms of improvement in FEV,) was greater in
patients with high baseline FExo than in those with low FEno.
However, intrapatient variability was greater for baseline FEno
(mean coefficient of variation, 19.8%) than for periostin (5%),
indicating that periostin might be a more stable biomarker.

Several recent asthma clinical studies have investigated var-
iability in patients’ responses to treatment, and have included
measurement of biomarkers as part of study designs. Although
a recent review by Szefler and coworkers (36) only identified
multiallergen screening to define atopy as a core asthma out-
come biomarker that should be included in future studies, the
importance of supplemental biomarkers, such as blood eosino-
phil counts and FEno, was highlighted.

There are several limitations to this study. Biomarker data
were not available in all patients enrolled, and FExo data were
available for less than half of the patients in the overall study;

patient numbers were, however, still adequate across the sub-
groups. It should be noted that the overall sample size of this
study did not provide sufficient statistical power to show a dif-
ference between the biomarker-low and biomarker-high sub-
groups. Simulation studies showed that a much higher sample
size is required to test the interaction term with adequate power
(Genentech, data on file). In addition, most of the analyses
presented are post hoc and exploratory, and no statistical type
I error control plan was implemented. The P values in the anal-
ysis should therefore be used to assess the strength of evidence
and do not provide a basis for claiming statistical significance.
Previous documentation of the high visit-to-visit variability of
blood eosinophils as a results of diurnal fluctuations should also
be considered when interpreting these results (36).

Overall, omalizumab was well tolerated and a similar incidence
of AEs was observed in the omalizumab and placebo groups, and
across the low- and high-biomarker subgroups. Safety data were
consistent with the established profile of omalizumab (37), and
importantly, no new safety signals were observed.

We found that the biomarkers FExo, peripheral blood eosin-
ophil counts, and serum periostin provided information on patient
subgroups that may achieve greater benefit from omalizumab
therapy. Given the exploratory and retrospective nature of these
analyses, caution is warranted in overly interpreting these findings,
because additional studies are required to further explore the
characteristics and prognostic effects of these biomarkers. None-
theless, these observations provide preliminary information that
biomarkers may exist to identify patients more likely to benefit
from omalizumab in relationship to preventing exacerbations.
Confirmation of these observations will facilitate the selection of
candidates for this treatment to potentially make this selection
process more effective and therefore cost saving.

Author disclosures are available with the text of this article at www.atsjournals.org.
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METHODS
Patients

Asthma was considered inadequately controlled if, during the 4 weeks before
screening and for 2 consecutive weeks out of up to 4 weeks before randomization,
patients had an average of = 1 nighttime awakenings/week and daytime asthma
symptoms which required rescue medication use for = 2 days/week. Patients were
also required to have had at least one asthma exacerbation requiring treatment with
systemic corticosteroids in the 12 months prior to screening. Patients were excluded
if they had an asthma exacerbation requiring intubation in the 12 months prior to
screening, or an exacerbation requiring systemic corticosteroid treatment in the 30
days before screening. Other exclusion criteria included active lung disease other
than asthma, omalizumab treatment in the 12 months prior to screening, non-allergy

related elevated serum IgE levels, or pregnancy.

RESULTS

Efficacy
Exacerbation rates by M1, M2 and M3 stratum

In the overall EXTRA study population, it was found that the treatment effect of
omalizumab was smallest in the M3 strata. Thus, we conducted an additional
analysis in the subset of patients in the M1 and M2 strata. As demonstrated in Figure
E1, we did not find that the biomarkers had stronger predictive values in the subset

of the M1+M2 population.

Evaluation of patterns of treatment effect for varying levels of each biomarker

STEPP analyses are shown in Figure E2a—c.

Time to first protocol-defined exacerbation

Kaplan-Meier curve and the hazard ratios of the exacerbation-free rate in the FeNO
low (<24 ppb) and high (224 ppb) subgroups are shown in Figure E3.
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Evaluation of secondary endpoints

Changes from baseline in % predicted FEV are shown in Figures E4 and ES5.
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Figure E1. Reduction in protocol-defined asthma exacerbation rate in the M1+M2
strata

Figure E2. Reduction in exacerbation rates in each subpopulation by (a) FeNO, (b)
peripheral blood eosinophils, (c) periostin

Note: Each plot provides percent reduction in exacerbations (versus placebo) and
corresponding 95% confidence intervals for subgroups of patients with biomarker
values within a range of seven possible cutoffs corresponding to the 20th, 30th, 40th,
50th, 60th, 70th and 80th percentiles of biomarker values. Each subgroup contains
40% of patients with biomarker values around the selected cutoff (i.e., 20% with
biomarker values below the selected cutoff, and 20% with values equal to or above
the selected cutoff). The horizontal grey line denotes the reduction in all patients.

Figure E3. Time to first protocol-defined asthma exacerbation in baseline FeNO low

(< 24 ppb) and high (= 24 ppb) subgroups (post-hoc analysis),

Figure E4. Relative change in FEV, from baseline in (A) the FeNO low (< 19.5 ppb)
and high (= 19.5 ppb) subgroups, (B) the peripheral blood eosinophil (< 260/uL) and
high (= 260/uL) subgroups, and (C) the periostin low (< 50 ng/mL) and high (= 50
ng/mL) subgroups

Figure E5. Relative change in FEV, from baseline in the FENO low (< 24 ppb) and
high (= 24 ppb) subgroups (post-hoc analysis)
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Table E1. PATIENT DEMOGRAPHICS AND BASELINE CHARACTERISTICS FOR THE OVERALL OMALIZUMAB AND
PLACEBO PATIENT POPULATIONS, AND THE SUBGROUPS OF PATIENTS WITH BASELINE PERIPHERAL BLOOD
EOSINOPHIL COUNTS, FENO AND SERUM PERIOSTIN AVAILABLE

Overall Biomarker subgroups
Placebo  Omalizum FeNO FeNO Eosinophil  Eosinophil | Periostin Periostin
(n = 421) ab placebo  omalizuma S s placebo  omalizuma
(n = 427) (n=191) b placebo  omalizuma | (n = 264) b
(n=203) | (n=2397) b (n=270)
(n = 400)
Mean (SD) age, 45 (14) 44 (14) 45 (14) 43 (14) 46 (14) 44 (14) 45 (14) 44 (14)
years
Mean body weight 86 (21) 88 (21) 86 (21) 88 (22) 86 (21) 88 (21) 87 (21) 88 (21)
(SD), kg
Sex, n (%)
Female 295 (70) 262 (61) 137 (72) 121 (60) 276 (70) 245 (61) 180 (68) 169 (63)
Race, n (%)
White 318 (76) 313 (73) 137 (72) 156 (77) 305 (77) 297 (74) 199 (75) 198 (73)
Mean total serum 175(134) 179 (1385) | 179 (133) 188 (147) | 174 (133) 179(134) | 171 (133) 179 (135)

IgE (SD), IU/mL




Mean pre-
bronchodilator
FEV: (SD), %
predicted

Hospitalized for
asthma, n (%)*

Mean (SD) number
of exacerbations*

Mean (SD) total
asthma symptom
scores

Mean (SD) number
of albuterol per
day, puff

Mean (SD) AQLQ

Mean (SD) FeNO,
ppb

Mean eosinophil
count, per pl

Mean (SD)
periostin, ng/mL

64 (14)

41 (10)°

2 (2)

4(2)

4(3)

4 (1)
29 (30)

358 (332)

53 (19)

65 (15)

29 (27)

344 (289)

53 (19)

64 (13)

29 (30)

373 (345)

55 (22)

66 (15)

29 (27)

341 (291)

54 (20)

65 (14)

29 (28)

358 (332)

53 (19)

65 (15)

28 (27)

344 (289)

53 (18)

64 (14)

28 (28)

353 (340)

53 (19)
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65 (15)

30 (28)

338 (276)

53 (19)
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Concomitant
asthma
medications, n (%)

M1 subgroup 159 (38) 151 (35)
M2 subgroup 191 (45) 203 (48)
M3 subgroup 71 (17) 73 (17)

68 79 (39)
(36)
90 97 (48)
(47)
33 27 (13)

150 144 (36)
(38)
182 189 (47)
(46)

65 (16) 67 (17)

91 (34) 88 (33)
123 (47) 133 (49)
50 (19) 49 (18)

*during the past 12 months; 'Tn=420; ¥n=396

FeNO, fractional exhaled nitric oxide; FEV+, forced expiratory volume in 1 second; ICS, inhaled corticosteroids; IgE,

immunoglobulin E; LABA, long-acting Bz-agonist; OCS, oral corticosteroids; SD, standard deviation

M1 = ICS plus LABAs alone; M2 = ICS plus LABAs plus one or more additional asthma controller medications (excluding OCS); M3

= ICS plus LABAs plus OCS

Table E2. SECONDARY EFFICACY ENDPOINT OF % PREDICTED FEV¢; EVALUATION BY LOW (< 24 PPB)/HIGH (= 24 PPB)

BASELINE FeNO (post-hoc analysis)

Total asthma symptom

score

Albuterol use

AQLQ score

Change from baseline

in % predicted FEV
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Low High Low High Low High Low High

subgroup  subgroup subgroup subgroup subgroup  subgroup  subgroup  subgroup

Placebo (LSM) -1.23 —1.46 —1.28 —-1.16 0.77 0.91 0.77 410
Omalizumab —1.44 —1.71 —1.52 —-1.90 1.05 1.8 276 7.3
(LSM)
FeNO LSM —0.21 —0.25 —0.24 -0.73 0.28 0.37 1.99 3.20
difference (-0.64, (~0.77, (-0.77,  (-1.36,-  (-0.02, (0.01, (—1.44, (~0.74,
(95% Cl) 0.22) 0.26) 0.29) 0.10) 0.59) 0.73) 5.42) 7.14)
P value 0.35 0.33 0.37 0.02 0.07 0.04 0.26 0.11

Definition of abbreviations: AQLQ = the Asthma Quality of Life Questionnaire; Cl = confidence interval; FeNO = fractional exhaled

nitric oxide; FEV; = forced expiratory volume in 1 second; LSM = least squares mean.

Note: P values represent omalizumab versus placebo in each biomarker subgroup
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Omalizumab 0.41 0.41 0.55 0.50 0.53 0.55
Placebo 0.61 0.90 0.65 0.87 0.57 0.86

Figure E1. Reduction in protocol-defined asthma exacerbation rate in the M1+M2 strata
189x141mm (300 x 300 DPI)



Page 52 of 59

>

801

60

________________________ .
N /
20 e

s

.2t
01 - 2 e e e e ikl ol i
® -

204 T

.-
.-
-
-40+ .-
.-

Exacerbation reduction (%)

-60-
-804.-"

_1 OO T T T T T 1
20% 30% 40% 50% 60% 70% 80%
(10.5) (13) (16.5) (19.5) (23.5) (29.5) (39.5)

Percentile of subpopulation median (value in ppb)

Figure E2. Reduction in exacerbation rates in each subpopulation by (a) FeNO, (b) peripheral blood
eosinophils, (c) periostin
Note: Each plot provides percent reduction in exacerbations (versus placebo) and corresponding 95%
confidence intervals for subgroups of patients with biomarker values within a range of seven possible cutoffs
corresponding to the 20th, 30th, 40th, 50th, 60th, 70th and 80th percentiles of biomarker values. Each
subgroup contains 40% of patients with biomarker values around the selected cutoff (i.e., 20% with
biomarker values below the selected cutoff, and 20% with values equal to or above the selected cutoff). The
horizontal grey line denotes the reduction in all patients.
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Figure E2. Reduction in exacerbation rates in each subpopulation by (a) FeNO, (b) peripheral blood
eosinophils, (c) periostin
Note: Each plot provides percent reduction in exacerbations (versus placebo) and corresponding 95%
confidence intervals for subgroups of patients with biomarker values within a range of seven possible cutoffs
corresponding to the 20th, 30th, 40th, 50th, 60th, 70th and 80th percentiles of biomarker values. Each
subgroup contains 40% of patients with biomarker values around the selected cutoff (i.e., 20% with
biomarker values below the selected cutoff, and 20% with values equal to or above the selected cutoff). The
horizontal grey line denotes the reduction in all patients.
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Figure E2. Reduction in exacerbation rates in each subpopulation by (a) FeNO, (b) peripheral blood

eosinophils, (c) periostin

Note: Each plot provides percent reduction in exacerbations (versus placebo) and corresponding 95%
confidence intervals for subgroups of patients with biomarker values within a range of seven possible cutoffs
corresponding to the 20th, 30th, 40th, 50th, 60th, 70th and 80th percentiles of biomarker values. Each
subgroup contains 40% of patients with biomarker values around the selected cutoff (i.e., 20% with
biomarker values below the selected cutoff, and 20% with values equal to or above the selected cutoff). The

horizontal grey line denotes the reduction in all patients.
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Figure E3. Time to first protocol-defined asthma exacerbation in baseline FeNO low (< 24 ppb) and high (=

24 ppb) subgroups (post-hoc analysis).
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Figure E4. Relative change in FEV1 from baseline in (A) the FeNO low (< 19.5 ppb) and high (= 19.5 ppb)
subgroups, (B) the peripheral blood eosinophil (< 260/uL) and high (= 260/uL) subgroups, and (C) the
periostin low (< 50 ng/mL) and high (= 50 ng/mL) subgroups*
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Figure E4. Relative change in FEV1 from baseline in (A) the FeNO low (< 19.5 ppb) and high (= 19.5 ppb)
subgroups, (B) the peripheral blood eosinophil (< 260/uL) and high (= 260/uL) subgroups, and (C) the
periostin low (< 50 ng/mL) and high (= 50 ng/mL) subgroups*
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Figure E4. Relative change in FEV1 from baseline in (A) the FeNO low (< 19.5 ppb) and high (= 19.5 ppb)
subgroups, (B) the peripheral blood eosinophil (< 260/uL) and high (= 260/uL) subgroups, and (C) the
periostin low (< 50 ng/mL) and high (= 50 ng/mL) subgroups*
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