Periostin is a systemic biomarker of eosinophilic airway
inflammation in asthmatic patients
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Background: Eosinophilic airway inflammation is
heterogeneous in asthmatic patients. We recently described a
distinct subtype of asthma defined by the expression of genes
inducible by T2 cytokines in bronchial epithelium. This gene
signature, which includes periostin, is present in approximately
half of asthmatic patients and correlates with eosinophilic
airway inflammation. However, identification of this subtype
depends on invasive airway sampling, and hence noninvasive
biomarkers of this phenotype are desirable.
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Objective: We sought to identify systemic biomarkers of
eosinophilic airway inflammation in asthmatic patients.
Methods: We measured fraction of exhaled nitric oxide (FENO),
peripheral blood eosinophil, periostin, YKL-40, and IgE levels
and compared these biomarkers with airway eosinophilia in
asthmatic patients.

Results: We collected sputum, performed bronchoscopy, and
matched peripheral blood samples from 67 asthmatic patients
who remained symptomatic despite maximal inhaled
corticosteroid treatment (mean FEVy, 60% of predicted value;
mean Asthma Control Questionnaire [ACQ] score, 2.7). Serum
periostin levels are significantly increased in asthmatic patients
with evidence of eosinophilic airway inflammation relative to
those with minimal eosinophilic airway inflammation. A logistic
regression model, including sex, age, body mass index, IgE
levels, blood eosinophil numbers, FEnoO levels, and serum
periostin levels, in 59 patients with severe asthma showed that,
of these indices, the serum periostin level was the single best
predictor of airway eosinophilia (P = .007).

Conclusion: Periostin is a systemic biomarker of airway
eosinophilia in asthmatic patients and has potential utility in
patient selection for emerging asthma therapeutics targeting
Ty2 inflammation. (J Allergy Clin Immunol 2012;mmm:mmm-
EmER,)

Key words: Asthma, biomarker, sputum, bronchoscopy, eosinophil,
Ty2, IL-13, periostin, IgE, FENO

Although asthma is traditionally thought to result from
aeroallergen-induced inflammation driven by Ty2 processes’
and is commonly characterized by eosinophilic infiltration of
the airways, there is increasing evidence that there are other sub-
types of asthma driven by alternative pathogenic mechanisms.”
An emerging concept holds that the nature and intensity of gran-
ulocytic infiltration of the airways, in particular the presence or
absence of increased numbers of eosinophils, defines pathophy-
siologically and clinically distinct subsets of the disease.”'” Eo-
sinophilic disease is a strong predictor of corticosteroid
responsiveness in asthmatic patients,"'™"* and novel treatments
targeting eosinophilic Ty2-driven inflammation might only be ex-
pected to show efficacy in asthmatic patients in whom airway eo-
sinophilia is present. For example, recent clinical trials of
mepolizumab and reslizumab, mAbs directed against the eosino-
philopoietic cytokine IL-5, have demonstrated the importance of
selecting asthmatic patients with eosinophilic airway inflamma-
tion to show significant benefit from treatment.'*'® Direct airway
sampling through sputum induction or bronchoscopy is
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Abbreviations used
ACQ: Asthma Control Questionnaire
BOBCAT: Bronchoscopic Exploratory Research Study of
Biomarkers in Corticosteroid-refractory Asthma
CV: Coefficient of variation
Feno: Fraction of exhaled nitric oxide
ICS: Inhaled corticosteroid
POSTN: Periostin gene
rhuPOSTN: Recombinant human periostin protein

technically challenging and often impractical in clinical practice,
and hence noninvasive systemic biomarkers of airway eosino-
philia are desirable for the rational management of asthma with
existing'? and emerging targeted molecular therapies.

IL-13 is a pleiotropic Ty2 cytokine produced by activated T
cells, natural killer T cells, basophils, eosinophils, mast cells, al-
ternatively activated macrophages, and nuocytes, and it has been
strongly implicated in the pathogenesis of asthma in preclinical
models.'” Increased levels of IL-13 have been detected in the air-
ways of human asthmatic patients; however, this increase is only
observed in a subset of asthmatic patients.'®?? We have shown
that 3 of the most differentially expressed bronchial epithelial
genes between asthmatic patients and healthy control subjects
are periostin (POSTN), chloride-channel accessory protein
1 (CLCAI), and SERPINB?2, and expression of these genes is sen-
sitive to inhaled corticosteroid (ICS) treatment. All 3 genes are in-
duced in bronchial epithelial cells by recombinant IL-13
treatment in vitro.> The presence or absence of coordinated
high expression levels of these genes defines 2 distinct popula-
tions of asthmatic patients, and this 3-gene Ty2 signature corre-
lates with ILI13 and IL5 expression in the bronchial mucosa,
airway and peripheral eosinophilia, airway remodeling, and clin-
ical responsiveness to ICSs but not with atopy.]3

To investigate whether the Ty2 signature encodes systemic
biomarkers of airway eosinophilia in patients with severe
asthma that is persistently symptomatic despite maximal ICS
treatment, we developed a highly sensitive assay for periostin
protein in peripheral blood and found that it is detectable at in-
creased levels in the sera or plasma of a subset of asthmatic pa-
tients and is correlated with airway eosinophilic inflammation.
Periostin has the potential to be used as a biomarker to select
patients for asthma therapies, such as ICSs or biologic agents,
targeting Ty2 inflammation, as we have recently demonstrated
in a phase II proof-of-concept trial of lebrikizumab, a human-
ized mAb against IL-13.%

METHODS

Patients’ samples and microarray data

Microarray data and bronchial epithelial RNA from 42 nonsmoking
patients with mild-to-moderate asthma were obtained from a previous
study.'*** The Bronchoscopic Exploratory Research Study of Biomarkers
in Corticosteroid-refractory Asthma (BOBCAT) was a multicenter 3-visit
study in which 67 subjects with severe asthma defined by an FEV, of 40%
to 80% of predicted value, an Asthma Control Questionnaire (ACQ) score
of greater than 1.50 on 2 separate occasions, and a daily ICS dose of at least
1000 pg of fluticasone dipropionate or equivalent were subjected to sputum
induction, bronchoscopy, and blood sampling. The research protocol was ap-
proved by relevant institutional review boards, and informed consent was ob-
tained from all subjects before enrollment. Patients’ demographics and lung
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function data are described in Table I. The BOBCAT study scheme is depicted
in Fig 1. Study details are provided in the Methods section in this article’s On-
line Repository at www.jacionline.org.

Blood analyte assays

Serum and plasma samples were frozen at —80°C after collection and
thawed immediately before use for a total of 1 to 2 freeze-thaw cycles.

Serum IgE levels and peripheral blood eosinophil counts were measured by
using standard assays in clinical laboratories at Covance (Indianapolis, Ind, or
Geneva, Switzerland). YKL-40 levels were measured with a human YKL-40
ELISA kit (Quidel, San Diego, Calif). Serum or plasma periostin levels were
measured with a proprietary sandwich ELISA with 2 mAbs capable of
detecting all known splice variants of human periostin (see detailed Methods,
Fig El, and Tables E1 and E2 in this article’s Online Repository at www.
jacionline.org).

Statistical analyses

Statistical calculations and data plotting were carried out with R and JMP 9
(SAS Institute, Cary, NC) software. Statistical tests used for each analysis
presented are specified in the text, figure legends, or both.

RESULTS

Our objective was to determine whether the bronchial epithelial
Ty2 signature associated with airway eosinophilia that we have
described in patients with mild-to-moderate asthma not taking
ICSs'? could be translated to a noninvasive biomarker of residual
airway eosinophilia despite ICS treatment in patients with uncon-
trolled asthma.

Serum periostin is a biomarker of persistent airway
eosinophilia despite steroid treatment in patients
with severe asthma

Although ICS treatment reduces airway periostin expression23
and airway eosinophilia®® in patients with mild-to-moderate ICS-
responsive asthma, a subset of asthmatic patients has persistent
eosinophilic airway inflammation and asthma symptoms despite
high doses of corticosteroids,?® representing a significant unmet
medical need. Thus we sought to establish whether systemic peri-
ostin levels might reflect persistent eosinophilic airway inflam-
mation despite steroid treatment in patients with severe asthma.
We conducted a multicenter 3-visit observational study (BOB-
CAT) of patients with uncontrolled severe asthma (ACQ score,
>1.50; FEV,, 40% to 80%) taking high doses of ICSs (>1000
g/d fluticasone dipropionate or equivalent) with collection of in-
duced sputum, endobronchial biopsies, and collection of periph-
eral blood. We obtained matched blood and complete airway
data from 59 subjects (see the study overview in Fig 1). We
used prespecified cutoff values from previous studies of 3% for
sputum eosinophils'*'> and 22 eosinophils/mm? total biopsy
area.””*® Serum periostin levels were stable within individual
subjects across the 3 visits spanning up to 5 weeks (see Fig E2
in this article’s Online Repository at www.jacionline.org).
Mean periostin levels were significantly higher in “eosinophil-
high” compared with “eosinophil-low” subjects, as defined by
sputum (P <.001, Wilcoxon rank sum test; Fig 2, A) or tissue
(P = .023; Fig 2, B) eosinophil measurements.

Although there was some overlap between asthmatic patients
with increased tissue or sputum eosinophilia, a clear subset of
asthmatic patients had values of less than the threshold for both


http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

TABLE I. Demographic and clinical data: range of values for
biomarker assessments in the BOBCAT study

No. of subjects 67
Age (y) 46 (12)
Sex (M/F) 32/35
FEV, (% predicted) 60 (11)
ACQ score 2.7 (0.8)

>1000%*

0.7 (0.1-2.4), n = 59
52 (1.8-16.4), n = 59
23.0 (7.0-44.0), n = 59

0.24 (0.13-0.38)
160 (40-373)
25 (17-46), n = 66
24.5 (19.6-30.6)
67 (42-111), n = 65

Daily ICS dose (ng FPI) equivalent

BAL eosinophils (% nonsquamous cells)
Sputum eosinophils (% nonsquamous cells)
Biopsy eosinophils/mm?

Blood eosinophils (X 10°/L)

Serum IgE (IU/mL)

FENoO (ppb)

Periostin (ng/mL), serum or plasma
YKL-40 (ng/mL), serum or plasma

Values are presented as means (SD) or medians (interquartile ranges). In cases of
missing data, the number of subjects for whom data are available is indicated next to
the value. Blood eosinophil numbers and periostin levels represent the mean from
visits 1, 2, and 3. FENo represents the mean from visits 1 and 2.

BAL, Bronchoalveolar lavage; F, female; FPI, fluticasone dipropionate; M, male.
*Of these, 7 patients were also receiving systemic corticosteroids, receiving between 5
and 40 mg of prednisolone equivalent per day.

measurements, whereas many asthmatic patients had increased
numbers of either tissue or sputum eosinophils but not both (Fig
2, C), which is consistent with prior reports comparing sputum
and tissue eosinophilia.”*** Serum periostin levels were sensitive
but not specific for either airway eosinophilia metric taken indi-
vidually (Fig 2, A and B). However, subjects stratified by a com-
posite score of O for neither, 1 for either, or 2 for both sputum and
tissue eosinophilia exhibited a highly significant progression of
increasing serum periostin levels with increasing eosinophil
scores (P < .002, logistic regression; Fig 2, D). Subjects in
BOBCAT with serum periostin levels of greater than 25 ng/mL
had an 85% probability of a composite airway eosinophil score
of 1 or 2 (Fig 3, A). Using 25 ng/mL serum periostin as an arbi-
trary cutoff, eosinophil-low and eosinophil-high subjects in
BOBCAT are effectively differentiated, with a positive predictive
value of 93% (see Table E3 in this article’s Online Repository at
www.jacionline.org). Taken together, these data show that
serum periostin is a systemic biomarker of persistent airway
eosinophilia despite steroid treatment in patients with severe
asthma.

Comparison of serum periostin levels with
peripheral blood eosinophil numbers and fraction
of exhaled nitric oxide, serum IgE, and serum YKL-
40 levels as asthma biomarkers

In recent years, other noninvasive biomarkers of asthma
severity and airway inflammation have been described. Four
markers of particular interest are fraction of exhaled nitric oxide
(FENO), an exhaled gas produced by the action of the enzyme-
inducible nitric oxide synthase in inflamed bronchial mucosa’';
peripheral blood eosinophils; serum IgE; and YKL-40, a
chitinase-like protein detectable in peripheral blood.**> We mea-
sured levels of these biomarkers in asthmatic patients and com-
pared them with airway eosinophilia and other biomarkers.

Neither periostin, FEno, IgE levels, nor blood eosinophil num-
bers were significantly correlated with ACQ, FEV,, age, sex, or
body mass index in BOBCAT. Feno levels, like serum periostin
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levels, were generally consistent across multiple visits, although
FENo levels varied more than periostin levels (see Fig E2 in this
article’s Online Repository at www.jacionline.org). However,
blood eosinophil numbers were considerably more variable than
periostin levels (#* = 0.18 for blood eosinophil numbers between
visits 1 and 3 [data not shown] compared with ¥ = 0.65 for serum
periostin levels between visits 1 and 3). Stratifying for sputum and
biopsy eosinophil status, as in Fig 2, FEno levels were signifi-
cantly higher in eosinophil-high asthmatic patients compared
with eosinophil-low asthmatic patients. However, although both
FENo and periostin levels were highly specific, exhibiting consis-
tently low values for eosinophil-low subjects, FENO measurement
detected fewer subjects with tissue eosinophilia and exhibited
greater overlap between eosinophil-low and eosinophil-high sub-
jects according to each metric used (see Fig E3 in this article’s
Online Repository at www.jacionline.org). We fit a logistic re-
gression model incorporating age, sex, body mass index, blood
eosinophil numbers, serum IgE, FENo, and serum periostin levels
(Table II) and found that the periostin level was the most signifi-
cant single predictor of composite airway eosinophil status (P =
.007). By using a cutoff value of 35 ppb, as previously de-
scribed,®®  Feno levels differentiate eosinophil-low and
eosinophil-high asthmatic patients with comparable specificity
to but lower sensitivity than a periostin cutoff of 25 ng/mL (see
Table E3). Peripheral blood eosinophil numbers trended higher
in asthmatic patients with high composite airway eosinophil sta-
tus but did not reach statistical significance (data not shown). Peri-
ostin and FEno levels and blood eosinophil numbers were
generally weakly continuously intercorrelated with each other
and with airway eosinophil numbers (see Table E4 in this article’s
Online Repository at www.jacionline.org). To assess the relative
performance of each marker across its range of values in BOB-
CAT, we performed receiver operating characteristic analysis of
periostin, FENo, and serum IgE levels and blood eosinophil num-
bers versus composite airway eosinophil status and found that
periostin performed favorably to FENO measurement (area under
the curve, 0.84 and 0.79, respectively), whereas blood eosinophil
numbers and serum IgE levels performed substantially less well
(Fig 3, B).

YKL-40 levels showed no significant correlations with periostin
levels or with any measures of airway or peripheral eosinophilia
(see Table E4). Consistent with these findings of exhaled and blood
biomarker levels, we found that bronchial epithelial gene expres-
sion levels of POSTN and NOS?2 (the gene that encodes inducible
nitric oxide synthase) in the dataset described in our previous stud-
ies'**® were significantly correlated with each other and with
bronchial mucosal expression levels of /IL13 and IL5, whereas ex-
pression of CHI3LI (the gene that encodes YKL-40) was not cor-
related with POSTN, IL13, or IL5 expression levels (see Table ES
in this article’s Online Repository at www.jacionline.org). Taken
together, these data suggest that peripheral blood periostin mea-
surement is a more reliable indicator of airway Ty2/eosinophilic
inflammation than Feno levels and that periostin and Feno levels
are substantially better indicators of airway Ty2/eosinophilic in-
flammation than blood eosinophil numbers, serum IgE levels, or
YKL-40 levels in asthmatic patients.

DISCUSSION
Although asthma is traditionally regarded as an allergic disease
mediated by Ty2-driven inflammation,’ there is emerging
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Clinical data Clinical data Clinical data
Demographics
Spirometry Spirometry Spirometry
Asthma diary Asthma diary Asthma diary
ACQ ACQ
Continue ICS dose (+ LABA) o Continue ICS dose (+ LABA) -
Day-21to-14 Day O Day +4 to +14
Visit 1 Visit 2 Visit 3
Screening Airway samples Airway samples
sputum (differential cell count) Bronchoscopy

Biomarker samples
peripheral blood eosinophils
serum

FeNO

serum
FeNO

Biomarker samples

peripheral blood eosinophils

Biomarker samples
peripheral blood eosinophils
serum

FIG 1. BOBCAT study schema.

evidence of pathophysiologic heterogeneity.3 19 We have recently
shown that, in patients with mild-to-moderate asthma not under-
going steroid treatment, only about half the subjects have evi-
dence of Ty2 inflammation in their airways. The Ty2-high
subset is distinguished by increased markers of allergy, eosino-
philic airway inflammation, bronchial fibrosis, and sensitivity to
ICSs."? Because antagonists of the Ty2 cytokines IL-4, IL-5,
and IL-13 are under active development as asthma therapeu-
tics,**>7 it will become important to identify the asthmatic pa-
tients most likely to benefit from these targeted therapies.
Although bronchoscopy, induced sputum sampling, and measure-
ment of exhaled gases enable the direct characterization of in-
flammatory pathways in the airways, these modalities can be
time consuming, expensive, and invasive and/or are not widely
available in primary care settings. Furthermore, assay procedures
are not standardized across the relatively few centers equipped to
analyze airway samples, which makes implementation in multi-
center clinical trials challenging. Thus it will be beneficial to de-
velop noninvasive biomarkers of Ty2-driven eosinophilic airway
inflammation widely available on accessible assay platforms to
select patients with evidence of Ty2-driven eosinophilic inflam-
mation in their airways for targeted therapies. To address this
need, we have used gene expression profiling in asthmatic airway
samples to enable the discovery and characterization of clinically
useful peripheral biomarkers of Ty2-driven eosinophilic airway
inflammation.

Periostin is a secreted matricellular protein associated with
fibrosis, and its expression is upregulated by recombinant IL-4
and IL-13 in cultured bronchial epithelial cells**~** and bronchial
fibroblasts.> It is expressed at increased levels in vivo in a murine
model*” and a thesus model*' of asthma, as well as in bronchial
epithelial cells* and the subepithelial bronchial layer® of human
asthmatic patients. In human asthmatic patients periostin expres-
sion levels correlate with reticular basement membrane thickness,
an indicator of subepithelial fibrosis.** Unlike chloride-channel
accessory protein 1, which is associated with mucus secretion
and localized to the apical surface of bronchial epithelial and gob-
let cells,* periostin is secreted into the extracellular matrix from
the basolateral surface of bronchial epithelial cells stimulated
with IL-13** and thus might be more likely to be detectable sys-
temically. Periostin is also overexpressed in nasal polyps associ-

ated with aspirin-sensitive asthma*** and in the esophageal

epithelia of patients with eosinophilic esophagitis in an IL-13—de-
pendent manner*® and thus might play a role in the tissue infiltra-
tion of eosinophils in Ty2-driven disease processes.*’ Future
studies should examine blood periostin levels in diseases charac-
terized by Ty2 inflammation, tissue eosinophilia, and periostin
expression, such as nasal polyposis, allergic rhinitis, atopic der-
matitis, and eosinophilic esophagitis. In addition, extrapulmonary
Ty2/eosinophilic diseases are often comorbid with asthma, and
thus the dominant tissue source of systemic periostin in patients
with multiple Ty2/eosinophilic diseases cannot be determined
from this study and should be addressed in future studies. Some
studies have described “neutrophilic” and “mixed granulocytic”
phenotypes of severe asthma on the basis of increased sputum
neutrophil numbers with or without sputum eosinophilia.” In
BOBCAT we observed that serum periostin levels were correlated
with airway eosinophilia, regardless of sputum or tissue neutro-
phil counts, and we did not observe a consistent relationship be-
tween serum periostin levels and sputum or tissue neutrophilia
(data not shown). Increased periostin expression has also been ob-
served in patients with several types of epithelially derived can-
cers,”®2 and increased levels of soluble periostin have been
reported in the sera of some patients with cancer,*8:49-53-53
Whether the local and systemic expression of periostin in patients
with asthma or other conditions is primarily due to the direct or
indirect actions of IL-13 is as yet unclear and will best be ad-
dressed by assessments comparing periostin expression before
and after therapeutic blockade of 1L-13.

FENoO levels are associated with airway inflammation and pre-
dict ICS responsiveness in patients with asthma of varying sever-
ity.1 133 However, FEno levels do not reliably reflect airway
eosinophilia in patients with severe steroid-dependent asthma,
and there are discrepancies between sputum and mucosal eosino-
phil quantification with respect to FENO levels.?*%57 Titrating
ICS treatment to suppress sputum eosinophil numbers reduces
the rate of severe asthma exacerbations,'? but titrating ICS treat-
ment to FENo levels does not.”® Serum YKL-40 has been de-
scribed as a marker of asthmatic airway inflammation, but its
levels were not correlated with measures of T2 inflammation,
such as IgE levels or eosinophil numbers.*? Accordingly, in the
present study we found that bronchial epithelial gene expression
levels of POSTN and NOS2, but not CHI3L1, were correlated with
bronchial IL-13 and IL-5 expression (see Table E5). Although we
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observed relatively strong positive correlations between bron-
chial or systemic eosinophilia and serum periostin levels, the cor-
relations between eosinophilia and Feno levels were weaker, and
we did not observe a correlation between serum YKL-40 levels
and eosinophilic inflammation in the asthmatic patients studied.
Sputum and blood eosinophil counts and Feno levels are subject
to significant temporal variability, depending on allergen expo-
sure, exacerbations, and steroid treatment.>®> "% We observed
relatively little intrasubject variability in serum periostin levels in
3 measurements over the course of up to 5 weeks in BOBCAT (see
Fig E2). The coefficient of variation (CV) across the first 2 visits
was 2.2% (95% CI, 1.2% to 5.7%) for periostin levels and 8.2%
(95% CI, 6.0% to 22.5%) for Feno levels. In our recent phase II
study of lebrikizumab in 218 patients with moderate-to-severe
asthma, we recorded 2 baseline measurements 1 week apart for
serum periostin and FeNo levels and found that the CV for perios-
tin was 5% versus 19.8% for Feno levels and 21.3% for blood eo-
sinophil numbers.”* Taken together, comparative analyses of
periostin and FENo levels and blood eosinophil numbers compris-
ing a logistic regression model (Table II), a receiver operating
characteristic analysis (Fig 3, B), fixed cutoffs (see Table E3),

continuous correlation analysis (see Table E4), and longitudinal
stability (see Fig E2 in this article’s Online Repository at www.
jacionline.org) collectively and consistently show that although
each marker reflects airway eosinophilia, to some degree, perios-
tin predicts the airway phenotype with greater fidelity than FENO
levels or blood eosinophil numbers. Future studies should be di-
rected at comparatively assessing longitudinal intrasubject varia-
bility in serum periostin levels, airway eosinophilia, FENo levels,
and other candidate biomarkers of T2 inflammation over ex-
tended periods of time.

The standard of care for bronchial asthma that is not well
controlled with symptomatic therapy (eg, 3-agonists) is ICS. In
patients with mild-to-moderate asthma with increased levels
of IL-13 in the airway>° and patients with eosinophilic esophagi-
tis with increased expression levels of IL-13 in esophageal tis-
sue,*® ICS treatment substantially reduces the level of IL-13
and IL-13-induced genes in the affected tissues. In the airway ep-
ithelia of asthmatic patients after 1 week of ICS treatment and in
cultured bronchial epithelial cells, we have shown that corticoste-
roid treatment substantially reduces IL-13—-induced expression
levels of Ty2 signature genes.”’23 This downregulation could
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FIG 3. Sensitivity of biomarkers for eosinophilic airway inflammation. A, Probability of composite eosino-
phil status = “high” as a function of serum periostin. Dashed lines denote 95% Cls. B, Receiver operating
characteristic curve analysis of the sensitivity and specificity of serum periostin, FENo, and serum IgE levels
and blood eosinophil numbers for composite airway eosinophil status. AUC, Area under the curve.

TABLE Il. Logistic regression model of biomarkers versus
eosinophil status in BOBCAT (n = 59)

Estimate SE z Score P value
Age —0.0396 0.039 —1.015 31
Sex (male) —0.2031 0.889 —0.229 .82
Body mass index —0.1004 0.066 —1.527 13
Blood eosinophils 1.7482 3.621 0.483 .63
Serum IgE —0.0002 0.001 —0.100 .92
Feno 0.0476 0.038 1.238 22
Serum periostin 0.2491 0.092 2.719 .007

We applied a logistic regression model to evaluate demographic and biomarker
variables as predictors of composite airway eosinophil status (eosinophil low =
sputum eosinophils <3% and biopsy eosinophils <22/mm?; eosinophil high = sputum
eosinophils >3% or biopsy eosinophils >22/mm?).

be the result of ICS-mediated reduction in IL-13 levels, ICS-
mediated reduction of target gene expression, or a combination
of the two. In patients with severe asthma refractory to ICS treat-
ment, a similar fraction of subjects (approximately 40%) was
found to have detectable sputum IL-13 levels to those seen in pa-
tients with mild ICS-naive asthma,?® which is comparable to the
proportion of subjects with the bronchial epithelial T2 signature
we have described."? Analogous observations have been reported
for persistence in steroid-refractory asthmatic patients of IL-4—
and IL-5-expressing cells in bronchoalveolar lavage fluid®' and
eosinophilic inflammation in bronchial biopsy specimens and
sputum (Fig 2). These observations suggest that although Ty2-
driven eosinophilic inflammation is suppressed by ICS treatment
in patients with moderate asthma, it reappears in a subset of pa-
tients with severe asthma incompletely controlled by steroid treat-
ment. An additional complication is brought on by incomplete
adherence to prescribed ICS therapy, which might underlie poor
control in some patients with severe asthma. Hence future studies
should be directed at assessing blood periostin levels in the con-
text of ICS treatment status, ICS dose, intrinsic steroid sensitivity,
and adherence to ICS therapy in patients with controlled and un-
controlled asthma.

Currently, there are numerous biological therapeutics in
clinical development targeting IL-13 and related factors driv-
ing T2 inflammation in asthmatic patients.“’37 It is critical

that these treatments are targeted to patients with relevant mo-
lecular pathology because otherwise important treatment ef-
fects might be underestimated; studies of anti—IL-5 therapy
highlight this point.15’16’62 Accordingly, we have shown in 2
phase II studies of lebrikizumab, a humanized mAb against
IL-13, that asthmatic patients with high pretreatment serum
periostin levels experienced substantially greater treatment
benefit from IL-13 blockade than patients with low pretreat-
ment periostin levels (Scheerens et al, unpublished data).**
Our findings suggest that approximately half of patients with
steroid-naive mild-to-moderate asthma might exhibit activity
of the Ty2 pathway in their airways, and a similar fraction
of patients with severe steroid-refractory asthma exhibits the
activity of this pathway. Therefore biomarkers that identify
asthmatic patients likely to have Ty2-driven inflammation in
their airways might aid in the identification and selection of
the patients most likely to respond to these experimental tar-
geted therapies.

We thank Jiabing Ding, Meredith Hazen, and Jo-Anne Hongo for assistance
developing the periostin assay; Jon Hidayat and the BOBCAT protocol
execution team for running the BOBCAT study; and Flavius Martin, John
Monroe, Merdad Parsey, and John Matthews for advice and comments on the
manuscript.

Subjects enrolled by the BOBCAT Study Group included the following
investigators and sites: Steven Kelsen, Temple University Hospital; Michel
Laviolette, Hopital Laval; Ammar Hatab, West Coast Clinical Trials; Mario
Castro, Washington University School of Medicine; Eugene Bleecker, Wake
Forest University; Neil Thomson, Gartnaval General Hospital; Richard Leigh,
University of Calgary; Ron Olivenstein, McGill University; James Good,
National Jewish Medical and Research Center; Gail Gauvreau, McMaster
University; Nizar Jarjour, University of Wisconsin-Madison; Adel Mansur,
Birmingham Heartlands; Pedro Avila, Northwestern University School of
Medicine; Joel Kline, University of lowa Hospitals and Clinics; Irvin Mayers,
University of Alberta Hospital; Kyle Hogarth, University of Chicago; and
Liam Heaney, Queen’s University Belfast.

Clinical implications: Periostin levels in peripheral blood iden-
tify asthmatic patients with increased airway eosinophil num-

bers and therefore might be a clinically useful biomarker to
select patients for Ty2-targeted asthma therapies.
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METHODS

Patients’ samples and microarray data

Microarray data and bronchial epithelial RNA from 42 nonsmoking
patients with mild-to-moderate asthma were obtained from a previous study
(data from this study are shown in Table E5).BLE2

BOBCAT was a multicenter study conducted in the United States, Canada,
and the United Kingdom to collect matched airway and blood samples in 67
patients with moderate-to-severe asthma. Inclusion criteria required a diag-
nosis of moderate-to-severe asthma (confirmed by an FEV, between 40% and
80% of predicted value, as well as evidence within the past 5 years of >12%
reversibility of airway obstruction with a short-acting bronchodilator or meth-
acholine sensitivity [PC,] <8 mg/mL) that was uncontrolled (as defined by at
least 2 exacerbations in the prior year or a score of >1.50 on the ACQ™* while
receiving a stable dose regimen [>6 weeks] of a high-dose ICS [>1000 pg flu-
ticasone or equivalent per day]) with or without a long-acting (3-agonist. Per-
mitted concomitant medications also included leukotriene receptor
antagonists and oral corticosteroids. The BOBCAT study scheme is depicted
in Fig 1.

FENo measurement, bronchoscopy, bronchoalveolar lavage, induced spu-
tum, and immunohistochemistry for eosinophil counts were performed as pre-
viously described.F*F+E¢ All research protocols were approved by the
relevant institutional review boards, and informed consent was obtained
from all subjects before enrollment. Patients’ demographics and lung function
and biomarker data are summarized in Table 1.

Periostin assay development

Generation of murine anti-periostin mAbs. BALB/c
mice (Charles River, Hollister, Calif) were immunized with recombinant
human periostin protein (rhuPOSTN; residues N22-Q836; R&D Systems,
Minneapolis, Minn) mixed with MPL+TDM adjuvant through footpad
injection, intraperitoneal injection, or both in an additional protocol. Mice
received 6 doses, followed by a prefusion boost in PBS alone through the
footpad and intraperitoneal routes 3 days before fusion. Popliteal lymph nodes
were harvested from these mice, the sera of which demonstrated strong
binding titers to the immunization protein by using ELISA, and lymphocytes
were fused with X63-Ag8.653 murine myeloma cells (American Type Culture
Collection, Rockville, Md) through electrofusion (Cytopulse, Glen Burnie,
Md) and plated on 96-well plates. Supernatants were screened 11 days after
fusion for binding to immunization protein by using ELISA. Hybridomas
demonstrating strong periostin-specific binding by means of ELISA were
expanded and subcloned by limiting dilution. Final clones demonstrating the
highest ELISA binding after the second round of subcloning were expanded
for large-scale production in bioreactors (Integra Biosciences, Chur, Switzer-
land). Supernatants were then purified by means of Protein A affinity
chromatography, as previously described.®’

Generation of rabbit polyclonal and monoclonal
anti-periostin antibodies. rhuPOSTN-immunized NZW rabbits
were bled serially to obtain antisera for the purification of periostin-specific
polyclonal antibodies. The spleen from 1 of these rabbits was also subse-
quently used in a rabbit monoclonal production protocol carried out by
Epitomics (Burlingame, Calif), as previously described.F$F°

Recombinant periostin splice variants. Human periostin is
expressed as at least 4 alternatively spliced transcripts,*'® and each splice var-
iant is expressed in bronchial epithelia from asthmatic patients (data not
shown). Periostin isoforms 1 to 4 were cloned from cDNA derived from
“Ty2-high” bronchial epithelial brushings from asthmatic patients described
by Woodruff et al,** and recombinant proteins were generated from superna-
tants of transfected HEK293 cells as tools for use in the characterization of
novel anti-periostin mAbs by their epitope binding patterns (see Fig El, A
and B).

mAb evaluation. Eight hybridoma lines were identified for individ-
ual subcloning. After 2 rounds of selection, 7 murine clone lines (designated
A through G) and 4 rabbit clone lines (H though K) were isolated.

mAb affinity measurements. Simple BiaCore (GE Healthcare,
Fairfield, Conn) experiments were carried out to characterize the relative
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affinities of the murine mAbs for full-length periostin. Antibodies E and F
showed the highest apparent affinities, demonstrating both fast on rates and
relatively slow off rates compared with the other antibodies tested. Monoclo-
nal antibodies A, B, and C behaved similarly in this experiment, exhibiting
lower relative affinity compared with mAbs E and F, mostly because of faster
off rates. Monoclonal antibody D demonstrated poor affinity because of a very
fast off-rate. Rough affinities were estimated at less than 1 nmol/L for E and F;
1 to 10 nmol/L for A, B, and C; and approximately 25 nmol/L for D.

Periostin-depleted normal human serum. Affinity-puri-
fied rabbit polyclonal anti-periostin was coupled to CarboLink resin (Pierce,
Rockford, Ill) by using a standard kit protocol. This anti-periostin resin was
then used to deplete endogenous periostin from a normal human serum pool.
A periostin-depleted normal human serum pool serum was used as a negative
control in all ELISA assay development to demonstrate absolute anti-periostin
antibody specificity.

Prototype murine/rabbit mAb ELISAs. Capture ELISAs
were constructed by using each murine mAb as a capture reagent paired with
rabbit mAb K as the detection antibody, which can detect all 4 isoforms of
human periostin protein (Fig E1, C). An anti-rabbit IgG-horseradish peroxi-
dase conjugate was used to detect bound mAb K. Serum samples were diluted
1:200 before analysis. rhuPOSTN (full-length) was used to generate standard
curves. Murine mAbs E and G paired best with the rabbit detection mAb K,
allowing the most sensitive detection of the periostin standard (Fig E1, D).

Although rabbit mAbs clearly demonstrated utility as effective and specific
ELISA reagents, the parent hybridoma lines produced minimal antibody in
cell culture. Historically, rabbit hybridomas have also proved to be less robust
than their murine counterparts and significantly more susceptible to both line
mortality and loss of specific antibody production. For these reasons, murine
capture and detection mAbs were preferred for the final format of the total
periostin ELISA.

Construction of a murine/murine mAb ELISA. Each
murine anti-periostin mAb (with the exception of mAb F because of
insufficient material) was biotinylated by using a standard method. Prepara-
tions of unlabeled murine mAbs were used to compete with these biotinylated
mAbs for binding to coated full-length periostin in a direct ELISA. Epitope
groups were loosely defined by inhibitory patterns.

Thirty-six unique murine mAb pairs were evaluated as capture and
detection antibodies in a standard indirect sandwich ELISA. Amdex
streptavidin—horseradish peroxidase was used to identify bound biotinylated
antibodies. Varying quantities of rhuPOSTN (0-300 pg/mL in assay diluent)
were analyzed, and signal/noise ratios at 33 pg/mL rhuPOSTN were computed
for each assay format. Multiple mAb pairs allowed the specific and sensitive
detection of periostin, as shown in Table E1. Using mAb G as the capture
(coat) antibody and biotinylated mAb E as the detection antibody, we observed
a 7.3-fold increase over background absorbance at 33 pg/mL rhuPOSTN.

Multiple assay formats were also evaluated for their ability to recognize all
periostin isoforms, a factor necessary for the accurate quantitation of total
analyte levels in human serum. Periostin isoforms 1, 2, 3, and 4 were each
transfected into HEK293 cells and generated as recombinant proteins in cell-
culture supernatants. These supernatants were analyzed in parallel by using 4
different murine mAb assay configurations. Each assay format detected all
periostin isoforms. Cell-culture supernatant from vector-transfected K293
cells was used as a negative control (Fig E1, E). Importantly, this experiment
also confirmed the reactivity and specificity of the murine mAbs to novel prep-
arations of human periostin isoforms that were unique from the original com-
mercial periostin preparation used as immunogen. On the basis of its optimal
sensitivity and ability to detect all periostin isoforms, the mAb G (coat) and
biotinylated mAb E pair was selected for final assay development.

Assay qualification. The murine/murine total periostin ELISA was
run on 11 plates over 3 days to evaluate assay accuracy and precision, control
performance, limit of detection, and linearity of dilution. Minimum dilution for
samples and controls was 1:200 in assay diluent (PBS, 0.5% BSA, 0.05% Tween
20, and 0.05% ProClin 300 [Sigma-Aldrich, St Louis, Mo], pH 7.4). Standard
curves were generated by using thuPOSTN (full-length) 2-fold serially diluted
in assay diluent from 600 to 9.4 pg/mL. A 4-parameter logistic curve fit was
applied to the OD data, and the interassay relative error was calculated.
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Matrix controls were constructed by using a normal human serum pool.
Unspiked pooled sera were used as the normal control, whereas the high
control was generated by spiking 100 ng/mL rthuPOSTN to the serum pool.
Normal and high controls were diluted 1:200 in assay diluent and measured in
single wells at final dilutions of 1:200, 1:400, 1:800, and 1:1600. All dilutions
were quantified within assay limits of quantitation. Means, SDs, and percent-
age CVs for the 4 dilutions were computed for each control on every plate, and
these mean concentrations were then evaluated across all plates (n = 11) to
determine interplate precision (Table E2). This control table was then used to
define the normal and high control pass/fail criteria, setting allowable variance
to £ 20% of the mean concentration for each control.

Because no individual human serum could be identified with extremely low
endogenous periostin levels, a unique low control was constructed in assay
diluent at 2.8 ng/mL rhuPOSTN. This control was measured in duplicate at the
minimum (1:200) dilution only. For the low control, the pass/fail criterion was
+ 20% of the nominal analyte concentration: allowable variance (of the
duplicate mean) was therefore from 2.24 to 3.36 ng/mL.

The limit of detection for the assay was confirmed at the level of the lowest
standard (9.4 pg/mL, in well), but the assay sensitivity limit was conserva-
tively set equal to the serum periostin concentration of the low control (2.8 ng/
mL). This control was also used to define the lower limit of quantitation at 14
pg/mL (in well), whereas the upper limit of quantitation was set at 594 pg/mL,
which is equivalent to the in-well concentration of the high control.

rhuPOSTN was spiked into a normal human serum pool to a final
concentration of 23.5 pg/mL to assess sample dilutional linearity. This
ultrahigh periostin sample was minimally diluted and then further serially
diluted past 1:10”. Accurate (within = 20%) recovery of this sample was ob-
served for all dilutions within the assay’s quantitative range (1:40,000 to
1:2,560,000).

Comparison of sample matrices. Blood was obtained by
means of venipuncture from 10 healthy subjects using 4 typical clinical
specimen tubes for each donor: (1) serum, (2) plasma anticoagulated with
EDTA, (3) plasma anticoagulated with sodium citrate, and (4) plasma
anticoagulated with heparin. Serum or plasma was then harvested from the
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collection tube, placed in aliquots, and frozen at —70°C. Thawed aliquots were
subsequently evaluated in the total periostin ELISA. Total measured periostin
levels were comparable within each subject within assay limits independently
of matrix and anticoagulant (data not shown).
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FIG E1. Development of a sandwich ELISA to detect serum and plasma periostin. A, Schematic diagram of
exon use in alternatively spliced forms of human periostin. B, Immunoblot of cell-culture supernatants of
HEK293 cells transfected with expression constructs encoding periostin isoforms 1 to 4 probed with rabbit
polyclonal anti-periostin antibodies. Monomeric (approximately 90 kDa) and dimeric (approximately 180
kDa) forms of each isoform were detected as indicated. C, Detection of periostin isoforms in direct ELISA
by rabbit monoclonal anti-periostin. Two subclones are shown for each parental clone, as indicated in
the legend. D, Standard curves of the sandwich ELISAs with murine anti-periostin mAbs (capture) and rabbit
monoclonal anti-periostin (clone K; detection). E, Detection of periostin isoforms by means of sandwich
ELISA with murine mAb pairs. Note: differences in detection of different isoforms is due to varying levels
of protein in supernatant; each mAb pair detected all 4 isoforms comparably.
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FIG E2. Intrasubject correlation between serum periostin and Feno levels across multiple visits in the BOB-
CAT cohort. A, Serum periostin levels at visits 1, 2, and 3 are highly correlated with each other and with the
mean periostin level across all visits in BOBCAT. Accordingly, mean serum periostin levels across the 3
visits were used for analyses in Figs 2 and 3, Tables | and I, and Tables E4 and E5. B, FENoO levels at visits
1 and 2 are highly correlated with each other and with the mean Feno level in BOBCAT. Accordingly,
mean Feno level across the 2 visits was used for analyses in Fig 3, Tables | and I, and Tables E4 and E5.
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FIG E3. Feno levels differentiate patients with moderate-to-severe uncontrolled asthma receiving high-dose
ICSs according to airway eosinophilic inflammation. A, Serum periostin and Feno levels are both increased
in most subjects with increased sputum or tissue eosinophil numbers, but subsets of subjects have in-
creases in only periostin or FENo levels. Most subjects lacking increased sputum and tissue eosinophil num-
bers exhibit low serum periostin and low Feno levels. B, Asthmatic patients with greater than 3% sputum
eosinophils have significantly increased FEno levels compared with asthmatic patients with less than 3%
sputum eosinophils (P <.001, Wilcoxon rank sum test). C, Asthmatic patients with greater than 22 eosino-
phils/mm? total bronchial tissue exhibit a trend toward increased Feno levels compared with asthmatic pa-
tients with less than 22 eosinophils/mm2 total bronchial tissue (P = .07, Wilcoxon rank sum test). D,
A composite airway eosinophil score in which 0 is defined as sputum eosinophils of less than 3% and tissue
(Bx) eosinophil numbers of less than 22/mm?, 1 is defined as either sputum eosinophils of greater than 3%
or tissue eosinophil numbers of greater than 22/mm? (exclusive) and 2 is defined as both sputum eosino-
phils of greater than 3% and tissue eosinophil numbers of greater than 22/mm?, demonstrating a strong
positive progression for increasing FENo levels with increasing composite airway eosinophil scores (P =
.001, logistic regression). Serum periostin status is indicated as in the legends.
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TABLE E1. Selection of the murine mAb pair for periostin assay

Biotinylated capture mAb

Coat mAb A B Cc D E G
A 0.8 22 1.2 1.0 1.1 1.2
B 1.4 1.2 1.2 0.9 4.8 0.8
C 1.1 1.3 1.1 0.9 2.6 0.9
E 0.9 2.6 2.6 1.2 1.3 12
F 1.4 1.0 1.1 0.9 32 1.0
G 1.7 1.1 1.3 0.9 73 0.9

The signal/noise ratio at 33 pg/mL recombinant periostin is shown, as described in the
Methods section in this article’s Online Repository.
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TABLE E2. Periostin assay qualification

Control Mean (ng/mL) SD (ng/mL) %CV
Normal 29.47 1.57 5.32
High (spiked) 118.87 3.28 2.76

Details are provided in the Methods section in this article’s Online Repository.
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TABLE E3. Contingency table for cutoff values of serum periostin
(n = 57) and Feno (n = 56) versus composite airway eosinophil
status in BOBCAT

Serum periostin

Test >25 ng/mL Feno >35 ppb
Airway Eosinophil Eosinophil Eosinophil Eosinophil
phenotype low high low high
Test result
- 11 19 12 26
+ 2 25 1 17
Sensitivity 0.57 0.40
Specificity 0.85 0.92
PPV 0.93 0.94
NPV 0.37 0.32
P value 011 .042

The P value is determined by using the Fisher exact test (2-tailed).

Eosinophil high, Sputum eosinophils >3% or biopsy eosinophils >22/mm?; Eosinophil
low, sputum eosinophils <3% and biopsy eosinophils <22/mm?; NPV, negative
predictive value; PPV, positive predictive value.
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TABLE E4. Biomarker correlation matrix: Correlations between
markers as continuous measures in BOBCAT

Biomarker Comparator rs P value
Periostin BAL eosinophils (%) 0.17 .20
Sputum eosinophils (%) 0.46 <.001
Tissue eosinophils 0.24 .06
Blood eosinophils 0.22 07
FENo 0.27 .03
YKL-40 0.04 71
Blood eosinophils BAL eosinophils (%) 0.31 .02
Sputum eosinophils (%) 0.43 <.001
Tissue eosinophils 0.15 25
Feno BAL eosinophils (%) 0.21 11
Sputum eosinophils (%) 0.46 <.001
Tissue eosinophils 0.38 .003
Blood eosinophils 0.43 <.001
YKL-40 BAL eosinophils (%) —0.07 .57
Sputum eosinophils (%) —0.05 .70
Tissue eosinophils —0.19 15
Blood eosinophils —0.02 90
FeNo 0.03 .81

Correlations with P values of less than .05 are highlighted in boldface italics.
Correlations with P values of between .05 and .10 are highlighted in boldface.
BAL, Bronchoalveolar lavage.
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TABLE E5. Correlation matrix between expression levels of genes encoding biomarkers and T2 cytokines
POSTN_210809 s_at NOS2 210037_s_at CHI3L1_209395_at
ILI3 0.42 (.014) 0.37 (.029) —0.23 (.198)
IL5 0.42 (.013) 0.34 (.048) —0.13 (.450)
POSTN_210809_s_at - 0.72 (<.001) —0.24 (.136)
NOS2_210037_s_at - - —0.34 (.027)

Values are given as the Spearman rank correlation, with P value in parentheses. Correlations with P values of less than .05 are highlighted in boldface italics. IL-13 and IL-5
expression levels were determined from endobronchial biopsy specimens by using quantitative PCR. Expression of POSTN (POSTN_210809_s_at), NOS2 (NOS2_210037_s_at),
and CHI3LI (CHI3LI_209395_at), the gene encoding YKL-40, determined from bronchial epithelial microarray, as described in Woodruff et al,F' is shown.
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