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Biomarkers in asthmatic patients: Has their time
come to direct treatment?
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Asthma is a heterogeneous disease with multiple phenotypes
that have variable risk factors and responses to therapeutics.
Mild-to-moderate asthma often responds to traditional
medications, whereas severe disease can be refractory to inhaled
corticosteroids, long-acting b-agonists, and leukotriene receptor
antagonists. There is robust research into the variable
phenotypes of asthma. Biomarkers help define the specific
pathophysiology of different asthma phenotypes and identify
potential therapeutic targets. The following review will discuss
the current use of biomarkers for the diagnosis of asthma,
triaging the severity of a patient’s disease, and the potential
efficacy of treatments. This information can be used to define
certain patient populations that are more likely to respond to
inhaled corticosteroids or biologics. As knowledge of patient
phenotypes and endotypes and biological agents to target
specific classes of asthma emerge, the ability to provide
personalized care to asthmatic patients will follow. (J Allergy
Clin Immunol 2016;137:1317-24.)
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Biomarkers, or biological markers, are traceable substances
used to examine organ function or other aspects of health.1

Medical biomarkers can also provide information about the
pathophysiology of an underlying disease, the course of an
illness, and/or the response to treatment.2 At their best,
biomarkers could inform uswhether a disease is present or absent,
define its severity, provide information about its progression,
serve to select the most effective treatment, and/or serve as
guidance about the affected subject’s survival (Fig 1). With
precision medicine on the forefront of patient care and the desire
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to select the most effective treatments, biomarkers are needed to
provide and play an important, expanding, and directive role by
allowing physicians to predict the susceptibility, or responsive-
ness, of a given disease to a specific treatment. Asthma is at the
forefront of this concept and for good reasons, but do we have
the right biomarkers to meet this need at this time?
Biomarkers have long been an important and informative

aspect of medicine, beginning with the simple measurement of
body temperature to detect a fever and its significance to
underlying health. The presence of a fever, for example, tells us
about a change in a patient’s health and possibly the underlying
cause, an infection. The regression of a fever can also be
informative as to the effectiveness of an intervention and
indication that a patient is on the road to recovery. Blood pressure
is another example of a longstanding and informative biomarker;
it detects an underlying condition, hypertension, as well as risks
for cardiac, renal, or neurologic disease, and is an obvious target
guide for treatment. Although pulmonary function measurements
tell us about the consequence of asthma and its severity and are a
reflection of responsiveness to treatment, they do not always
inform us about the underlying cause of disease or necessarily the
factors contributing to these processes.
Biomarkers have been arbitrarily classified into 3 types.2 Type

0 refers to a marker related to the natural history of the disease. At
present, type 0 biomarkers in asthmatic patients are not available,
but the Asthma Predictive Index is a helpful indicator of risk for
disease in the unaffected child.3 Type 1 biomarkers reflect drug
activity or act as markers of responsiveness and are taking on a
greater importance as precision medicine comes into play with
more biologics available for the treatment of asthma. Finally,
type 2 biomarkers refer to surrogate markers, such as cholesterol,
whichmight act as an indicator (or risk) of cardiovascular disease.
Physicians already use biomarkers to more effectively track

disease progression,4 such as hemoglobin A1c, which not only
measures the average blood sugar over time but also provides
insight into the effectiveness of glycemic control agents.
Moreover, hemoglobin A1c is a surrogate for the prognosis of
disease and the likelihood of end-organ damage from diabetes.5

Similarly, physicians use a virologic biomarker, the CD41

T-cell count, or the peripheral circulating viral load in the
diagnosis, treatment, and prognosis of HIV.4 In particular, the
viral load relates to disease etiology, severity, responsiveness to
treatment, and survival. CD41 T-cell counts can also serve to
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FIG 1. Potential biomarkers in relationship to asthma, beginning with prenatal risk for disease and

extending to markers associated with treatment selection.
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reflect the prognosis and guide responses to antiretroviral
treatment in patients with AIDS.6,7 These biomarkers have clear
clinical and practical relevance and have directed patient care
toward improved outcomes.
Biomarkers in asthmatic patients have yet to reach the level of

precision found with HbA1c levels or CD41 counts. However, a
number of biomarkers have been identified that help define
asthma phenotypes and predict patient characteristics most likely
to reflect responsiveness to specific therapies.
We will review the current but limited menu of biomarkers in

asthmatic patients and how theymight help define phenotypes and
endotypes, predict disease severity, and select patient groups
who will be most responsive to biologic therapies. To be
most useful, biomarkers in asthmatic patients must first be
vetted in large cohorts of patients, be readily accessible by
measurements using standard methods to ensure widespread and
accurate use, and display robust sensitivity, specificity, accuracy,
and reproducibility.
WHAT HAS BEEN LEARNED AND WHAT INSIGHT

HAS BEEN GAINED FROM BIOMARKERS IN

ASTHMATIC PATIENTS?
Asthma is a heterogeneous disease, and for some patients,

particularly those with severe disease, existing therapies have
limited efficacy.8 This is not surprising because a wide variety of
cells and inflammatory molecules act in concert in a complex
manner to drive the development, severity, and pattern of
inflammation in asthmatic patients and, theoretically, to eventu-
ally determine various clinical phenotypes of disease. From these
efforts, it has been possible to identify biomarkers in asthmatic
subpopulations and from this information gain greater insight
into what treatments might be most effective.9 From these efforts,
a small number of relevant biomarkers have emerged: eosinophil
counts, fraction of exhaled nitric oxide (FENO) values, and
periostin and IgE levels. However, as will be discussed, these 4
biomarkers have limitations because they are primarily important
and related to patients with a TH2-high, now referred to as T2 to
include both TH2 cells and non-TH2 cells as a source of cytokines,
component to their asthma. Although they are helpful in this
situation, a significant proportion of asthmatic patients do not
express a T2 pattern and instead have, for example, neutrophils
or no specific cell type involved in their airway dysfunction.
Therefore the T2 markers, although highly meaningful, do not
convey the full story.

EOSINOPHILS
Eosinophils are a longstanding feature or characteristic of

asthma and, as a consequence, are considered fundamental to the
pathophysiology of this disease, its severity, and possibly its
etiology, at least in some patients.10 The histology of the lung in
asthmatic patients is associated with and often characterized by
eosinophilic infiltration of the airway. Based on the inflammatory
capacity of the eosinophil, its presence has been believed to reflect
airway injury, to contribute to airway hyperresponsiveness and
remodeling, and to be a direct causative link to asthma
pathophysiology.11 Moreover, early studies that measured
peripheral blood eosinophil counts found significant correlations
between this cell’s presence and disease severity, as well as a
marker reflecting clinical improvement as their numbers
decreased in response to treatment.12,13

This cell’s positioning as a relevant biomarker is supported by
animal models for asthma, in which ablation of eosinophils after
administration of mAbs directed toward IL-5 reduces airway
inflammation and bronchial hyperresponsiveness after an allergen
provocation.14 Based on these associative findings, the eosinophil
was considered the causative cell of asthma, and its presence was
considered an ultimate biomarker for asthma because it marked
the presence of disease, its severity, and its responsiveness to
treatment.
However, initial studies in broad-based asthmatic populations

with anti–IL-5 mAb treatment found no effect on lung function,
symptoms, or exacerbations despite a nearly total ablation of
circulating eosinophils.15 These findings led to a reassessment of
the significance of eosinophils to asthma, what their presence
meant, and under what conditions this cell had a relationship



TABLE I. Baseline characteristics of subjects in the intention-

to-treat population

Characteristic

Mepolizumab

(n 5 29)

Placebo

(n 5 32)

P

value

Age (y), mean 48 50

Severe exacerbations per subject in

previous year (no.)

5.5 5 .71

FEV1 after bronchodilator

use (% predicted value)

78.1 6 20.9 77.6 6 24.1 .93

Eosinophil count in sputum (%) 6.84 6 0.64 5.46 6 0.75 .60

Eosinophil count in blood (31029/L) 0.32 6 0.38 0.35 6 0.30 .57

Dose of ICS, beclomethasone

dipropionate equivalent (mg),

daily dose

2038 1711

Use of oral prednisolone,

regular use (% of subjects)

57.1 53.1 .80

FIG 2. Severe exacerbations during the course of the study comparing

placebo versus mepolizumab. The cumulative number of severe

exacerbations that occurred in each study group over the course of

50 weeks is shown. Reprinted with permission from Haldar et al.20

J ALLERGY CLIN IMMUNOL

VOLUME 137, NUMBER 5

BERRY AND BUSSE 1319
and relevance to asthma. What has emerged is evidence that the
eosinophil is a biomarker in asthma, representing a risk factor
for exacerbations, but this relationship occurs under important
and restrictive conditions: the persistent presence of eosinophils
in either sputum or peripheral blood in the face of treatment
with corticosteroids, either inhaled or systemic, and an absence
of disease control.16

The Expert Panel Report 3 recommends inhaled corticosteroids
(ICSs) as the principal anti-inflammatory or controllermedication
in asthmatic patients with an escalation in dose, usually in
conjunction with long-acting b-agonists or leukotriene antago-
nists, as disease severity increases.17 For most patients with
mild-to-moderate asthma, disease control can be achieved with
this approach, and the use of biomarkers is not frequently
necessary to guide treatment. For patients with more severe
disease who continue to have frequent exacerbations despite
adherence to appropriate therapy, the clinical situation is
different, and biomarker monitoring might be needed to direct
the selection of other therapeutics.
When Green et al18 asked whether an increase in the ICS dose

to guideline care that could reduce sputum eosinophil numbers
would affect asthma, they found asthma exacerbations (ie, the
need for rescue systemic corticosteroids) were significantly
reduced.18,19 Extending this concept, Haldar et al20 added
mepolizumab, an anti–IL-5 mAb, to the treatment of asthmatic
patients with severe asthma despite large doses of ICSs and, in
many patients, systemic corticosteroids, along with persistent
sputum and circulating eosinophils (Table I) with anti-IL-5 treat-
ment, asthma exacerbations were reduced by approximately 50%
(Fig 2).20 Mepolizumab had limited effects on symptoms or lung
function.20 Consequently, an increased sputum eosinophil count
emerged as a biomarker to indicate a risk for asthma
exacerbations; however, the use of sputum analysis to assess
eosinophil presence in asthmatic patients is often impractical in
clinical practice.16

There is controversy as to the relative predictability of blood
versus sputum eosinophil counts in relationship to asthma
exacerbations. Although blood and sputum eosinophil counts in
asthmatic patients correlate, earlier work indicated that sputum
eosinophilia was more predictable than the blood eosinophil
count for exacerbation.21 However, at present, the practicality of
using sputum analysis to measure eosinophil counts has made this
approach difficult.22 Most recently, Malinovschi et al23 showed
the reliability of blood eosinophil counts to indicate the risk for
an asthma attack. This conclusion has largely been borne out
with trials in which anti–IL-5 antibodies have been evaluated.24-26

Mepolizumab has been approved by the US Food and Drug
Administration for the treatment of patients with severe asthma
with frequent exacerbations despite other ongoing treatments. The
outcome target of this treatment is principally to prevent exacer-
bations in patients with severe asthma. In the DREAM (Dose
Ranging Efficacy and Safety with Mepolizumab) in severe asthma
study all 3 concentrations (75, 250, and 750 mg) of mepolizumab
tested reduced peripheral blood eosinophil counts and also
prevented exacerbations by nearly 50%.24 Moreover, in this large
studymepolizumab reduced symptoms and led to a slight improve-
ment in lung function. In a subsequent studymepolizumabwas able
to reduce the dose ofmaintenance systemic corticosteroids and still
prevent exacerbations.25 From the collective research to date,
peripheral blood eosinophil counts of 150 eosinophils/mm3 or
greater have emerged as a threshold marker of benefit from
mepolizumab in patients already receiving corticosteroids, either
inhaled or systemic, who still experience exacerbations.26

Whether the most appropriate level of blood eosinophils is
greater than 150 cells/mm3 in the face of corticosteroid treatment
has not been universally established because some studies with
other anti–IL-5 mAbs find benefit occurring primarily at higher
levels (ie, 400 cells/mL).27 However, there is general agreement
that a persistence of peripheral blood eosinophils despite ongoing
asthma controller treatment is a biomarker to indicate that an
anti–IL-5 therapy might be effective and that its effectiveness is
principally, but not exclusively, the prevention of exacerbations;
the cut point for the peripheral blood eosinophil count to most
accurately predict this response has yet to be fully determined
and might vary depending on the IL-5 mAb, patient population,
and outcomemeasured. There is also some remaining controversy
that sputum eosinophils are the best source for this biomarker.

FENO

Nitric oxide is generated by airway epithelium and is a marker
of TH2 inflammation.28,29 Parameters for FENO measurements
have been standardized by a joint American Thoracic



FIG 3. Responsiveness of TH2-high asthma to ICSs and reproducibility of

phenotypic markers after placebo in a randomized controlled trial. FEV1

was measured at baseline (week 0), after 4 and 8 weeks of daily fluticasone

(500 mg twice daily), and 1 week after the cessation of fluticasone (week 9).

There was no significant change in FEV1 in response to placebo

at any time point in either group. Reprinted with permission of the

American Thoracic Society (Copyright �2016 American Thoracic Society)

from Woodruff et al.49 *P < .05.
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Society/European Respiratory Society workshop30 and indicate
that in patients with well-controlled asthma, the upper value of
normal FENO is 25 ppb.31,32 However, the use of FENO in clinical
practice and to reflect asthma phenotypes is more complex and
nuanced. Patients with high FENO values are likely to benefit
from ICSs, and values of greater than 50 ppb, particularly in the
face of treatment, suggest corticosteroid-unresponsive asthma.33

Because FENO values increase quickly once medication is
stopped, this marker is often used to follow ICS medication
adherence.34 Clinically, a significant decrease in FENO values
beginning 2 to 6 weeks after initiation of ICSs is defined as a
change of 20% for starting values of greater than 50 ppb and
10 ppb for values of less than 50 ppb.30,35 If FENO values remain
high despite corticosteroid treatment, levels of medication
adherence need to be considered versus whether the underlying
asthma represents a severe phenotype and unresponsiveness to
usual treatment.
Like eosinophil counts, increased FENO values predict a risk for

an asthma exacerbation,36-38 including exacerbations that might
follow corticosteroid withdrawal. This association is particularly
robust in children.37,39 Pijnenburg et al39 found that an increase in
FENO value of greater than 49 ppb occurring 4 weeks after
discontinuation of ICSs predicts an asthma exacerbation, an
association with a sensitivity of 71% and specificity of 93%.39

Each doubling of the FENO value reflected an increased risk for
an asthma exacerbation.
FENO values have many confounding factors. Although there is

an association between FENO values and eosinophilic airway
inflammation, the specificity of FENO to sputum eosinophilia is
approximately 70%.40 Most investigators believe these 2
biomarkers, although representing a similar T2 pathway, are
distinct from one another. Both are equally effective in predicting
responses of omalizumab and mepolizumab.41 Although
corticosteroids reduce FENO values and sputum eosinophil counts,
anti–IL-5 therapy reduces eosinophil counts without changing
FENO values.20 Interestingly, tobacco smoke decreased FENO
values.42 FENO values are generally higher in patients with atopic
disease with or without asthma.43,44 Obesity is associated with
lower FENO values, and weight loss can result in an increase in
FENO values.45 Furthermore, there are demographic variations
in FENO values that also confound its interpretation. As a rule,
children have lower FENO values than adults by an average of
5 ppb.46 Men have 25% higher FENO values than their female
counterparts.47 A complete description and understanding as to
where and under what conditions FENO values play a biomarker
role in asthmatic patients have yet to be established, but its ease
of use promises expanded use in patients withmore severe disease
and in whom biological agents are being considered.
PERIOSTIN
The discovery of specific gene products generated by

inflammatory cytokines, particularly TH2 cytokines, is an
example of a successful and practical development of new and
potentially meaningful biomarkers in asthmatic patients.
Woodruff et al48 obtained bronchial brushings from asthmatic
patients and control subjects and incubated these cells with
IL-13; 3 gene products were induced by IL-13: periostin,
CLCA1 (chloride channel regulation) and serpinB2.
A subsequent analysis of bronchoalveolar lavage fluid from the
subjects who were the source of epithelial cells found periostin
expression was higher in asthmatic patients than control subjects
and that periostin levels were variable but greatest in
bronchoalveolar lavage fluid, with increased concentrations of
IL-4, IL-5, and IL-13. These findings suggest that increased
periostin levels reflect a TH2-high profile; in contrast, periostin
levels represent a TH2-low pattern in asthmatic patients whose
mechanism of disease is not well defined. This concept was
supported by assessing the response to ICSs in these 2
populations. Asthmatic patients with a TH2-high profile and
increased periostin levels had significant improvement in FEV1,
whereas the TH2-low population did not (Fig 3).48,49

Periostin is induced by IL-13, a pleiotropic T2 cytokine, which
is also produced by eosinophils, basophils, mast cells, activated
T cells, and macrophages.50 IL-13 also differentiates CD41

lymphocytes into TH2 cells. Subsets of asthmatic patients have
increased IL-13 levels in their airways; periostin can be used to
reflect and define TH2 phenotypes.51 Further support for the
clinical relevance of periostin has been found with the
observation that an increased serum periostin level was found in
patients with a greater increase in FEV1 to anti–IL-13 mAb ther-
apy.52 The administration of lebrikizumab, a humanized mAb
against IL-13, improved FEV1 values by 8.2% compared with
placebo in patients with increased periostin levels; in patients
with low periostin levels, improved FEV1 was minimal
(Fig 4).52 There was also a larger reduction in FENO values in
the subgroup with high periostin levels than in the subgroup
with low periostin levels to lebrikizumab (34.4% vs 4.3%).53

Thus periostin might identify patients with an IL-13–dependent
T2 phenotype who will be most likely to benefit from anti–IL-
13 therapy.



FIG 4. Relative change in FEV1 in the intention-to-treat population. At week

12, the increase from baseline in FEV1 was higher by 5.5 percentage points

(95% CI, 0.8-10.2 percentage points) in the lebrikizumab group than in the

placebo group (mean 6 SE change, 9.8% 6 1.9% vs 4.3% 6 1.5%;

P 5 .02; A). In the subgroup of patients with high periostin levels, the

relative increase from baseline FEV1 was higher by 8.2 percentage points

(95% CI, 1.0-15.4 percentage points) in the lebrikizumab group than in the

placebo group (mean change, 14.0% 6 3.1% vs 5.8% 6 2.1%; P 5 .03; B).

Among patients in the subgroup with low periostin levels, the relative

increase from baseline FEV1 was higher by 1.6 percentage points (95% CI,

24.5 to 7.7 percentage points) in the lebrikizumab group than in the placebo

group (mean change, 5.1% 6 2.4% vs 3.5% 6 2.1%; P 5 .61; C). Reprinted

with permission from Corren et al.52

FIG 5. Peripheral blood periostin levels differentiate patients with

severe uncontrolled asthma taking high-dose ICSs according to airway

eosinophilic inflammation, as measured in sputum and dichotomized by

sputum eosinophilia. Reprinted with permission from Jia et al.54

FIG 6. Peripheral blood periostin levels differentiate patients with

severe uncontrolled asthma taking high-dose ICSs according to airway

eosinophilic inflammation. The composite airway eosinophil score

(sputum and biopsy eosinophil counts at 2 cut pointed) demonstrating a

strong positive progression of increasing serum periostin levels with

increasing scores is shown (P < .002, logistic regression). Bx, Biopsy.

Reprinted with permission from Jia et al.54
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FENO values, eosinophil counts, and periostin levels reflect a T2
inflammatory response, and as such, there is obvious overlap
between these individual biomarkers.24,52 In studies to
evaluate mepolizumab and lebrikizumab, for example, there
were increases in FENO values, as well as eosinophil counts24

and periostin levels.52 Thus, at present, these markers have a
general absence of specificity for components of T2 inflammation
and are not precise in defining which treatment choice will be
most effective.
Sorting out the relative domains and unique importance of

these 3 biomarkers is important to more fully establish their
individual or possibly collective predictive relevance in asthmatic
patients. To begin to evaluate this question, Jia et al54 used blood,
sputum, and airway biopsy samples from 2 patient cohorts to
identify systemic biomarkers of eosinophilic inflammation in
asthmatic patients. Although serum periostin levels paralleled
markers of airway eosinophils (ie, biopsy specimens, sputum,
or both), it was necessary to set cut points with eosinophil counts
to see correlations (Fig 5).54 When the sensitivity and specificity
of periostin levels, FENO values, blood eosinophil counts, and IgE
levels were evaluated in relationship to composite airway
eosinophil status (ie, sputum and biopsy values), periostin levels
had a good predictive relationship (Fig 6).54 The findings of Jia
et al54 indicate the complexity and variability that exist between
the described TH2 biomarkers.

In addition, periostin has limitations to its use in certain patient
populations because it is an extracellular matrix protein secreted



FIG 7. Mean percentage reduction (95% CI) in protocol-defined asthma exacerbation rate in the low-level

and high-level biomarker subgroups (baseline FENO values, peripheral blood eosinophil counts, and serum

periostin levels). *Exacerbation reduction P values; omalizumab versus placebo in each biomarker

subgroup. Reprinted with permission of the American Thoracic Society (Copyright �2016 American

Thoracic Society) from Hanania et al.28
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by osteoblasts55 and therefore is an unreliable biomarker in adults
with osteoporosis or patients with recent bone fracture. Growing
children will have increased periostin levels caused by high bone
turnover. Certain tumor types, including glioblastoma and
malignancies with bony metastasis, also result in increased
periostin levels.56,57 Finally, increased periostin levels point to a
T2 profile and are not limited to indicate benefit only for anti–
IL-13 products.28
IgE AND ANTIGEN-SPECIFIC IgE
A majority of asthmatic patients have allergic sensitizations.

This is not surprising because the existence of allergen-specific
IgE and allergen exposure are risk factors for disease expression
and severity.58 A National Institutes of Health workshop
concluded that multiallergen screening to define atopy is an
appropriate core biomarker for allergic sensitization in asthma
clinical trials, and it is possible that this biomarker can establish
which phenotype is likely to be responsive to interventions
directed against TH2 inflammation.59,60

Increased serum IgE levels correlate with asthma severity in
adults and children.61 The probability of wheeze and reduced
FEV1 also increases as specific serum IgE values increase. Data
that link increase IgE levels to severe asthma appear more robust
in children than in their adult counterparts.62-64 For example, the
use of beclomethasone dipropionate as rescue treatment for
children with mild persistent asthma identified children who
benefited from ICSs as those with markers of allergic
inflammation, increased IgE levels of greater than 350 mK/L,
and positive skin test responses to allergens.62,65
These findings suggest that in children increased antigen-
specific IgE levels likely reflect a T2 profile. Based on the
association of IgE levels with allergic sensitization and asthma
severity, anti-IgE therapy was developed and used to treat
patients with more severe disease.66 Omalizumab (Genentech/
Novartis, South San Francisco, Calif) is an injectable
humanized mAb against the Cε3 domain of IgE and prevents its
interaction with the high-affinity receptor FcεRI on mast cells,
eosinophils, basophils, and dendritic cells.67 The clinical
requirements for omalizumab use include the presence of
allergic sensitization to a perennial allergen and a feasibility
dosing, which is based on the serum IgE level and patient’s
weight. The beneficial effects of anti-IgE therapy have been
most apparent in patients with severe disease; however, the
benefits of omalizumab are not necessarily predicted by the
IgE level,68 and the primary outcome associated with
omalizumab, like anti–IL-5 treatment, is a prevention of asthma
exacerbations.69

Although omalizumab is approved to age 12 years in the US,
most clinical trials have been conducted in adults, with very
consistent 25% to 50% reductions in exacerbations.70 To extend
these findings and identify patients most likely to benefit from
anti-IgE, Hanania et al28 evaluated the predictive associations
of biomarkers on the response to omalizumab. Three biomarkers
were evaluated in relationship to risks for an exacerbation and
responsiveness to omalizumab treatment: FENO values, peripheral
blood eosinophil counts, and periostin levels, representing a T2
profile. The increased levels of any of these 3 biomarkers were
associated with a greater risk for asthma exacerbation (Fig 7).28

Also, if patients had increased FENO values, eosinophil counts,
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or periostin levels, they were more likely to benefit from
omalizumab, as noted by fewer exacerbations. Interestingly, there
was no overlap with these biomarkers to predict either the risk for
exacerbations or the benefit from omalizumab. Each of these 3
biomarkers appeared to act independently in predicting a risk
for an exacerbation or benefit from omalizumab. Thus increases
in biomarkers for T2 inflammation indicate that omalizumab is
more likely to be of benefit and that omalizumab’s benefit in
preventing exacerbation might be directed toward modification
of T2 inflammatory processes.
NON-T2 BIOMARKERS
A significant proportion of asthmatic patients, particularly

those with severe disease, do not have a T2-enhanced
phenotype.71 These patients have been classified as having a
T2-low, T1-high, and T1/TH17-high profile. These cellular
markers of inflammation include neutrophilia or a paucigranulo-
cytic pattern. At the present time, despite the importance of these
patterns of inflammation to phenotypes of severe asthma, few
biomarkers have emerged to define this subgroup. This absence
of biomarkers for these patterns of inflammation has made it
difficult to ‘‘preidentify’’ subjects who might respond to biologics
that target this pathway, like the anti–IL-17 product
brodalumab.72 This is an area of needed investigation to expand
a biomarker recognition capability to a broader base of asthmatic
patients.
CONCLUSIONS
The biomarkers most extensively studied at present in asthma

are TH2 or more generally, T2 related. Their clinical benefit might
be used to phenotype features of the underlying nature of inflam-
mation in asthmatic patients and, from these findings, select pa-
tients most likely to respond to the addition of biologics. Not
all asthmatic patients, particularly those with severe disease, are
characterized by a T2 profile or dominated by this pattern of
inflammation. What has yet to be established is the characteriza-
tion of the T2-low patient. They have asthma, often do not
respond to ICSs, and do not benefit from current biologics. None-
theless, T2-low patients have airflow obstruction, symptoms, and
exacerbations. In other patients the pattern of inflammation is
neutrophilic. At present, biomarkers identifying or reflecting
the underlying mechanisms or aspects of disease in this setting
are not available, nor are treatments available to target this
pathway.
Progress has been made in the discovery, application, and

implementation of biomarkers in asthmatic patients. The journey
is just beginning, and the biomarkers now available, although of
considerable benefit, are still too broad, too limited, and too
nonspecific to identify who is at risk for asthma, what will be their
pattern of disease, and what specific treatments, particularly
biologics, will be most helpful. The needs for biomarkers are
great and the interest high; the future for their use has yet to be
fully achieved. However, we predict that within the next
decade, biomarker assessment in asthmatic patients will be like
HbA1c assessment in patients with diabetes and become a
prerequisite criterion for selection of biological treatments. The
role of biomarkers in achieving precision medicine will be
critical.
REFERENCES

1. Lapraz JC, Hedayat KM, Pauly P. Endobiogeny: a global approach to systems

biology (part 2 of 2). Glob Adv Health Med 2013;2:32-44.

2. Frank R, Hargreaves R. Clinical biomarkers in drug discovery and development.

Nat Rev Drug Discov 2003;2:566-80.

3. Castro-Rodriguez JA, Holberg CJ, Wright AL, Martinez FD. A clinical index to

define risk of asthma in young children with recurrent wheezing. Am J Respir

Crit Care Med 2000;162:1403-6.

4. Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIVAIDS 2010;5:463-6.

5. Lyons TJ, Basu A. Biomarkers in diabetes: hemoglobin A1c, vascular and tissue

markers. Transl Res 2012;159:303-12.

6. Brumme Z, Wang B, Nair K, Brumme C, de Pierres C, Reddy S, et al. Impact of

select immunologic and virologic biomarkers on CD4 cell count decrease in

patients with chronic HIV-1 subtype C infection: results from Sinikithemba

Cohort, Durban, South Africa. Clin Infect Dis 2009;49:956-64.

7. Strategies for Management of Antiretroviral Therapy Study Group, El-Sadr WM,

Lundgren J, Neaton JD, Gordin F, Abrams D, Arduino RC, et al. CD41
count-guided interruption of antiretroviral treatment. N Engl J Med 2006;355:

2283-96.

8. Moore WC, Meyers DA, Wenzel SE, Teague WG, Li H, Li X, et al. Identification

of asthma phenotypes using cluster analysis in the Severe Asthma Research

Program. Am J Respir Crit Care Med 2010;181:315-23.

9. Wadsworth SJ, Sandford AJ. Personalised medicine and asthma diagnostics/

management. Curr Allergy Asthma Rep 2013;13:118-29.

10. Brusselle GG, Maes T, Bracke KR. Eosinophils in the spotlight: eosinophilic

airway inflammation in nonallergic asthma. Nat Med 2013;19:977-9.

11. Jacobsen EA, Taranova AG, Lee NA, Lee JJ. Eosinophils: singularly destructive

effector cells or purveyors of immunoregulation? J Allergy Clin Immunol 2007;

119:1313-20.

12. Gleich GJ, Adolphson CR, Leiferman KM. The biology of the eosinophilic

leukocyte. Annu Rev Med 1993;44:85-101.

13. Miranda C, Busacker A, Balzar S, Trudeau J, Wenzel SE. Distinguishing severe

asthma phenotypes: role of age at onset and eosinophilic inflammation. J Allergy

Clin Immunol 2004;113:101-8.

14. Gulbenkian AR, Egan RW, Fernandez X, Jones H, Kreutner W, Kung T, et al.

Interleukin-5 modulates eosinophil accumulation in allergic guinea pig lung.

Am Rev Respir Dis 1992;146:263-6.

15. Flood-Page P, Swenson C, Faiferman I, Matthews J, Williams M, Brannick L,

et al. A study to evaluate safety and efficacy of mepolizumab in patients with

moderate persistent asthma. Am J Respir Crit Care Med 2007;176:1062-71.

16. Jayaram L, Pizzichini MM, Cook RJ, Boulet LP, Lemiere C, Pizzichini E, et al.

Determining asthma treatment by monitoring sputum cell counts: effect on

exacerbations. Eur Respir J 2006;27:483-94.

17. National Asthma Education and Prevention Program. Expert Panel Report 3

(EPR-3): guidelines for the diagnosis and management of asthma—summary

report 2007. J Allergy Clin Immunol 2007;120(suppl):S94-138.

18. Green RH, Brightling CE, McKenna S, Hargadon B, Parker D, Bradding P, et al.

Asthma exacerbations and sputum eosinophil counts: a randomised controlled

trial. Lancet 2002;360:1715-21.

19. GreenRH,BrightlingCE,WoltmannG, ParkerD,WardlawAJ, Pavord ID.Analysis of

induced sputum in adults with asthma: identification of subgroup with isolated sputum

neutrophilia and poor response to inhaled corticosteroids. Thorax 2002;57:875-9.

20. Haldar P, Brightling CE, Hargadon B, Gupta S, Monteiro W, Sousa A, et al.

Mepolizumab and exacerbations of refractory eosinophilic asthma. N Engl J

Med 2009;360:973-84.

21. Pizzichini E, Pizzichini MM, Efthimiadis A, Dolovich J, Hargreave FE.

Measuring airway inflammation in asthma: eosinophils and eosinophilic cationic

protein in induced sputum compared with peripheral blood. J Allergy Clin

Immunol 1997;99:539-44.

22. Pavord ID, Bafadhel M. Exhaled nitric oxide and blood eosinophilia:

independent markers of preventable risk. J Allergy Clin Immunol 2013;132:828-9.

23. Malinovschi A, Fonseca JA, Jacinto T, Alving K, Janson C. Exhaled nitric oxide

levels and blood eosinophil counts independently associate with wheeze and

asthma events in National Health and Nutrition Examination Survey subjects.

J Allergy Clin Immunol 2013;132:821-7, e1-5.

24. Pavord ID, Korn S, Howarth P, Bleecker ER, Buhl R, Keene ON, et al.

Mepolizumab for severe eosinophilic asthma (DREAM): a multicentre,

double-blind, placebo-controlled trial. Lancet 2012;380:651-9.

25. Bel EH, Wenzel SE, Thompson PJ, Prazma CM, Keene ON, Yancey SW, et al.

Oral glucocorticoid-sparing effect of mepolizumab in eosinophilic asthma.

N Engl J Med 2014;371:1189-97.

26. Ortega H, Li H, Suruki R, Albers F, Gordon D, Yancey S. Cluster analysis

and characterization of response to mepolizumab. A step closer to personalized

medicine for patients with severe asthma. Ann Am Thorac Soc 2014;11:1011-7.

http://refhub.elsevier.com/S0091-6749(16)00452-8/sref1
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref1
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref2
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref2
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref3
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref3
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref3
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref4
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref5
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref5
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref6
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref6
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref6
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref6
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref7
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref7
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref7
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref7
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref8
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref8
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref8
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref9
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref9
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref10
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref10
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref11
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref11
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref11
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref12
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref12
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref13
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref13
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref13
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref14
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref14
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref14
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref15
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref15
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref15
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref16
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref16
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref16
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref17
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref17
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref17
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref18
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref18
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref18
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref19
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref19
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref19
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref20
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref20
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref20
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref21
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref21
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref21
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref21
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref22
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref22
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref23
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref23
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref23
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref23
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref24
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref24
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref24
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref25
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref25
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref25
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref26
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref26
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref26


J ALLERGY CLIN IMMUNOL

MAY 2016

1324 BERRY AND BUSSE
27. Laviolette M, Gossage DL, Gauvreau G, Leigh R, Olivenstein R, Katial R, et al.

Effects of benralizumab on airway eosinophils in asthmatic patients with sputum

eosinophilia. J Allergy Clin Immunol 2013;132:1086-96.e5.

28. Hanania NA, Wenzel S, Rosen K, Hsieh HJ, Mosesova S, Choy DF, et al.

Exploring the effects of omalizumab in allergic asthma: an analysis of biomarkers

in the EXTRA study. Am J Respir Crit Care Med 2013;187:804-11.

29. Bjermer L, Alving K, Diamant Z, Magnussen H, Pavord I, Piacentini G, et al.

Current evidence and future research needs for FeNO measurement in respiratory

diseases. Respir Med 2014;108:830-41.

30. Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An

official ATS clinical practice guideline: interpretation of exhaled nitric oxide levels

(FENO) for clinical applications. Am J Respir Crit Care Med 2011;184:602-15.

31. Olin AC, Bake B, Toren K. Fraction of exhaled nitric oxide at 50 mL/s: reference

values for adult lifelong never-smokers. Chest 2007;131:1852-6.

32. Malmberg LP, Petays T, Haahtela T, Laatikainen T, Jousilahti P, Vartiainen E, et al.

Exhaled nitric oxide in healthy nonatopic school-age children: determinants and

height-adjusted reference values. Pediatr Pulmonol 2006;41:635-42.

33. Pijnenburg MW, Bakker EM, Lever S, Hop WC, De Jongste JC. High fractional

concentration of nitric oxide in exhaled air despite steroid treatment in asthmatic

children. Clin Exp Allergy 2005;35:920-5.

34. Silkoff PE, McClean PA, Slutsky AS, Caramori M, Chapman KR, Gutierrez C,

et al. Exhaled nitric oxide and bronchial reactivity during and after inhaled

beclomethasone in mild asthma. J Asthma 1998;35:473-9.

35. Kostikas K, Minas M, Papaioannou AI, Papiris S, Dweik RA. Exhaled nitric

oxide in asthma in adults: the end is the beginning? Curr Med Chem 2011;18:

1423-31.

36. Majid H, Kao C. Utility of exhaled nitric oxide in the diagnosis and management

of asthma. Curr Opin Pulm Med 2010;16:42-7.

37. Lim KG, Mottram C. The use of fraction of exhaled nitric oxide in pulmonary

practice. Chest 2008;133:1232-42.

38. Jones SL, Kittelson J, Cowan JO, Flannery EM, Hancox RJ, McLachlan CR, et al.

The predictive value of exhaled nitric oxide measurements in assessing changes in

asthma control. Am J Respir Crit Care Med 2001;164:738-43.

39. Pijnenburg MW, Hofhuis W, Hop WC, De Jongste JC. Exhaled nitric oxide

predicts asthma relapse in children with clinical asthma remission. Thorax

2005;60:215-8.

40. Brightling CE, Symon FA, Birring SS, Bradding P, Wardlaw AJ, Pavord ID.

Comparison of airway immunopathology of eosinophilic bronchitis and asthma.

Thorax 2003;58:528-32.

41. Djukanovic R, Wilson SJ, Kraft M, Jarjour NN, Steel M, Chung KF, et al.

Effects of treatment with anti-immunoglobulin E antibody omalizumab on

airway inflammation in allergic asthma. Am J Respir Crit Care Med 2004;170:

583-93.

42. Dressel H, de la Motte D, Reichert J, Ochmann U, Petru R, Angerer P, et al.

Exhaled nitric oxide: independent effects of atopy, smoking, respiratory tract

infection, gender and height. Respir Med 2008;102:962-9.

43. Gratziou C, Lignos M, Dassiou M, Roussos C. Influence of atopy on exhaled nitric

oxide in patients with stable asthma and rhinitis. Eur Respir J 1999;14:897-901.

44. van den Toorn LM, Overbeek SE, de Jongste JC, Leman K, Hoogsteden HC, Prins

JB. Airway inflammation is present during clinical remission of atopic asthma.

Am J Respir Crit Care Med 2001;164:2107-13.

45. Komakula S, Khatri S, Mermis J, Savill S, Haque S, Rojas M, et al. Body mass

index is associated with reduced exhaled nitric oxide and higher exhaled

8-isoprostanes in asthmatics. Respir Res 2007;8:32.

46. Buchvald F, Baraldi E, Carraro S, Gaston B, De Jongste J, Pijnenburg MW, et al.

Measurements of exhaled nitric oxide in healthy subjects age 4 to 17 years.

J Allergy Clin Immunol 2005;115:1130-6.

47. Taylor DR, Mandhane P, Greene JM, Hancox RJ, Filsell S, McLachlan CR, et al.

Factors affecting exhaled nitric oxide measurements: the effect of sex. Respir Res

2007;8:82.

48. Woodruff PG, Boushey HA, Dolganov GM, Barker CS, Yang YH, Donnelly S,

et al. Genome-wide profiling identifies epithelial cell genes associated

with asthma and with treatment response to corticosteroids. Proc Natl Acad Sci

U S A 2007;104:15858-63.

49. Woodruff PG, Modrek B, Choy DF, Jia G, Abbas AR, Ellwanger A, et al. T-helper

type 2-driven inflammation defines major subphenotypes of asthma. Am J Respir

Crit Care Med 2009;180:388-95.
50. Hershey GK. IL-13 receptors and signaling pathways: an evolving web. J Allergy

Clin Immunol 2003;111:677-91.

51. Shikotra A, Choy DF, Ohri CM, Doran E, Butler C, Hargadon B, et al. Increased

expression of immunoreactive thymic stromal lymphopoietin in patients with

severe asthma. J Allergy Clin Immunol 2012;129:104-11, e1-9.

52. Corren J, Lemanske RF, Hanania NA, Korenblat PE, Parsey MV, Arron JR,

et al. Lebrikizumab treatment in adults with asthma. N Engl J Med 2011;

365:1088-98.

53. Agrawal S, Townley RG. Role of periostin, FENO, IL-13, lebrikzumab, other

IL-13 antagonist and dual IL-4/IL-13 antagonist in asthma. Expert Opin Biol

Ther 2014;14:165-81.

54. Jia G, Erickson RW, Choy DF, Mosesova S, Wu LC, Solberg OD, et al. Periostin

is a systemic biomarker of eosinophilic airway inflammation in asthmatic

patients. J Allergy Clin Immunol 2012;130:647-54.e10.

55. Conway SJ, Izuhara K, Kudo Y, Litvin J, Markwald R, Ouyang G, et al. The role

of periostin in tissue remodeling across health and disease. Cell Mol Life Sci

2014;71:1279-88.

56. Contie S, Voorzanger-Rousselot N, Litvin J, Clezardin P, Garnero P. Increased

expression and serum levels of the stromal cell-secreted protein periostin in breast

cancer bone metastases. Int J Cancer 2011;128:352-60.

57. Mikheev AM, Mikheeva SA, Trister AD, Tokita MJ, Emerson SN, Parada CA,

et al. Periostin is a novel therapeutic target that predicts and regulates glioma

malignancy. Neuro Oncol 2015;17:372-82.

58. Marcus P. Practice Management Committee, American College of Chest

Physicians. Incorporating anti-IgE (omalizumab) therapy into pulmonary

medicine practice: practice management implications. Chest 2006;129:466-74.

59. Szefler SJ, Wenzel S, Brown R, Erzurum SC, Fahy JV, Hamilton RG, et al.

Asthma outcomes: biomarkers. J Allergy Clin Immunol 2012;129(suppl):S9-23.

60. Williams PB, Siegel C, Portnoy J. Efficacy of a single diagnostic test for

sensitization to common inhalant allergens. Ann Allergy Asthma Immunol

2001;86:196-202.

61. Burrows B, Martinez FD, Cline MG, Lebowitz MD. The relationship between

parental and children’s serum IgE and asthma. Am J Respir Crit Care Med

1995;152:1497-500.

62. Gerald JK,GeraldLB,VasquezMM,MorganWJ,BoehmerSJ,LemanskeRFJr, et al.

Markers of differential response to inhaled corticosteroid treatment among children

with mild persistent asthma. J Allergy Clin Immunol Pract 2015;3:540-6.e3.

63. Simpson A, Soderstrom L, Ahlstedt S, Murray CS, Woodcock A, Custovic A. IgE

antibody quantification and the probability of wheeze in preschool children.

J Allergy Clin Immunol 2005;116:744-9.

64. Wickman M, Ahlstedt S, Lilja G, van Hage Hamsten M. Quantification of IgE

antibodies simplifies the classification of allergic diseases in 4-year-old children.

A report from the prospective birth cohort study—BAMSE. Pediatr Allergy

Immunol 2003;14:441-7.

65. Chang TS, Lemanske RF Jr, Mauger DT, Fitzpatrick AM, Sorkness CA, Szefler

SJ, et al. Childhood asthma clusters and response to therapy in clinical trials.

J Allergy Clin Immunol 2014;133:363-9.

66. Schulman ES. Development of a monoclonal anti-immunoglobulin E antibody

(omalizumab) for the treatment of allergic respiratory disorders. Am J Respir

Crit Care Med 2001;164(suppl):S6-11.

67. Darveaux J, Busse WW. Biologics in asthma—the next step toward personalized

treatment. J Allergy Clin Immunol Pract 2015;3:152-61.

68. Bousquet J, Wenzel S, Holgate S, Lumry W, Freeman P, Fox H. Predicting

response to omalizumab, an anti-IgE antibody, in patients with allergic asthma.

Chest 2004;125:1378-86.

69. Busse WW, Morgan WJ, Gergen PJ, Mitchell HE, Gern JE, Liu AH, et al.

Randomized trial of omalizumab (anti-IgE) for asthma in inner-city children.

N Engl J Med 2011;364:1005-15.

70. Humbert M, Busse W, Hanania NA, Lowe PJ, Canvin J, Erpenbeck VJ, et al.

Omalizumab in asthma: an update on recent developments. J Allergy Clin

Immunol Pract 2014;2:525-36.e1.

71. Gauthier M, Ray A, Wenzel SE. Evolving Concepts of Asthma. Am J Respir Crit

Care Med 2015;192:660-8.

72. Busse WW, Holgate S, Kerwin E, Chon Y, Feng J, Lin J, et al. Randomized,

double-blind, placebo-controlled study of brodalumab, a human anti-IL-17

receptor monoclonal antibody, in moderate to severe asthma. Am J Respir Crit

Care Med 2013;188:1294-302.

http://refhub.elsevier.com/S0091-6749(16)00452-8/sref27
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref27
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref27
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref28
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref28
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref28
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref29
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref29
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref29
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref30
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref30
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref30
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref31
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref31
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref32
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref32
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref32
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref33
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref33
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref33
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref34
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref34
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref34
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref35
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref35
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref35
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref36
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref36
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref37
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref37
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref38
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref38
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref38
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref39
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref39
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref39
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref40
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref40
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref40
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref41
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref41
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref41
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref41
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref42
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref42
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref42
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref43
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref43
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref44
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref44
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref44
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref45
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref45
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref45
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref46
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref46
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref46
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref47
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref47
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref47
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref48
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref48
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref48
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref48
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref49
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref49
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref49
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref50
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref50
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref51
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref51
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref51
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref52
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref52
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref52
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref53
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref53
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref53
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref54
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref54
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref54
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref55
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref55
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref55
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref56
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref56
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref56
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref57
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref57
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref57
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref58
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref58
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref58
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref59
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref59
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref60
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref60
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref60
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref61
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref61
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref61
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref62
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref62
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref62
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref63
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref63
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref63
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref64
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref64
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref64
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref64
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref65
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref65
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref65
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref66
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref66
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref66
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref67
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref67
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref68
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref68
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref68
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref69
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref69
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref69
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref70
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref70
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref70
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref71
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref71
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref72
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref72
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref72
http://refhub.elsevier.com/S0091-6749(16)00452-8/sref72

	Biomarkers in asthmatic patients: Has their time come to direct treatment?
	What has been learned and what insight has been gained from biomarkers in asthmatic patients?
	Eosinophils
	Feno
	Periostin
	IgE and antigen-specific IgE
	Non-T2 biomarkers
	Conclusions
	References


