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Asthma is a chronic inflammatory condition of 
the airways characterized by recurrent symp-
toms of variable airflow limitation. Risk fac-
tors for the development of asthma have been 
studied with intensity due to the dramatic 
increase in its worldwide prevalence during 
the last half of the last century. Two major 
research initiatives among children and young 
adults, the International Study of Asthma and 
Allergies in Childhood (ISAAC) [1] and the 
European Community Respiratory Health 
Survey (ECRHS) [2], have established inter-
national and regional prevalence data. These 
studies show low prevalence rates (2–4%) 
in Asian countries (particularly China and 
India) and high rates (15–20%) in the UK, 
Canada, Australia, New Zealand and other 
‘Westernized’ countries [1–4]. Repeated surveys 
using ISAAC [3] and ECRHS [4] allow the study 
of temporal trends within and across popula-
tions. The regional variability and temporal 
trends of the ‘asthma epidemic’ have stimu-
lated many studies, including observations in 
migrating populations [5] and in Germany after 
reunification [6], which strongly suggest that 
environ mental factors determine the expres-
sion of asthma among genetically similar 
populations. These studies have also shown 
a continued increase in asthma prevalence in 
the younger age groups as well as in develop-
ing countries, with a leveling off of asthma 
prevalence rates in countries where the baseline 
prevalence was already high [3].

Longitudinal studies have likewise examined 
risk factors predicting the development as well 
as the persistence, remission or relapse of asthma 
from infancy, through childhood, to middle-age. 
Mature population-based birth cohort studies, 
such as those commenced in the UK, Australia 
and New Zealand several decades ago, have pro-
vided a useful understanding of adult outcomes 
of childhood asthma. More-recent birth cohort 
studies have focused on the early years of life, as 
evidence accrues suggesting that events and expo-
sures in utero, in early infancy and during the pre-
school years play a major role in the development 
of the various phenotypes of asthma.

An extensive literature review was undertaken 
through 2006–2007 by Canadian investigators 
developing the recently launched Canadian 
Healthy Infant Longitudinal Development 
(CHILD) study (see Acknowledgements). That 
review has been updated with recent literature 
to summarize known and putative risk fac-
tors associated with the development of child-
hood allergy and asthma. After introducing 
the multiple phenotypes of asthma, we review 
the environ mental (i.e., indoor air, outdoor air, 
nutrition and gut colonization, respiratory infec-
tions, and psychosocial environment and stress), 
genetic (i.e., gene–environment and gene–gene 
interactions, gender and parent-of-origin effects 
and epigenetics) and host (i.e., immunity, airway 
inflammation, lung function and sex and gen-
der effects) risk factors currently considered to 
influence the initiation and course of asthma.
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Phenotypes of childhood asthma
The heterogeneous phenotypes of childhood asthma differ in their 
etiology, pathophysiology and presentation. Although a positive 
family history is common, it is neither sufficient nor necessary for 
the development of asthma [7]. Environmental triggers may impact 
asthma differently at different times in life, and the relevant risk 
factors may change over time. Short-term studies of risk factors 
may suggest an increased likelihood of asthma, but the same risk 
factors may be associated with a decreased risk when follow up 
extends over a longer time, or vice versa. There is overlap between 
different wheezing phenotypes in early childhood, only some of 
which persist as asthma in later childhood and adulthood. 

Although almost 50% of preschool children wheeze, by school 
age, only a minority are diagnosed with ‘true’ asthma [8,9]. 
Commonly described wheezing phenotypes in early infancy 
and childhood are transient, nonatopic , late-onset and persis-
tent wheezing [10]. Only transient wheezing in early infancy has 
been well characterized by decreased airflow rates on pulmonary 
function testing at birth [8,11,12]. The other three phenotypes are 
described primarily by their age of onset in cohort studies, and 
their genesis in early infancy is largely unknown. Transient wheez-
ing is characterized by onset within the first year of life, and reso-
lution by mid-childhood with no pulmonary function sequelae. 
By contrast, the majority of persistent ‘wheezers’ (i.e., asthma 
sufferers) experience their first symptoms before the age of 3 years, 
and by 3 years old have abnormal lung function, which persists 
to adulthood [8–10]. By adolescence, most children with asthma 
are atopic. Among children with nonatopic and late-onset wheez-
ing, some remit, while others develop persistent symptoms and 
atopy [13]. Finally, most of these phenotypes have been identified 
post hoc in longitudinal epidemiological studies where descriptions 
are offered at various ages. However, recent evidence throws into 
question the idea of ‘remission’ of asthma, even in the absence 
of symptoms, as children with a previous diagnosis of asthma 
have increased airway inflammation [14], perhaps explaining the 
increased relapse rate in adults of childhood atopic asthma [15]. 
Distinguishing between these different phenotypes is critical to 
understanding the role of risk factors and timing of exposure.

Environmental risk factors
Pregnant mothers, infants and young children are exposed to 
many environmental factors that can be inhaled (indoor and 
outdoor air), absorbed transdermally (house dust) and ingested, 
as well as to microbial milieu (infections, gastrointestinal [GI] 
flora, bacterial and/or mold toxins) and the psychosocial family 
environment. Prenatal environmental exposures can influence 
immune development and potentially alter the risk for allergic 
responses to allergens. Figure 1 illustrates the final common path-
way via immunological responses (innate and acquired) related 
to genetic and environmental factors.

Indoor air 
Infants and toddlers spend over 80% of their time indoors, where 
allergens, microbes and chemical pollutants are ubiquitous. Early-
life aeroallergen sensitization, primarily to indoor allergens [16], 

especially house dust mites, is associated with an increased risk of 
asthma [17–20]. Where house dust mite levels are low, sensitization 
to mould (e.g., Alternaria spp.) or cat dander is associated with an 
increased risk of asthma [21,22]. Exposure to bacterial endotoxins 
is associated with increased early childhood wheezing [23–26] and 
elevated inflammatory responses during respiratory viral infections 
[27], but paradoxically, with later-life reduction in atopy in some 
subpopulations [26,28–31]. Response to endotoxin exposure depends 
on the expression of cell-surface receptors; however, the complex 
interactions of exposures, genetics and morbidity remain unclear. 
The relation between β(1,3)-d-glucans, the nonallergenic water-
insoluble constituents of the cell walls of most fungi that accumu-
late in dust [32,33], and health effects are conflicting in relation to 
upper airway irritation, lung function, airway hyper-responsiveness 
and inflammation, and risk of atopy [33–36]. The relative contribu-
tions of the factors that are associated with an increased microbial 
burden in the home, such as dampness and dust loading, are poorly 
resolved, and causality remains controversial [37–39].

Children in homes with an increased surface area of plastic 
flooring and wall coverings, and increased airborne concentra-
tions of common organic chemicals, such as formaldehyde and 
volatile/semivolatile organic compounds (VOC/SVOCs), for 
example phthalates, have more wheeze and physician-diagnosed 
allergies and asthma [40–44]. Peak exposures to these chemicals can 
be transient and difficult to characterize as new products are intro-
duced into the indoor environment, although some partitioning 
onto dust and other permanent surfaces may increase chronic 
exposure. Exposure to indoor airborne dust is associated with 
increased respiratory symptoms and irritation of mucous mem-
branes, effects which may, in part, be due to volatile compounds 
adsorbed to dust particles. The importance of these exposures, 
often highly transient in nature (i.e., periodic large acute expo-
sures) is not known, but could explain some nonatopic childhood 
asthma [45]. Furthermore, occupational exposures to household 
cleaning products have been associated with increased respiratory 
symptoms [46]. An association has been noted between the use of 
cleaning sprays more than 4 days per week and adult asthma [47]. 
A relationship between household use of cleaning products and 
asthma development in children has not been demonstrated.

Environmental tobacco smoke (ETS), affecting the indoor 
environment in at least 20% of homes in Canada, is associ-
ated with increased respiratory morbidity, and is a risk factor 
for wheeze in early life, particularly maternal smoking in preg-
nancy [48–51]. Prenatal ETS exposure is consistently associated 
with early childhood wheezing [48,52–54], with a dose–response 
relationship between exposure and decreased airway caliber [55,56]. 
ETS exposure has also been associated with cord-blood cytokine 
responses [50,57] and exhaled nitric oxide (NO) production in new-
borns [58]. Human nasal challenge models show an adjuvant effect 
for this and other oxidizing pollutants [59], although mechanisms 
through which ETS increases morbidity, and the populations who 
are most vulnerable to it, remain to be identified. Oxides of nitro-
gen from indoor combustion [60,61] and exposure to trichloramines 
in indoor swimming pools [62,63] have also been implicated in 
irritant-induced asthma.
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Outdoor air 
The outdoor environment may impact respiratory health directly, 
as well as by infiltration. Exposure to ambient (outdoor) air pol-
lutants (particulate matter [PM], nitrogen dioxide [NO

2
], sulphur 

dioxide [SO
2
], ozone and carbon monoxide [CO]), as well as to 

VOCs, SVOCs and aeroallergens, can cause significant respira-
tory morbidity [64–67]. PM with a mean aerodynamic diameter of 
less than 2.5 µm (PM

2.5
) typically exists in a liquid/solid phase as 

reactive nitrates, sulphates, organics, trace metals and inorganic 
(‘elemental’) carbon. These particles also contain water and take 
up water vapor, and occur as mixtures with complex morpho-
logy [68–70]. Coarse particles, (2.5 µm to 10–15 µm in diameter) 
are more readily inhaled, with greater deposition in the nose 
and upper respiratory tract, initiating biological responses. These 
particles are most often associated with crustal dust, road dust 
and salt, aeroallergens and organic dust related to natural vege-
tation and/or the handling of agricultural products (e.g., grain 
or soy bean). 

Ambient pollutants also exhibit a direct impact on indoor air 
quality [60]. Correlations between ambient and personal exposures 
to PM

2.5 
and sulphates support the significant contribution of 

ambient sources to overall exposures. Ambient PM
2.5

 contributes 
more than 50% of the indoor PM

2.5
 levels [71,72]. Variations in out-

door pollution levels, providing a surrogate for potential indoor 
air quality, have been estimated using Geographic Information 
Systems (GIS) [73,74] and linked to health outcomes, including 
respiratory end points [75,76]. 

Data on the effects of pollutants in infancy are limited. Ambient 
exposures to SO

2
, NO

2
, CO and PM

2.5
 have been associated with 

decreased intrauterine growth [77,78], while exposures to NO
2
, 

PM
1.0

, PM
2.5

 and PM
10

 have been associated with decreases in lung 
function in children aged 7–10 years [79–82]. Ambient, but not 
indoor-generated, PM

2.5
 increased levels of expired NO, indicative 

of airway inflammation [83]. 
Traffic-related chemical compounds can be readily detected 

in house dust [84]. Emissions include diesel and spark igni-
tion particulate (e.g., elemental carbon and specific organic 
carbon species, such as polyaromatic hydrocarbons, alkanes 
and acids; metals such as iron, zinc and barium; and tire wear 
[e.g., latex and benzothiasols]); many of these are ultrafine par-
ticles (measured as total particle count below 0.1 µm). Exposure 
to ultrafine particles is assessed by modeling rather than by 
direct measurement. Questionnaire and 
GIS studies have found increased asthma 
prevalence, cough and wheeze in chil-
dren living in proximity to heavy vehicle 
traffic [73,74,85–87].

Interactions between exposure to chemi-
cals and aeroallergens have been demon-
strated for several combinations of the 
contaminants. However, further studies are 
needed to examine those indoors (e.g., aller-
gens, moulds, endotoxins, ETS, volatile 
and semivolatile compounds) concomi-
tantly with common outdoor particulate 

and gaseous chemical exposure and proximity to sources (e.g., 
traveling in traffic) to assess the risks and interactions of many 
of the common environmental factors.

Nutrition & gut colonization 
Theories on asthma development suggest that infants at high risk 
for asthma have a delayed maturation in their IFN-γ responses 
and are thought to later become ‘Th2-skewed’ [50,88], possibly due 
to a failure to expose the developing infant’s immune system to 
adequate protective bacterial exposures. The gut immune system 
represents the largest mass of lymphoid tissue in the body, and the 
initial colonization of the intestine is critical in the development of 
the total body mucosal immune response [89]. The critical periods 
of colonization and presentation of intestinal microbiota may even 
occur prenatally [90], but certainly occur soon after birth and again 
after weaning to solid foods. The indigenous bacteria contribute 
to the anti-inflammatory response of the mucosal immune system. 
The establishment of the normal microbiota provides the host 
with a significant antigen challenge and a strong immune stimu-
latory effect for the maturation of the gut-associated lymphoid 
tissue and the development of tolerance [91]. Epidemiological and 
animal studies support an association between the composition 
of the indigenous intestinal microbiota and atopic sensitization 
and symptoms [92]. Infants with atopic sensitization at 1 year of 
age harbor more clostridia and less bifidobacteria in their stools 
at 3 weeks of age than nonsensitized infants destined to develop 
atopic sensitization [93]. Currently, there are conflicting data 
regarding the role of the introduction of probiotics to prevent 
allergy [90,94–96], most likely due to inadequate information about 
the critical timing of exposure. Further investigations are needed 
to explore the effect of diet on the diversity of gut microbiota and 
the resulting immunologic stimulation [97].

Studies examining prenatal nutrient levels or dietary inter-
ventions and the subsequent development of atopic disease 
have focused on foods with anti-inflammatory properties (e.g., 
n-3 fatty acids), antioxidants such as vitamin E and zinc, and 
vitamin D. Increased fish or fish oil intake during pregnancy 
was associated with a reduced risk of developing atopic disease 
(eczema and atopic wheeze) up to the age of 6 years [98–100], while 
increased prenatal vitamin E and zinc levels have been associ-
ated with a reduced risk of developing wheeze up to the age of 
5 years [101–103]. However, maternal exclusion diets (e.g., cow’s 

Figure 1. Innate and acquired immunity: the final common pathway.
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milk or eggs) during pregnancy have failed to show a protec-
tive effect against the development of atopic disease in infancy 
[104–107]. Among recent studies examining the role of vitamin D 
in respiratory disease, two found an inverse relationship between 
maternal vitamin D levels and wheeze in early life [108,109], but no 
relationship with atopy or asthma symptoms in later life. The role 
of dietary methyl donors, and possibly other nutritional factors, 
has not been well studied, particularly as it may influence gene 
expression through epigenetic mechanisms.

Furthermore, obesity in both children and adults has been 
shown, in cross-sectional and case-controlled studies, to be asso-
ciated with an increased prevalence of asthma [110–118]. Prospective 
studies have also demonstrated a dose–response relationship 
between asthma incidence and increasing BMI [119–125]. Many 
of the longitudinal studies controlled for the individuals’ diet 
and level of physical activity. The influence of obesity on the 
development of asthma is greater in women than in men [119,126]. 
A relationship between BMI and asthma is also observed among 
children [127,128], although some studies have failed to demonstrate 
an association [129]. It is unclear whether the underlying asthma is 
the cause of obesity through increased inactivity, as observed in 
some studies [130], or whether obesity itself can cause asthma.

The influence of breastfeeding on the risk of childhood atopy 
and asthma remains controversial. Some studies show protec-
tion [131–133], while others report increased allergy and asthma 
among breast-fed children [100,131–135]. A meta-ana lysis and sev-
eral other studies found that exclusive breastfeeding for at least 
3 months was associated with decreased asthma between 2 and 
5 years of age, with the effect greatest among those with a paren-
tal history of atopy [133,136,137]. While exclusivity and duration of 
breastfeeding, together with the length of follow up, are often 
invoked to explain these differences, one study suggested that 
the increased risk of childhood atopy and asthma associated 
with breastfeeding occurred predominantly in atopic infants of 
mothers with a history of asthma [135]. These findings and results 
obtained from animal studies suggest that maternal transfer of 
some immune-mediating factor(s) through breast milk may 
influence the development of asthma [138].

A recent review examining the relationships between breast-
feeding and the epidemiology of allergic diseases noted that birth 
cohort studies, case–control studies and one cluster-randomized 
intervention trial, have generally failed to demonstrate a protective 
effect of breastfeeding on the outcomes of atopic dermatitis, aller-
gic sensitization, wheezing or asthma [139]. Difficulties in interpret-
ation relate to the absence of nonbreastfed controls or reference 
groups in some studies, meaning outcomes can only be compared 
between different durations of breastfeeding. Studies with a non-
breastfed control group suggest there may be an increased risk for 
atopy and asthma associated with breastfeeding, and that pro-
longed breastfeeding eventually reduces this increased risk. The 
family history, gender of the child, and the presence of other risk 
factors for allergy and asthma may also influence the outcome. 
Early reduction in childhood wheezing may reflect protection 
from viral infections, but allergies and asthma at later ages may 
be increased. A recent report from the Avon Longitudinal Study 

of Parents and Children (ALSPAC) confirmed this early beneficial 
effect, but found no long-term protection, nor an adverse effect 
in either gender, irrespective of family history [39]. 

Respiratory infections
Viral lower respiratory tract infection (LRTI) impacts early child-
hood wheezing. Whether LRTI promotes aeroallergen sensitiza-
tion causing persistent asthma is controversial, as there is evidence 
suggesting that childhood viral infections might be pathogenic in 
some children but protective in others [140–144]. Infants of aller-
gic or asthmatic mothers have a relatively persistent maturational 
defect in Th1 cytokine synthesis in the first year of life, which 
may play a role in the development of persistent or severe viral 
infections [145]. Severe viral LRTI in genetically susceptible infants 
already sensitized to inhalant allergens may lead to deviation 
towards Th2 responses, promoting asthma. It is unclear whether 
these effects of LTRI are virus-specific (e.g., respiratory syncy-
tial virus [RSV] or rhinovirus) or whether synergistic exposures 
with allergens can induce asthma even in individuals who are 
not genetically susceptible. Gene interactions with environmental 
exposures (e.g., allergens, air pollution, ETS and diet) modulate 
the host response to infections [146,147]. A small sample size, cross-
sectional ana lysis, lack of precise case definition and/or incom-
plete microbial assessment in previous studies make correlations 
between infections and outcomes difficult to ascertain [148,149]. 
Early childhood infections are associated with early wheezing [147] 
but it is unclear whether infection alone affects the development of 
persistent asthma. Repeated LRTIs may impact infants already at 
risk for asthma due to family history or atopy [13,150]. Severe infec-
tion with certain viruses, such as RSV [144] and rhinovirus [151], 
may play a role in persistent wheezing, while other studies suggest 
this has no effect [152]. Considered as a proxy for viral infections, 
daycare attendance is associated with an increased incidence of 
early wheeze but a decreased incidence of persistent wheeze [153].

Antibiotic use has been associated with early wheezing and 
asthma in several studies [154–156], possibly by immunologic 
stimulation via changes in bowel flora, but Kummeling found no 
coincident increase in eczema or atopy despite increased wheez-
ing rates, arguing against this mechanism [154]. The association of 
wheezing/asthma with increased antibiotic use could also repre sent 
a surrogate marker for increased numbers of infections (perhaps 
viral) in early life.

Family size, as well as the number and order of siblings may impact 
asthma. The hygiene hypothesis posits that increasing numbers of 
infections and bacteria stimulate the developing immune system 
toward a nonasthmatic phenotype [157,158]. This may be mimicked 
in the real world by large family sizes, in which later-born children 
in large families would be at a lower risk than first-born children. 
Although this theory has been supported in studies of allergy 
prevalence [159,160], it has been partially refuted by recent studies 
of asthma prevalence suggesting that, although large family size 
(>4 children) is associated with a decreased risk, birth order is not 
involved [161,162]. In addition, not only allergic but also auto immune 
and other chronic inflammatory diseases are increasing [163], which 
is difficult to explain by the hygiene hypothesis alone.
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Psychosocial environment & stress
Socioeconomic status (SES) influences physical health through-
out life [164–166]. Children of parents with a lower SES have more-
severe asthma, higher rates of hospitalization and more days in 
bed due to asthma [167–172]. Findings with respect to asthma 
prevalence are mixed, with some studies reporting that the dis-
ease is more common among low SES families [173,174] and others 
reporting the opposite [175,176]. Thus, it remains unclear whether 
low SES increases or decreases vulnerability to the development 
of asthma. The association may hinge on how SES is measured 
and the specific outcome assessed; for example, some studies 
report associations of lower SES with greater airway obstruction 
and symptoms but not with a diagnosis of asthma [169,172]. Low 
SES may render children vulnerable to the airway pathology that 
drives asthma, but at the same time reduce the likelihood they 
will access medical systems and receive a diagnosis. 

Life stress may also contribute to the development and expres-
sion of allergy and asthma [177,178]. Several biological processes are 
known to link neural, endocrine and immune responses, provid-
ing biologically plausible pathways that begin to explain how psy-
chosocial factors influence the development of the disease [177,179]. 
Parental stress has been prospectively associated with wheezing in 
infancy [180], and family difficulties have been linked to asthma 
onset [181,182]. Children whose caregivers report high levels of stress 
and have difficulties parenting are at greatest risk for asthma [183]. 
A recent database study of almost 14,000 children in Manitoba 
found that prolonged exposure to maternal distress during the 
first 7 years of life was associated with a 1.3-fold increased risk of 
asthma diagnosis [184]. Collectively, these data suggest that the 
psychosocial environment children are reared in may shape their 
risk for developing asthma.

There is also evidence that links stress with the expression of 
asthma [185]. In an 18-month prospective study of children with 
asthma, acute life stressors, such as the death of a close family 
member, increased the risk of an attack twofold. The impact of 
these events was accentuated in the context of ongoing chronic 
stressors. Children exposed to high levels of acute and chronic 
stress showed a threefold increase in risk for an attack in the fol-
lowing 2 weeks [186,187]. Tightly controlled projects in animals 
substantiate the effects of stress on disease [188].

The mechanisms underlying these effects are becoming more 
fully understood. Life stress elicits negative emotional states 
such as fear, anger and sadness, which in turn set into motion a 
series of biological and behavioral adaptations, constituting the 
stress response [189]. While the function of the stress response 
is to support coping activities such as ‘fight or flight’, it may 
at the same time heighten vulnerability to wheezing, allergy 
and asthma. Behaviorally, when facing life stress, people are 
more likely to smoke cigarettes, drink alcohol and eat poorly. 
Biologically, life stress typically activates the hypothalamic-
pituitary-adreno cortical and sympathetic-adrenal-medullary 
axes, leading to the secretion of cortisol, epinephrine and nor-
epinephrine [190]. These hormones are able to bind to receptors 
on immune/inflammatory cells and modify their functions [191]. 
In patients with asthma, or those at risk for it, life stress is 

thought to bring about symptoms by amplifying the magnitude 
of the airway inflammatory response to irritants, allergens and 
infections [179].

In a birth cohort study of children with a family history of atopy, 
parental stress was prospectively associated with heightened IgE 
expression, as well as accentuated cytokine production following 
in vitro stimulation with common allergens at 2 years of age [192]. 
Life stress has also been concurrently associated with heightened 
in vitro production of a variety of Th2 cytokines and elevated 
circulating eosinophils in asthmatic children [179,193,194]. It is also 
linked with diminished expression of genes that regulate airway 
responsiveness and inflammation. Children who simultaneously 
experienced acute events and chronic stress showed a 5.5-fold 
reduction in glucocorticoid receptor mRNA and a 9.5-fold reduc-
tion in β

2
-adrenergic receptor mRNA relative to children without 

comparable stressor exposure [195]. To the extent that the downreg-
ulation of receptors diminishes sensitivity to the anti-inflammatory 
properties of glucocorticoids, or the bronchodilator properties of 
β-agonists, this process could explain increased asthma morbidity 
associated with stress. 

Genetic risk factors
Family and twin studies indicate that genetics plays an impor-
tant role in the causation of asthma and allergy [196]. There 
are three popular approaches to the identification of genetic 
susceptibility variants: 

The association/candidate gene approach looks for polymor-•	
phisms in a known gene believed to be involved in the disease 
patho genesis and compares the allele frequencies in cases and 
controls ; this requires prior knowledge to identify 
appropriate candidates; 

The traditional linkage approach utilizes several hundred mark-•	
ers throughout the genome and identifies candidate regions 
shared between affected family members. Candidate regions 
are then scrutinized for the presence of disease loci. Linkage 
studies require no prior information and can provide new ave-
nues for research, but the regions identified are often large and 
include many possible candidate genes;

The most recent approach is the genome-wide association study •	
(GWAS), which uses hundreds of thousands of markers called 
single nucleotide polymorphisms (SNPs) to identify SNPs asso-
ciated with disease phenotypes using family-based or case-
controlled association methods. GWAS studies require no prior 
information and, because they use hundreds of thousands of 
SNPs, they can target specific candidate genes and narrow 
regions for investigation. 

These approaches have identified putative susceptibility genes 
for asthma in several different populations, but results have varied 
substantially from study to study. 

Linkage scans have been performed in 11 different populations 
[197], and 18 genomic regions have been identified that prob-
ably harbour asthma/atopy genes, with consistently replicated 
regions on chromosomes 5q, 2q, 13q, 6q and 12q. Thousands 
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of association studies have been conducted and, in 2006, over 
100 genes had been reported to be associated with asthma in at 
least one or more studies [198,199]. In the last few years there has 
been exponential growth in both the number of association studies 
being conducted and the number of genes reported to be associ-
ated with asthma-related traits; to date, over 180 genes have been 
reported to be associated with asthma and its related traits. 

While there is no shortage of positive findings and candidate 
genes, replication of the findings has proven difficult. Reviews of 
the published literature have highlighted a number of questionable 
genotype-phenotype associations, mainly from underpowered 
studies [199,200] and, as a result, the majority of positive associa-
tions are never replicated in subsequent studies [200,201]. However, 
small sample sizes and lack of statistical power do not fully explain 
replication failures, as the architecture of genetic susceptibility to 
asthma and its related phenotypes is complex.

Identifying subgroups with common underlying risk factors can 
create genetic homogeneity, increasing the power and precision of 
an association study. For example, the first and only GWAS study 
for asthma was completed in 2007 [202], identifying ORMDL3 as 
a new candidate gene, now replicated in multiple studies [203–206]. 
However, ORMDL3 is specific to childhood asthma and the asso-
ciation is not seen in individuals whose asthma symptoms started 
after the age of 7 years [202]. Similarly, null mutations in the filaggrin 
(FLG) gene associated with atopic dermatitis, eczema and asthma 
have been replicated in multiple studies [207–211]. A recent meta-
analysis of FLG mutations indicates that the risk of atopic dermatitis 
exceeds that for mutations in any other candidate gene identified 
to date [212]. However, FLG is rarely associated with asthma in the 
absence of atopic dermatitis and is secondary to allergic sensitization. 
FLG mutations do not seem to play a role in nonatopic asthma. The 
ORMDL3 association with childhood asthma and FLG’s association 
with atopic asthma are strong indicators that genetic susceptibility 
may be phenotype specific.

Challenges in replicating genetic-association studies across 
studies and populations include the extensive heterogeneity in 
the pheno typic presentation and incidence and prevalence pat-
terns, which vary by age and gender [213,214]. These differences 
are so pronounced that childhood and adult asthmas have been 
suggested to be different diseases, both in their phenotypic pre-
sentation and genetic predisposition [214,215]. Additionally, it is 
likely that interactions (e.g., environment, gene–gene, age and 
gender) and epigenetic effects are involved in the pathogenesis of 
asthma and its related traits. The well-reported interaction between 
CD14 variants and endotoxin exposure illustrates the complexity of 
gene–environment interactions in determining asthma and allergic 
phenotypes [216]. 

Gene–environment & gene–gene interactions
Potential mechanisms for the development of asthma and 
allergies are: 

Genetic predisposition alone, either through one or several •	
interacting genes; 

Environmental exposures independent of genetics;•	

The combination of genetic predisposition and environmental •	
exposures, considered the most likely mechanism.

Evidence for gene–environment interactions is accumulating at 
a rapid pace, and a variety of environmental agonists have been 
implicated, including animals, endotoxins, ETS, viruses, daycare, 
ozone and farm exposures. One of the most consis tent and fre-
quently reported gene–environment interaction studied includes 
CD14 and the -159 C to T variant (rs2569190) in the promoter 
region of the gene and exposures to endotoxins. Over 200 studies 

have examined the association between CD14 and asthma-related 
phenotypes [216], with inconsistent results. These inconsistent 
results may be explained by a complex dose-dependent environ-
mental interaction with endotoxin exposure in early life, whereby 
the T allele can either confer protection or increase risk, with the 
direction of the effect determined by the level of endotoxin expo-
sure. This type of interaction may obscure or confound results 
from studies that include only the main genetic or environmental 
effects, and underscores the need to include interactions in statis-
tical models for complex disease phenotypes such as asthma. An 
excellent review by Martinez covers the depth and breadth of the 
literature regarding CD14 interactions [216], while a full review of 
gene–environment interactions can be found in a paper by Yang 
et al. [217]. Vercelli provides additional information regarding the 
complex nature of gene–environment interactions, with special 
attention paid to the immunological aspects [218].

In addition to environmental interactions, there is an increas-
ing focus on gene–gene interactions, with numerous reports of 
genes associated with both gene–environmental and gene–gene 
interactions, making it difficult to separate gene–gene interac-
tions from gene–environment interactions. Both gene–gene and 
gene–environment interactions involving the same genetic variant 
may occur, and future analyses will focus on determining if gene–
environment or gene–gene interactions, or a complex synergy of 
both, are involved. Genetic pathways that regulate cell signaling, 
cytokine and innate immune responses are comprised of a number 
of genes, and the analysis of these pathways may provide additional 
insights into the mechanisms involved, as recently reviewed by 
Vercelli [218]. 

Gender & parent-of-origin effects
In childhood, asthma and atopy are more prevalent in males than 
in females, but this distribution changes during puberty [213,214]. 
Reported gender-dependent effects in the literature, including 
linkage of thymic stromal lymphopoietin (TSLP) to lower IgE 
levels in girls [219] and estrogen receptor 1 (ESR1) associations 
with asthma in females [220], have promoted speculation that, in 
the future, there may be sex-specific treatments for asthma and 
its related phenotypes [220]. 

There are sex-specific effects of the in utero environment and 
other environmental risk factors. The prevalence of early-onset 
and persistent asthma among children with in utero exposure to 
tobacco smoke and null genotypes at the glutathione S-transferase 
(GST) M1 locus varies depending upon whether the fetus is male 
or female [221].
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Growing evidence suggests that imprinting (the phenomenon 
whereby the effect of a particular allele on disease risk varies 
according to the parental source of the allele) may play a role in 
the development of asthma and related phenotypes. Maternal 
transmission of risk alleles may be more important than paternal 
transmission for many allergic phenotypes [222–224]. The asso-
ciation between COL29A1 and atopic dermatitis [225], which 
demon strates a strong maternal transmission pattern, is the 
most-recent and statistically compelling study to support the 
imprinting hypothesis. The importance and extent of imprint-
ing, and its impact on asthma and related phenotypes, is not 
known, as few studies have the capability to study these effects. 
In order to test for parent-of-origin effects, studies need to geno-
type parents to determine the origin of the alleles, either through 
inference or by direct methods. Studies of imprinting effects will 
be challenging and it is likely that international collaboration 
will be necessary to adequately examine these effects. 

Epigenetics 
Epigenetics is the study of modifications to DNA and its accom-
panying histone molecules, which influence the transcription 
of genes. Although the sequence of the human genome is the 
same in all cells of an individual, the epigenome differs from 
tissue to tissue, and changes in response to the cell’s environ-
ment. More broadly, epigenetic modifications are seen as the 
mechanism through which the environment, both social and 
physical, influences gene expression, serving as a bridge from 
environments to genomes and, more broadly, from nurture to 
nature. Epigenetic control of gene expression occurs in two 
main ways. The first type of epigenetic modification is DNA 
methylation; cytosine residues in the regulatory region of genes 
can be methylated by specific enzymes and these regions are 
sensed by proteins that turn gene expression on or off through 
regulating chromatin structure. The second and more com-
plex alteration is chemical modification of the histones around 
which chromosomal DNA is wrapped. More than 20 chemical 
tags can be attached to, or removed from, histones to produce 
an open or closed chromatin structure and influence access of 
the transcription machinery. Epigenetic modifications to DNA 
are believed to be responsible for the phenotypic differences 
that develop over time between monozygotic twins [226]. It has 
been suggested that it is principally through epigenetic modi-
fication of DNA that lifestyle and chemical exposures affect 
susceptibility to diseases [227]. 

Epigenetic modifications to DNA can be inherited and/or 
acquired. Environmental factors during pregnancy that could 
result in epigenetic modifications include nutrition/diet (e.g., 
folic acid and vitamin B

12
), smoking, exposure to microbial prod-

ucts, maternal stress and maternal care [228,229]. Modifications of 
fetal genes during pregnancy may influence the risk for allergy 
and asthma. Another critical window for epigenetic modifica-
tion occurs during early life, when environmental factors can 
modify the child’s genome to potentially cause and/or prolong 
allergy and asthma. This emerging field holds immense promise 
in helping us to understand both the environmental contribution 

to asthma susceptibility as well as the importance of the timing 
and dosage of environmental exposures, as recently reviewed by 
Miller and Ho [230].

Host risk factors
Immunity
Allergen sensitization, the result of adaptive immunity to com-
mon aeroallergens, is a major risk factor for persistent asthma. The 
hygiene hypothesis posits that exposure to microbial agents at a 
young age (perhaps even in utero) may protect the fetus from the 
development of atopy and asthma [157,158]; thus, the dramatic rise 
in atopic diseases over the last several decades could be explained 
by decreased environmental exposures to microbial agents. The 
immune mechanisms responsible have yet to be fully delineated. 
Initial simplistic renditions of this hypothesis stated that T cells 
isolated from the cord blood of newborns showed a Th2-type 
response when challenged with common environmental aller-
gens [88], and subsequent exposure to the wide range of microbial 
patho gens (which was an inevitable childhood occurrence in previ-
ous generations) supports the generation of Th1-type responses to 
environmental allergens. However, recent environmental changes, 
including improvements in sanitation, reductions in childhood 
infections and decreases in family sizes, abrogate the switch to an 
‘allergy-protective’ Th1-dominated response. Emerging data cast 
doubt on this simple interpretation of the hygiene hypothesis; in 
that, infections per se cannot explain the epidemiological patterns 
of modulation of allergic disease (e.g., high prevalence rates for 
allergy and asthma in some South-American countries). In addi-
tion, not only allergic but also autoimmune and other chronic 
inflammatory diseases are also increasing [163], which is difficult 
to explain by the hygiene hypothesis alone. On the other hand, 
exposure to specific allergens very early in life might be a major 
contributing factor to the development of allergies later in life. In 
short, the decision of a pro- versus anti-allergic immune response 
is probably made very early in life, possibly even in utero.

In adults, the immunology of established atopy and asthma 
has been well characterized, specifically involving expansion of 
Th2 cells with the production of IL-4 and IL-5, which promote 
IgE- and eosinophil-associated allergy [231]. Early perinatal studies 
of atopic development that focused on adaptive immunity have 
shown immune deviation towards a Th2 preponderance in early 
normal life [232,233]; failure to redirect this deviation to a more 
Th1-based (particularly IFN-γ-based) immune system may lead 
to atopy. However, newborns at high risk for atopic development 
are born with relative decreases in both Th2 and Th1 immunity, 
indicating that a more complex cascade of events is responsible for 
clinically manifest atopic disease than Th2 predominance [233]. 

While adaptive immune responses are clearly important in 
immune deviation, little is understood about the potential 
importance of the innate immune reactions involved. This 
may prove to be pivotal, insofar as the innate immune system 
provides the first interface with the microbial world [234] and 
is central to the initiation of an inflammatory allergic reaction 
[235]. Toll-like receptors (TLRs) are essential for innate recogni-
tion of critical molecular patterns present on microorganisms 
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(e.g., pathogen-associated molecular patterns [PAMPs]) [236]. 
The response of TLRs to PAMPS differs from host to host. Early 
evidence suggests differences in the TLR sequence (polymor-
phisms) may result in alterations of expression and/or function 
of the allergic immune response [237,238]. Nevertheless, both TLR 
expression on, and the effects on function of, immune/inflam-
matory cells have yet to be examined in a comprehensive study 
that includes detailed assessment of the environment and the 
genetic makeup of the individual.

Natural killer T (NKT) cells are key actors at the interface 
between innate and acquired immunity [239]. Upon activation by 
glycolipid antigens, NKT cells rapidly secrete both Th1 and Th2 
cytokines, affecting the development of later immune responses. 
Initial studies in mice identified a central role for invariant NKT 
cells for the development of allergen-induced airway hyper-reac-
tivity [240]. However, the contribution of this immunoregulatory 
cell population in human asthma remains unclear [241,242]. 

The immune system is the earliest final common pathway in 
allergy and asthma (Figure 1). A thorough immunological assess-
ment is essential to link candidate genetic and environmental 
influences to molecular cause-and-effect relationships for asthma 
and allergy, and to identify early prognostic markers for potential 
future atopic disease and even potential therapeutic targets for 
early intervention.

Airway inflammation
Airway inflammation is a key component of asthma [243]. 
Although not truly a risk factor for the development of asthma, 
it clearly plays a role in helping to define the wheezing phenotype 
and thus categorize the risk of persistence of wheeze. In adults 
with persistent asthma, airway inflammation is characterized 
by increased eosinophils in induced sputum [244–247]. However, 
in early childhood, even amongst those who will develop per-
sistent wheezing, airway inflammation may be nonspecific or 
neutrophilic in nature [248,249], and may represent immaturity 
of the infant immune system and lung defenses [248,250,251]. NO 
is a useful marker of airway inflammation in asthma [252,253]. 
Exhaled nitric oxide (FE

NO
) levels have been shown to correlate 

with sputum and peripheral eosinophilia and airway hyper-re-
sponsiveness in older children with asthma [254]. The discrimina-
tive ability of FE

NO
 has been studied amongst preschool children 

and, although it was higher amongst children with atopy or 
diagnosed asthma, it was unable to clearly differentiate between 
wheezing phenotypes [252], although those who likely had high 
levels of eosinophilia had higher levels of FE

NO
 [255]. Studies 

also support its usefulness in infants with recurrent wheezing to 
document airway inflammation [256–258]. Furthermore, among 
infants, exhaled NO (eNO) levels are elevated in those with 
wheezing secondary to airway inflammation upregulation of 
induced NO synthase (iNOS). There is some evidence that eNO 
levels are elevated at birth in infants at risk for asthma (e.g., 
male infants of asthmatic/atopic mothers and who are exposed 
to cigarette smoke), suggesting that not only does airway inflam-
mation begin early in life but also that maternal and environ-
mental factors can interact prenatally, inducing changes in the 

developing fetus that may predispose them to develop wheezing 
[58]. Measures of airway inflammation that differentiate between 
types of inflammation, such as eNO [259] and possibly exhaled 
breath-condensate markers, may be useful not only for docu-
menting the type of airway inflammation but also for follow-
ing its evolution in synchrony with immune-system and lung 
development to elucidate the role of environmental exposures 
in the pathogenesis of different wheezing phenotypes. iNOS 
expression in the placenta is correlated with postnatal exhaled 
NO in infants, and genetic variants in iNOS may influence NO 
production [260,261] and modulate the response to environmental 
stimuli [262]. For example, exposures to ETS and viruses cause 
neutrophil migration and epithelial inflammatory responses in 
individuals not susceptible to asthma. Though both are associ-
ated with wheezing phenotypes, eNO is decreased in infants 
exposed to ETS in the absence of atopy; thus, differentiation 
of the types of inflammation may be useful to distinguish the 
various wheezing phenotypes [58]. Recent studies also suggest 
that a more-generalized inflammatory response, as measured by 
highly sensitive C-reactive protein levels, is also associated with 
asthma and wheeze [263].

Lung function 
Decrements in lung function have been associated with asthma 
diagnosis [264] and may predict asthma in later life [265,266]. 
Furthermore, some have argued that poor lung function may be 
a risk factor for airway hyper-responsiveness [267].

The link between birth weight and forced expiratory vol-
ume in 1 s (FEV

1
) has been shown in several studies [268,269]. 

Furthermore, other cohorts have linked undernutrition during 
fetal life, manifested by small-for-gestational age births, to adult 
lung-function decrements [270,271]. Studies during the Dutch fam-
ine suggested that the period of greatest risk was early-to-mid 
gestation [271]. Further work found that lung function impair-
ment in early life is not only related to birth weight but also has 
a complex causal relationship with social disadvantage [272–274]. 
Tracking of these initial decrements in lung function during early 
life [274] has been implicated as a risk factor for further lung injury 
via viral infection mechanisms [275] and asthma [276]. The Tucson 
cohort has demonstrated similar tracking of infant lung function 
into adult life [277].

Taken together, the findings from these studies support the 
hypothesis that early prenatal factors may play a role in deter-
mining the final lung function attained in adult life. Given that 
poor lung function is associated with increased asthma diagnosis 
[264], it is difficult to determine whether poor lung growth is a 
risk factor for asthma or is the outcome of asthma, and, until 
further data are known on the development of the lung pathology 
of asthma, this remains uncertain.

Furthermore, whether the insult occurs in infancy or later in 
childhood, the association of low lung function is clear and well 
established. Children with persistent wheezing (and diagnosed 
asthma) that continues into adulthood have a fixed decrement in 
lung function starting from as early as the age of 7 years, com-
pared with children with transient or no wheezing [9,278]. More 
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recently, preschool studies have documented abnormal lung func-
tion in children with persistent wheezing as young as 3 years 
old [10]. However, some data in infants who develop persistent 
wheezing display normal lung functioning shortly after birth, 
suggesting a critical period of exposure within the first few years 
of life before the development of these persistent abnormalities 
in expiratory flows [8,279]. By contrast, infants who later exhibit 
early transient wheezing have decreased airflow at birth [8,280]. 
Maternal smoking with in-utero nicotine exposure correlates with 
this lung dysfunction [8,55,56], but effects of other exposures are 
less well studied.

Cigarette smoking is associated with the greatest effect on adult 
lung function and decline in lung function, with smoking asso-
ciated with a 28–50ml/year loss in FEV

1
 [281]. This effect on 

FEV
1
 seems to be influenced by gender, as the effect is greater 

amongst adolescent girls than boys [282], but reverses in middle 
age when the effects are greater in men than in women [281]. Both 
pregnancy and early infancy have been shown to be risk periods 
for the effects of ETS [55,272–274]. Other work has suggested that 
exposure to cigarette smoke may be particularly detri mental to 
lung growth in populations who are already disadvantaged due to 
poor rates of fetal growth [270]. Cigarette smoke has been shown 
to have a direct detrimental effect on lung function at birth [283] 
and in the early years of life [273]. 

Air pollution is also associated with poor lung function in child-
hood. The Children’s Health study estimated that exposure to 
NO

2
 led to the greatest loss of lung function development dur-

ing adolescence and decreased the final lung function at 18 years 
of age by approximately 100 ml [82]. Other studies by the same 
group showed a dose-response relationship between increasing 
levels of pollution (e.g., NO

2
 and PM

10
) and decreased annual 

growth in FEV
1
 in adolescence (8 ml/year) [264]. Air pollution 

has been shown to have a doubling effect on all-cause mortality 
when combined with socioeconomic status [284], suggesting that 
the detrimental effect of air pollution may not be acting through 
direct mechanisms alone.

Chronic conditions such as asthma have an even greater effect on 
lung function; chronic asthma was associated with a deficit in lung 
function growth in the range of 5–25 ml/year [285]. The combina-
tion of smoking and asthma had an additive effect, with a decline in 
lung function of 24 ml/year [286]. Again, this effect was influenced 
by gender, with males (decline: 48–57 ml/year) more affected than 
females (decline: 31–36ml/year) in middle age. However, longi-
tudinal studies of asthma, such as among the Dunedin [9] and 
Melbourne cohorts [278], suggest that significant loss of lung func-
tion occurs in early childhood. Not only does loss of lung function 
growth occur before school-age in children with persistent asthma, 
lung function in these children remains persistently lower than in 
their nonasthmatic counterparts. Strunk and colleagues likewise 
found similar results in the USA, suggesting that the injury in 
asthma occurs at or before the age of 6 years, with no significant 
effects on annual lung function velocities thereafter [287].

Impairment in adult lung function has been associated with 
increased mortality for a wide range of diseases [288] and mor-
bidities, including an increased risk for chronic obstructive 

pulmonary disease [289]. Decrements in lung function have been 
linked to a number of factors, including cigarette smoking, air 
pollution, LRTI and asthma diagnosis [264].

Sex or gender effects 
Changes in asthma incidence and severity for females occur 
around puberty and menopause [290–292]. Until the age of 
13–14 years, the incidence and prevalence of asthma is greater 
in boys than in girls [115,291,292]. Studies throughout puberty sup-
port a greater incidence of asthma among both adolescent and 
young adult females [291,293], and a greater proportion of males 
with remission of asthma. Before the age of 12 years, boys have 
more-severe asthma than girls [294], with higher hospitalization 
rates [295]. By contrast, adult females have more-severe asthma 
than males, with more asthma-related hospitalizations [296], and 
they regain control of their asthma more slowly [297], resulting in 
longer hospital stays [298] and higher rehospitalization rates [299].

The influence of some environmental risk factors, such as aller-
gens, may be modified by gender. The influence of obesity on 
the development of asthma is greater in women than in men and 
is not influenced by caloric intake or physical activity [119]. One 
paper reported that 18% of adult asthmatic women had negative 
skin-prick tests (IgE < 100 iU/ml) and reported eosinophilia in 
less than 5% of patients, which were characteristics of only 2.3% 
of asthmatic men [16], suggesting different disease mechanisms 
between genders. Interactions have been found between the spe-
cific parental (maternal vs paternal) history of atopy, breastfeed-
ing and sex of the child on the risk of developing asthma and 
atopy [300]. Among high-risk groups in that study, breastfeed-
ing had little effect, whilst among low-risk groups there was a 
significant interaction between gender and breastfeeding.

Expert commentary & five-year view
This review of recent literature was undertaken to determine 
the current state of knowledge of the risk factors involved in 
the development of asthma in order to focus investigations in 
a proposed new longitudinal birth cohort study. The increased 
prevalence of allergy and asthma in children over recent decades 
suggests environmental exposures may be critical. The origins of 
asthma appear to lie in the prenatal and early postnatal period. 
Renewed investigations in this period with long-term close fol-
low up and objective phenotypic characterization are needed to 
understand the role of the multiple putative environmental fac-
tors in asthma. Recent advances in genetics and the emerging 
field of epigenetics should enhance our understanding of gene–
environment interactions that increase susceptibility to asthma, 
as well as the importance of the timing and dose of relevant 
environmental exposures. 

Patterns of development of allergy, airway inflammation and 
lung-function abnormalities that may predict future asthma have 
not been well assessed in early infancy. Environmental risk fac-
tors may interact with one another, and further studies examin-
ing indoor exposures (e.g., allergens, molds, endotoxins, ETS and 
volatile and semivolatile compounds) concomitantly with outdoor 
particulate and gaseous chemical exposures, as well as proximity to 
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sources (e.g., traveling in traffic), are needed to assess the risks and 
the effects of interactions of common environmental factors. 

Measurements that differentiate between the types of airway 
inflammation, such as exhaled NO and exhaled breath-condensate 
markers, may be useful not only to document the type of airway 
inflammation but also to follow its evolution in synchrony with 
immunological and physical lung development. Prenatal factors 
likely play a substantial role in determining adult lung function. 
Poor lung function is associated with increased asthma diagnosis; 
hence, it is difficult to determine whether poor lung growth is 
a risk factor for, or the outcome of, asthma. Until further data 
emerge on the development of lung pathology in asthma, this will 
remain uncertain.

Comprehensive immunological assessments are essential to link 
candidate genetic and environmental influences to molecular cause-
and-effect relationships, and to identify early prognostic markers 
for potential future atopic disease and therapeutic targets for inter-
vention. While adaptive immune responses are clearly important in 
immune deviation, little is understood about the potential impor-
tance of the innate immune reactions involved. This may prove to 
be pivotal, insofar as the innate immune system provides the first 
interface with the microbial world and is central to the initiation of 
an inflammatory allergic reaction. Further investigation is needed 
to explore the effect of diet on the diversity of gut microbiota and 
the resulting immunologic stimulation. 

Whether SES and living circumstances are as relevant to the 
incidence of allergy and asthma as they are to the expression, sever-
ity and management of these diseases, and whether stressful life 
experiences temporally precede biological and behavioral changes, 
remain unclear. Further studies are required to determine whether 
and how these factors prospectively contribute to the development 
and progression of wheezing, allergy and asthma. 

In summary, the effects of a broad range of environmental 
exposures, host factors and genetics in the promotion of specific 
immune and proinflammatory responses and the development 
of clinical allergic diseases and asthma have been explored, but 
much still remains uncertain. Studies that include objective 
measures of chemical and microbial contaminant exposures, 
combined with candidate genetic variation and clearly defined 
health outcomes, are needed to assess interactions between genes, 
the environment and age-of-exposure interactions. It is only after 
determining the factors promoting the development of asthma 
that one can hope to design rational studies of interventions for 
its prevention.
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Key issues

Asthma is a heterogeneous disease with overlapping phenotypes, the differentiation of which is critical to understanding the risk • 
factors and their timing, particularly as environmental risk factors may impact asthma differently in utero, in early infancy and during 
the preschool years.

While many genes have been associated with asthma, and replication has proved difficult, • ORMDL3 is now replicated in multiple 
studies and appears to be specific to childhood asthma, while FLG is associated with atopic asthma, suggesting genetic susceptibility 
may be phenotype specific.

Gene–environment interactions are probably involved in the development of asthma in relation to the impact of animals, endotoxins, • 
environmental tobacco smoke, viruses, daycare, ozone and farm exposures.

Environmental factors may modify the genome in early life (epigenetics) to potentially cause or prolong allergy and asthma.• 

Male children have a higher incidence and greater severity of asthma, and a greater prevalence of atopy; the sex differences reverse • 
during puberty.

Environmental tobacco smoke is a risk factor for wheeze in early life, particularly maternal smoking during pregnancy, and exposure • 
may be particularly detrimental to lung growth in those already disadvantaged due to poor rates of fetal growth. 

Childhood viral infections might be pathogenic for asthma in some children but protective in others, while antibiotic use has been • 
associated with early wheezing and asthma.

Socioeconomic factors, parental stress and family difficulties have been associated with wheezing in infancy and with the onset • 
of asthma.

Abnormal lung function associated with persistent wheezing is evident as young as the age of 3 years, despite normal lung function • 
shortly after birth, suggesting a critical period of risk within the first few years of life.

Nutritional risk factors remain controversial, especially the influence of breastfeeding, while maternal exclusion diets during pregnancy • 
have failed to protect against development of infant atopy. Obesity is now firmly associated with an increased prevalence of asthma. 
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