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The identification of biomarkers that allow early
diagnosis, monitoring and optimisation of therapy of
lung diseases is one of the most ambitious goals in
respiratory medicine. At present, routine diagnosis and
management of asthma and chronic obstructive pul-
monary disease (COPD) are based on clinical/pulmonary
function parameters even though it is appreciated that
both asthma and COPD are syndromes comprising a
spectrum of diseases. As a specialty, respiratory medicine
should aim to achieve characterisation at least as good
as has been possible for chronic liver and renal diseases.

The simplest definition of a biomarker is a molecule
that indicates, or is associated with, an alteration in
physiology. A more practical definition of a biomar-
ker is a molecule that is of clinical utility. In this sense,
the biomarker should specifically and with enough
sensitivity reflect a disease state. As such it could
be used for diagnosis as well as disease monitoring
during and after completion of therapy.

The induced sputum technique allows sampling of
the airways in a noninvasive fashion and thus offers a
unique opportunity to identify biomarkers of potential
clinical utility in respiratory medicine. It is hoped that,
in the future, induced sputum will provide clinicians
with useful markers which may be used routinely to
perform a more accurate and, ideally, rapid determina-
tion of disease phenotypes in many lung diseases. For
example, this would be extremely useful in asthma
and COPD, two diseases which represent a major health
and socioeconomic burden. Better characterisation is
also needed since both asthma and COPD show a great
degree of clinical heterogeneity, which must impact on
responses to treatment. Moreover, the clinical picture
in asthma and COPD frequently overlaps; patients with
COPD may show some features of asthma, and many
asthmatics are also smokers, thereby presenting with
features of COPD. Such large heterogeneity and overlap
highlight the need to accurately determine the pheno-
type of patients suffering from asthma and/or COPD.
In addition, accurate phenotypic determination is

crucial for a better understanding of relationships
between biological markers and clinical outcomes, as
well as the efficacy of novel therapeutic strategies.

Development of clinically useful sputum markers in
asthma and chronic obstructive pulmonary disease

The ability to differentiate groups or subgroups
of patients sharing similar biological patterns on
clinical grounds was greatly limited before the
advent of non- or minimally invasive techniques for
assessing airway inflammation. In this respect, the use
of the induced sputum technique as a noninvasive and
reproducible technique for sampling the airways is a
major improvement. The availability of useful sputum
markers would allow better characterisation of the
severity of airways diseases, assessment of disease
control, assessment or prediction of the response to
various treatments (e.g. corticosteroids and antibodies
directed against immunoglobulin E), and the develop-
ment of strategies to select phenotypes and/or sub-
phenotypes of patients showing specific biological
and clinical patterns. Ideally, it would be desirable
to have markers which identify individuals who have
not yet developed overt clinical disease, or have mini-
mal symptoms (e.g. simple chronic bronchitis) but
are at risk of developing clinically relevant disease.
This would lead to a major shift in emphasis from
treatment to prevention.

As with all public health interventions, effectiveness
will be increased if interventions target the group
at greatest risk of developing an ongoing clinically
important illness. For this purpose, it is necessary to
be able to predict which patients with mild disease
(in particular, children) will go on to develop severe
illness. In asthma, atopy and airways hyperrespon-
siveness measured during childhood have a relatively
high sensitivity and specificity for this outcome and, as
a result, a high positive likelihood ratio for predicting
the presence of asthmatic symptoms in later life.
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However, it remains difficult to predict which of those
children will relapse after a period free of illness,
continue to be symptomatic or grow up to be
nonsymptomatic as adults. Thus, it is still necessary
to search for factors to improve the specificity of
screening tests so that a group who are likely to have
an ongoing and clinically important illness can be
targeted. In the future, these factors may be repre-
sented by sputum markers which, in combination
with other clinical and functional parameters, could
significantly improve the ability to identify high-risk
patients.

It is also hoped that the induced sputum technique
will provide a simple and cost-effective tool for
monitoring airway inflammation in the clinical set-
ting, an approach which was precluded by previous
techniques, such as bronchial biopsy and broncho-
alveolar lavage (BAL). In addition, since the induced
sputum technique enables regular monitoring of
inflammation, it will be of great help in assessing the
anti-inflammatory potential of new treatments.

The induced sputum technique and other lung diseases

Although the induced sputum technique has been
widely used in asthma and COPD, it can also be
extremely helpful in improving knowledge of the
pathogenesis of other lung diseases, such as lung
cancer, infectious diseases and parenchymal diseases.
With regard to lung cancer, identification of early (or
pre-) lung cancer in smokers is considered the best
strategy for preventing this disease. Effective early
detection of any disease requires that three essential
criteria be met: 1) there must be a preclinical phase of
the disease; 2) the technology to detect the disease in
its preclinical stage must be available; and 3) this must
open a window of opportunity for effective interven-
tion as soon as the disease is discovered.

There is ample evidence of a prolonged preclinical
phase in lung cancer. Clones of endobronchial cell
populations accumulate genetic mutations, leading
to a progressively more malignant and ultimately
invasive malignant state. Neither the critical number
of mutations, critical combinations of mutations nor
a necessary order of events (if such an order exists) are
known at this time. Elucidating these issues is one of
the most exciting areas of current research because of
the potential prospect that such understanding may
lead to better detection and interventions.

Sputum cytological examination has been shown,
in several studies, to lead to detection of lung cancer
at an earlier stage, resulting in an improved 5-yr
survival rate [1–3]. How this will combine with other
approaches remains to be seen. Monoclonal antibody
detection, fluorescence bronchoscopy and low-dose
spiral computed tomography all increase diagnostic
sensitivity and improve the ability to localise early-
stage lesions. The ultimate goal of improving long-
term survival in lung cancer will be achieved only
when cancer can be detected in its early stages and
lesions localised in large numbers of patients who
can be cured. Early studies have demonstrated that
molecular techniques can detect tumour cells in

BAL fluid [4]. Recent studies of sputum specimens
and clinical data linking specimens to lung cancer
outcomes may allow determination of a molecular
diagnosis of cancer several years before its clinical
presentation [5–11]. This has been possible using tests
to evaluate altered gene expression, including specific
oncogene activation and tumour suppressor gene
deletion, as well as genomic instability and abnormal
methylation. Such studies clearly indicate that good
sputum samples should permit performance of com-
plicated genetic analysis, providing further impetus
for considering the induced sputum technique as a
tool for lung cancer screening. Utilising these new
techniques and improving the definition of high-risk
groups may improve the success and cost-effectiveness
of early detection based on sputum cytology.

Pulmonary parenchymal diseases

To date, BAL has been the method of choice
for studying parenchymal diseases. Recently, a few
studies have employed sputum induction to investi-
gate inflammation in patients with sarcoidosis in
whom endobronchial, peribronchial and parenchymal
inflammation is present. The CD4:CD8 ratio and
levels of tumour necrosis factor-a in induced sputum
have been found to be correlated strongly with those
in BAL fluid either before or after treatment [12],
suggesting that sputum may be a good noninvasive
substitute for certain parameters in BAL fluid in
patients with sarcoidosis [6, 13, 14]. Clearly, more
work needs to be done in this and other interstitial
lung diseases, not least in those that are related to
occupation.

Can induced sputum be used in daily practice at the
general practitioner level?

In clinical practice, assessment of airways inflam-
mation and the effects of medication is difficult.
Subjective assessment of symptoms is always difficult
and has often been found to be unsatisfactory for
monitoring asthma severity. Although the regular
use of peak flow measurements has been shown to
improve asthma control, peak flow rates or diurnal
peak flow variability are not always predictive of a
relapse [4, 7, 15, 16]. Measurement of levels of exhaled
gases such as nitric oxide may be useful [17], but more
data are needed to fully evaluate the importance of
these markers in assessing airways inflammation in
asthma, especially since NO can be produced in large
amounts in paranasal sinuses [9, 18] and the stomach
[10, 18].

When considering use of the induced sputum
technique in clinical practice, a number of aspects
need to be considered. 1) Can sputum induction be
easily carried out by untrained personnel (safety
and cost-effectiveness) and in general practice? 2)
Is sputum induction sufficiently reproducible when
carried out by untrained personnel? 3) Inflammatory
markers have been shown to follow (or predict)
airways inflammation and its response to treatment.
However, the individual patient9s response may vary
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widely (this is the case for serum eosinophil cationic
protein concentrations). Thus prospective studies
showing the cost-effectiveness of sputum induction
are required.

Although it is potentially meaningful and practical
to measure inflammatory markers (cells or their
secretory products) in specialist clinics [11, 19–21],
the technique of sputum induction does not at present
lend itself to routine use by general practitioners.
For this to become possible and cost-effective, tech-
nical simplification of sputum induction and process-
ing (using rapid automated methods) is needed. This
will have to coincide with clear indication that adding
markers of airway inflammation as guides in asthma
therapy is useful. In this respect, longitudinal studies
are needed in order to elucidate which parameter is
the most useful in guiding asthma management.

Induced sputum and respiratory physiology:
traditional issues in respiratory mechanics and

gas exchange revisited

The past 15–20 yrs have seen a shift in emphasis
in the field of respiratory medicine away from
respiratory physiology to cell biology and genetics.
Until now, little consideration has been given to
the possible contribution of airway and pulmonary
inflammatory cells to traditional aspects of respiratory
physiology. However, this new research direction may
yield important results, and a better understanding
of the role of cells in physiological processes could
be useful in identifying new targets for treatment of
pathological conditions. For example, if inflammatory
cells in the airways were found to contribute to the
pathogenesis of exercise-induced dyspnoea in COPD
patients, new and improved therapeutic approaches
could be used in pulmonary rehabilitation. Similarly,
the finding of cellular mechanisms contributing to
exercise-induced hypoxaemia in athletes may shed
light on different pathophysiological mechanisms for
exercise-induced hypoxaemia in both elite athletes and
patients with pulmonary diseases.

The induced sputum technique has been only
occasionally used to study athletes of different disci-
plines at rest, mostly in sports in which asthmatic
symptoms may be frequent (skiers) but also in
situations in which airway inflammation could be
causally related to special environmental conditions
(skiing and swimming). The inflammatory cells found
in induced sputum obtained at rest from athletes
of different disciplines show variable patterns: high
percentages of lymphocytes have been reported in "ski
asthma" [22], whereas eosinophil and neutrophil
numbers were increased in otherwise asymptomatic
swimmers [23] and runners [24], respectively. Much
less is known about the effects of acute and intense
exercise at the airway level, with very recent data in
runners suggesting an influx of neutrophils into the
airways after a marathon [25]. These data are intrigu-
ing because the inflammatory pattern caused by the
marathon includes changes in adhesion molecules on
the neutrophil surface and increased exhaled NO but
no clear signs of neutrophil activation in sputum or

changes in pulmonary function after the marathon.
Therefore, it may be speculated that exercise could
modulate both the number and degree of activation
of airway resident cells. Furthermore, differences in
the way in which airway cells respond to exercise may
be related to age, the age at which regular physical
activity was started or the intensity of regular train-
ing. If these hypotheses are correct, studies of airway
cells after exercise may open the way to a better
understanding of the physiological role of different
inflammatory cells in sedentary subjects and athletes.
In addition, these studies may point to potential
mechanisms by which exercise-based rehabilitation
programmes may exert their positive effects in
patients with pulmonary disease.

Similarly, the occurrence of exercise-induced hypox-
aemia in elite athletes has been repeatedly documented,
but no studies to date have examined whether
inflammatory cells may be involved in its pathogenesis.
Indeed, the development of an inflammatory process is
a potential culprit, as systemic release of histamine was
found to be associated with exercise-induced hypox-
aemia in runners [26]. Exercise-induced asthma is
another physiological puzzle, still lacking a definitive
solution. Future studies, using the induced sputum and/
or other techniques, aimed at assessing pulmonary
inflammation (i.e. exhaled NO determination) may help
to identify new and yet unknown interactions between
inflammatory cells and changes in pulmonary
mechanics and/or gas exchange in the lungs. These
new perspectives might not only be important for the
science of pulmonary physiology but also relevant to
the care of pulmonary patients. For example, changes in
induced sputum after an exercise stress test might be
important in defining the COPD or asthma phenotype
(see above), allowing tailoring of the therapeutic
approach according to the pathophysiological features
of the disease in each patient.

From in vitro cell culture to functional genomics

Induced sputum is potentially an important source
of several airway cell types for use in vitro. Following
induced sputum processing, the viability of these cells
is usually high, and, because of this, these cells may be
cultured in vitro. The induced sputum technique may,
therefore, represent a useful and noninvasive tool for
isolating macrophages, neutrophils and eosinophils
from the airways of healthy and diseased subjects.
The ability to establish short- and long-term in vitro
cultures with purified cell types would enable the
evaluation of their functional and phenotypic char-
acteristics. In addition, as the functional state of a cell
reflects very closely the expressed genes of that cell,
and the latter can be used to define cell type, stage of
development and responses to stimuli, cell cultures
obtained from induced sputum samples may allow
functional genomics studies to be performed. This
would expand the scope of biological investigation
from a single gene to studying all simultaneously
expressed genes in a systematic fashion.

Deoxyribonucleic acid (DNA) arrays are revolu-
tionising the analysis of gene expression and single
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nucleotide polymorphisms in genomic DNA. Cur-
rently, the expression of 10–15% of human genes can
be analysed simultaneously in a single experiment
using complementary DNA or the oligonucleotide-
based format of DNA array. Alternatively, smaller
DNA arrays with a limited number of selected genes,
such as cytokines, growth factors or transcription
factors, can be used. In concordance with the Human
Genome Project, in a few years, DNA arrays may
permit analysis of the expression of the whole human
genome. This is likely to have great impact on basic
research, drug development and diagnostics. It will be
important to characterise pathogenetic mechanisms
of asthma and COPD at the level of gene expression
so that new therapeutic strategies can be identified.
With the aid of DNA array technology, it should be
possible to identify multiple simultaneous transcrip-
tional events contributing to airway inflammation
[27]. In order to maximise the information that can be
deduced from functional genomics (and particularly
by use of microarrays), it is preferable to work with a
single cell type. For most in vitro experiments this is
not a problem and it is possible to ask well-defined
questions using well characterised systems (e.g. what
genes are expressed in a given cell line in response to
a particular cytokine). However, when dealing with
clinical specimens, it may not be possible to obtain a
pure cell population; in this case, care must be taken
to correctly interpret the information from the array
as this can be influenced by shifts in the relative
numbers of different cell types.

From in vitro cell culture to proteomics

Proteomics has recently been proposed as a new
approach for identifying novel biomarkers. Defined as
the protein complement of the genome, the proteome
represents a varied and dynamic repertoire of mole-
cules that in many ways dictates the functional form
that is taken by the genome. The importance of
proteomics reflects the central role that proteins play
in establishing the biological phenotype in health
and disease. Moreover, proteins constitute the vast
majority of drug targets against which pharmaceutical
drug design processes are initiated. By studying inter-
relationships between proteins that occur in health
and disease and following drug treatment, proteomics
may be used to determine the pathophysiological basis
of disease and enable study of the mechanistic basis
of drug action and toxicity. Proteomics is also an
effective means of identifying biomarkers that have
the potential to improve decision making by taking
into account drug efficacy and safety issues based on
data derived from the study of key tissues and the
discovery and appropriate utilisation of biomarkers.

Large amounts of proteins present in sputum play
important roles in either normal lung physiology or
the pathophysiology of lung diseases. The protein
content of sputum is more concentrated than that
of BAL or nasal lavage fluid, for which proteomic
studies have already been conducted [28]. Furthermore,
the induced sputum technique samples more proximal
airways than BAL and the protein changes are,

therefore, probably more relevant to airway diseases.
It is, therefore, likely that proteomics will soon be
increasingly used on sputum samples to evaluate the
roles of different proteins in health and disease. In
addition, the induced sputum technique may also be
combined with protein chip technology. Proteomic
technologies targeted at the mapping of proteins
involved in tissue repair and destruction may allow
better characterisation of the extent of airway
remodelling in each patient and the identification of
markers potentially useful for the early detection of
lung cancer.

When applied to induced sputum, proteomics is
a promising approach from a therapeutic stand-
point. Indeed, some anticancer or anti-inflammatory
strategies are directed against proteases that facilitate
several steps in cancer progression or lung function
decline, both of which would be useful in the
management of patients with COPD. Continuing
refinement of techniques and methodologies to deter-
mine the abundance and state of proteins in vivo
holds great promise for future studies in respiratory
medicine.

Key points

1) The induced sputum technique allows access
to specific cell types from the airways, which may
change the diagnosis and monitoring of patients with
inflammatory airways diseases. 2) This may allow the
characterisation of phenotypes of asthma and chronic
obstructive pulmonary disease, which is relevant
for identifying therapeutic targets. 3) The value of
induced sputum in the early detection of airway and
parenchymal diseases needs to be established. 4) The
induced sputum technique may permit detailed genetic
analysis for lung cancer screening. 5) There is a need
to establish whether sputum induction is feasible, safe
and cost-effective at the general practitioner level. 6)
Induced sputum could be used in studies of functional
genomics and proteomics.
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