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Asthma-like syndromes represent the most
frequent cause of hospitalization in pedi-

atric populations in First World countries and
are an increasingly important cause of mor-
bidity among adults. The economic effect of
these diseases is very high and is increasing. In
1996, 17 million Americans, with approxi-
mately one third of those being children, were
affected by asthma. The economic burden of
asthma in the USA is also increasing, from an
estimated US$6.2 billion in 1990 to US$12.7
billion in 1998 (ref. 1). These costs include
direct medical costs (58%) as well as indirect

costs (42%) such as school days lost, loss of
work, housekeeping and mortality.

Initially identified as a post-1960s ‘epidemic’
in developed countries, the upsurge in asthma
prevalence is now also becoming evident in
emerging Second World countries transiting to
First World economic status and in rapidly
developing countries in the Third World. The
prevalence of asthma has increased in
Bangalore, India, a city known for its high
asthma prevalence, from 9.0% of the pediatric
population in 1979 to 29.5% in 1999 (ref. 2).
Similar trends are reported from other parts of
India and from other developing countries in
the Asian region, such as China. Based on
prevalence rates at present and projected
increases, we estimate that the total asthmatic
population in India will reach approximately
250 million by 2013, with 80 million in the
pediatric age range. Similar projections for
China put the future asthmatic population at
150 million, including 38 million children.

These findings represent considerable chal-
lenges for public health research, as they indi-
cate that environmental factors related to ‘the
modern lifestyle’ are driving the changes in
disease prevalence. They also pose a consider-
able challenge to the pharmaceutical industry.
The spiraling prevalence of asthma, which is
most evident in the First World countries with
the highest rates of use of newly developed

anti-asthma drugs, tells a tale that transcends
the need for statistical analysis: the modern
generation of drugs may be useful for treating
asthma symptoms, but they do not provide a
long-term solution to the problem of progres-
sively increasing disease rates.

Drug strategies for asthma at present are
based on the premise that disease symptoms
derive directly and immediately from airway
inflammation. The traditional pharmaceutical
approach to asthma treatment has accordingly
focused on development of potent anti-
inflammatory drugs, particularly steroids that
show broad-spectrum inhibitory activity
against a wide range of effector cells and their
products. However, concerns relating to the
potential side effects of steroids and the neces-
sity for their continuous use in chronic asthma
have propelled a multi–billion dollar search
over the last two decades for drug targets in 
the inflammatory cascade that are more spe-
cific. This has culminated in a recent series of
clinical trials of a new range of specific
inhibitors for effector mechanisms associated
with T helper type 2 (TH2)–polarized immu-
nity, notably recombinant interleukin 12 as well
as antibodies to interleukins 4 and 5 and
immunoglobulin E. Although these agents
have proven highly effective in antagonizing
their respective molecular targets, and in some
cases have shown substantial clinical efficacy in
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The spiraling costs of asthma treatment seem set to continue rising, given the equivocal performance of the 
latest generation of specific anti-inflammatory drugs in trials in adult asthmatics. We argue that the continuation 
of this trend is inevitable unless there is a substantial realignment of entrenched drug development policy in 
the pharmaceutical industry and a parallel shift in licensing policy by regulatory authorities to encourage the 
development of drugs capable of halting the progression from acute to chronic asthma when the disease first
manifests in childhood. The theoretical framework for such an approach, including proof-of-principle data from
studies in children with early-stage disease and a range of candidate drugs, already exists. What is needed is 
informed debate on the risks versus potential benefits of this approach.
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syndromes such as allergic rhinitis, they have
failed to meet expectations in asthma, in partic-
ular in relation to modulation of airway hyper-
responsiveness. At present, the indications are
that further development of one or more of
these TH2 antagonists is likely to be discontin-
ued, possibly permanently, and if this is the case
it is likely to color future drug development
decisions relating to immunological targets rel-
evant to a range of inflammatory diseases.

Key elements in the research and develop-
ment process that has led to the recent trials of
these drugs are flawed. In particular, selection
of drug targets has relied heavily on acute dis-
ease models in animals, which focus on inflam-
matory mechanisms linked to manifestations
of established asthma in human adults. This
approach fails to take into account mounting
evidence indicating that complex diseases such
as asthma arise through multistep processes,
with discrete risk factors being operative at
proximal versus distal stages of pathogenesis. In
the specific case of asthma, the symptomato-
logy of established disease seems to be the result
of adaptive changes that occur progressively in
airway tissues as a consequence of prolonged
inflammation3. Thus, treatment of established
asthmatics with anti-inflammatory agents
(regardless of specificity or potency) could be
predicted to have limited efficacy beyond pro-
vision of symptomatic relief. Of particular note
is the fact that the airways of most established
asthmatics become hyper-responsive to a broad
range of environmental irritants, some as
innocuous as exercise or cold dry air, suggesting
that the relative importance of TH2-mediated
inflammatory mechanisms in the maintenance
of persistent asthma may diminish with time.

Initiation: developmental factors
The two central elements in the complex
asthma equation are the respiratory system
and the immune system. Their interactions in
established asthma have been studied in detail
over many years and the results of these 
investigations have provided the basis for
approaches at present to treatment and drug
discovery. Asthma pathogenesis is viewed as
the result of interactions between environmen-
tal stimuli and a variety of ‘susceptibility’ genes
influencing aspects of immune and respiratory
function. However, although the prevailing
‘gene × environment’ paradigm (Box 1a) pro-
vides a valid framework for the systemic study
of asthma pathogenesis, it does not adequately
describe events in the initiation of asthma in
childhood, as it does not take into account 
the central importance in disease etiology of
the developmental context in which these
interactions occur. An alternative view that
emphasizes the key denominator function of

age-dependent developmental processes in the
initiation of asthma (Box 1b) is based on a
series of recent observations relating to postna-
tal maturation of respiratory and immune
functions, which are summarized below.

Postnatal ‘programming’
The presence of asthma-like wheezing symp-
toms in early life is the result of complex
interactions between developmental factors
related to the physical dimensions of the air-
ways and factors relating to susceptibility to
both infectious disease and allergic sensitiza-
tion4. Clear definition of these interactions is
central to understanding how persistent
asthma develops. The approach that is prov-
ing most productive for this involves large-
scale resource-intense prospective cohort
studies5 involving tracking of populations of
individual children over a period of years
from first manifestation of infant wheezing
through to the development of persistent
asthma. The information emanating from
these studies is progressively reshaping per-
ceptions of how the disease develops and in
the process is challenging established clinical
treatment and drug development paradigms.

It is now apparent that much of the wheez-
ing in the immediate postnatal period is
related to small airway diameter and is accord-
ingly transient6. However, episodes of wheez-
ing as a result of lower respiratory tract illness
occurring later in infancy have potentially
longer-term sequelae. The most important of
these involve viral infections, which are
responsible for most hospitalizations for
bronchiolitis during the first 2–3 years of life.
These early infections are associated with
notably increased risk for the subsequent
development of asthma, which persists for up
to 10 years6 and in some cases may last into
adulthood. Sensitization to inhalant allergens
is also an important cause of wheezing during
infancy7 and increases the risk of subsequent
development of asthma, which persists to 
(at least) the end of the preschool years5. The
contribution of allergy to the risk of subse-
quent asthma seems inversely related to the
age at which allergic sensitization initially
manifests8,9, further reinforcing the view that
the respiratory system is particularly suscepti-
ble to inflammatory damage during early life.
The ‘worst-case scenario’ involves dual early
exposure to both classes of inflammatory
stimuli, as shown in prospective cohort stud-
ies demonstrating that airway damage due to
wheezing from multiple lower respiratory
tract illness and episodes of respiratory allergy
during early childhood interact synergistically
to substantially increase the risk of subsequent
development of persistent asthma10.

The mechanisms by which early airway
inflammation amplifies asthma risk are
incompletely understood, but plausible expla-
nations are emerging. In particular, it is
known that the lung undergoes profound
changes during infancy driven by rapid
growth and differentiation, establishing struc-
ture-function relationships that are central to
respiratory health throughout the rest of life11.
It has been hypothesized that inflammatory
damage during this critical period may initiate
phenotypic changes in lung tissues, which are
amplified during subsequent growth, eventu-
ally culminating in the development of the
persistent airway hyper-responsiveness, the
hallmark of chronic asthma10. In support of
this idea, infants who develop low lung func-
tion are likely to continue to ‘track’ at the low
end of the functional range as they grow over
the next few years and will potentially con-
tinue on the same trajectory into adult life12.

‘Imprinting’ memory in infancy
‘Programming’ of T cell memory against the
environmental allergens that are recognized as
potent triggers of asthma in later life also
occurs mainly during this same period and in
most children is completed by the age of 5–6
years10. Quantitative and qualitative aspects of
this process are governed by developmental
factors associated with the transition of the
immune system from the TH2-biased state
characteristic of the normal fetus to the more
balanced TH0-like state typical of postnatal 
life. This maturation process involves selective
upregulation of TH1 functions, triggered by
contact between the innate immune system
and microbial stimuli not present in the fetal
compartment, particularly the normal com-
mensal flora of the gastrointestinal tract10,13.
Airborne microbial breakdown products such
as bacterial lipopolysaccharide, which is ubi-
quitous throughout the natural environment,
may also have a stimulating function in this
present context14. Genetic risk for allergic sen-
sitization during early life is associated with
attenuated postnatal maturation of TH1 func-
tion15, possibly as a result of variations in 
key pattern-recognition genes such as Cd14
(ref. 16) and Tlr2 (ref. 17) and is also likely to
involve developmental deficiencies in associ-
ated innate immune function.
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BOX 1
a. Asthma pathogenesis

Gene × environment → Disease

b. Asthma aetilogy
Gene × environment → Disease

Development
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TH1 immunity is also prominent in resis-
tance to viral infection and, accordingly, it is
plausible that the developmental deficien-
cies and underlying genetic variations
described above for the risk of allergic sensi-
tization may confer comparable risk of res-
piratory infection and its spread to the
lower airways10. Indirect evidence in sup-
port of this possibility has been provided by
several studies in the mouse18 and in human
infants10, and this may underlie the synergy
noted above between wheeze-inducing
lower respiratory tract illness and atopy in
relation to asthma pathogenesis. Virus
infections remain important triggers of
severe asthma exacerbations into the teen
years but mainly in atopic asthmatics19, sug-
gesting that underlying atopy itself (or the
mechanisms responsible for establishment
of the atopic state) create sensitivity to the
asthmatogenic effects of infections.

In summary, there is compelling evidence
that key events in the developing immune
and respiratory systems that ultimately lead
to the development of a substantial propor-
tion of persistent asthma occur in a specific
‘time window’ during early life (Fig. 1,
Initiation phase) and these are related to
inflammatory episodes triggered by inhala-
tion of proinflammatory stimuli such as
viruses and aeroallergens. The long-term
sequelae of these events involve altered differ-
entiation and subsequently altered structure
and function(s) of lung and airway tissues,
including hyper-responsiveness to a wide
range of nonspecific irritant stimuli (Fig. 1,
Chronic asthma). It is understandable that
these changes are not readily reversible, given
the nature of the structural alterations in the
asthmatic lung, particularly once the disease
enters its chronic phase3. The development
of effective treatment modalities for this
group of asthmatics remains a principal chal-
lenge for the pharmaceutical industry.
However, an equally important and poten-
tially less formidable challenge also exists: to
reduce the incidence of new cases.

Prevention: a realistic short-term target?
Although asthma in childhood consists of
several different subtypes, the type of asthma
that persists into adult life seems to be typi-
cally associated with atopy8,20,21. Once this
type of asthma has become established, treat-
ment protocols at present are essentially
aimed at controlling and containing the dis-
ease. An alternative approach, which is
attracting increasing attention in the acade-
mic medical community, involves interven-
tion much earlier to prevent progression of
the disease beyond the stage of mild allergy.

The initial efforts in this direction have
focused mainly on prevention of allergic sensi-
tization through allergen avoidance. Results so
far have generally been disappointing despite
intrusive and difficult-to-maintain regimens,
including stringent allergen avoidance during
pregnancy and breast-feeding. However, inter-
vention strategies targeted at ‘downstream’
events in the disease process have shown more
promise. These strategies include allergen
avoidance through environmental controls
aimed at reducing amounts of indoor aeroal-
lergens, which can reduce symptoms in atopic
children7, although the complexity of such
measures limits their general applicability.
Interventions that are more targeted and focus
on specific allergens may be more practical. In
particular, specific immunotherapy against
pollen given to children 6–12 years of age (the
Preventive Allergy Treatment study) has
proven successful in decreasing the risk of pro-
gression from allergic rhinitis to atopic
asthma22. Prophylactic forms of immunother-
apy targeting high-risk children in young age
groups are also feasible23, and the development
of a clinical trial strategy to test this last
approach is in progress.

A critical time window exists in early life
during which environmental exposures result

in an increased risk of allergic sensitization
and development of persistent asthma later in
life10,24,25. Furthermore, allergic sensitization
itself is generally not sufficient to produce
persistent asthma and additional inflamma-
tory insults (such as viral lower respiratory ill-
nesses in early life) are also required10. So far
it is not known precisely how wide the critical
window of susceptibility may be, nor is it
known whether the width of the window
varies for different atopic diseases or for dif-
ferent asthma phenotypes. The data from the
Preventive Allergy Treatment study22 suggest
that, at least for children with relatively mild
nonwheezing atopic disease, this window
may extend to between 6 and 12 years of age.
However, those with atopic asthma that is
more severe in adolescence have generally
had symptoms dating from the first year of
life, which suggests that the window may be
narrower for children at highest risk for
severe disease. Large-scale longitudinal birth
cohort studies are now in progress at several
large pediatric respiratory centers, and these
should supply a range of new information
relevant to the identification of appropriate
target groups for early intervention therapies
and the likely time frames of respective treat-
ment windows.
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Infancy ChildhoodAge:

• Specific triggers (viruses and allergens)
• Wheezing intermittent and of low to 
  moderate intensity
• Transient AHR

• Multiple specific and nonspecific triggers
  (viruses, allergens, cold air, exercise, smoke,
  dusts, gases)
• Wheeze frequent, prolonged and intense
• Failure of repair and regeneration mechanisms
  in airway mucosa
• Altered respiratory mechanics
• Persistent AHR

Figure 1 Blocking the progression of intermittent infant wheezing to persistent asthma: protection 
of airway tissues during critical growth and differentiation in early childhood. (a) Infants and young 
children experiencing repeated wheezing episodes are given symptomatic treatment only, resulting 
in inflammation-mediated interference with normal lung growth and differentiation and progression 
to chronic asthma in which exacerbations are triggered by a wide range of environmental irritants. AHR,
airway hyper-responsiveness. (b) Effective drug treatment results in successful protection of the growing
airway from wheeze-associated inflammatory damage and, as a result, wheezing remains sporadic and 
low to moderate in intensity, triggered mainly by allergy and viral infection. (c) Successful protection of the
growing airway from wheeze-associated inflammatory damage is coupled with successful desensitization 
to inhalant allergens, or sensitization does not occur, and wheezing progressively decreases.
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Prophylactic options: where to begin?
The first objective of early treatment for
asthma is to provide acute symptomatic
relief. However, a second objective is poten-
tially more important for the long-term res-
piratory health of these children: to minimize
inflammatory damage to growing lung and
airways, which can deleteriously affect ongo-
ing differentiation of these tissues, precipitat-
ing the phenotypic changes, ultimately
resulting in persistent asthma (Fig. 1a). The
potential outcome of successful early treat-
ment with appropriate anti-inflammatory
drugs (Fig. 1b) is that wheezing in these chil-
dren will remain of low to moderate intensity
and sporadic. An important caveat is that
such treatment should not interfere with the
development of normal (protective) T cell
immunity against aeroallergens and respira-
tory viruses, which are the principal agents of
airway tissue damage in this group.

Particular attention has been given to the
early use of inhaled steroids26. Initial findings
have suggested that although steroids may
provide symptomatic relief, there is as yet no
definitive evidence of long-term disease mod-
ification26. More detailed follow-up studies
are required in young children, in particular in
the age range encompassing the ‘initiation
phase’ (Fig. 1a). Animal studies have identi-
fied two issues of theoretical concern in rela-
tion to steroid use in early life, which need to
be addressed in such studies. First, airway
mucosal dendritic cells are central to the nor-
mal development of TH1 immunity to respira-
tory viruses and to aeroallergens, and these
cell populations are known to be highly sus-
ceptible to the effects of inhaled steroids. In
particular, airway dendritic cell populations
develop slowly during early life, and the rate of
postnatal maturation of these important cel-
lular networks can be retarded in animals with
topical steroids27. Second, steroids have the
potential to impair the growth of the develop-
ing lung; thus, it needs to be formally estab-
lished that their use at early ages does not have
long-term effects on lung function.

A range of alternative therapeutic
approaches targeted at individual inflamma-
tory effector molecules also seems feasible, in
light of recent results with immunotherapy. In
particular, therapies targeted at modulating
TH2 immunity seem logical candidates28, given
the weight of epidemiological evidence show-
ing a close link between inhalant allergy and
wheezing in children. Many other possibilities
can also be considered, including passive
and/or active immunization strategies aimed at
limiting the degree of damage to growing air-
ways by respiratory viral infections and the use
of therapeutic agents to mimic the effects of

natural exposure to environmental microbial
stimuli29,30, which have been shown to be pro-
tective against atopy and asthma in children14.
Measures taken early to prevent23 or reverse22

allergic sensitization could provide an addi-
tional ‘layer of protection’ to the growing lung,
potentially contributing to the permanent dis-
appearance of wheezing (Fig. 1c).

Impediments to prevention
Despite the official recognition by bodies such
as the US Food and Drug Administration and
National Institutes of Health that children
must be involved as subjects in the develop-
ment and testing of new drugs31, this position
has not led to a change in the ‘mindset’ of the
pharmaceutical industry. Testing of new drugs
continues to follow an orderly progression
from adults (18 years of age and older), to chil-
dren 12 years of age and older and possibly to
children 6–12 years of age. Apart from vac-
cines that are specifically designed for admin-
istration to children, few drugs are
systematically tested below this age. A funda-
mental problem with the ‘orderly progression’
approach is that drugs that fail in adults are
extremely unlikely to be tested in children,
even if the rationale for their use is much
stronger for children. The rumored deletion of
several of the anti-TH2 drugs from develop-
ment pipelines represents a likely example.
Although regulatory authorities have issued
direct policy statements endorsing the impor-
tance of pediatric trials, they have not adopted
an effective proactive stance, and until this
occurs the status quo seems destined to be
maintained. The emerging generation of asth-
matics will be justified in asking why.
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