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Summary
Asthma is one of the most common chronic diseases worldwide. There is a large inter-
individual variability in response to asthma treatment. Most patients respond well to standard
therapy; however, a small proportion of the patients remain symptomatic despite treatment
with high dosages of corticosteroids. Uncontrolled asthma leads to a decreased quality of life.
Therefore, it is important to identify individuals who will respond poorly to standard asthma
medication, especially to standard maintenance therapy with inhaled corticosteroids, at an
early stage. Response to anti-inflammatory therapy is generally monitored by the assessment
of clinical symptoms, which only partially correlates with underlying airway inflammation.
The identification of specific inflammatory biomarkers might help to guide treatment or
predict a corticosteroid response more accurately. Some inflammatory biomarkers are already
finding their way into clinical practice (e.g. fraction of nitric oxide in exhaled breath),
whereas others are predominantly used as a research tool (e.g. profiles of volatile organic
compounds). Currently, there is no inflammatory biomarker used in routine clinical practice
to predict a corticosteroid response. More knowledge on the underlying biological
mechanism(s) of heterogeneous therapeutic responses could help to identify novel
biomarkers. This review will focus on inflammatory patterns and genetic variations that
may underlie differences in treatment response in patients with asthma, and will
provide an overview of inflammatory biomarkers that could potentially serve as response
predictors.

Introduction

Asthma is one of the most common chronic illnesses
affecting approximately 300 million individuals world-
wide and resulting in an estimated 250 000 asthma-
related deaths annually [1, 2]. A dominant feature of
asthma is airway inflammation [3]. Bronchoscopy with
biopsies and bronchoalveolar lavage (BAL) are considered
to be gold standards to assess airway inflammation.
Nevertheless, these methods are invasive, and therefore,
not commonly applied in routine clinical practice [4]. In
recent years, several potential diagnostic tools to assess
airway inflammation in a less invasive manner have been
investigated (e.g. inflammatory markers in peripheral
blood, sputum and exhaled breath). However, much de-
bate remains on the validity and value of various methods
and markers.

Standard treatment for persistent asthma is generally
based on the regular use of inhaled corticosteroids (ICS) to
inhibit chronic inflammatory response, combined with
short- or, in more severe cases, long-acting b2-agonists

to reduce bronchoconstriction [5]. An alternative class of
anti-inflammatory medications are the leukotriene recep-
tor antagonists (LTRA), though they are generally less
effective as maintenance therapy than ICS [2]. Most
patients diagnosed with asthma will have a beneficial
response to asthma therapy. However, there is a large
inter-individual variability [6], and approximately 5–10%
of the patients with asthma remain symptomatic despite
high dosages of ICS and even oral corticosteroids (OC).
Uncontrolled asthma leads to a reduced quality of life
(QOL), may induce lung damage and can be fatal [2, 7].
Therefore, it is important to identify individuals who will
respond poorly to standard asthma medication, especially
to ICS, at an early stage. A better understanding of
biological processes underlying the treatment outcome
could help to identify clinical applicable biomarkers and
improve asthma diagnosis and management. In addition,
the identification of new predictive biomarkers could
contribute to a more efficient utilization of health care
resources, and provide leads for innovative therapeutic
approaches.
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The aim of this paper is to review the current knowledge
of clinically applicable biomarkers for therapy respon-
siveness in asthma. First, we will describe the current
understanding of how variations in inflammatory patterns
or genetic variations may underlie a poor therapeutic
response. In the second part, we will focus on inflamma-
tory biomarkers and their potential to predict a response
to corticosteroids.

Biological factors involved in response to asthma therapy

It is well known that poor therapy adherence, misdiagno-
sis or continued exposure to allergens may limit the
response to anti-asthma therapy [8]. In addition, bio-
logical factors such as distinct inflammatory patterns
and genetic polymorphisms may influence treatment
response.

Inflammatory patterns in asthma

The majority of asthma patients have atopic asthma with
specific IgE antibodies, which are responsible for the
initiation of an inflammatory cascade upon allergen
re-exposure.

A prolonged presence of activated inflammatory cells
in the airways may lead to chronic inflammation and
might induce alterations in the composition, content and
organization of the airways (airway remodelling). Airway
remodelling involves subepithelial basement membrane
thickening, epithelial cell disruption, neoangiogenesis,
globlet cell metaplasia, enlarged submucosal glands and
an increase in airway smooth muscle mass [9], and has
been observed in chronic asthmatics [10]. However, it is
thought that airway remodelling may also occur in
parallel with, or even precede, airway inflammation, as
structural changes in bronchial tissue may already be
present in paediatric asthma patients [9, 11].

Inflammation in asthma is often described as eosino-
philic, based upon the presence of primed eosinophils in
airways. In addition, various studies have shown that
inflammation may also occur in the absence of increased
levels of eosinophils [12–15]. As a consequence, a concept
has evolved that more than one inflammatory pattern in
asthma pathogenesis exists, and that the heterogeneity of
the clinical expression of asthma may be associated with
distinct underlying inflammatory patterns [12]. A study
by Wenzel et al. [13] identified at least two specific
inflammatory patterns in the airways of difficult-to-treat
asthmatic adults based on BAL samples: an (classical)
eosinophilic phenotype with high levels of eosinophils
and a non-eosinophilic phenotype with few or no eosino-
phils. The eosinophilic and non-eosinophilic phenotype
had distinct physiological and clinical features; the non-
eosinophilic group had less basement membrane thicken-
ing, a lower forced expiratory volume in 1 s (FEV1), a

decreased FVC/slow VC ratio, as well as more episodes of
respiratory failure requiring intubation.

Green et al. [15] analysed the sputum samples of 259
asthmatic adults and identified a subgroup of 60 patients
who had elevated sputum neutrophil counts (X65.3%)
and normal eosinophil counts (o1.9%). Compared with
the total group of patients these patients were older,
tended to have developed asthma at a later age and were
more often female and non-atopic. However, physiologi-
cal features, such as FEV1 and FVC/slow VC ratio, did not
significantly differ between the patients with and without
sputum neutrophilia.

In addition, Simpson et al. [14] identified four inflam-
matory phenotypes within an adult asthma population
treated with ICS:

(1) Neutrophilic asthma: marked by an increased neu-
trophil proportion (461%);

(2) Eosinophilic asthma: marked by an increased eosi-
nophil proportion (41.0%);

(3) Mixed granulocytic asthma: marked by increased
neutrophils (461%) and increased eosinophils levels
(41.0%) and;

(4) Paucigranulocytic asthma: marked by normal levels
of neutrophils and eosinophils.

Furthermore, they showed that the majority of the
individuals, who were classified as having a non-eosino-
philic phenotype at their first study visit, were classified
again as having a non-eosinophilic phenotype at their
second visit (after 4 weeks or 5 years). The authors did not
find differences in clinical features between the groups.

In contrast, a recent study by Porsbjerg et al. [16] did
observe differences in airway hyperresponsiveness and
nitric oxide fraction levels in exhaled breath (FeNO),
between the four subtypes in 62 adults with asthma not
on anti-inflammatory therapy. The differences in clinical
features suggest that distinct inflammatory phenotypes
may involve specific pathogenetic mechanisms, a hypoth-
esis that is reinforced by a recent study by Baines et al.
[17]. They showed that peripheral blood neutrophils,
isolated from eight adults with eosinophilic asthma and
nine adults with non-eosinophilic asthma who were not
using ICS had distinct gene expression profiles. In the
neutrophils of non-eosinophilic asthma patients, genes
involved in neutrophil chemotaxis, neutrophil survival
and activation of the nuclear factor kappa B (NF-kB)
cascade were up-regulated. Furthermore, peripheral blood
neutrophils of non-eosinophilic asthma patients released
significantly higher levels of IL-8. These findings suggest
that neutrophils may be activated differently in the
distinct inflammatory phenotypes.

Few studies assessed the heterogeneity of airway in-
flammation in children; nonetheless, distinct eosinophilic
and non-eosinophilic inflammatory patterns have also
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been identified in the paediatric population. Lovett et al.
[18] assessed the sputum of 113 Australian children (age:
6–17 years) with a doctor’s diagnosis of asthma. Of these
children, 46% were classified as having eosinophilic
asthma based upon an increased sputum eosinophil con-
centration (42.5% of sputum leucocytes), while the
remaining 54% of the children were classified as non-
eosinophilic asthmatics. Drews et al. [19] investigated the
presence of eosinophils and neutrophils in the sputum of
54 Brazilian schoolchildren who were not using ICS or
oral steroids. Children with non-atopic asthma showed a
significantly higher number of sputum neutrophils com-
pared with the children with atopic asthma and the
controls. Furthermore, only 24% of the non-atopic asth-
matics showed sputum eosinophilia, in contrast to 81% of
the atopic asthmatics. These results suggest that inflam-
mation in children with non-atopic asthma might be
predominantly neutrophilic.

Heterogeneity in inflammatory response has also been
observed in children with difficult asthma. De Blic et al.
[20] investigated bronchial inflammatory profiles in 28
children with difficult asthma (age: 9–15 years). Bronchial
biopsies showed that eosinophil and neutrophils counts in
the epithelium were significantly higher in the children
with persistent symptoms compared with children with
few symptoms. In addition, BAL showed a trend for higher
percentages of neutrophils in children with persistent
symptoms.

Nevertheless, one should be careful extrapolating re-
sults from paediatric studies to an adult population and
vice versa. Longitudinal studies on the progression of
paediatric inflammatory phenotypes to adult inflamma-
tory phenotypes are lacking [21]. Furthermore, prelimin-
ary data from Fleming et al. [22] have shown that
inflammatory phenotypes in children with severe asthma
can change over time.

Moreover, corticosteroid treatment can influence the
inflammatory phenotype. Studies by Cowan et al. [23] and
Luijk et al. [24] showed that corticosteroid treatment could
lead to an increase of sputum neutrophils. This increase
was observed after an allergen challenge [24], as well as
during regular treatment [23]. Cowan and colleagues
analysed the sputum of 88 asthmatics after steroid with-
drawal and subsequently after a period of ICS use. Upon
steroid withdrawal, none of the asthmatics were classified
as neutrophilic. However, after a (281 day) trial of
fluticasone two of the 63 asthmatics originally classified
as eosinophilic, and three of the 29 asthmatics originally
classified as paucigranulocytic, were classified as neu-
trophilic. Nevertheless, in total 32 asthmatics presented
with an altered inflammatory phenotype after steroid
treatment.

The effect of corticosteroids on inflammatory patterns
might be explained by the differential effect of these drugs
on the survival of distinct types of inflammatory cells. In

vitro studies have shown that corticosteroids induce
apoptosis in eosinophils while they inhibit apoptosis in
neutrophils [25–27]. Thus, the neutrophilic phenotype
observed after corticosteroid treatment might be a con-
sequence of the selective mechanism of action of the
steroids. Nevertheless, the neutrophilic phenotype may
also occur in the absence of steroid treatment, as sputum
neutrophilia has also been observed in steroid-naı̈ve
patients [17, 19].

Inflammatory patterns and therapy response

Considering that eosinophils and neutrophils are not
equally sensitive to corticosteroids, it is likely that patients
with distinct inflammatory phenotypes may respond dif-
ferently to anti-inflammatory therapy. Therefore, poor
response to steroid therapy could be mediated by an
inflammatory pattern that is intrinsically insensitive to
steroids. However, the relationship between sputum eosi-
nophilia and corticosteroid response remains inconclusive
(see Table 1).

Other studies have assessed whether monitoring airway
inflammation through the assessment of sputum eosino-
phils might be a better marker to guide therapy than the
assessment of clinical symptoms. Petsky et al. [28] eval-
uated three randomized-controlled trials that compared
adjusting asthma therapies based on sputum eosinophils
to adjustment based upon clinical symptoms. All three
studies [29–31] included asthmatic adults and used asth-
ma exacerbations, defined as the requirement for rescue
OC, as the primary study outcome. The studies differed
slightly in the eosinophil cut-off level used to guide
therapy, yet all studies showed a significant reduction in
the frequency and the severity of asthma exacerbations in
the group for whom sputum eosinophils counts were used
to guide therapy. Remarkably, clinical symptoms (visual
analogue scale score, QOL scores and b-agonist use) did
not significantly differ between groups.

This is in line with work by Haldar et al. [32] and Nair et
al. [33] that showed that eosinophilic inflammation plays
a role in asthma exacerbations, but is not necessarily
involved in asthma symptoms or lung function. Both
studies were randomized clinical trials that assessed the
effect of Mepolizumab on adults with refractory asthma
and sputum eosinophilia. Mepolizumab is a monoclonal
antibody directed against IL-5, an important regulator of
eosinophil production, activation and survival. By neu-
tralizing IL-5, Mepolizumab inhibits eosinophilic inflam-
mation. The studies by Haldar and colleagues and Nair
and colleagues showed that compared with a placebo,
treatment with Mepolizumab led to a reduction in the
number of severe exacerbations in asthmatics with spu-
tum eosinophilia despite high doses of corticosteroids.
This may suggest that patients with high sputum eosino-
phils respond preferentially to Mepolizumab with fewer
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exacerbations; nevertheless, neither of the studies ad-
dressed the effect of Mepolizumab on asthmatic patients
with low sputum eosinophils. Moreover, Mepolizumab
had no effect on asthma symptoms, FeNO or lung func-
tion. This implies that eosinophilic inflammation might
not always underlie classical asthma symptoms (e.g.
bronchial hyperresponsiveness).

Genetic variations and therapy response

Almost a decade ago, Drazen et al. [6] suggested that up to
80% of the inter-individual variance in treatment re-
sponse of Caucasian asthmatics might be due to genetic
variations. These variations could lead to an altered
expression or function of therapeutic targets and path-
ways. Since then, several genetic variants have been
described in genes that are involved in the action or
metabolism of anti-asthma drugs [34–36]. Various phar-
macogenetic studies have focused on the influence of
genetic variations on the response of asthmatics to b2-
agonists [37–43], though fewer have focused on corticos-
teroid response. This is probably due to the complex
mechanism of action and the wide spectrum of activity of
these drugs [35]. Corticosteroids are thought to exert their
anti-inflammatory effects by binding to the corticosteroid
receptor in the cytoplasm [44]. Upon binding, the protein
complex migrates to the nucleus where it binds to specific
regions of the DNA and subsequently induces or represses
the gene transcription of a wide variety of genes. In
addition to direct gene regulation by binding to the
cytoplasmic corticosteroid receptor, corticosteroids are
also able to suppress inflammation through alternative
mechanisms [44, 45].

Most pharmacogenetic studies have focused on poly-
morphisms that may alter the glucocorticoid receptor
(NR3C1) gene or the corticotrophin-releasing hormone
receptor type 1 (CRHR1) gene [34]. Various polymorph-
isms in NR3C1 have been associated with an altered
response to steroid therapy, yet results have been incon-
sistent and studies have not specifically focused on
patients with asthma rather on patients with primary
cortisol resistance, familial glucocorticostoid resistance,
psoriasis, allergy or inflammatory bowel disease [34]. In
contrast, studies investigating variations in CRHR1 did
address asthmatic patients. Tantisira et al. [46] and Weiss
et al. [47] showed that variations in CRHR1 were asso-
ciated with lung function improvement after 8 weeks of
treatment with ICS in asthmatic adults and children in
three large clinical trial populations. On the other hand, an
observational study by Dijkstra et al. [48] could not
replicate this finding in a group of 164 patients with
asthma. Other genes for which genetic variants have been
associated with a corticosteroid response in asthmatics
include TBX21, encodes for T-bet an transcription factor
for T lymphocyte production [49, 50]; FCER2, encodes forM
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low-affinity IgE receptor [51]; DUSP1, encodes for an
enzyme involved in the regulation of proinflammatory
cytokines [52]; STIP1, encodes for a component of the
glucocorticoidreceptor complex [53]; and NK2R, encodes
for neurokinin receptor 2 [50]. Nevertheless, these asso-
ciations need to be replicated in other asthma cohorts.

Because of the complex mechanism of action of corti-
costeroids, it is likely that multiple genetic variations,
rather than a single or just a few variations, will influence
a therapeutic response. Hakonarson et al. [54] examined
gene expression profiles in peripheral blood mononuclear
cells from glucocorticoid-sensitive and glucocorticoid-
resistant asthma patients. They showed that an expression
pattern of 11 genes could predict the corticosteroid re-
sponse in asthmatic patients with an accuracy of 84%.
Notably, the expression of one single gene at baseline,
NFKB1, encoding for the DNA-binding subunit of the
transcription factor NF-kB, could already predict corti-
costeroid response with an accuracy of 81%. A study by
Donn et al. [55] examined gene expression profiles in T
lymphoblasts from glucocorticoid-sensitive and gluco-
corticoid-resistant healthy individuals but identified a
different discriminatory gene set than Hakonarson and
colleagues had done.

Pharmacogenetic and pharmacogenomic approaches
have shown significant associations between genetic and
genomic variations and corticosteroid response; never-
theless, to date, genotyping or assessing gene expression
profiles of asthma patients before starting asthma medica-
tion has no clinical relevance. An important obstacle is the
apparent lack of alternative anti-inflammatory treatment
strategies. Furthermore, identified associations need to be
further validated by replication in other asthma cohorts
and more knowledge is required about the functional role
of the identified genetic variants and the interaction of
these variants with other factors. Unbiased approaches
such as Genome-Wide Association Studies and whole-
exome sequencing could play an important role in un-
covering additional relevant variants. As advances in
genomic technologies and bioinformatics are rapidly ex-
panding and the costs of DNA screening are decreasing,
genotyping might become part of routine clinical practice
in the future [56].

Inflammatory markers as markers for therapeutic response

In order to improve the diagnosis and treatment of
asthma, there is significant interest in the development of
inflammatory biomarkers. A number of putative biomar-
kers have been studied, including inflammatory markers
in peripheral blood, induced sputum, urine and exhaled
breath (condensate). Most studies have focused on the
relationship between these markers and the presence of
asthma symptoms or disease severity; nevertheless, sev-

eral studies have also evaluated the association with
corticosteroid response (Tables 1–3).

Peripheral blood

Few studies have investigated inflammatory biomarkers
in relation to therapy response in peripheral blood, plasma
or serum samples and the results are inconclusive (Table
2). Szefler et al. [57] showed that asthmatic children with
increased levels of serum eosinophil cationic protein,
serum total IgE levels and blood eosinophil counts were
more likely to respond to ICS. In addition, Meijer et al. [58]
reported that the eosinophil percentage in the blood was a
predictor of a therapeutic response in adults with asthma,
yet the baseline values of clinical parameters used as
outcome parameters (i.e. FEV1, PC20Mch and QOL) were
the major predictors of corticosteroid response and pre-
diction of an individual response based on blood eosino-
philia remained poor.

The identification of inflammatory mediators (e.g. che-
mokines and cytokines) in peripheral blood, plasma or
serum that relate to specific asthma phenotypes or therapy
response has been difficult. These mediators can be
studied in multiplex immunoassays allowing complex
statistics to identify unique profiles associated with parti-
cular clinical phenotypes of the disease. However, an
inherent weakness of these studies [59, 60] lies in the fact
that the choice of biomarkers determines the (lack of)
success of this approach. An important bias is the focus on
pro-inflammatory mediators. Relatively little attention is
given to the fact that (1) many anti-inflammatory proteins
(e.g. receptors antagonists such as IL-1RA) are not mea-
sured, (2) pro-inflammatory mediators can antagonize
each others function [61] and (3) several inflammatory
mediators may still be unknown.

An alternative approach to study inflammatory media-
tors is to examine shifts in activation profiles of inflam-
matory cells. The function of inflammatory cells is (in
part) regulated by the functionality of their receptors,
which can be modulated upon priming with inflammatory
mediators. Studies in asthmatics have shown that various
clinical phenotypes are characterized by the presence of
primed inflammatory cells in peripheral blood (for a
review see [12]). These differences in cellular phenotypes
are, however, quite subtle showing that it is not so
important what the expression of certain receptors is, but
rather the activation status of these receptors. Two recent
proof-of-principle studies have shown that the expression
of active integrins [62] and FcRs [63], rather than the
overall expression of these receptors on neutrophils, can
identify specific clinical phenotypes in allergic asthma.
More knowledge on how inflammatory mediators influ-
ence the activation phenotypes of inflammatory cells,
might lead to the identification of novel inflammatory

�c 2011 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 41 : 615–629
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markers in peripheral blood, which could potentially serve
as response predictors.

Expectorated sputum

Sputum induction is a semi-invasive method to assess
inflammation in the lower airways. Studies investigating
markers in sputum for corticosteroid response in asth-
matics have mainly focused on sputum eosinophilia
(Table 1). Some studies have shown that higher levels of
sputum eosinophils are associated with a better response
to corticosteroids [64–66]; in contrast, others could not
find, or only find a poor correlation [67, 68]. Little et al.
[69] showed that baseline sputum eosinophil count did not
significantly correlate with an improvement in FEV1 in 30
adults asthmatics who received OC. However, sputum
eosinophilia (X4%) could predict a response in lung
function (FEV1X15%) upon OC treatment with a positive
predictive value (PPV) of 64% and negative predictive
value (NPV) of 68%. Nevertheless, the sensitivity of the
marker was low (54%). Combining sputum eosinophilia
with FeNO led to the highest PPV, NPV and sensitivity/
specificity values. Cowan et al. [23] reported that asth-
matics with sputum eosinophilia (X2%) were more likely
to respond to ICS than asthmatics without sputum eosi-
nophilia. The PPV, NPV and sensitivity of sputum eosino-
philia to predict ICS response were high (X80%) in this
study; however, the specificity was only 67%. This in-
dicates that the absence of sputum eosinophilia does not
necessarily imply a poor therapy response. In contrast,
Bacci et al. [70] found that sputum eosinophilia (43%)
had a low PPV (34%) for lung function response in adult
asthmatics on ICS treatment, but had a very high NPV
(100%). In two complementary studies, Lex et al. [71] and
Meijer et al. [58] found that sputum eosinophilia could
not, or only poorly, predict corticosteroid response in
asthmatics. Green et al. [15] assessed the relationship
between sputum neutrophilia and short-term response to
ICS. Patients with sputum neutrophilia (465.3%) showed
less improvement in asthma symptoms, FEV1 and metha-
choline airway responsiveness after 2 months of ICS
treatment compared with patients without sputum neu-
trophilia.

The use of measuring markers in expectorated sputum
in routine clinical practice will remain complicated;
sputum induction is technically demanding and time
consuming and infants and young children are generally
not able to expectorate sputum.

Urine

Sampling urine is non-invasive and easy to do. The most
promising biomarker in urine for therapeutic response,
particularly for a response to LTRA, seems to be the level
of cysteinyl-leukotrienes. Higher levels of urine leuko-

triene E4 (uLTE4) have been associated with increased
likelihood of a response to LTRA in asthmatic children
and adults [57, 72]. In addition, a recent study by
Rabinovitch et al. [73] showed that asthmatic children
from two asthma trials with high uLTE4/FeNO ratios were
more likely to respond to LTRAs than to ICS. However,
there was no significant relationship with therapy re-
sponse when LTE4 was assessed alone. This suggests that
uLTE4 might be a marker to guide therapy, especially
when combined with FeNO.

Exhaled breath condensate

Exhaled breath condensate (EBC) is the liquid phase of
exhaled air and is sampled by cooling. EBC mainly
consists of condensed water vapour, but it also contains
non-volatile substances that are released in aerosol parti-
cles and volatile substances in a gas phase [74]. It is
thought that changes in EBC content reflect biochemical
changes in the airway surface fluid.

Various markers in EBC have been reported to be
elevated in patients with asthma compared with healthy
individuals, such as adenosine concentration [75] and
markers of oxidative stress (i.e. hydrogen peroxide [76],
nitric oxide (NO)-related products [77], isoprostanes and
leucotrienes [78]). Furthermore, the pH of EBC has been
reported to be decreased in acute asthmatics, though
reports on the acidification of EBC of stable asthmatics
remain inconsistent [79]. There is evidence that some of
the markers in EBC also correlate with disease severity. Al
Obaidi et al. [80] assessed the EBC of 153 adults with
atopic asthma after 4 weeks of ICS. Patients, who re-
mained poorly controlled while on treatment, showed
significantly increased levels of hydrogen peroxide and a
decreased EBC pH. Moreover, Tseliou et al. [81] compared
29 severe refractory asthmatics with 27 moderate asth-
matics and 17 healthy controls. EBC pH in the group of
difficult-to-control patients was significantly lower com-
pared with the pH of patients with moderate asthma and
healthy subjects.

Other studies have focused on the measurement of
cytokines, chemokines, adhesion molecules and high-
sensitivity C-reactive protein (hs-CRP) in EBC. Zietkowski
and colleagues found that hs-CRP [82] and eotaxin-1 [83]
are associated with disease severity in atopic asthmatics.
Hs-CRP and eotaxin-1 were elevated in unstable asth-
matics compared with stable (ICS naı̈ve as well as ICS
treated) asthmatics and healthy controls. However, a study
by Leung et al. [84] could not find an association between
eotaxin-1 levels and disease severity in asthmatic chil-
dren. Robroeks et al. [85] compared the levels of various
cytokines, chemokines and adhesion molecules in EBC
between 31 asthmatic children and 29 healthy controls
with the use of multiplex immunoassay technique. Asth-
matic children showed elevated levels of cytokines (IL-2,
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IL-4, IL-5, IL-6, IFN-g), chemokines (MIP1-a, MIF,
RANTES, IP10, IL-8 and MCP1) and adhesion molecules
(sICAM and sVCAM) compared with the controls. In
addition, Matsunaga et al. [86] measured 40 cytokines
and chemokines in 16 steroid-naı̈ve asthmatics and 10
non-smoking healthy individuals and showed that the
expressions of IL-4, IL-8, IL-17, TNF-a, RANTEs, IFN-g-
inducible protein 10, TGF-b and macrophage inflamma-
tory protein 1a and 1b were up-regulated in asthmatics.

Collecting EBC is completely non-invasive and rela-
tively easy to perform [87]. Nevertheless, the measure-
ment of markers in EBC is still in its experimental phase,
and many methodological problems need to be resolved
before measuring biomarkers in EBC can enter clinical
practice [88, 89]. There is a lack of a standardized
methodology for EBC collection, complicating the com-
parability of measurements among studies. In addition,
various factors are likely to influence biomarker measure-
ments in EBC such as type of the condenser equipment,
cooling temperature, condenser tube coating, cleaning
procedures, breathing patterns and pollution in the ambi-
ent air. Furthermore, it remains uncertain from which
compartments of the respiratory system specific markers
originate and how the dilution of distinct markers should
be assessed. Moreover, established reference values for
markers in EBC are not yet available [90].

Exhaled breath

Measuring inflammatory biomarkers in the exhaled
breath is most appealing, because it is totally non-inva-
sive, simple to obtain and measurements can be easily
repeated.

Fraction of nitric oxide in exhaled breath. In the last few
years, FeNO has emerged as one of the most promising
biomarkers for airway inflammation [91, 92]. Measure-
ment of FeNO is non-invasive, easy and highly reprodu-
cible [93]. Several FeNO analysers, approved for clinical
use, are currently available. However, the clinical useful-
ness of FeNO remains an issue because the direct associa-
tion with airway inflammation is still unclear and other
factors can influence FeNO [94].

NO is a highly reactive gaseous molecule that is
produced in the airways when the amino acid L-arginine
is oxidized to the amino acid L-citrulline. The synthesis of
NO is catalysed by nitric oxide synthases (NOS), of which
currently three isoforms are known: two forms of consti-
tutive NOS and one form of inducible NOS (iNOS). In-
ducible nitric oxide synthase is activated by a wide range
of inflammatory cytokines and has been found in several
tissues, such as macrophages, type II alveolar epithelial
cells, fibroblasts, airway and vascular smooth muscle cells,
respiratory epithelial cells, mast cells, endothelial cells,
neutrophils, hepatocytes and chrondrocytes [91, 92].

In 1993, Alving et al. [95] were the first to show that
FeNO was increased in mild atopic asthmatics compared
with individuals without asthma. It is thought that the
increased FeNO in asthmatics is caused by up-regulated
iNOS in the inflamed airways. Upon synthesis in the
airways, NO diffuses into the airway lumen that is essen-
tially NO free, thereby causing the rise in FeNO. Various
studies have confirmed the results of Alving and collea-
gues and have shown increased levels of FeNO in adult and
paediatric asthma patients [96–99]. Furthermore, several
studies have shown that anti-inflammatory therapy re-
duces FeNO in asthmatic patients [100–104]. It has been
suggested that FeNO is specifically a marker for eosino-
philic inflammation and that increased levels of FeNO
might reflect uncontrolled asthma. Nevertheless, studies
assessing the relation between FeNO and the presence of
eosinophils in sputum and bronchial specimens remain
inconclusive [105–108]. In addition, FeNO seems to be
associated with blood eosinophilia, but only in individuals
with atopic asthma [109, 110]. Silvestri et al. [109] com-
pared 66 atopic asthmatic children with 26 non-atopic
asthmatic children (both steroid naı̈ve) and found a
positive relation between FeNO and blood eosinophilia,
but only in the atopic children. Steerenberg et al. [110]
found the same relationship in a sample of 450 school-
children. Other studies showed that atopic subjects with
asthma have higher levels of FeNO than non-atopic sub-
jects [111, 112]; therefore, the question arises whether
FeNO might be more closely associated to atopy than
asthma. Scott et al. [113] addressed this question in a
community sample of 864 adults. They showed that the
presence of atopy alone was already associated with high-
er levels of FeNO. The coexistence of atopy and asthma was
associated with even higher FeNO levels, though FeNO
levels were not significantly different between non-atopic
individuals with or without asthma. These findings suggest
that atopy, rather than asthma itself, is driving FeNO.
However, a study by Leung et al. [84] showed no difference
in FeNO levels between atopic and non-atopic children
without asthma. Furthermore, several other factors have
been described to influence FeNO measurements, such as
corticosteroid use, diet (food containing L-arginine or
nitrate), age, height, race, season, smoking, exercise, re-
spiratory viral infections and to a lesser extent, repeated
spirometric measurements [92, 94, 114].

Studies that assessed the value of FeNO in the manage-
ment of asthma have shown that the use of FeNO to adjust
treatment does not lead to a major improvement in asthma
control or significant reduction in exacerbations [94, 115,
116]. A large RCT by Szefler et al. [116] with 546 adoles-
cents and young adults with asthma (age: 12–20 years)
showed that the addition of FeNO monitoring to guideline-
based management did not lead to better asthma control,
yet did result in treatment with higher doses of ICS. In
contrast, an RCT by Smith et al. [115] in 97 asthmatics (age:
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12–75 years) showed that the addition of FeNO monitoring
to guideline-based management resulted in treatment with
reduced doses of ICS. There was no significant difference in
asthma control between the two treatment arms.

However, FeNO might be a valuable marker to predict
relapse upon ICS reduction or predict corticosteroid re-
sponsiveness [69, 117–120]. A study by Zacharasiewicz et
al. [120] investigated whether FeNO could be used to
predict success or failure of ICS reduction in 40 children
with stable asthma (age: 6–17 years). They showed that
increased levels of FeNO and the percentage of sputum
eosinophils were significant predictors for exacerbation
upon steroid reduction. Still, the predictive value of FeNO
alone was limited. More than 30% of the children with
elevated FeNO levels remained stable upon ICS reduction.
Szefler et al. [57] and Knuffman et al. [119] showed that
paediatric asthma patients with elevated FeNO levels were
more likely to respond to corticosteroids than to montelu-
kast. Smith et al. [117] showed that elevated FeNO levels
could predict steroid responsiveness in children and adults
with non-specific airway symptoms. FeNO was shown to
be a better predictor than spirometry, bronchodilator
response or AHR measurements. Several other studies have
found a relationship between FeNO levels before treatment
with corticosteroids and subsequent treatment response in
adults and children with asthma (see Table 3). Generally,
higher FeNO levels at baseline seem to be associated with a
better response to therapy [23, 57, 65, 69, 117–119];
however, others have reported a lack of association be-
tween FeNO levels and therapy outcome [58, 67]. Study
designs (including duration of treatment), study popula-
tions, cut-off values of FeNO and definitions of therapeutic
response vary considerably between studies, which makes
it difficult to compare findings.

Volatile organic compounds. A complex mixture of vola-
tile organic compounds (VOCs) is present in exhaled
breath. These compounds are partly produced by oxida-
tive stress and lipid peroxidation, and these processes are
likely to be influenced by the presence of airway inflam-
mation. Pattern recognition of these compounds may
function as disease-specific fingerprints. Currently, there
are two main methods to detect and analyse VOC profiles:
polymer-based gas sensor array (electronic nose), or gas
chromatography-mass spectrometry (GC-MS). The elec-
tronic nose assesses the spectrum of volatiles present in
exhaled breath (smellprint), without determining the in-
dividual molecular components. Dragonieri et al. [121]
have shown that an electronic nose could discriminate
adults with asthma from non-asthmatic controls based
upon their VOC profiles. However, the electronic nose was
less successful in discriminating mild from severe asth-
matics. Dallinga et al. [122] showed by the use of GC-MS
that the measurement of a limited set of VOCs in exhaled
air could distinguish asthmatic children from healthy

controls with high sensitivity (95%) and high specificity
(89%).

Assessing VOC profiles might be promising for asthma
diagnosis and management, especially when knowledge
of asthma-related VOCs is integrated with the user con-
venience of a handheld measurement device such as the
electronic nose. Yet, robust validation of the assessment of
VOC patterns in a large population of asthmatics is
necessary, as well as longitudinal assessment of inter-
individual variation of VOC patterns. In addition, the
modifying effect of therapy on VOC profiles should also
be addressed.

Conclusions and future perspectives

A consensus is present in the asthma field that new and
non-invasive biomarkers are necessary to better diagnose
and stage the various asthma phenotypes in clinical
practice and thus improve asthma treatment. In the
clinical setting, asthma control is often used as a surrogate
endpoint for treatment response and refers to the absence
of clinical manifestations. Nevertheless, asthma may be
characterized by recurrent periods of symptoms, and the
absence of clinical symptoms does not necessarily corre-
late with the absence of underlying airway inflammation.
Furthermore, not only biological factors (such as inflam-
matory patterns and variations in drug receptors) may
play a role in a therapeutic response, but psychological,
sociological and environmental factors may also be in-
volved. More knowledge on the pathobiological mechan-
ism underlying asthma aetiology may be of great
importance to identify relevant biomarkers for asthma
diagnosis and management. Currently, various surrogate
markers for airway inflammation have been identified,
though few studies have addressed whether these markers
are also associated with response to corticosteroids. Stu-
dies that have been performed varied considerably in
study design and definition of treatment response and are
therefore difficult to compare.

FeNO does not seem to be clinically applicable for
diagnosing uncontrolled asthma or adjusting asthma
treatment, but it still might be a promising marker to
predict corticosteroid responsiveness in routine clinical
practice. FeNO is easy to measure (with hand-held analy-
sers already commercially available), highly reproducible
and non-invasive. Nevertheless, findings on the relation-
ship of FeNO with therapy response remain inconsistent.
These inconsistent data might be due to the heterogeneity
of the disease and the lack of individual ‘normal’ FeNO
values. More research is necessary to assess the value of
FeNO in distinct asthma phenotypes.

In addition, it is likely that the measurement of a
combination of markers might evaluate therapy response
more accurately, and studying patterns or profiles of
inflammatory markers instead of assessing single
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substances is becoming increasingly popular in asthma
research. Patterns of VOCs or gene expression profiles
might be interesting examples of such a systems ap-
proach. In addition, unbiased approaches with a focus on
proteomics, metabolomics, epigenetics or pharmacoge-
nomics might lead to further identification of novel
biomarkers, especially because technologies in these areas
are rapidly advancing.

In conclusion, further validation and evaluation of
inflammatory biomarkers for therapy response are neces-
sary. At a later stage, the cost-effectiveness of implement-
ing a specific marker in routine clinical practice should
also be assessed.
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