
The 2015 Global Strategy for Asthma Management and 
Prevention by the Global Initiative for Asthma (GINA) 
defined asthma as a heterogeneous disease characterized 
by chronic airway inflammation and variable remodel-
ling that results in a range of clinical presentations, treat-
ment responses and natural history across the lifecourse 
of the patient1. Asthma involves a history of respiratory 
symptoms — including wheeze, shortness of breath, 
chest tightness and cough — that vary over time and in 
intensity, variable expiratory airflow limitation and air-
way hyper-responsiveness to a range of stimuli, such as 
exercise and inhaled irritants. At the population level, 
a subset of individuals with asthma exhibit an acceler-
ated decline in lung function over their lifetime2, which, 
in severe chronic disease, manifests as fixed airflow 
obstruction. This decline is especially prominent in 
late-onset asthma3. The origin and severity of asthma 
are driven by strong genetic and environmental factors. 
Although most cases of asthma begin in childhood in 
association with IgE-dependent sensitization to common 
environmental allergens4, asthma can also emerge later 
in life. Adult-onset asthma often occurs in the absence 
of allergy but can be accompanied by intolerance to 
NSAIDs, rhinosinusitis and nasal polyps5. Intolerance 
to NSAIDs most likely results from reduced production 

of the anti-bronchoconstrictor p rostaglandin E2 under 
conditions of inflammation.

Asthma is often accompanied by co-morbidities 
including multi-organ allergies, such as allergic rhini-
tis, conjunctivitis, atopic dermatitis and food allergy, 
as well as non-allergic disorders, such as obesity, 
gastro- oesophageal reflux and psychiatric conditions6. 
Asthma is subject to periods of rapid deterioration (or 
exacerbations) that are provoked by viral infection and 
exposure to allergens, air pollutants and certain drugs 
such as aspirin and other NSAIDs7. In addition, cer-
tain types of asthma can enter spontaneous remission 
(that is, patients become symptom-free), such as dur-
ing late childhood and adolescence8, and can respond 
to allergen- specific immunotherapy through the 
a cquisition of i mmunological tolerance9.

In both adults and children, asthma has been tradi-
tionally classified by either symptom severity or the extent 
of disease control achieved using a stepwise manage ment 
process, in which patients are grouped into one of four 
or five categories that are used to determine treatment 
requirements with controller drugs. These drugs include 
inhaled corti costeroids (ICSs), long- acting β2-adrenergic 
receptor agonists (LABAs),  long-acting muscarinic 
antagonists, leukotriene receptor antagonists (LTRAs) 
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Abstract | Asthma is the most common inflammatory disease of the lungs. The prevalence of asthma is 
increasing in many parts of the world that have adopted aspects of the Western lifestyle, and the disease 
poses a substantial global health and economic burden. Asthma involves both the large-conducting and the 
small-conducting airways, and is characterized by a combination of inflammation and structural 
remodelling that might begin in utero. Disease progression occurs in the context of a developmental 
background in which the postnatal acquisition of asthma is strongly linked with allergic sensitization. Most 
asthma cases follow a variable course, involving viral-induced wheezing and allergen sensitization, that is 
associated with various underlying mechanisms (or endotypes) that can differ between individuals. Each set 
of endotypes, in turn, produces specific asthma characteristics that evolve across the lifecourse of the 
patient. Strong genetic and environmental drivers of asthma interconnect through novel epigenetic 
mechanisms that operate prenatally and throughout childhood. Asthma can spontaneously remit or begin 
de novo in adulthood, and the factors that lead to the emergence and regression of asthma, irrespective of 
age, are poorly understood. Nonetheless, there is mounting evidence that supports a primary role for 
structural changes in the airways with asthma acquisition, on which altered innate immune mechanisms 
and microbiota interactions are superimposed. On the basis of the identification of new causative 
pathways, the subphenotyping of asthma across the lifecourse of patients is paving the way for 
more-personalized and precise pathway-specific approaches for the prevention and treatment of asthma, 
creating the real possibility of total prevention and cure for this chronic inflammatory disease. 
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and, for the most severe disease, the IgE-specific mono-
clonal antibody omalizumab1. Although this stepwise 
approach has improved the management of asthma and 
reduced dependency on inhaled short-acting broncho-
dilators (SABAs) for symptom relief, none of these treat-
ments have been shown to alter the natural history of the 
disease10,11. Cluster and other non- hierarchical analyses 
have identified subtypes of asthma associated with dif-
fering causal pathways, natural histories and responses 
to interventions12 (FIG. 1). In this Primer, we discuss the 
epidemiology, origins, pathophysiology, diagnosis and 
treatment of asthma with specific reference to disease 
hetero geneity and stratifi cation according to causal path-
ways, and show how this is shaping a new personalized 
or stratified approach to treatment.

Epidemiology
There are >300 million people in the world who are 
affected by asthma, making it one of the most common 
chronic diseases13. Although the prevalence of asthma 
is greatest in countries with a high gross domestic prod-
uct, the disease is recognized worldwide. In the lowest-
income and most rural countries14, the prevalence of 
asthma tends to be ≤1%, far lower than the 10% usu-
ally seen in developed western countries (FIG. 2). Within 
popu lations of a given gross domestic product, the 
preva lence of asthma follows an urban– rural gradient 
and a weak latitudinal gradient, that is, there is greater 

disease prevalence with greater distance from the equa-
tor and asthma is more common in urban areas14. 
Despite the low prevalence of asthma in low-income 
and middle-income countries, underdiagnosis and mis-
diagnosis together with inadequate treatment in these 
regions leads to considerable, and potentially avoidable, 
disease morbidity and mortality.

The prevalence of asthma has increased in many 
parts of the world over the past few decades, and, until 
recently, asthma prevalence was increasing on a year-
by-year basis in developed western countries (FIG. 2). 
The cause of the epidemic that began in the late 1970s is 
unclear, but the rise in asthma prevalence is consistent 
with a rise in other immune-mediated diseases, such as 
type 1 diabetes mellitus, inflammatory bowel disease and 
multiple sclerosis. Recent epidemiological research has 
focused on changes in maternal diet during pregnancy 
— particularly on the levels of micronutrients such as 
ω-3 fatty acids, folate and vitamin D (the latter two 
modify ing methylation), and hence fetal programming 
— along with the gut and airway microbiota, p rematurity 
and maternal paracetamol use during pregnancy15.

Immunological factors, age and sex all influence the 
development of asthma. The disease is closely linked to 
the presence of immediate hypersensitivity, and 50% 
of children who are diagnosed with asthma by 3 years of 
age and 80% of those diagnosed by the time they are 
6 years of age are atopic — that is, they are genetically 
predisposed to allergic hypersensitivity16. The preva-
lence of wheezing exceeds the prevalence of asthma in 
children up to 6 years of age. This observation suggests 
that factors other than asthma, such as physician diag-
nostic bias and lower respiratory tract infections, can 
drive the onset and persistence of wheezing. Asthma 
is not constant across the lifecourse of the patient, and 
patients can experience periods of remission and the 
onset of new asthma17. Whereas asthma is more com-
mon in boys than girls in early childhood, throughout 
puberty and early adulthood, boys experience asthma 
remission at a higher rate than in girls. In addition, girls 
acquire asthma more often than boys in this age period. 
Consequently, the sex ratio of asthma during childhood 
reverses in adolescence and in young adulthood16,18,19 
(FIG. 3). The reasons for this variability in asthma across 
the lifecourse of the patient are not clear, but evidence 
is mounting in support of a key role for hormones in 
this process. Furthermore, asthma remission during 
adoles cence is associated with lower initial airway hyper-
responsiveness and greater gain in the function of small 
airways compared with asthma that begins after child-
hood18. The reasons for this variability between early-
onset and late-onset asthma are probably complex, 
but differing environmental exposures (exposome) — 
including those that occur in occupational settings — are 
thought to be important20.

The heterogeneity of asthma can pose challenges 
for epidemiological research. Cross-sectional studies 
of asthma can be difficult to interpret given that both 
recall bias and the fact that most patients with asthma 
will have had a varied disease course. As such, at any 
one time, individuals at different stages of their disease 
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Figure 1 | Selected asthma subphenotypes. New subphenotypes and associated 
causal pathways, or endotypes, of asthma are being discovered through the application 
of non-hierarchical statistical analyses of clinical, physiological and laboratory 
characteristics. Figure from REF. 163, Nature Publishing Group.
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and with different pathophysiological mechanisms for 
their asthma might be affected. The exception to this is 
severe asthma, which usually has an onset in early child-
hood, is associated with multi-allergen sensitization21 
and persists across the lifecourse22. In addition, new 
asthma in older adults tends to be more severe from 
the onset than asthma that develops in younger age 
groups23. Finally, asthma might co-occur with chronic 
obstructive pulmonary disease (COPD) to cause asthma 
COPD overlap syndrome1. The prevalence of this 
o verlap is substantial.

Mechanisms/pathophysiology
Pathophysiology
Airway inflammation. Airway inflammation is a prom-
inent feature of asthma (FIG. 4). T2-type inflammation 
occurs in >80% of children and in the majority of adults 
with asthma in association with sensitization to environ-
mental allergens, such as those from dust mites, fungi, 
pets and pollens24–26. This sensitization is often associated 
with other clinical manifestations of atopy such as atopic 
dermatitis (eczema), allergic rhinoconjunctivitis and 
food allergy. The inflammatory infiltrate that accompa-
nies T helper 2 (TH2) lymphocyte responses is mainly 
composed of eosinophils but also includes mast cells, 
basophils, neutrophils, monocytes and macrophages27. 
Cellular activation and release of inflammatory media-
tors in asthma is evidenced by mast cell degranulation 
and eosinophil vacuolation. The majority of mucosal 
mast cells in mild-to-moderate allergic-type asthma 
are of the TH2 cell-dependant tryptase-expressing type 
(MCT)28. In the more intractable forms of asthma, mast 
cells containing both tryptase and chymase (MCTC) pre-
dominate, which are more dependent on stem cell factor 
(also known as KIT ligand) for their survival than are 
MCT cells29,30.

The principal role of T cells in asthmatic airways is 
in controlling the inflammatory cell profile31. Whereas 
the activity of TH2 CD4+ lymphocytes predominate in 
classic allergic-type asthma32, roles for a range of other 

T cells in different asthma subtypes have been described, 
including the association of TH1 cells33 and TH17 cells34 
with neutrophilic asthma (FIG. 5). In eosinophilic aller-
gic asthma35, and potentially non-allergic asthma36, the 
initiation of T2-type immune responses occurs through 
secretion of the epithelial cell-derived cytokines IL-25, 
IL-33 and thymic stromal lymphopoietin (TSLP). These 
cytokines induce a new innate lymphoid subset (nuo-
cytes, a type of group 2 innate lymphoid cells (ILC2s)) 
to produce the T2-type cytokines IL-5, IL-9 and IL-13 
(REF. 37) (FIG. 6).

Allergen sensitization also requires an interaction 
between specialized antigen-presenting airway den-
dritic cells (DCs) and T cells. This mechanism involves 
processing of allergen into small peptides and the selec-
tive major histocompatibility complex (MHC) class II 
presentation of these processed peptides to the T cell 
receptors of naive T cells31 (FIG. 6). Effective allergen 
signalling also requires co-stimulatory interactions 
between DCs and T cells38 that take place in local lym-
phoid collections39, resulting in T cell differentiation 
into TH2-type T cells. These TH2-type T cells secrete 
the pro-allergic cytokines, IL-3, IL-4, IL-5, IL-9, IL-13 
and granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), which in turn leads to the IgE, mast 
cell and eosinophilic responses that are characteristic 
of allergic asthma40 (FIG. 5). Many of the asthma-related 
allergens — such as those from dust mite, cockroach, 
animal and fungal sources — exhibit enzymatic proper-
ties that enable them to penetrate the epithelial barrier 
and directly interact with mucosal DCs41 (FIG. 6). During 
this time, quiescent DCs transform to express an array 
of cell adhesion and co-stimulatory molecules. These 
molecules are recognized by naive T cells, which inter-
act with DCs to create an immunological synapse that 
facilitates allergen presentation42. Whereas a minority of 
allergen-specific TH2 cells migrate to the B cell follicle 
to initiate immuno globulin class switching from IgM to 
IgE43, o thers relocate to the airway mucosa, under the 
influence of chemoattractants, to elicit the T2-type 
inflammatory response and the associated coordinated 
secretion of pro-allergic cytokines44.

Once sensitized, further exposure of the airways to 
allergen results in a mast-cell-driven early-type broncho-
constrictor response (EAR) that lasts for 5–90 minutes 
and involves IgE-dependent release of histamine, prosta-
glandin D2 and the leukotriene C4 (LTC4), which is sub-
sequently converted to LTD4 and LTE4 (REF. 45) (FIG. 5). 
The EAR is followed by a late-phase response (LAR) 
that evolves over 3–12 hours, and is linked to infiltra-
tion and activation of leukocytes (especially eosinophils) 
with further LTC4 generation, TH2 cytokine release 
from mast cells and T cells46 and an increase in airway 
responsive ness47. Although EAR and LAR have been 
studied in humans and animal models to dissect the 
allergic mechanisms of asthma, these two responses are 
not accompanied by the chronic persistent inflammation 
that characterizes most cases of asthma. Consequently, 
EAR and LAR do not provide an adequate mechanistic 
setting within which to investigate exacerbations other 
than those triggered by allergen exposure48.
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Figure 2 | Changing trends in the prevalence of asthma according to gross domestic 
product. The prevalence of asthma has plateaued in recent decades in high-prevalence 
countries, which have a high gross domestic product (GDP). Conversely, there has been 
a steep increase in the prevalence of asthma in low-prevalence and intermediate-
prevalence countries, which have low-ranking and middle-ranking GDPs, respectively. 
These steep increases have occurred alongside acquisition aspects of the western 
lifestyle in these countries254. Reprinted from Bulletin of World Health Organisation, 83, 
Bousquet, J., Bousquet, P. J., Godard, P. & Dyres, J.-P., The public health implications of 
asthma, 548–554, Copyright (2005).
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Although much of the focus in asthma pathophysio-
logy has been on positive drivers of inflammation, the 
defective resolution of inflammation is emerging as a 
mechanism that might also be involved in asthma. The 
failure to adequately downregulate the inflammatory 
response could result in the prolonged survival of mast 
cells and eosinophils as a result of the cytokine milieu 
of the asthmatic airway. In addition, an important new 
paradigm in asthma pathophysiology is the poten-
tial role of lipoxins and resolvins as mediators of the 
endogenous resolution of inflammation. For instance, 
lipoxin A4 can induce apoptosis of eosinophils and 
decrease the activity of ILC2s and natural killer lympho-
cytes, and the p roduction of lipoxin A4 is reduced in 
asthmatic airways49.

Airway remodelling. In asthma, the airway wall thick-
ens in proportion to disease severity and duration50,51. 
This remodelling involves an increase in airway smooth 
muscle, thickening of the subepithelial reticular lamina, 
matrix deposition throughout the airway wall, angio-
genesis, neuronal proliferation and epithelial mucous 
metaplasia — a process that involves the appearance of 
mucous cells in new areas of the airways and increased 
production of mucus (FIG. 4). These events are thought to 
underlie airway hyper-responsiveness, whereas mucus 
forms plugs that can extend into the small airways 
and lead to air trapping and hyperinflation52. In addi-
tion, epithelial goblet cell metaplasia results from the 
actions of IL-4, IL-9 and IL-13, as well as from the secre-
tion of growth factors such as members of the epidermal 
growth factor family, which cause epithelial cell stress 
and injury53.

Epithelial damage results from the separation of 
columnar cells from basal cells. This can be detected by 
staining of sputum from patients with asthma, showing 
detached columnar cells as Creola bodies. Thickening of 
the subepithelial basement membrane is confined to the 
reticular lamina and results from deposition of ‘repair-
type’ collagens I, III, V and VI together with periostin, 
tenascin, osteopontin and fibronectin54–56. Subepithelial 
collagen is produced by a sheath of myofibroblasts that 
lie beneath the epithelium. An epithelial–mesenchymal 
trophic unit, located between the epithelial and smooth 
muscle layers of the airway, is established in response 
to epithelial cell injury57 (FIG. 7). Within the epithelial–
mesenchymal trophic unit, the epithelium is a potent 
source of growth factors, including functionally active 
periostin33, platelet-derived growth factors58, fibro-
blast growth factors and members of the transforming 
growth factor-β (TGFβ) family. In addition, the epithe-
lium is a source of members of the epidermal growth 
factor family59 — which are capable of driving both 
fibrosis and smooth muscle proliferation — as well as 
neurotrophins60 and angiogenic factors, such as vascu-
lar endothelial growth factors61. Together, these growth 
factors promote the neuronal and microvascular prolif-
eration that accompany airway remodelling62. Enhanced 
growth factor production occurs as a direct consequence 
of epithelial injury and delayed repair, and in this respect 
resembles a chronic wound scenario63,64. Finally, migra-
tion of subepithelial microvascular pericytes65 and prolif-
eration of fibroblasts followed by their differentiation into 
myofibroblasts contribute to mucosal fibrosis, m uscle 
hyperplasia54,66 and the reduction in distance between 
airway smooth muscle cells and the epithelium67.

Disease onset
Childhood viral illness and lung function. A key trigger 
for the onset of asthma in children is severe wheezing in 
early life in response to viral infections, especially respir-
atory infection with syncytial virus (RSV) or rhinovirus. 
A second trigger is the emergence and then persistence 
of a T2-type allergic immune response in the airways 
(FIG. 8). In the first 2 years of life, all children become 
infected with RSV and rhinovirus68, so the question is 
not whether infection is a causal factor in the onset of 
asthma, but whether there is an underlying develop-
mental defect of the lungs and/or the innate immune 
system that confers asthma susceptibility.

For instance, an important risk factor for persistent 
asthma is low lung function, and most longitudinal 
cohort studies have found a deficit in lung function 
in children with asthma when lung function was first 
m easured69–71. Lung function is partially influenced by 
genetics, and inherited factors might contribute to low 
lung function in those with asthma72,73. Exposure to 
environ mental toxicants, such as cigarette smoke and 
ambient air pollution during pregnancy, is associ ated 
with reduced lung function at birth74–76 and an increased 
risk of subsequent asthma (FIG. 8). The debate over 
whether early-life infections damage the lungs (viral-
induced effect) or whether such infections unmask vul-
nerable individuals (susceptible host) to cause asthma 
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Figure 3 | Proportions of children and adolescents with asthma in the Isle of 
Wight birth cohort. Bars represent the proportion of either boys or girls at particular 
ages who have asthma, with light-shaded sections representing the proportion of new 
cases that did not carry over from the previous age group (positive transition); the boxes 
between bars indicate the percentage of children who grew out of asthma in the 
intervening years (negative transition or remission). Data from REF. 18.
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has not yet been settled. Severe viral infections that 
require hospitalization, especially infection with adeno-
viruses and RSV, can damage the developing lung and 
lead to recurrent respiratory problems including recur-
rent wheeze in childhood77,78. Longitudinal birth cohort 
studies have shown that wheezing in early life associated 
with rhinovirus infection is a risk factor for both sub-
sequent asthma and lower lung function in childhood 
compared with infants who did not show rhinovirus- 
related wheezing79–81. However, none of these studies 
provide definitive evidence to determine whether these 
postnatal exposures increase the risk for asthma by 
l imiting lung growth during early childhood.

Another key factor in the relationship between viral 
infection and developing asthma is the existence of 
impaired antiviral innate immunity in the airway epi-
thelium. This impairment might include deficiency in 
mounting a robust type 1 (IFNβ) and type 3 (IFNλ) pro-
tective response when confronted by common respir-
atory viruses, such as rhinovirus, RSV, influenza virus, 
coronaviruses and adenoviruses82,83, and will be dis-
cussed in further detail in relation to viral e xacerbations 
of asthma.

Prenatal and postnatal risk factors. Prenatal risk fac-
tors for the development of asthma include ethnicity, 
low socioeconomic status, stress, caesarean section 
and maternal tobacco smoking, whereas postnatal risk 
factors include the levels of endotoxins and allergens 
within the home, viral and bacterial infection, air pollu-
tion, antibiotic use, paracetamol exposure and obesity84. 
For example, prematurity confers a fourfold increase in 
the risk of developing asthma85, representing the larg-
est effect of any known epidemiological risk factor for 
this disease86. In addition, increased airway responsive-
ness is present at birth. Given that this phenotype is 
known to be associated with prematurity and low birth 
weight, this physiological marker of asthma suscepti-
bility is thus present in at-risk babies before any viral 
illness74,85,87. As such, airway responsiveness is an impor-
tant determinant of the response to viral infections early 
in life and of ultimate asthma risk. However, with the 
exception of smoking, the identification of these risk 
factors has failed to translate into implementable public 
health policy.

Microbiota and the ‘hygiene hypothesis’. Epidemiologists 
have also had difficulty in integrating knowledge about 
putative risk factors into a comprehensive theory about 
the developmental origins of the disease and the rela-
tionship of asthma to patient susceptibility to infection. 
One such attempt is the ‘hygiene hypothesis’, which was 
developed almost 25 years ago. This hypothesis posited 
that respiratory infections ‘protected’ against asthma and 
allergies by ‘educating’ the immature infant immune sys-
tem88. However, although the potential protective effect 
of microorganisms on the development of allergy is an 
attractive idea, the mechanisms that underlie the nega-
tive association between microorganisms and allergy 
acquisition have proven to be complex and elusive89. 
Recent interest has focused on vitamin D90 and the 

developing infant gut microbiota91, both of which might 
influence developmental asthma susceptibility and 
immune function through epigenetic mech anisms92,93. 
Evidence that supports a role for the maternal gastro-
intestinal microbiota in asthma development is also 
emerging. The maternal microbiota might affect the 
developing fetal immune system during pregnancy 
and influence respiratory health during infancy94. The 
infant gastrointestinal microbiota develops postnatally 
and is influenced by factors linked to asthma risk, such 
as mode of delivery, infant feeding practices, antibiotic 
exposure and exposure to siblings and pets. Whether the 
infant gastrointestinal microbiota is the ‘missing link’ 
between early-life environmental exposures and asthma 
risk is yet to be determined.

Bacterial pathogens. Along with a potential involve-
ment of the intestinal microbiota in asthma, there is 
also increasing recognition that the presence of micro-
organisms in the respiratory tract, including the upper 
airways, and the way that the immune system responds 
to these, is likely to have an effect on respiratory health95 
(FIG. 8). The presence of bacterial pathogens per se is not 
necessarily associated with disease risk, suggesting that 
an effective mechanism must normally operate to pro-
tect against trans-epithelial invasion in situations where 
local homeostasis is disturbed and barrier function is 
compromised, such as during viral infections. Immune 
recognition of invading bacteria has the potential to play 
such a part. For example, longitudinal cohort studies 
have determined that the development of IgG1 (T1-type 
immunity) and IgE (T2-type immunity) antibodies 
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Figure 4 | Histopathology of the asthmatic airway. Cross 
section of a severe asthmatic airway (right) compared with a 
normal airway (left). Asthma involves mucosal inflammation 
that most frequently consists of activated eosinophils, mast 
cells and T lymphocytes within the context of a remodelled 
airway with mucous metaplasia, an increase in smooth 
muscle (Sm), fibrosis and angiogenesis. Bm, basement 
membrane; Bv, blood vessel; Ep, epithelium. Republished 
with permission of Dove Medical Press, from Clinical update 
on the use of biomarkers of airway inflammation in the 
management of asthma. Wadsworth, S., Sin, D. & 
Dorscheid, D., 4, 2011; permission conveyed through 
Copyright Clearance Center, Inc.
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against bacterial antigens might limit tissue-damaging 
inflammatory responses to bacterial invasion across 
the respiratory epithelium96. These data indicate that 
a delayed postnatal rise in serum titres of IgG1 against 
Haemophilus influenzae and Streptococcus pneumoniae 
in children with a family history of atopy is associated 
with increased risk of sensitization to perennial aero-
allergens and of persistent asthma at 5 years of age97,98. 
In this context, the likely role of specific IgG1 is to 
accelerate phagocytic clearance of microorganisms that 
breach the mucosal barrier, and thus limit potential 
t issue damage99. The presence of potentially patho-
genic bacteria in the lower airways is likely to generate 

a vigorous inflammatory response associated with sub-
stantial lower respiratory symptoms, and might result in 
unbalanced T1-type immunity that increases the risk of 
developing asthma.

T2-type immunity against respiratory mucosal dwell-
ing bacteria such as H. influenzae and S. pneunomiae, 
detectable as bacterial-specific serum IgE, is present in 
teenagers regardless of their atopic status. The strength 
of this immunity is inversely associated with asthma 
risk100. This bacterial-specific IgE is probably a surrogate 
marker for underlying populations of bacterial-specific 
TH2 memory cells that secrete IL-4 and IL-13, which 
are pluripotent cytokines that probably have a role in 
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downregulating bacterial-induced macrophage activa-
tion and thus limiting local tissue damage96. Exaggerated 
and unbalanced T2-type immunity is also probably 
associated with the eosinophilic inflammation and tis-
sue damage observed in chronic asthma. Thus, defi-
ciencies in the normal immune recognition of bacterial 
incursion across the respiratory epithelium, e specially 
at times of respiratory viral infection that spreads to 
the lower airways, probably results in an unbalanced 
immune response that translates into an increased risk 
of s ubsequently developing asthma.

Airway modelling and remodelling. Although histologi-
cal evidence of airway inflammation and modelling (or 
remodelling) in infants and young children with recur-
rent wheeze or asthma is limited, what l ittle evidence 
there is suggests that recurrent wheeze is associated 
with thickening of the epithelial reticular basement 
membrane and T2-type airway inflammation101. These 
changes relate to symptom severity, the need for anti-
asthma medication102 and long-term evidence of air-
way inflammation103. It is noteworthy that thickening 
of the reticular lamina only begins with the onset of 

asthma, and in infants this thickening is not a feature of 
viral wheezing per se104. Perplexing questions are how 
and when the airways smooth muscle bulk increases and 
what is the relationship of these increases to the develop-
ment of inflammation. There is evidence in support of 
the notion that smooth muscle hyperplasia accompanies 
early-onset childhood asthma104. However, studies in 
older children with asthma, cystic fibrosis or non-cystic 
fibrosis bronchiectasis have shown that the increases 
in smooth muscle mass in these children were similar 
to those observed in children without a lung disease105. 
This similarity suggests that a proportion of changes in 
smooth muscle mass might be related to chronic inflam-
mation generally rather than being disease- specific. 
However, the remarkable hyper-responsive behaviour 
of asthmatic smooth muscle does suggest that there 
are highly specific changes in morphology linked with 
muscle function, such as an increase in the expression of 
oxidant pathways that changes the behaviour of muscle 
fibre contractility106. Recent data from challenge tests 
in adults with atopic asthma indicate that broncho-
constriction per se, regardless of the mechanism indu-
cing it, increases the secretion of pro-fibrotic cytokines 
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and the deposition of subepithelial collagen107. Thus, 
in addition to chronic inflammation and responses to 
tissue injury, altered mechanotransduction might be a 
further cause of airway wall remodelling. In this setting, 
remodelling might be promoted by induction of f actors 
in the epithelium such as resistin-like-β (RELMβ), 
which accentuates collagen deposition108, members of 
the plasmino gen activator system and chitinase-3-like 
protein 1 (CHI3L1; also known as YKL40)109,110.

Disease chronicity and exacerbations
Through a continuing cycle of epithelial injury and 
repair, chronic inflammation and airway remodel-
ling occur in parallel to create the disease chronicity 
that is characteristic of asthma57,111. Superimposed on 
this chronicity is the acute worsening of asthma (also 
termed asthma exacerbation), which is most often 
driven by common respiratory viruses, allergen expo-
sure and air pollutants. One possible explanation for 
why the asthmatic airways are so susceptible to usually 
innocuous viruses such as rhinovirus is that the epi-
thelium, which undergoes repeated damage and repair, 
also exhibits an impaired innate immune response that 
involves a reduced capacity for induction of the protec-
tive interferons IFNβ and IFNλ in response to viruses. 

This defect is linked to the chronic wound status of 
the epithelium112, and inhaled IFNβ has recently been 
shown to attenuate viral exacerbations in moderate- 
to-severe asthma by restoring defective antiviral 
innate immunity113.

Remission of asthma
Up to one-third of children with asthma become disease 
free in young adulthood, with boys outgrowing asthma 
more frequently than girls18,19,114 (FIG. 3). Up to one-third 
of those who become asthma-free as young adults remain 
in remission throughout their adult life — that is, they 
remain symptom-free and have normal lung function 
in the absence of medication use. However, given that 
some evidence of airway inflammation remains in these 
individuals, it is debatable whether their lack of obvi-
ous symptoms indicates complete recovery as opposed 
to signifying clinical remission only18,115. Sensitization to 
small-particle allergens from animals with fur, especially 
from cats, is a risk factor for the persistence of asthma 
into adulthood. These allergens, such as major allergen I 
polypeptide chain 1 (allergen Fel dI) found in the saliva 
of cats116, can penetrate the small airways.

Complete remission from asthma (cure) can also 
occur, but in this case, airway hyper-responsiveness 
also resolves117–119. Although complete remission of 
asthma is accompanied by the normalization of lung 
function, which is usually measured by spirometry as 
forced expiratory volume in 1 second (FEV1), the small 
airways, which are known to contribute to asthma, have 
not been well studied in this context. In addition, bron-
chial biopsy studies have revealed that airway remodel-
ling, defined by thickening of the reticular lamina of 
the epithelial basement membrane, persists in adults 
who experience complete remission of asthma, and 
these individuals also show some residual increase in 
the n umber of eosinophils compared with those who 
do not have asthma. However, the function of these 
residual eosinophils is important to note. In contrast to 
the eosinophils of patients with asthma, those present in 
individuals in complete remission are neither ‘activated’ 
nor are they easily attracted to the airway lumen in the 
absence of ICSs or by indirect stimuli such as inhaled 
adenosine120. These differences indicate that eosinophil 
activation and associated mediator secretion, rather than 
the mere presence of these inflammatory cells, is linked 
to the p ersistence of asthma.

Diagnosis, screening and prevention
Risk factors
Environmental allergens. Children sensitized to aero-
allergens early in childhood are more likely than their 
non-sensitized peers to experience persistent asthma 
later in life. In addition, seasonal allergic rhinitis and 
exposure to indoor allergens are associated with asthma 
development, severity and morbidity121. In particular, 
the relationship between asthma and exposure to dust 
mites is especially strong121–123, with >50% of children 
and adolescents with asthma sensitized to dust mites, 
whereas generally <20% of children without asthma are 
sensitized to dust mites.
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Consequently, to prevent asthma onset, allergen 
avoidance is strongly recommended in cases of exist-
ing respiratory allergies. However, the role of allergen 
avoidance in preventing allergic asthma is poor, unless 
it is undertaken as part of a complex and multifaceted 
prevention effort124,125. The disappointing outcomes of 
indoor allergen reduction programmes either in preg-
nancy and early life (referred to as primary preven-
tion) or once asthma is established (termed second ary 
prevention) are difficult to explain126–128. One potential 
reason for the failure of such efforts is that they might 
have simultaneously reduced exposure to protect-
ive factors, such as microbial products, which shape 
innate immunity by interacting with pattern recogni-
tion receptors, such as Toll-like receptors129. Indeed, 
microbial products present in indoor environments 
are protective against allergen sensitization if exposure 
occurs prenatally or in the first few years of life130,131. 
The mechanisms that underlie this protection might 
involve altered signalling through Toll-like receptors 
in the p lacenta and i nduction of tolerogenic regulatory 
T (TReg) cells in infants89,132.

Viral infection. Childhood viral infections, especially 
with rhinovirus and RSV, are associated with the 
develop ment of asthma (FIG. 8) and are the most com-
mon cause of asthma exacerbations (FIG. 9). RSV is 
a major cause of bronchiolitis in the first year of life 
and an independent predictor of recurrent wheeze and 
early-childhood asthma133. With the advent of modern 

diagnostic technologies, rhinovirus-induced wheez-
ing has also been recognized as a potential predictor 
of asthma development134. Several longitudinal and 
birth-cohort studies provide evidence that respira-
tory viral infections, particularly with rhinovirus that 
led to wheezing events during the first 3 years of life, 
are strong predictors of later asthma development80,81. 
A relative lack of production of type 1 and type 3 
interferons together with the release of the T2-type 
alarmin cytokines TSLP, IL-25 and IL-33 by the airway 
epithelium provides a link between epithelial injury, 
enhanced allergen sensitization and the acquisition of 
asthma82,83,135 (FIG. 6). Initiation of asthma also involves 
preferential expression of susceptibility genes in differ-
ent regions of the airway. These genes include proto-
cadherin 1 (PCDH1) and cadherin 3 (CDH3), which are 
preferentially expressed in the airway epithelium136,137, 
and genes that are preferentially expressed in airway 
mesenchymal cells including ADAM33 (which encodes 
disintegrin and m etalloproteinase domain-containin g 
protein 33) (REF. 138).

Air pollution. Indoor and outdoor air pollution, which 
have increased alongside urbanization and popula-
tion growth, are important contributing factors to the 
development and exacerbation of asthma, particularly 
in the developing world139,140 (FIG. 9). The pollutants 
implicated in asthma are nitrogen dioxide, ozone, vola-
tile organic compounds, particulate matter (PM10 and 
PM2.5) and traffic-related air pollution, which contains 
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fresh vehicle exhaust pollutants and non-combustion-
derived particles. These pollutants induce oxidative 
stress and epithelial damage to initiate or augment air-
way inflammation141,142 and reduce inhibitory TReg func-
tion143. Although controversial, such pathways are being 
linked to the initiation of asthma in those who other-
wise would not experience the disease, as all of these 
pathways could contribute to enhanced respiratory 
sensitization to aeroallergens144 and increased airway 
hyper-responsiveness and remodelling145. It has even 
been suggested that prenatal exposure to pollutants 
might contribute to postnatal asthma146. One possible 
mechanism in which pollutants could induce asthma 
involves interaction with genetic risk factors such as 
polymorphisms in antioxidant genes, for instance in 
those that encode various glutathione S-transferases, 
and in the TNF promoter147. In addition, pollutants 
might influence gene function through epigenetic path-
ways by affecting promoter methylation and histone 
acetylation status148.

Tobacco smoke. Exposure to tobacco smoke, which 
comprises a complex mixture of many volatile organic 
compounds and nitrogen dioxide, is an independent risk 
factor for the development of asthma149,150 and acts, in 
part, by augmenting T2-type responses151 (FIG. 9). Even 
grandmaternal smoking during pregnancy increases the 
risk for asthma for the second generation152, thereby fur-
ther incriminating intrauterine epigenetic mechanisms 
in asthma causation.

Obesity. Obesity during childhood is strongly associ-
ated with the incidence and severity of asthma153, and 
maternal obesity and high gestational weight gain are 
associated with an increased risk of childhood asthma, 
especially in non-asthmatic mothers154 (FIG. 9). A combi-
nation of mechanical factors and shared causal meta-
bolic, hormonal and low-grade inflammatory pathways 
might help explain these associations. For instance, the 
obesity-associated chronic inflammatory response is 
defined by increased levels of inflammatory cytokines, 

such as TNF, IL-1 and IL-6, produced by macrophages 
and adipokines, such as leptin, chemerin and adipo-
nectin, produced by adipocytes that inhibit cell prolifer-
ation and cause tissue damage. Leptin is a sentinel 
mediator of differentiation of lipofibroblasts and controls 
pulmonary surfactant synthesis in fetal lungs155. In mice, 
leptin infusion enhances airway hyper-responsiveness, 
increases the levels of IgE following allergen challenge156 
and increases airway levels of IL-6 (REF. 157). A low-grade 
maternal inflammatory response with increased levels 
of leptin also contributes to postnatal risk of asthma158. 
However, the exact mechanism l inking obesity and 
asthma still remains to be fully clarified.

Diagnosis
Asthma is among the most common chronic diseases in 
the developed and developing world, but its diagnosis 
can be difficult. Although symptoms including wheeze, 
chest tightness and shortness of breath are often consid-
ered essential features of asthma in humans, the adage 
‘all that is asthma does not wheeze and all that wheezes 
is not asthma’ holds true. Epidemiological studies that 
rely on ‘doctor diagnosis’ of asthma overestimate the 
true disease prevalence owing to mis classification159. 
A diagnosis of asthma usually begins when a child or 
adult presents with a range of spontaneous respira-
tory symptoms including recurrent cough and noc-
turnal awakening, along with symptoms triggered by 
external stimuli, such as allergens, viral infections, 
exercise and cold air. In adults, a history of asthma or 
recurrent ‘bronchitic episodes’ in childhood holds an 
important clue to diagnosis. However, a diagnosis of 
asthma should not be made on clinical characteristics 
alone. The definition of asthma requires a combination 
of appropriate clinical symptoms in association with 
documented reversible airflow limitation and/or airway 
hyper-responsiveness160. Although reversibility of air-
way obstruction and hyper-responsiveness are consid-
ered hallmarks of asthma, the sensitivity and specificity 
of the diagnositic criteria to identify these symptoms are 
poorly defined. Guidelines have added the important 
extra dimension of airway inflammation to the diagno-
sis of asthma, which is measured by eosinophil counts 
in sputum or blood and/or increased fractional exhaled 
nitric oxide (FeNO)161,162.

Physiologically determined abnormalities, such as 
reduced spirometry, are also of value in establishing 
an asthma diagnosis early in the course of the condi-
tion. Patients should be tested on a spirometer that is 
equipped with population normal values and, ideally, 
one that generates a flow-volume loop that can be evalu-
ated for both inspiratory and expiratory effort. FEV1, 
forced vital capacity (FVC) and the FEV1/FVC ratio 
should be reported alongside reversibility of lung func-
tion with an inhaled SABA. Symptomatic asthma is often 
associated with a predicted FEV1 of <80% and an age-
adjusted FEV1/FVC of <75%. Testing should be repeated 
after inhalation of a SABA to establish reversibility of 
airway obstruction, a hallmark of asthma, although as 
noted, both bronchodilator reversibility and peak expir-
atory flow (PEF) variability have poor sensitivity and 
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specificity for the diagnosis of asthma. By convention, a 
diagnosis of asthma requires at least a 12% improvement 
in FEV1 over baseline and a total improvement of at least 
200 ml. As asthma is frequently highly variable, normal 
spirometry results do not exclude the disease. Additional 
diagnostic aids include repeat testing over time and 
diurnal PEF monitoring using a portable PEF meter. If 
spirometry results remain normal, bronchial provocation 
testing with inhaled methacholine or manni tol should 
be considered to establish if airway hyper-responsive-
ness exists as another characteristic feature of asthma, 
although some variability in responses can be seen. To 
perform this test, the patient inhales increasing concen-
trations of the challenge substance until there is a ≥20% 
fall in the FEV1 from the saline control value. Each chal-
lenge agent has a threshold concentration for the fall that 
identifies asthma. Exercise testing or, as an alternative, 
eucapnic hyperventilation, which mimics the volume 
of air exchanged during exercise, is another method for 
uncovering hyper-responsiveness and is especially useful 
in diagnosing asthma in children.

The documentation of asthma-related airway inflam-
mation is an important recent development in asthma 
diagnosis and is especially useful for ruling out asthma, 
as many diseases can produce asthma-like symptoms 
and provide positive results in the tests described above. 
Recent UK National Institute for Health and Care 
Excellence (NICE) guidelines for asthma diagnosis 
highlighted an urgent need to mainstream the use of 
inflammatory biomarkers, such as FeNO and sputum 
eosinophil counts, for reliable diagnosis of T2-type 
asthma162 (FIG. 10). If diagnosis is still questionable, then 

a practical approach is to treat the patient with medi-
cations that are appropriate to their level of severity 
defined by national or international asthma guidelines. 
If the patient’s symptoms become markedly better in 
response to this treatment, then asthma is the likely 
cause. Possible other causes of wheezing and asthma-
like symptoms should always be considered in the face 
of a poor response to a trial of treatment, and can include 
COPD, upper airway obstruction and laryngospasm in 
adults and viral-associated infection in children.

Biomarkers
Many different ‘subphenotypes’ of asthma with differ-
ing characteristics are becoming increasingly recog-
nized163 (FIG. 1). In terms of disease classification, perhaps 
the most important distinction to make is whether the 
patient has evidence of an eosinophilic T2-type inflam-
matory process. This is important for disease manage-
ment, as evidence is emerging that responses to ICSs 
and biologic therapies that target IgE, the IL-4–IL-13 
pathway and IL-5 are all greater in patients with evi-
dence of T2-type inflammation than in patients 
without evidence of T2-type inflammation32,164,165. 
A characteristic feature of this immune activation pro-
file is the appearance of eosinophils in the blood and 
induced sputum as well as increased FeNO. ICS treat-
ment monitored by sputum eosinophil testing is highly 
effective166,167, and both sputum and blood eosinophil 
counts are being used to effectively identify patients 
who might be responsive to biologic therapies that tar-
get IL-4, IL-13 and IL-5 (REFS 168,169). Measurement of 
sputum and blood e osinophilia is, unfortunately, not 
widely implemented162.

Nitric oxide produced by inducible nitric oxide syn-
thase in the bronchial epithelium increases in response 
to IL-4 and IL-13, is a marker for T2-type inflamma-
tion and is highly corticosteroid sensitive170,171. Although 
measurement of the FeNO requires a specific analyser, 
the test itself is easy to perform, is reproducible and can 
be measured as a point-of-care biomarker with instant 
results. Elevated FeNO increases the likelihood of an 
asthma diagnosis involving T2-type inflammation and 
can be used as a predictor of and to follow therapeutic 
responses to biologics that are targeted at IgE, the IL-4 
receptor, IL-13 and IL-5 (REFS 172–174) (FIG. 10).

Expression of periostin, an extracellular matrix pro-
tein, is induced by IL-4 and IL-13 in airway epithelial 
cells and lung fibroblasts175, and periostin is secreted as a 
soluble peptide from the basolateral surface from which 
it gains access to the circulation176. Periostin functions as 
a ligand for αVβ3 and αVβ5 integrins to promote adhesion 
and migration of epithelial cells and aids in the crosslink-
age of submucosal collagen177. As a T2-type immunity 
biomarker, reduced serum levels of periostin predict 
the clinical efficacy of biologics targeting the IL-4–IL-13 
pathway and discriminate patients with high numbers of 
eosinophils in their airways178,179. As a high p roportion 
of patients expressing T2-type airway inflamma-
tion are atopic, assessment of allergen-specific IgE in 
the serum provides information on patient-specific 
allergic triggers180.
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Perhaps the most crucial use of these biomarkers will 
be to identify various molecular phenotypes of asthma, 
in particular severe asthma, where biologic agents are 
likely to be targeted. To date, the biomarkers identified 
are all linked to T2-type inflammatory phenotypes, 
which might either predict or be responsive to these 
T2-type-targeted therapies. Blood eosinophil counts 
of ~150 per microlitre seem to both predict responses 
to IL-5-targeted therapies and fall in response to these 
treatments181. At present, it is unclear which biomarker 
will best predict response to IL-4–IL-13 pathway- 
targeted therapies, as all have shown some predictive 
ability. However, for IL-4–IL-13 pathway-targeted thera-
pies, whereas blood eosinophil counts predict response, 
these counts do not decline in response to therapy164,173. 
It remains unclear whether any current biomarker, alone 
or in combination with a second or third biomarker, will 
identify patients who respond better to IL-5-specific as 
compared with IL-4–IL-13 pathway-specific or IgE-
specific approaches. These biomarkers are linked closely 
to disease pathways, with less relation to treatment 
responses. As such, their inhibition by specific targeted 
biologic approaches and use to produce improved clini-
cally meaningful outcomes might eventually translate 
what are currently molecular phenotypes into endotypes 
— which are definitively defined biological processes 
that underlie particular subgroups of the disease.

Most recently, a cross-sectional study of patients with 
asthma of varying severity and endobronchial tissue 
gene expression analysis has revealed three major patient 
clusters: TH2-high, TH17-high, and TH2/TH17-low182. In 
individual patient samples, TH2-high and TH17-high pat-
terns were mutually exclusive and their gene signatures 
were inversely correlated and differentially regulated by 
IL-13 and IL-17A. In a mouse model of allergen-induced 
lung inflammation, IL-4–IL-13 blockade caused an 
increase in TH17 cells and neutrophilic inflammation, 
whereas neutralization of IL-13 and IL-17 protected 
mice from eosinophilia, mucus metaplasia and airway 
hyper-responsiveness as well as causing an attenuation 
of neutrophilic inflammation. The authors conclude that 
combination therapy targeting both pathways may maxi-
mize therapeutic efficacy across a patient p opulation 
comprising both TH2 and TH17 endotypes.

A crucial question is whether intervening on selective 
pathways prevents or reverses airway wall remodelling to 
influence the natural history of asthma. Although there 
is very limited evidence in support of the notion that 
anti-asthma therapy influences remodelling processes, 
a recent report showing that IgE blockade with omali-
zumab downregulates bronchial smooth muscle pro-
teins in severe asthma provides justification for some 
o ptimism in the use of targeted biologics183.

Prevention
Allergen avoidance. Although prevention of asthma, 
especially asthma associated with allergy, should be 
straightforward it has in fact proven difficult. Specific 
allergen avoidance and strategies with the aim to reduce 
asthma have produced disappointing results. This out-
come could be taken to mean that allergic sensitization 

does not contribute to asthma, or it might also signify 
that the process of allergic sensitization in general, 
rather than sensitization to a specific allergen, is key to 
disease expression. For example, comprehensive (multi-
faceted) allergen avoidance that includes breastfeeding 
while the mother is on a low allergen diet or given an 
extensively hydrolysed formula in conjunction with 
dust mite reduction strategies in the first year of life 
seems to be most effective in preventing asthma onset 
in individuals who are genetically at risk of asthma, with 
protection extending to 18 years of age124. However, as 
this study was single-blinded in design, more stud-
ies are needed to confirm the benefits of multifaceted 
allergen avoidance.

Dietary measures. Breastfeeding is one of the best-
studied asthma prevention measures. Whereas initial 
studies have provided some evidence for a reduction of 
the incidence of both allergy and childhood asthma184,185 
as a result of breastfeeding, these findings have recently 
been challenged186,187. Nonetheless, on the basis of the 
overwhelming general health benefits of breastfeeding, 
many guidelines still recommend exclusive breastfeed-
ing during the first months of life188,189. Vitamin D levels 
might also influence asthma. A large trial aimed at test-
ing whether vitamin D supplementation for pregnant 
women prevents their children from developing asthma 
has recently concluded, but its results are yet to be 
reported190. Finally, dietary supplementation with fish oil 
— an important source of long-chain poly unsaturated 
fatty acids — has received attention on account of the 
immune-modulatory activities of the altered and less-
active eicosanoid derivatives that are metabolically pro-
duced instead of those derived from arachidonic acid. 
However, despite the theoretical advantages of fish oil 
supplementation, attempts to use fish oil to prevent 
asthma have been unsuccessful191,192.

Exposure to microorganisms. Microbial exposures 
have an essential role in priming immune responses, 
particularly early in life. Sources of exposure include 
certain allergy-protective and asthma-protective life-
style conditions, such as traditional farms that contain 
environmental microorganisms — for example, high 
levels of Gram-positive and Gram-negative bacteria 
and of fungi193 — and biodiverse environments found, 
for example, in rural areas. By contrast, urbanization is 
associated with both low biodiversity and an increase in 
the prevalence of asthma. Although epidemiological and 
experimental studies strongly support the concept that a 
decrease in exposure to diverse microorganisms causes 
increases in asthma prevalence89,132, this now needs to 
be translated into a clinical application for asthma pre-
vention. Interventions that have aroused recent interest 
are the use of probiotics, which are live bacteria found 
in foods such as yoghurt or taken as supplements, and 
prebiotics, which are specialized plant fibres that pro-
mote the growth of ‘good bacteria’ already resident in 
the colon, especially in those living in rural environ-
ments with livestock farming. There have been a range of 
studies in which the gut microbiota has been changed by 
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probiotics or prebiotics. For instance, prenatal and post-
natal administration of certain probiotics decreases the 
risk of allergen sensitization194. However, although there 
have been claims there are some benefits of using pro-
biotics to prevent atopic dermatitis195, results in asthma 
prevention have so far been disappointing196,197.

Finally, prevention strategies that can address other 
asthma risk factors include avoidance of active and pas-
sive tobacco smoke exposure, interventions that target 
obesity and achievement of a balanced diet comprising 
adequate micronutrients such as vitamin D. However, 
for these strategies to have their greatest effect, major 
public health measures that begin early in life and run 
as lifelong programmes are needed198.

Management
Over the past decade, understanding of asthma has 
changed considerably, with better insights into its 
hetero geneity. Consequently, treatment has changed 
from being based on a ‘one-size-fits-all’ model to a more 
patient-centred or personalized approach199. Central to 
this development is supported self-management and 
provision of an individualized written asthma action 
plan, referred to in guidelines as the co-management 
of asthma200. This approach ensures that interventions 
are tailored to the needs of patients, such as prioritizing 
minimal absences from school and work, creation of a 
supportive partnership with their doctor, family support 
and use of the appropriate drug regimen and inhaler 
devices. Such co-management plans should provide the 
best quality of life (QOL) through minimizing disease 
symptoms and abolishing disease exacerbations201. As 
far as is possible, drug treatment should only be initi-
ated after removal of the stimuli known to exacerbate 
the disease (BOX 1).

This management situation becomes more complex 
in children, especially in those <5 years of age, as many 
children who present with asthma symptoms have one 
of the various wheezing syndromes that, compared with 
asthma, are less likely to persist into adult life and do 
not require treatment with ICSs202. Unfortunately, the 
clinician has few tools available to determine which 
children are likely to have or develop persistent asthma 
and t herefore benefit from early treatment.

In adults, GINA guidelines, which were updated 
in 2015, have provided sound recommendations to 
be used worldwide1,203. However, health services and 
treatment facilities, including the availability of drugs, 
differ between countries, and these disparities need to 
be taken into account when constructing action plans 
for asthma204.

Adults
Standard asthma treatment. Asthma guidelines such 
as those provided by GINA1, the US National Asthma 
Education and Prevention Program205 and the British 
Thoracic Society206 classify asthma by severity and 
extent of disease control. This classification is done in 
4 or 5 steps that are used to assess the use of control-
ler drugs, such as inhaled ICSs, LABAs, LTRAs and, for 
the most severe disease, the IgE-specific monoclonal 

antibody omalizumab (FIG. 11). By starting ICSs as early 
as step 1 of the management plan and scaling controller 
therapy up in a stepwise manner, dependency on inhaled 
SABAs for symptom relief has been reduced, exacer-
bations prevented, asthma-related mortality reduced and 
QOL improved in the majority of patients with asthma. 
Combination ICS–LABA therapy in moderate-to-severe 
asthma has achieved considerable success, as has omali-
zumab in severe allergic asthma. Moreover, maintenance 
and rescue therapy with the combination of ICS and the 
rapidly acting LABA formoterol has shown beneficial 
effects when used as maintenance and reliever treatment 
in adult patients with asthma207. In those patients who 
remain symptomatic despite taking an ICS–LABA com-
bination, adding a long-acting anti-muscarinic antago-
nist is beneficial208. Inhaled drugs are most frequently 
used on demand or twice daily. Novel ultra-long-acting 
bronchodilators have been developed to be used once 
daily209 but their effectiveness is yet to be fully evaluated.

Despite the availability of a wide range of controller 
and reliever therapies, uncontrolled asthma remains a 
challenge. This problem reflects the need for new thera-
peutic options, especially as the number of deaths due to 
asthma has been reduced drastically since the introduc-
tion of anti-inflammatory treatments but, importantly, 
significant asthma-related mortality persists. FIGURE 12 
shows that treatment should be based on both current 
control of a patient’s asthma and reduction of future 
asthma risk. A recent meta-analysis compared methods 
for preventing severe disease exacerbations210 and found 
that, for this purpose, both combined maintenance and 
reliever treatment and combined fixed-dose treatment 
with ICSs and a LABA performed equally well and 
were ranked first for effectiveness. All other treatment 
strategies that used ICSs with another agent, whether 
by single or separate inhalers, tended to perform better 

Box 1 | Asthma triggers

Wherever possible, avoidance of triggers should be part 
of every patient’s written asthma action plan. Common 
triggers include253:

Inflammatory factors
• Allergens

• Respiratory infections

• Work

Irritants
• Exercise

• Cold air

• Temperature change

• Strong odours

• Stress and emotions

Others
• Tobacco

• Medication

• Food additives

• Pollutants

• Gastric reflux
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than low-dose ICSs, but the difference failed to achieve 
significance. In patients sensitized to a single allergen, 
for instance allergen Fel dI from cats or pectate lyase 1 
(also known as antigen Amb a I) from ragweed, sub-
cutaneous allergen immunotherapy is an option211. The 
effect of sublingual immunotherapy on asthma is still 
being evaluated212.

Before deciding whether to start a new treatment or 
change treatment, health practitioners should reconsider 
whether there are any factors that are modifiable. These 
include incorrect use of an inhaler, which needs repeat 
instruction especially in cases of uncontrolled asthma, 
active smoking or passive smoke exposure, obesity, rhi-
nitis, sinusitis, diabetes mellitus, gastro-oesophageal 
reflux, anxiety and depression, low vitamin D status, 
limi ted language proficiency, absence of specialty 
care, lack of an asthma action plan and lack of self- 
management education. Special consideration also needs 
to be given to managing asthma in pregnancy213.

Improvement in the treatment of asthma in adults 
requires that, in the future, study designs take into 
account a range of considerations. For example, they 
need to ensure that their findings have applicability for 
various settings and patient populations and that they 
have a patient-centred focus, such as that taken in prag-
matic comparative effectiveness studies214. Nonetheless, 
although there is an ongoing need for further research 
in some areas, the evidence base in support of patient-
centred and co-management approaches to asthma 
is strong215.

Novel therapeutic approaches. Cluster analyses have 
identified subtypes of asthma, one of which is severe 
asthma that is unresponsive to ICS and oral cortico-
steroid treatment12,23,216. Despite extensive research, the 
underlying pathobiology of severe asthma has not been 
established. Nonetheless the aetiology of severe asthma is 
likely to be heterogeneous rather than based on a single 
unifying process (FIG. 1). As a result of increased aware-
ness of this heterogeneity, the identification of appro-
priate biomarkers in individual patients with asthma is 
becoming crucial in guiding the use of therapies that 
target the specific causative pathways or endotypes of 
asthma217–220. Individual T2-type cytokine biologics that 
target the IL-4–IL-13, IL-5 and TSLP pathways and IgE 
itself are promising treatment options for severe disease, 
especially when used with biomarkers such as sputum 
and blood eosinophil numbers, FeNO, serum periostin 
levels and total IgE levels to differentiate ‘responders’ 
from ‘non-responders’. Blockade of a single pathway has 
clear clinical benefits and few associated adverse effects. 
However, whereas this strategy leads to improvement in 
some asthma outcomes, such as a reduction in asthma 
exacerbations produced with IL-5-specific therapy, out-
comes for other measures, such as lung function and 
hyper-responsiveness, are less favourable. As a result, 
single pathway blockade has only partial efficacy169. 
Additional research is needed to define how such agents 
should be used in a stratified or personalized approach to 
management. The same is true for pharmaco genomics, 
in which single-nucleotide polymorphisms in genes 
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contribute to treatment responsiveness. The propor-
tion of phenotypic variability accounted for by genetic 
variation (heritability) is estimated to be 28.5% for bron-
chodilator responsiveness and 50% for lung function221. 
For example, the Arg16 allele of the gene encoding the 
β2-adrenergic receptor has been shown to associate with 
worsening of asthma when children with the disease 
receive continuous SABA or LABA monotherapy222,223. 
This and other variants of the β2-adrenergic receptor have 
different effects on the disease in different ethnic popula-
tions224. Polymorphisms also influence responsiveness to 
ICSs and LTRAs and deserve further study225.

Bronchial thermoplasty, delivered by the Alair™ 
System, is a treatment for severe asthma that was 
approved by the US FDA in 2010. This treatment involves 
the delivery of controlled, therapeutic radio frequency 
energy to the airway wall to heat the tissue and thereby 
reduce the amount of smooth muscle in the airway 
wall226. This procedure causes epithelial injury followed 
by regeneration of the epithelium, blood vessels, mucosa 
and nerves but not airway smooth muscle227,228. Indeed, 
there is preliminary evidence that this procedure is able 
to reduce airway smooth muscle mass in patients with 
severe asthma228. Although bronchial thermoplasty is 
an exciting development for managing some types of 
severe asthma, its place in management guidelines is still 
being evaluated229,230.

Children
Although early treatment reduces asthma symptoms in 
those at high risk of developing persistent asthma, there 
is no evidence that early treatment decreases the risk of 
subsequent asthma or alters its natural history10,11,202,231,232. 
In addition, with the exceptions of treatment with omali-
zumab for children >12 years of age who have severe 
atopic asthma that is not controlled by maximal conven-
tional therapy233 and treatment with oral montelukast 
(a cysteinyl LTRA) for exercise-induced asthma234, so far, 
there is little evidence that ‘phenotype-specific’ therapy is 
helpful in children235. Treatment of asthma in school-aged 
children is perhaps the most straightforward, with most 
patients responding to simple first-line therapy that forms 
the basis of most asthma management plans. If first-
line therapy is not successful, there is no single ‘best’ 
add-on therapy for all children. Thus, if the first add-on 
is not sufficient, it should be stopped and an a lternative 
therapy of a different drug class tried in its place236.

The diagnosis and treatment of asthma in infants and 
preschool-aged children is much more problematic than 
it is for older children. As outlined earlier, although most 
severe childhood asthma starts early in life, the major-
ity of infants and young children who have wheezing 
episodes do not progress to persistent asthma237. A fur-
ther problem arises with the apparent lack of clinical 
or physiological response to bronchodilators in infants 
and young children with established asthma-related risk 
factors that predict long-term outcomes238. The aim of 
asthma management at all ages is to achieve good clini-
cal control for as long as possible. Young children with 
persistent symptoms should be managed in a similar 
manner to that of older children with persistent symp-
toms. As pointed out in the GINA guidelines, for children 
≤5 years of age1,169, a combination of increased daytime 
cough, daytime wheeze and night-time use of an inhaled 
SABA is a strong predictor of acute exacerbations in 
these children. Inhaled medications are the cornerstone 
of asthma management in younger children; however, 
substantial importance must be placed on the ability of 
the child to use the inhalation device. The use of ICSs as 
first-line management for children with persistent symp-
toms is supported by placebo-controlled clinical trials239. 
In contrast with adults, there is no evidence for the use of 
combination ICS–LABA therapy in this age group, with 
the GINA guidelines specifically advising against this in 
children ≤5 years of age.

The treatment of intermittent, usually viral-induced, 
symptoms in young children is more controversial. 
As discussed earlier, the use of ICSs or the LTRA mon-
telukast as maintenance therapy does not reduce the 
frequency of acute intermittent symptoms in young chil-
dren. Montelukast but not ICSs169,239,240 or oral cortico-
steroids241 given as a short-course treatment at the onset 
of symptoms can reduce the severity and duration of 
asthma symptoms, but do not reduce the need for addi-
tional medication or hospitalization. There is no justifi-
cation for using a LTRA in infants169,242. Many young 
children can be treated with SABAs alone to relieve 
symptoms provided that symptoms are troublesom e 
enough to warrant any treatment.

Quality of life
For the vast majority of patients with asthma, life 
expectancy should not differ from the general popu-
lation. Thus, treatment of asthma is primarily focused 
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on improving the day-to-day symptoms of the patient, 
preventing exacerbations and generally improving their 
QOL (FIG. 12). Indeed, GINA1 identifies asthma control 
as the main outcome of asthma management. Asthma 
control incorporates level of symptoms, number and 
severity of exacerbations, as well as lung function. The 
effect of these factors on patients’ activities and daily liv-
ing is generally referred to as a patient’s QOL. To address 
this more holistic approach, patient-reported outcome 
measures (PROMs; defined in BOX 2) are becoming more 
attractive in the assessment of treatment success. These 
are typically short, self-completed questionnaires, most 
commonly used to measure the health status or health-
related QOL of a patient before and after an interven-
tion. The concept that PROMs are necessary to assess 
the impact of asthma treatment has contributed to their 
increasing use in clinical practice243,244. The PROMs gen-
erally used for the assessment of asthma are the asthma 
QOL questionnaire (AQLQ), the paediatric version of 
the AQLQ (PAQLQ), the Asthma Control Test (ACT) 
and the Asthma Control Questionnaire (ACQ)245. The 
ACT and ACQ focus on symptoms and functional sta-
tus rather than how these affect the patient’s personal 
perceptions of the effect of asthma on their day-to-day 
QOL. However, these outcomes are intimately related 
as studies show strong correlations between the level 
of asthma control and QOL, even when controlling for 
disease severity246.

QOL in patients with asthma is likely to be affected 
by various factors and co-morbidities associated with 
asthma, including asthma control (even when controlling 
for asthma severity), duration of disease and the concur-
rent need for chronic therapies, frequent exacerbations, 
obesity or weight gain and psychosocial factors241,247,248. 
In addition, sex and socioeconomic factors, as well as 
co-morbidities such as gastro-oesophageal reflux and 
rhino inusitis also probably have a role in determining 
QOL in patients with asthma. These co-morbidities are 
particularly prevalent in more-severe asthma6. Patients 
with more-severe asthma experience an increase in 
symptom severity, more frequent and severe exacer-
bations and more co-morbidity, all of which c ontribute 
to an overall poor QOL.

Treatment with ICSs, usually with SABAs or ICSs 
in combination with a LABA, montelukast or omali-
zumab have all been reported to improve QOL, with 
varying effects on asthma control, when compared with a  
placebo. Interestingly, not all therapies affect these 
parameters in the same manner. For instance, although 
IgE-specific treatment improves exacerbations in patients 
with more-severe asthma, the mean improvement in 

QOL as measured by the AQLQ, while substantial, does 
not achieve the 0.5 points threshold change for clini-
cal significance on the 7-point scale of this question-
naire249. The intensity of the intervention also seems to 
influence the magnitude of improvement in the AQLQ. 
This improvement is demonstrated by the invasive treat-
ment bronchial thermoplasty; however, the difference in 
improvement between active and sham thermoplasty 
also did not achieve clinical significance250. Finally, it 
should be recognized that the mere label of asthma 
as a chronic disease, with lifelong required treatment 
and daily confrontation with the disease, even though 
controlled to some extent, might affect the QOL of an 
individ ual with asthma consider ably, irrespective of 
disease severity251. Hence, all efforts should be made to 
p revent disease chronicity.

Outlook
Although substantial progress has been made in our 
understanding of asthma mechanisms and epidemiology, 
these are only just being translated into novel approaches 
for disease management. However, the prevention of 
asthma in at-risk infants and cure of the fully developed 
disease seem distant goals. All of our current therapies 
are still based on damping down airway inflammation 
and on relieving airway obstruction. To make further 
progress and recognizing that the majority of the dis-
ease begins early in life, we need to understand what the 
genetic, prenatal, maternal and early-life environmental 
factors are that initiate asthma or at least render particu-
lar infants more susceptible to it. A most promising field 
connecting these two drivers is the uncovering of gene 
functions by environmental exposures through epigenet-
ics. There are already novel data about the relationship 
of the epigenome to maternal smoking; similar epi-
genetic studies looking at the plethora of chemicals that 
humans are now exposed to, such as air pollutants and 
endocrine disruptors, as well as diet might cast new light 
on preterm susceptibility. In terms of established asthma 
and disease severity, novel mechanisms are emerging to 
explain the way that cells adapt to environmental cues. 
These mechanisms include changes in DNA methylation, 
histone modifications and regulation of transcription 
and translation by non- coding RNAs and, when coupled 
with recent advances in lung delivery of oligonucleotides 
and small molecules, are opening up new opportunities 
for intervention219,252.

An important question stemming from lifecourse epi-
demiology is what limits the development of asthma in 
high-risk infants and, in particular, what role the mater-
nal gut microbiota has in priming fetal immune develop-
ment, predisposition to atopy and allergy and preventing 
viral-induced respiratory wheezing from progressing into 
subsequent asthma? Of equal importance is the infant 
upper airway and lung microbiota and understanding 
how different microbial signalling pathways modify 
innate immunity towards protection against or suscepti-
bility to asthma. The role of metabolic pathways relating 
to diet, micronutrients, obesity and the microbiota and 
how all these interact with e nvironmental exposures are 
also likely to be of great relevance.

Box 2 | Definition of a patient-reported outcome measure

A patient-reported outcome measure (PROM) is reported directly by a patient or their 
carer. It is a measure used to assess the outcome and/or the effect that a particular 
treatment for a long-term condition has on the quality of life of a patient. These 
reports might include how the condition affects health-related quality of life, 
a patient’s perceptions of their health or functional status in relation to their 
long-term condition and the effect that treatment or care strategies have on 
the quality of life of the patient244.
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From a mechanistic standpoint, the pathobiology of 
asthma is in large part restricted to the central and periph-
eral conducting airways, including inflammation and the 
structural changes referred to as airway modelling or 
remodelling, depending on the age of the patient. This has 
implications for lung development in utero and its associ-
ation with large and small airway dysfunction and hyper-
responsiveness that might already be p resent at birth in 
those likely to develop asthma. As the majority of asthma 
cases, at least in childhood, adopt a T2-type immune pat-
tern, a key question is what drives the develop ment of this 
immunological pathway as opposed to o thers. Adaptive 
immunity is just that. It has to be initi ated by some other 
event (or events). Where does the initial defect (or defects) 
lie? Have we overemphasized altered immunity towards 
the allergic phenotype at the expense of abnormalities 
of the airway structural cells, such as epithelial cells, fibro-
blasts, nerves, microvasculature and smooth muscle, along 
with the modelling or remodelling components? Given 
that these airway components of adult asthma increase in 
response to mechano transductive as well as inflammatory 
stimuli, is it possible that repeated wheeze in infancy can 
similarly initiate asthma in susceptible individuals?

Bronchial thermoplasty is an example of a disruptive 
technology that looks promising but needs further study 
to identify which patients benefit most from this inva-
sive intervention. There is early evidence that this pro-
cedure targets smooth muscle, possibly suggesting that 
to overcome asthma more attention needs to be given 
to influencing modelling or remodelling pathways as 
well as halting inflammation. A crucial question that 
still needs answering is whether there is a mutual inter-
dependency of airway inflammation (T2 type) and the 
onset of smooth muscle and other remodelling character-
istics of asthma. If so, how and when does this occur? If 
interventions were able to alter the airway structural 
components (the ‘soil’) in which the T2-type inflamma-
tory response (the ‘seed’) takes hold at the initiation of 
asthma, would we stand a better chance of preventing or 
even curin g established disease?

Lifecourse epidemiology also indicates that severe 
asthma in early childhood continues throughout life. Low 
lung function at birth is a primary risk factor for asthma 
and, therefore, research into the causes of this both at 
birth and in early life is needed to uncover potentially 
modi fiable exposures. Understanding the heterogeneity of 
severe asthma and using modern biomarker and statistical 
tools are opening up the field into asthma subtypes. This 
is a key focus of current research as differing causal path-
ways (endotypes) might be involved in different subtypes 
of asthma. New diagnostic tests to identify these sub-
types and specific treatments, especially biologics, which 
target particular pathways represent new directions for 
asthma research where the focus is on identifying treat-
able disease traits. Thus, the proliferation of biologics now 
being trialled in severe asthma, although at present these 
only target components of the T2-type pathway (includ-
ing IgE, IL-4, IL-13, IL-5 and TSLP), herald a new era in 
highly targeted, pathway-directed therapy that will require 
companion diagnostics to make them cost effective. 
Progress is also being made on the diagnostics front, with 

sputum and blood eosinophil counts, FeNO and l evels of 
IgE and serum periostin all emerging as candidates. It now 
seems crucial that, even with current biomarkers, great 
attempts are made to place inflammation at the forefront 
of asthma diagnosis and management as a treatable trait 
that complements PROMs, symptoms and lung func-
tion. Implementation research is required to embed such 
a change so that laboratories and practices routinely offer 
such tests. Targeted therapy will increase in use as new 
causative endotypes are discovered, but even with current 
anti-inflammatory therapy (ICSs and LTRAs), biomarker 
monitoring needs to become an i ntegral part of assessing 
the patients’ treatment response.

As in adults, the availability of these novel, mostly bio-
logic, therapies offers new opportunities for managing 
asthma in children. If intervention on the T2-type path-
way took place early in life, could the natural history of 
asthma be influenced or the disease cured? Only clinical 
trials dedicated to asthma in children will answer this key 
question. There are already encouraging results for IgE-
specific and allergen immunotherapy, with the possibility 
of halting the ‘allergic march’. If only we knew more about 
what happens when children lose their asthma in adoles-
cence, and likewise how adults can lose their asthma, then 
new tractable therapeutic pathways might emerge.

Turning to asthma in adults, we need better treatments 
for asthma exacerbations that are linked in large part to 
viral infections. Death from asthma is almost always 
avoidable as it is usually owing to undertreatment and lack 
of adherence to the use of anti-inflammatory controller 
medications. It is clear that better integrative manage-
ment, based on chronic diseases education for patients, 
family doctors, nurses and pharmacists, and possibly 
supported by shared decision making and smartphone or 
tablet computer applications for the delivery of asthma 
self-management programmes, is required.

At a more mechanistic level, increased understand-
ing of the underlying cellular and molecular events that 
predispose individuals with asthma to exacerbations 
is required. This should involve further study not only 
on viral infection but also on the role of air pollution 
and other environmental exposures, including stress in 
exacerbating asthma symptoms. In addition, although 
late-onset asthma remains enigmatic, asthma subpheno-
typing has identified several different phenotypic clusters 
linked to different causal pathways. Very little progress 
has been made to date on understanding how these types 
of asthma begin, although, as in children, there seems to 
be a link to an initial or persistent viral infection. There is 
an urgent need to understand more about this role of viral 
infection, the interactions with sex hormones, includ-
ing why and how women and girls are more affected by 
asthma over the lifecourse, and the different inflamma-
tory asthma p rofiles, including T2 type, T17 type and 
T2/T17-low type.

The future for asthma treatment very much looks as 
if it is moving along the personalized (P4 or stratified) 
approach to health care. If successful, this approach of 
targeting the right intervention to the right patient at 
the right time will create new opportunities for both 
p revention and cure.
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