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Asthma

Fernando D Martinez, Donata Vercelli

Asthma is a heterogeneous group of conditions that result in recurrent, reversible bronchial obstruction. Although the
disease can start at any age, the first symptoms occur during childhood in most cases. Asthma has a strong genetic
component, and genome-wide association studies have identified variations in several genes that slightly increase the
risk of disease. Asthma is often associated with increased susceptibility to infection with rhinoviruses and with changes
in the composition of microbial communities colonising the airways, but whether these changes are a cause or
consequence of the disease is unknown. There is currently no proven prevention strategy; however, the finding that
exposure to microbial products in early life, particularly in farming environments, seems to be protective against
asthma offers hope that surrogates of such exposure could be used to prevent the disease. Genetic and immunological
studies point to defective responses of lung resident cells, especially those associated with the mucosal epithelium, as
crucial elements in the pathogenesis of asthma. Inhaled corticosteroids continue to be the mainstay for the treatment
of mild and moderate asthma, but limited adherence to daily inhaled medication is a major obstacle to the success of
such therapy. Severe asthma that is refractory to usual treatment continues to be a challenge, but new biological
therapies, such as humanised antibodies against IgE, interleukin 5, and interleukin 13, offer hope to improve the

quality of life and long-term prognosis of severe asthmatics with specific molecular phenotypes.

Introduction

Asthma is characterised by recurrent episodes of airway
obstruction, which reverse either spontaneously or after
use of medication, and is usually associated with
bronchial hyper-responsiveness and evidence of chronic
airway inflammation. More elaborate definitions have
been proposed and there is no clear consensus on how to
define asthma; fortunately, most cases are mild and are
not difficult to diagnose and treat by family doctors.
However, at the more severe end of the asthma spectrum,
comorbidities overlap with chronic obstructive pul-
monary disease (COPD), and refractoriness to available
therapy make asthma troublesome and costly for health-
care systems.

A previous Seminar on asthma was published in
The Lancet more than a decade ago.' Here, we mainly
review information emerging thereafter. During this
period, there have been substantial advances in our
understanding of the genetics, pathogenesis, and natural
course of the disease, offering great hope for the
development of new, targeted therapies, particularly for
severe asthma. For now, the main therapeutic method
continues to be the so-called adrenal substance
recommended for treatment of asthma by Solis-Cohen’
in 1900, when he noted “It has...served to cut short a
paroxysm... [and] been useful in averting the recurrence

Search strategy and selection criteria

Since roughly 51000 articles have been published on asthma
since 2002, when the last Lancet Seminar on the disease was
published, we did a non-systematic review of articles
published in English and collected by the authors. We
searched PubMed, using the term “asthma”, from January,
2002, to March, 2013. We gave priority to randomised
controlled trials when available, to larger studies, and to
articles published in high-quality journals.

of paroxysms and in finally bringing about a state of
freedom from fear of their recurrence.” As much can be
said today for the available corticosteroids and beta-
adrenergic agonists, which are close relatives of the
natural products contained in the Burroughs &
Wellcome’s tablets (to be taken as 5 grains once daily,
then twice, then three times daily) mentioned by
Solis-Cohen.?

Epidemiology

Surveys based on questionnaire data, in which the
disease is usually defined as current episodes of
wheezing or a physician’s diagnosis, show that asthma
affects 5-16% of people worldwide.’ Rates vary widely
in different countries,* reflecting differences in
prevalence and in diagnostic standards. Prevalence
increased markedly worldwide during the second half
of the 20th century,’ but seems to have plateaued
thereafter, particularly in countries with the highest
asthma rates, such as the UK. An exception is the
USA, where asthma prevalence increased from 7-3% to
8-4% between 2001 and 2010,’ and continues to mainly
affect children, African-Americans, and the poor;
11-2% of people with incomes lower than the poverty
level had asthma, compared with 8-7% for those with
incomes up to twice the poverty level, and 7-3% for
those with higher incomes. Asthma-related hosp-
italisations and emergency room visits remained stable
in the USA from 2001-10, and mortality decreased
slightly.” There have been large increases in asthma
expenditures in the USA, which were calculated at
US$18 billion per year for adults alone in 2003-05.
Moreover, the costs of asthma medication as a
proportion of total costs have substantially increased;
in 1985, 57% of asthma expenditures were for
emergency room visits and hospitalisations,® whereas
drug treatment now accounts for up to 75% of
asthma costs.’
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Natural history

Knowledge of factors associated with the inception and
progression of asthma has advanced substantially in the
past few years, thanks to the availability of findings from
birth cohorts focused on these issues. In most cases, the
firstsymptoms of asthma occur during the preschool years,”
and even among patients who develop chronic symptoms
as young adults, higher rates of episodic wheezing and
bronchial hyper-responsiveness are detected in early life."
Clinical expression patterns are established very early
during the course of the disease; symptom severity and
lung function deficits track with age.” The strongest
predictor of continued and increasingly severe symptoms
is chronic airflow limitation—ie, the presence of persistent
bronchial obstruction not readily reversible with broncho-
dilators.”* Only a small proportion of patients with asthma
have airflow limitation, and three distinct phases have
been noted for the development of airflow limitation, as
follows (figure 1): a prenatal phase, resulting in reduced
lung function shortly after birth;*™ a preschool phase
(birth to age 5-7 years), resulting in delays in accelerated
lung-function growth;”® and a third phase, probably
lasting a lifetime, during which further losses occur at a
slower rate®” Although postnatally acquired airflow
limitation is more likely to be seen in patients with
recurrent, severe exacerbations,” declines in lung function
are not steeper in asthmatic individuals who smoke than
in non-asthmatic smokers.” Impaired lung function is
associated with occupational asthma and exposure to air
pollution,?” but it is unclear whether this exposure leads
to irreversible airflow limitation.”?*

Many children have mild, transient, or sporadic
episodes of airway obstruction that do not lead into
chronic asthma, and several subphenotypes of childhood
wheeze have been identified.”* In wealthy societies,
allergic sensitisation to many aeroallergens during
preschool years is strongly associated with subsequent
severe asthma and deficits in lung-function growth.”
Chronic asthma can also be highly prevalent in poorer
countries,® but the association with allergy markers is
much less conspicuous or absent.” Whether these
findings point to the presence of different asthma patho-
genic mechanisms in different communities, or support
the notion that atopy is often consequence and not the
cause of the disease is still unclear.

Genetics

Chips containing hundreds of thousands of common
genetic variants have become widely available and have
been used in genome-wide association studies (GWAS) to
search for associations among thousands of asthma cases
and controls (figure 2).**” These studies have reported
evidence for the presence of asthma-related loci at or near
genes for CHI3L1 (also known as YKL40), IL6R, and
DENNDIB on chromosome 1, ILIRLI-IL18R1 on chromo-
some 2, PDE4D and RAD50-IL13 on chromosome 5,
HLA-DQ on chromosome 6, IL33 on chromosome 9,
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SMAD3 on chromosome 15, ORMDL3-GSDMB on
chromosome 17, IL2RB on chromosome 22, and
PYHIN1 on chromosome 1 in African-Americans. For
most of these loci, genes reported in one GWAS have not
been replicated in other studies. An exception is
ORMDL3-GSDMB, which has been repeatedly found to
be associated with childhood but not adult asthma.
For all loci, effects are weak, accounting for only a small
proportion of the heritability of the disease. Loci associated
with total IgE concentrations show very little overlap with
those related to asthma,*® supporting the notion that atopy
might not be a primary driver of susceptibility.” A study
of quantitative genetic scores of the combined effect of
thousands of common single-nucleotide polymorphisms
that individually have a weak influence on asthma risk
suggested that asthma has a strong polygenic com-
ponent,” which accords with previous findings in studies
of familial segregation of the disease.”

Taken together, studies of common genetic variants
have yielded important new information on the mechan-
isms involved in pathogenesis of asthma, although the
variants identified have little prognostic utility. Recent
reports in which gene exons were sequenced genome-
wide in thousands of individuals have suggested that rare
genetic variants, seldom detected through GWAS chips,
might have a larger effect than common variants on the
heritability of complex diseases.” The only study so far to
have reported on resequencing of selected genes in
patients with asthma yielded promising results,” but
these findings need to be confirmed and extended to the
whole genome in much larger populations.

Environment: bacteria, viruses, and fungi

There has been a striking change in the emphasis of
environmental studies of asthma in the past decade; the
proportion of studies investigating protective factors
has increased markedly compared with the number of

— Noasthma
— Mild asthma
—— Moderate/severe asthma

Relative level of lung function

T T
Birth 5-7 years

»
»

Fetal life School age Adult life

Figure 1: Changes in lung function during the course of mild and

moderate asthma

In mild disease, change in lung function is not substantially different from that
in people without asthma. In more severe asthma, deficits have already been
detected at birth, but most of the postnatal loss in lung function seems to occur
during the preschool years.
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Figure 2: Asthma genes identified through genome-wide association studies (GWAS)
The National Human Genome Research Institute catalogue of published GWAS was searched using asthma as disease, and childhood asthma as trait.”
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studies assessing factors that increase risk of the disease.
The most influential studies were those in which children
in advanced societies who were raised on farms were
compared with those raised in the same rural com-
munities but away from farms, or those raised in cities.”*
These surveys consistently found that the protective
effects of living on a farm are stronger if they occur in
utero and during early life, that protection against asthma
might be associated with microbial diversity, a hallmark
of the farm environment, and that protective factors for
asthma are different from those for allergic sensitisation.
A parallel finding is that exposure to day care in early life
is associated with decreased risk of asthma during
school years.” Also, the microbial communities of house
dust differ significantly depending on whether the
household includes children exposed versus unexposed
to day care.*

The specific environmental factors that account for
these effects have not been identified, but the most
accepted hypothesis is that exposure to a range of mainly

innocuous micro-organisms, largely bacteria, triggers
protective responses in the developing immune system.
Strong support for this hypothesis has come from studies
with animals, which have shown that mice raised under
germ-free conditions were more likely to develop
experimental allergic asthma than animals exposed to
normal microbial flora.” After germ-free young mice were
exposed to standard mouse-colony bacteria and intestinal
microbiota were re-established, predisposition for asthma
was reversed; this effect was not achieved in adult, germ-
free mice. Similarly, oral exposure to bacterial extracts
protects animals against the development of experimental
models of asthma.®* These studies suggest that exposure
to environmental micro-organisms might affect asthma
risk by modifying the type of bacteria that colonise the gut,
and these changes could have profound effect on the risk
for asthma and other diseases.” These effects are probably
activated through innate immune receptors such as
TLR2," and might affect the development of responses
mediated by several cell types, including basophils and
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natural killer cells,” dendritic cells,” and T-regulatory
(Treg) cells.®

Susceptibility to asthma also seems to be associated
with microbial colonisation of the airways. One study
reported increased detection of pathogenic bacteria in the
upper airway of infants who later developed asthma
symptoms in preschool years, compared with those who
did not.” Metagenomic studies of samples obtained from
the lower airways through bronchoscopy showed that, by
contrast with long-held belief, microbial flora do colonise
the bronchi in healthy individuals. However, the com-
position of the flora found to be colonising the upper
airway was similar to that present in the lower airway;”
thus, contamination via instruments used for the pro-
cedure cannot be excluded. Two studies in adult patients
with asthma recruited from tertiary care centres showed
predominance of Proteobacteria in the lower airways, a
feature not seen in non-asthmatics.™* Similar pre-
dominance of Proteobacteria was found in adult patients
with mild asthma, most of whom were not taking inhaled
corticosteroids.” It remains to be determined whether the
microbes preferentially detected in people with asthma
are directly involved in its pathogenesis, or are otherwise
markers of an underlying, pre-existing change in the
immune system in these patients.

Viruses, especially rhinovirus, are often isolated from
the upper airways of patients with asthma during clinical
exacerbations.”” ' Studies in which rhinovirus was
experimentally inoculated into the airways convincingly
showed that, compared with non-asthmatics, patients
with asthma have increased susceptibility to developing
chest symptoms when infected.” Birth cohorts have
shown that infants and young children who wheeze
during episodes in which rhinoviruses were detected have
a substantially higher risk than those who did not have
rhinovirus-induced wheezing episodes as infants of
having asthma during the school years.®* It is unknown
whether this increased susceptibility to rhinovirus infec-
tion is a cause or consequence of asthma.® In children
with a strong family history of allergies, atopic sensitisation
is more likely to occur before than after rhinovirus-
induced wheezing,” suggesting that susceptibility to the
latter might be induced by allergy-related mechanisms.
Whether children without a family history of allergies
experience atopic sensitisation leading to rhinovirus
susceptibility is unknown. Newborns and young infants at
risk for subsequent development of asthma have been
consistently found to have diminished interferon-y
responses to non-specific stimuli,** and to have other
changes in immune markers® in peripheral blood cells.
These changes could be a common antecedent for allergic
sensitisation and susceptibility to viral infection. In-vitro
and ex-vivo studies in patients with asthma have shown
deficits in interferon type I and III responses by airway
epithelial cells and macrophages,*” especially in patients
with chronic airflow obstruction.® Whether these deficits,
and subsequent increased susceptibility to acute airway
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obstruction, are the result of allergic sensitisation or
develop independently is still to be determined.

Results of recent longitudinal studies have suggested
that exposure to indoor mould, specifically Aspergillus
ochraceus, Aspergillus unguis, and Penicillium variabile,
during the first year of life is positively associated with
asthma incidence by age 7 years.” Only a small proportion
of participating children were allergic to moulds; thus, it
is possible that mould induce asthma by non-allergic
mechanisms. Activation of protease-activated receptors”
and induction of eosinophilic inflammation by fungal
chitin” have been proposed as potential mechanisms.

Pathogenesis
Over the past decade, understanding of asthma patho-
genesis has undergone a significant shift. The 2002 Lancet
Seminar' on asthma presented the classic view that
asthma is a T-helper-type-2 (Th2)-cell-dependent, IgE-
mediated allergic disease. This view was largely based on
the observation that asthmatic patients are more likely to
be sensitised to local aeroallergens.”” Moreover, the
pathology of asthma (especially the most severe cases) is
characterised by mucus-cell hyperplasia and infiltration
of inflammatory cells, among which CD4+ T cells,
eosinophils and mast cells predominate.” Infiltrating
T cells express the signature Th2 cytokines interleukin 13,
interleukin 4, and interleukin 5,7 which coordinately
regulate many aspects of allergic inflammation.” More
recently, this T-cell-centric paradigm has been enriched
by the identification of Treg cells with the capacity to
control Th2 responses.”** A protective role of Treg cells
in asthma is supported by the epidemiological and
immunological studies in the farming families described
above.®® In these populations, farm exposure is
associated with increased number and function of cord
blood Treg cells and lower Th2 cytokine secretion.®

In mouse models, Th2 inflammation also promotes
long-term airway remodelling with fibrosis and an
increase in smooth muscle” Similarly, structural
changes in the airways of asthmatic individuals con-
tribute to the development and progression of disease; in
severe cases, airway obstruction from mucus-cell
hyperplasia is common, the subepithelial basement
membrane is thickened, smooth-muscle mass is
increased through hypertrophy and hyperplasia, the air-
ways undergo fibrosis with increased deposition of
connective tissue, and fibroblast and myofibroblast pro-
liferation occurs.®* It is unclear whether inflammation
precedes or coexists with airway remodelling, but
remodelling can occur early in the disease, in some cases
in the absence of inflammation. Research has highlighted
intriguing relationships between mechanical stress and
airway remodelling in asthma.® Activation of airway
smooth muscle during bronchoconstriction abruptly
changes airway size and mechanical stress within the
airway wall. Airway epithelial cells, smooth-muscle cells,
and fibroblasts respond to their mechanical environment.
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The epithelium in particular transduces mechanical
stresses, and in both fetal and mature airways, epithelial
cells interact with mesenchymal cells to coordinate
remodelling of tissue architecture in response to the
mechanical environment.** The ability of mechanical
stress by itself to regulate airway structural changes
might contribute to the dissociation between airway
remodelling and inflammation, and might also explain
why patterns of fluctuations in airway function seem to
predict asthma exacerbations®* and loss of asthma
control after withdrawal of inhaled corticosteroids.”
Despite the complexity of asthma pathogenesis, confi-
dence in the fundamental role of Th2 cells in asthma
pathobiology has led pharmaceutical and biotechnology
companies to develop new asthma treatments that target
Th2 cytokines or their receptors. These therapies have
consistently blocked Th2 inflammation and associated
structural changes in the airways of antigen-challenged
animal models; however, few have been successful when
moved to the clinic.* Recent findings might help explain
these results. Phenotypic heterogeneity—probably a reflec-
tion of the diverse genetic and environmental factors that
underpin asthma pathogenesis—is an evolving concept
that has clinical implications.” Early clinically-based
definitions of asthma focused on two main phenotypes;
extrinsic asthma is defined as typically developing in
childhood and accompanied by IgE-mediated allergic

disease, whereas intrinsic asthma typically develops later
in life and is not associated with allergic sensitisation.
Concerns over the ability of these biased definitions to
capture the diversity of asthma characteristics, and the
continued lack of biomarkers for asthma phenotypes,
prompted efforts to develop alternative, unbiased strategies
that sought to define asthma phenotypes based on statis-
tical methods, such as cluster analysis®* and latent class
analysis.” Figure 3 shows results obtained using cluster
analysis, a method that combines variables so that objects
in the same group, or cluster, are more similar to each
other than to those in other clusters. In a study of clinical
phenotypes of adult asthma,” clusters of patients were
defined according to their relative expression of symptoms
and eosinophilic inflammation. Patients with greater
discordance between symptoms and inflammation were
more difficult to treat and required treatment in specialised
asthma centres. Although the reasons for this discordance
were unclear, measures of airway inflammation in these
subgroups were clinically informative; management
aimed at reducing eosinophilic inflammation was better
than usual treatment in both discordant groups.

The results of unbiased studies of asthma phenotype are
more similar than they are different, even though the
statistical methods and variables analysed are not the
same. Moreover, results overlap with those obtained using
earlier, biased phenotype approaches. All studies of asthma

Discordant symptoms

Monitoring inflammation
allows downtitration of
corticosteroids

Early-symptom predominant
Early onset, atopic;
normal BMI, high symptom expression,

Obese non-eosinophilic
Later onset, female preponderance; high
symptom expression

Symptoms

Benign asthma
Mixed middle-aged cohort;
well controlled symptoms and
inflammation, benign
prognosis

[ Primary care
[ Secondary care

Symptom-based approach
to therapy titration might g
be sufficient s

Monitoring inflammation allows
targeted corticosteroids to lower
exacerbation frequency

Discordant inflammation

Inflammation predominant
Late onset, greater proportion of males;
few daily symptoms but active
eosinophilic inflammation

v

Eosinophilic inflammation

Figure 3: Clinical phenotypes of adult asthma, identified by cluster analysis*

Clusters of patients are plotted according to their relative level of symptoms and eosinophilic inflammation. The plot highlights that patients with greater
discordance between symptoms and inflammation are more difficult to treat and should usually be followed up in specialised asthma centres.
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phenotype found age at disease onset to be a crucial
differentiating factor. Early-onset disease is consistently
associated with a more allergic condition over a range of
severities, whereas later-onset disease is associated with
eosinophilic inflammation and obesity, is more common
in women, and is generally less allergic. Despite the
association of early-onset disease with atopy and allergy,
none of the unbiased approaches found variables
associated with these conditions (such as atopy and total
IgE) to be key distinguishing features of subgroups.”

An important step towards integrating asthma pheno-
types and pathogenesis was made by a 2009 analysis of
molecular phenotyping in adult patients with mild,
corticosteroid-naive asthma.” Expression profiling of
bronchial biopsies identified a Th2-high asthma pheno-
type that is detectable in around 50% of adults with
asthma, and is marked by overexpression of interleukin-
13-dependent genes (ie, POSTN, CLCAI, and SERPINB2).
Patients classified as Th2-high were subsequently found
to have higher amounts of tissue interleukin 13 and
interleukin-5 mRNA, greater numbers of eosinophils and
mast cells, and showed more atopy and thickening of the
subepithelial basement membrane. These patients
responded to inhaled corticosteroids, whereas the Th2-
low group did not.” Moreover, asthmatics with high
serum concentrations of the interleukin-13-induced bio-
marker periostin were more likely than those with low
concentrations of periostin to show improved lung
function in response to anti-interleukin-13 treatment.””
Although long-term studies are needed to assess the
stability of these phenotypes, understand them in more
detail, and further integrate them with relevant patho-
biology and appropriate biomarkers, these results suggest
that combining clinical and molecular approaches might
move us closer to the identification of true asthma
endotypes—ie, disease subtypes that are defined by
distinct pathophysiological mechanisms and can be
treated accordingly. The table presents an integrated
view of major clinical and molecular asthma phenotypes
with relevant pathobiology and biomarkers.

A truly modern view of asthma pathogenesis should
also incorporate the notion that a Th2 cytokine signature
might not simply reflect an adaptive Th2 cellular
response; thus, there might be more to asthma than Th2-
cell-dependent, IgE-mediated allergic inflammation.
Indeed, asthma is increasingly seen as a disease that has
a strong innate immune component and begins at the
airway epithelium. Far from being just a structural
barrier, the airway epithelium responds to environmental
insults such as protease-containing allergens, pathogens,
cigarette smoke, and pollution by secreting inflammatory
mediators and antimicrobial peptides.” Moreover,
a damaged epithelium releases interleukin 25, inter-
leukin 33, and the cytokine protein TSLP, which acti-
vate natural-killer T cells, mast cells, eosinophils, and
basophils, and stimulate newly discovered lineage-nega-
tive cells (ILC2, also known as natural type-2 helper cells
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or nuocytes).””™ ILC2 cells require the transcription
factor RORa for their development,™ reside in the
mucosa, and respond to epithelial distress signals by
rapidly releasing large amounts of Th2 cytokines (mainly
interleukin 13 and interleukin 5). ILC2 are also
activated by interleukin 33 released by alveolar macro-
phages during influenza virus infection," providing a
common pathway for allergen-induced and virus-induced
Th2-type responses. ILC2 have been shown to be
necessary for allergic lung inflammation in mice,™™
although their role in human asthma remains to be
determined. These cells have been found in human fetal
and adult lung tissue, and in human peripheral blood.™
The identification of innate lymphoid cells that secrete
Th2 cytokines in response to airway epithelial damage
might fill a crucial gap in our understanding of asthma
pathogenesis, by providing a long-sought link between
Th2 inflammation and lung-based mechanisms of disease
initiation. The ability of these cells to produce interleukin
13 and interleukin 5 is consistent with the classic cytokine
signature of asthma, but emphasises the role of innate
mechanisms in promoting adaptive Th2 responses. An
altered epithelial barrier could allow the entry of otherwise
innocuous antigens that, in the pro-Th2 milieu created by
epithelium-activated innate type-2 cytokines, could
promote Th2 differentiation eventually leading to IgE
production. Continued stimulation of epithelial cells,
smooth muscle cells, and fibroblasts by Th2-cell-derived
and [LC2-derived interleukin 13 would lead to airway
hyper-responsiveness and remodelling (figure 4). This
updated view of asthma pathogenesis still emphasises the
role of Th2 cytokines, but focuses on both their innate and
adaptive cellular sources. Genetic evidence from GWAS
has independently pointed to the importance of the

Response to therapy

Corticosteroid-responsive,
Th2-targeted

Responsive to antibody to
interleukin 5 and cysteinyl
leukotriene modifiers,
corticosteroid-refractory

Responsive to weight loss,
antioxidants, and possibly
to hormonal therapy

Possibly responsive to
macrolide antibiotics

Natural history Clinical and Pathobiology and
physiological features biomarkers
Th2-high phenotype
Early-onset  Early onset, Allergic symptoms and  Thick subepithelial
allergic mildtosevere  otherdiseases basement
membrane, specific
IgE, Th2 cytokines
Late-onset  Adult onset, Sinusitis, less allergic Corticosteroid-
eosinophilic  often severe refractory,
eosinophilia,
interleukin 5
Th2-low phenotype
Obesity- Adolescentand  Women mainly Lack of Th2
related adult onset affected, very biomarkers,
symptomatic, airway ~ oxidative stress
hyper-responsiveness
less clear
Neutrophilic ~ Adult onset Low FEV1, more air Sputum
trapping neutrophilia, Th17
pathways,
interleukin 8
Th2=T-helper-type-2 cytokine. FEV1=forced expiratory volumein 1s.
Table: An integrated view of clinical and molecular asthma phenotypes*
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Figure 4: Major immune pathways involved in asthma pathogenesis

Innate and adaptive components of allergic inflammation are shown, including the recently discovered ILC2 cells that release Th2 cytokines in response to epithelial damage. The links between
immune responses and structural changes in the lung are also depicted. TLR=toll-like receptor. TSLP=thymic stromal lymphopoietin. TGFB1=transforming growth-factor 1. TCR=T-cell receptor.

Treg=regulatory T cell. Th=T-helper cell. Th2=T-helper-type-2 cell.

epithelium-ILC2 axis in asthma pathogenesis Dby
identifying IL33, the IL33 receptor ILIRL1 (ST2), TSLP,
RORA, and IL13 as major asthma susceptibility genes.”**

Cytokine profiles resembling a typical T-cell-derived,
adaptive response but sustained by innate lymphoid cells
are not limited to the Th2 type. A parallel system of cells
lacks antigen receptors yet produces an array of effector
cytokines (interferon vy, interleukin 17, and interleukin 22)
that match the variety of cytokines secreted by subsets of
T-helper cells. These cells function in lymphoid organo-
genesis, tissue remodelling, and antimicrobial immunity
and inflammation, particularly at barrier surfaces. Their
ability to promptly respond to insults inflicted by stress-
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causing microbes suggests these cells are crucial for
first-line immunological defenses.™ Changes in these
innate mechanisms might also be involved in
asthma pathogenesis, by contributing to lower airway
vulnerability to otherwise innocuous respiratory tract
viral infections, particularly those caused by rhinoviruses.

Prevention

There is currently no established strategy for primary
prevention of asthma or for preventing the development
of airflow limitation in patients with asthma. Avoiding
exposure to house dust mite during pregnancy and early
infancy had no effect on asthma outcomes by age 8 years
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in Australia or the Netherlands.""* Two trials in which
high-risk infants (defined by parental history of allergic
disease) were randomly assigned to extensive en-
vironmental and dietary interventions or to usual care
showed reductions in prevalence of asthma, as assessed
by questionnaire, by age 18 years and age 7 years;""
however, the generalisability of these results is limited by
small numbers, highly selected populations, unfeasibility
to mask the interventions, and losses to follow-up.
The consistent protection against development of asthma
seen with exposure to high microbial burden in early life
has suggested the possibility that innocuous surrogates
of such exposure could be used to prevent asthma,™ but
no data is yet available to support this hypothesis.

Results of several trials have disproved the contention
that chronic use of inhaled corticosteroids could block the
natural course of asthma and the development of airflow
limitation. 4 years of twice daily treatment with inhaled
corticosteroids in school-age children with asthma had no
effect on lung function or clinical outcomes 4 years after
discontinuation of therapy.” In preschool children with
wheezing, administration of inhaled corticosteroids for
several years and with different methods had no effect on
long-term, asthma-related outcomes.™ "

Treatment
The two most important aspects of asthma therapy are
environmental control and pharmacological therapy. For
severe asthma, treatment of comorbidities is also crucial.
Most asthma trials have been done in developed countries.
In less-developed countries, treatment of asthma faces
many challenges, including underdiagnosis, access to
care, ability of health-care workers to manage asthma, and
availability and affordability of inhaled therapy.® These
obstacles might substantially increase asthma-associated
morbidity and mortality in developing countries,” but
studies specifically addressing this issue are lacking.
Although there is consensus that environmental
exposures are important causative agents in asthma, the
role of environmental control and allergen avoidance in
the treatment of asthma remains controversial. Even in
cases of occupational asthma, where the offending
agent can often be directly identified, only a third of
patients show symptomatic recovery after cessation of
exposure.” A comprehensive environmental interven-
tion to reduce exposure to indoor allergens among
children with asthma who live in inner cities, including
reducing exposure to cockroach and dust mite aller-
gens, resulted in reduced asthma-associated morbidity."”
Data from adult studies are less convincing, with most
studies showing that wuse of allergen-avoidance
measures as a single intervention is clinically ineffective
in asthma management.”®

Therapeutic approaches to mild and moderate asthma

Inhaled corticosteroids, with or without long-acting
beta agonists (LABA), continue to be the mainstay of
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pharmacological treatment for mild to moderate asthma.
When taken regularly, inhaled corticosteroids effectively
control everyday asthma symptoms, improve lung
function, and decrease the risk for exacerbations.”
Controlled trials have consistently shown that inhaled
corticosteroids are better than leukotriene receptor
antagonists, such as montelukast, at controlling
symptoms, improving lung function, and reducing
exacerbations,”™” yet results of a pragmatic trial, in
which the study settings attempted to mirror those of
usual medical practice, suggested that montelukast
seems to be as effective as inhaled corticosteroids.™ In
this real-life setting, adherence to once daily oral therapy
was Dbetter than adherence to twice daily inhaled
therapy,” suggesting that adherence to inhaled therapy
is a key obstacle to achieving success with asthma
treatment. In community-based studies, adherence to
such therapy can be as low as 20%. In well controlled
trials, adherence is very high initially but wanes there-
after; several months into trials, participants do not take
more than 50% of their prescribed doses.” Evidence
suggests that taking at least 75% of inhaled corticosteroid
doses is necessary to attain the expected decrease in
exacerbations.” Although behavioural and other inter-
ventions have been proposed to increase medication
adherence, results are not encouraging.”

Three approaches to improve or circumvent daily
administration of asthma medicines have been proposed.
Supervised therapy for children, in which use of inhaled
corticosteroids was overseen by study staff members
each school day for 15 months, showed some improve-
ment in asthma outcomes,* but the cost of such an
approach would probably only make it worthwhile for
severe cases. In patients with milder asthma, replacing a
daily dose of inhaled corticosteroids with inhaled cortico-
steroids taken together with albuterol (salbutamol)
whenever the latter is needed showed improved rates of
asthma exacerbations compared with placebo, and
similar exacerbation rates to those seen with daily inhaled
corticosteroids.”” By contrast, a strategy based on
doubling the daily dose of inhaled corticosteroids when
asthma control deteriorates has proven ineffective,”
although quadrupling the dose showed some evidence of
decreased exacerbation risk.”” Although the role of these
as-needed approaches in asthma therapy remains
controversial,”" it is well established that patients often
have different asthma control goals and different views
of the importance of medication side-effects than those
of practitioners and in guidelines. Considering the
patient’s perspective when developing treatment plans
could help solve the conundrum of inhaled corticosteroids
therapy—ie, that high efficacy in clinical trials is not
matched by a similar improvement in community-based
asthma outcomes.

Several clinical trials have shown that patients who are
still symptomatic after treatment with inhaled cortico-
steroids benefit from the addition of a LABA, and a larger
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proportion of such patients respond better to adding
LABAs than to doubling the dose of inhaled cortico-
steroids or adding a leukotriene receptor antagonist.” In
a small proportion of patients, reduced responsiveness to
inhaled corticosteroids might be explained by cortico-
steroid resistance." For patients in whom exacerbations
are a main source of morbidity, as-needed use of inhaled
corticosteroids plus formoterol, a fast-onset LABA, has
proven effective in preventing exacerbations."” However,
daily use of inhaled corticosteroids plus LABA is not
better that inhaled corticosteroids alone in controlling
exacerbations in inhaled-corticosteroid-naive patients.'
Nevertheless, in more than 60% of asthma patients in the
USA™ and in other countries," the inhaled corticosteroid
formulation most widely used to treat asthma consists of
an inhaled corticosteroid plus LABA, with inhaled
corticosteroids alone being used by a smaller proportion
of patients. A possible explanation for the excessive use of
inhaled corticosteroids plus LABA combinations is
insufficient asthma control due to lack of adherence to
inhaled corticosteroids, which could lead patients and
practitioners to believe that taking inhaled corticosteroids
alone leads to an insufficient response, warranting the
addition of another medicine. This use of combination
treatments over inhaled corticosteroids alone markedly
increases drug costs,” and could unnecessarily expose
patients to rare but potentially deleterious side-effects of
LABAs. Increased risk for severe asthma attacks and
death has been reported in patients taking LABAs alone,
and it is uncertain whether inhaled corticosteroids com-
pletely prevent such unwanted outcomes. "

These safety concerns have prompted the search for
alternative add-on therapies in patients whose asthma is
not well controlled with inhaled corticosteroids alone. In
a 14-week crossover study, tiotropium, a long-acting
anticholinergic agent approved for use in COPD when
added to inhaled corticosteroids, showed similar clinical
improvements to those obtained when salmeterol, a
LABA, was added to inhaled corticosteroids, and greater
improvements than those achieved with higher doses of
inhaled corticosteroids.”® Larger and longer studies are
needed to determine if this drug could be an effective
alternative to LABAs.

Therapeutic approaches to severe asthma: targeted
drugs on the horizon

Treatment for patients with severe asthma, who remain
uncontrolled and have frequent exacerbations even with
high-dose inhaled corticosteroids plus LABA or with oral
corticosteroids, remains a significant challenge. These
patients account for a high proportion of the direct
financial costs of asthma, and this societal burden, added
to the debilitating morbidity of severe asthma, justifies
continued efforts to find new treatments. A major shift
in potential treatment approaches to severe asthma has
come from advances in our understanding of disease
pathogenesis. There is now clear evidence that severe

asthma is heterogeneous, and unbiased hierarchical
clustering methods have described several subphenotypes
in adults and children.* One hypothesis is that different
asthma subphenotypes have unique pathogenic mechan-
isms, and identifying such mechanisms could allow for
more targeted and specific therapy.

Many patients with severe asthma, especially children,
are highly atopic. Omalizumab, a humanised monoclonal
antibody against IgE, decreased asthma exacerbations by
30% in a large, inner city study of patients of all severities,*’
with effects being particularly strong in patients sensitised
and exposed to cockroaches. In adults with severe asthma,
omalizumab also decreased exacerbations, but had less
impressive effects on everyday symptoms.” High costs
and unfeasibly large doses in patients with very high
serum IgE concentrations limit the use of this drug.

The finding that several asthma subphenotypes had
evidence of sputum eosinophilia* and were prone to
exacerbations suggested the possibility that humanised
monoclonal antibodies against interleukin 5, the most
potent eosinophil stimulant and chemoattractor, could
have a role in preventing such exacerbations. A recent
study supported this hypothesis; patients 12 years or
older with severe asthma and direct or indirect evidence
of eosinophilic inflammation showed a substantial
decrease in exacerbation rates with different doses of
mepolizumab, an anti-interleukin 5 antibody, compared
with placebo.”? The effects were specific for exacerbations,
the primary outcome, and there was no significant
improvement in measures of global asthma control or
lung function.

The central role of interleukin 4 and interleukin 13 in
the pathogenesis of some cases of asthma has also
prompted studies using humanised monoclonal anti-
bodies against these cytokines and against the common
component of their receptors, the interleukin 4Ra chain.
Although these studies have shown less impressive results
than those with anti-interleukin 5 antibody, specific
subgroups of patients did show benefits. For example,
compared with patients with low concentrations, patients
with high concentrations of serum periostin, a marker of
interleukin 13 activation,” showed larger improvement in
lung function when treated with lebrikizumab, a
humanised monoclonal antibody to interleukin 13.”
Similarly, those with more severe disease showed some
clinical improvement after administration of AMG317,
a monoclonal antibody against interleukin 4Ra.™*

Therapies targeting other possible inflammatory
mediators have been developed, but none have shown
clear evidence of clinical benefit. Anti-tumour-necrosis-
factor a drugs are highly effective in other inflammatory
conditions but showed few clinical benefits and
substantial unwanted effects in patients with severe
asthma.”™ Pharmacological advances have occurred in
the development of phosphodiesterase-4 (PDE4) inhib-
itors, which are effective against neutrophilic inflam-
mation™ and could be effective in treatment of severe
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asthma. Roflumilast is an oral PDE4 inhibitor that has
been shown to decrease allergen-induced inflammation™
and is currently approved for use in severe COPD.
However, PDE4 inhibitors cause frequent nausea, vomit-
ing, and diarrhoea, which limit their clinical usefulness.
In summary, the development of therapies specifically
targeted to inflammatory pathways and mediators,
identified by use of biomarkers, is the most promising
approach to treatment of severe forms of asthma that are
refractory to available treatment.

Severe asthma: thermoplasty

In patients with severe, refractory asthma, reduction of
hypertrophied bronchial muscle might induce symptom
relief and improvement in lung function. Bronchial
thermoplasty, an outpatient procedure in which
controlled thermal energy is applied in consecutive
sessions through a bronchoscope, has been used with
this goal in mind. A study that compared thermoplasty
versus a control group without sham procedure showed
benefits in exacerbation rates and symptoms; however,
hospitalisation for adverse respiratory events was more
frequent shortly after thermoplasty procedures than in
the control group.”® A larger clinical trial, in which
bronchial thermoplasty was compared with a sham
procedure, showed modest improvements in asthma
symptoms and exacerbations after treatment.” Bronchial
thermoplasty was approved for use in severe asthma by
the US FDA in 2010, but it remains unclear whether its
benefits outweigh its potential risks.'®

Conclusions

There have been major advances in the past decade in
our understanding of the genetics, natural history, and
pathogenesis of the diverse clinical syndromes identified
as asthma. There is renewed hope that novel prevention
strategies, and therapies targeted specifically against the
mechanisms responsible for disease processes, will
decrease the worldwide burden in health-care costs and
morbidity caused by this still mysterious disease.

Contributors
The authors contributed equally to the literature search, writing and
editing of the manuscript, and the generation of figures and table.

Conflicts of interest

FDM has received honoraria from Abbott Laboratories for invited
lectures. DV has participated in peer discussion groups supported
by Merck.

Acknowledgments

The authors were funded by grants from the US National Heart, Lung,
and Blood Institute and the US National Institute of Allergy and
Infectious Diseases.

References

1  Tattersfield AE, Knox AJ, Britton JR, Hall IP. Asthma. Lancet 2002;
360: 1313-22.

2 Solis-Cohen S. The use of adrenal substance in the treatment of
asthma. JAMA 1900; 34: 1164-66.

3 Akinbami L], Moorman JE, Bailey C, et al. Trends in asthma
prevalence, health care use, and mortality in the United States,
2001-2010. Hyattsville, MD, USA: National Center for Health
Statistics, 2012.

www.thelancet.com Vol 382 October 19, 2013

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Asher MI, Montefort S, Bjorksten B, et al. Worldwide time trends in
the prevalence of symptoms of asthma, allergic rhinoconjunctivitis,
and eczema in childhood: ISAAC Phases One and Three repeat
multicountry cross-sectional surveys. Lancet 2006; 368: 733—43.
Eder W, Ege MJ, von Mutius E. The asthma epidemic. N Engl ] Med
2006; 355: 2226-35.

Anderson HR, Gupta R, Strachan DP, Limb ES. 50 years of asthma:
UK trends from 1955 to 2004. Thorax 2007; 62: 85-90.

Sullivan PW, Ghushchyan VH, Slejko JF, Belozeroff V, Globe DR,
Lin SL. The burden of adult asthma in the United States: evidence
from the Medical Expenditure Panel Survey. J Allergy Clin Immunol
2011; 127: 363-69.

Weiss KB, Gergen PJ, Hodgson TA. An economic evaluation of
asthma in the United States. N Engl | Med 1992; 326: 862—66.
Bedouch P, Marra CA, FitzGerald JM, Lynd LD, Sadatsafavi M.
Trends in asthma-related direct medical costs from 2002 to 2007 in
British Columbia, Canada: a population based-cohort study.

PLoS One 2012; 7: €50949.

Sears MR, Greene JM, Willan AR, et al. A longitudinal,
population-based, cohort study of childhood asthma followed to
adulthood. N Engl | Med 2003; 349: 1414-22.

Stern DA, Morgan WJ, Halonen M, Wright AL, Martinez FD.
Wheezing and bronchial hyper-responsiveness in early childhood as
predictors of newly diagnosed asthma in early adulthood:

a longitudinal birth-cohort study. Lancet 2008; 372: 1058-64.
Rasmussen F, Taylor DR, Flannery EM, et al. Risk factors for
hospital admission for asthma from childhood to young adulthood:
a longitudinal population study. | Allergy Clin Immunol 2002;

110: 220-27.

Covar RA, Strunk R, Zeiger RS, et al. Predictors of remitting,
periodic, and persistent childhood asthma. J Allergy Clin Immunol
2010; 125: 359-66.

Vonk JM, Postma DS, Boezen HM, et al. Childhood factors
associated with asthma remission after 30 year follow up. Thorax
2004; 59: 925-29.

Haland G, Carlsen KC, Sandvik L, et al. Reduced lung function at
birth and the risk of asthma at 10 years of age. N Engl | Med 2006;
355: 1682-89.

Stern DA, Morgan WJ, Wright AL, Guerra S, Martinez FD.

Poor airway function in early infancy and lung function by age
22 years: a non-selective longitudinal cohort study. Lancet 2007;
370: 758-64.

Bisgaard H, Jensen SM, Bonnelykke K. Interaction between asthma
and lung function growth in early life. Am J Respir Crit Care Med
2012; 185: 1183-89.

Turner SW, Palmer L], Rye PJ, et al. The relationship between
infant airway function, childhood airway responsiveness, and
asthma. Am J Respir Crit Care Med 2004; 169: 921-27.

Morgan WJ, Stern DA, Sherrill DL, et al. Outcome of asthma and
wheezing in the first 6 years of life: follow-up through adolescence.
Am ] Respir Crit Care Med 2005; 172: 1253-58.

Strunk RC, Weiss ST, Yates KP, Tonascia ], Zeiger RS, Szefler SJ.
Mild to moderate asthma affects lung growth in children and
adolescents. J Allergy Clin Immunol 2006; 118: 1040—47.

James AL, Palmer L], Kicic E, et al. Decline in lung function in the
Busselton Health Study: the effects of asthma and cigarette
smoking. Am ] Respir Crit Care Med 2005; 171: 109-14.

Bai TR, Vonk JM, Postma DS, Boezen HM. Severe exacerbations
predict excess lung function decline in asthma. Eur Respir ] 2007;
30: 452-56.

Mortimer K, Neugebauer R, Lurmann F, Alcorn S, Balmes ], Tager L.
Air pollution and pulmonary function in asthmatic children: effects
of prenatal and lifetime exposures. Epidemiology 2008; 19: 550-57.
Anees W, Moore VC, Burge PS. FEV1 decline in occupational
asthma. Thorax 2006; 61: 751-55.

Rachiotis G, Savani R, Brant A, MacNeill SJ, Newman Taylor A,
Cullinan P. Outcome of occupational asthma after cessation of
exposure: a systematic review. Thorax 2007; 62: 147-52.

Gowers AM, Cullinan P, Ayres JG, et al. Does outdoor air pollution
induce new cases of asthma? Biological plausibility and evidence;

a review. Respirology 2012; 17: 887-98.

Savenije OE, Granell R, Caudri D, et al. Comparison of childhood
wheezing phenotypes in 2 birth cohorts: ALSPAC and PIAMA.

J Allergy Clin Immunol 2011; 127: 1505-12.

1369



Seminar

1370

28

29

30

31

32

33

34

35

36

37

38

39

41

42

43

45

47

49

50

11li S, von Mutius E, Lau S, Niggemann B, Gruber C, Wahn U.
Perennial allergen sensitisation early in life and chronic asthma in
children: a birth cohort study. Lancet 2006; 368: 763-70.

Simpson A, Tan VY, Winn J, et al. Beyond atopy: multiple patterns
of sensitization in relation to asthma in a birth cohort study.

Am ] Respir Crit Care Med 2010; 181: 1200-06.

Rodriguez A, Vaca M, Oviedo G, et al. Urbanisation is associated
with prevalence of childhood asthma in diverse, small rural
communities in Ecuador. Thorax 2011; 66: 1043-50.

Mallol J, Castro-Rodriguez JA, Cortez E, Aguirre V, Aguilar P,
Barrueto L. Heightened bronchial hyperresponsiveness in the
absence of heightened atopy in children with current wheezing and
low income status. Thorax 2008; 63: 167-71.

Ferreira MA, Matheson MC, Duffy DL, et al. Identification of ILGR
and chromosome 11q13.5 as risk loci for asthma. Lancet 2011;

378: 1006-14.

Torgerson DG, Ampleford EJ, Chiu GY, et al. Meta-analysis of
genome-wide association studies of asthma in ethnically diverse
North American populations. Nat Genet 2011; 43: 887-92.

Moffatt MF, Gut IG, Demenais F, et al. A large-scale,
consortium-based genomewide association study of asthma.

N Engl ] Med 2010; 363: 1211-21.

Ober C, Tan Z, Sun Y, et al. Effect of variation in CHI3L1 on serum
YKL-40 level, risk of asthma, and lung function. N Engl | Med 2008;
358: 1682-91.

Sleiman PM, Flory J, Imielinski M, et al. Variants of DENND1B
associated with asthma in children. N Engl | Med 2010; 362: 36—44.
Hindorff LA, Sethupathy P, Junkins HA, et al. Potential etiologic
and functional implications of genome-wide association loci for
human diseases and traits. Proc Natl Acad Sci USA 2009;

106: 9362—-67.

Zhang Y, Moffatt MF, Cookson WO. Genetic and genomic
approaches to asthma: new insights for the origins.

Curr Opin Pulm Med 2012; 18: 6-13.

Burrows B, Martinez FD, Cline MG, Lebowitz MD. The relationship
between parental and children’s serum IgE and asthma.

Am ] Respir Crit Care Med 1995; 152: 1497-500.

Holberg CJ, Elston RC, Halonen M, et al. Segregation analysis of
physician-diagnosed asthma in Hispanic and non-Hispanic white
families. A recessive component? Am | Respir Crit Care Med 1996;
154: 144-50.

Tennessen JA, Bigham AW, O’Connor TD, et al. Evolution and
functional impact of rare coding variation from deep sequencing of
human exomes. Science 2012; 337: 64-69.

Torgerson DG, Capurso D, Mathias RA, et al. Resequencing
candidate genes implicates rare variants in asthma susceptibility.
Am | Hum Genet 2012; 90: 273-81.

Ege MJ, Mayer M, Normand AC, et al. Exposure to environmental
microorganisms and childhood asthma. N Engl | Med 2011;
364:701-9.

Wlasiuk G, Vercelli D. The farm effect, or: when, what and how a
farming environment protects from asthma and allergic disease.
Curr Opin Allergy Clin Immunol 2012; 12: 461-66.

Custovic A, Rothers |, Stern D, et al. Effect of day care attendance
on sensitization and atopic wheezing differs by Toll-like receptor 2
genotype in 2 population-based birth cohort studies.

J Allergy Clin Immunol 2011; 127: 390-97.

Maier RM, Palmer MW, Andersen GL, et al. Environmental
determinants of and impact on childhood asthma by the bacterial
community in household dust. Appl Environ Microbiol 2010;

76: 2663-67.

Olszak T, An D, Zeissig S, et al. Microbial exposure during early life
has persistent effects on natural killer T cell function. Science 2012;
336: 489-93.

Strickland DH, Judd S, Thomas JA, Larcombe AN, Sly PD, Holt PG.
Boosting airway T-regulatory cells by gastrointestinal stimulation as
a strategy for asthma control. Mucosal Immunol 2011; 4: 43-52.
Navarro S, Cossalter G, Chiavaroli C, et al. The oral
administration of bacterial extracts prevents asthma via the
recruitment of regulatory T cells to the airways. Mucosal Immunol
2011; 4: 53-65.

Clemente JC, Ursell LK, Parfrey LW, Knight R. The impact of the
gut microbiota on human health: an integrative view. Cell 2012;
148: 1258-70.

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73
74

Round JL, Lee SM, Li J, et al. The Toll-like receptor 2 pathway
establishes colonization by a commensal of the human microbiota.
Science 2011; 332: 974-77.

Bisgaard H, Hermansen MN, Buchvald F, et al. Childhood asthma
after bacterial colonization of the airway in neonates. N Engl | Med
2007; 357: 1487-95.

Charlson ES, Bittinger K, Haas AR, et al. Topographical continuity
of bacterial populations in the healthy human respiratory tract.
Am ] Respir Crit Care Med 2011; 184: 957-63.

Huang Y], Nelson CE, Brodie EL, et al. Airway microbiota and
bronchial hyperresponsiveness in patients with suboptimally
controlled asthma. J Allergy Clin Immunol 2011; 127: 372-81.

Hilty M, Burke C, Pedro H, et al. Disordered microbial
communities in asthmatic airways. PLoS One 2010; 5: e8578.

Marri PR, Stern DA, Wright AL, Billheimer D, Martinez FD.
Asthma-associated differences in microbial composition of induced
sputum. J Allergy Clin Immunol 2013; 131: 346-52.

Nicholson KG, Kent J, Ireland DC. Respiratory viruses and
exacerbations of asthma in adults. BMJ 1993; 307: 982-86.
Johnston SL, Pattemore PK, Sanderson G, et al. Community study
of role of viral infections in exacerbations of asthma in 9-11 year old
children. BMJ 1995; 310: 1225-29.

Message SD, Laza-Stanca V, Mallia P, et al. Rhinovirus-induced
lower respiratory illness is increased in asthma and related to virus
load and Th1/2 cytokine and IL-10 production.

Proc Natl Acad Sci USA 2008; 105: 13562-67.

Jackson DJ, Gangnon RE, Evans MD, et al. Wheezing rhinovirus
illnesses in early life predict asthma development in high-risk
children. Am J Respir Crit Care Med 2008; 178: 667-72.

Kusel MM, de Klerk NH, Kebadze T, et al. Early-life respiratory viral
infections, atopic sensitization, and risk of subsequent development
of persistent asthma. J Allergy Clin Immunol 2007; 119: 1105-10.
Holt PG, Sly PD. Viral infections and atopy in asthma pathogenesis:
new rationales for asthma prevention and treatment. Nat Med 2012;
18:726-35.

Jackson DJ, Evans MD, Gangnon RE, et al. Evidence for a causal
relationship between allergic sensitization and rhinovirus wheezing
in early life. Am J Respir Crit Care Med 2012; 185: 281-85.

Stern DA, Guerra S, Halonen M, Wright AL, Martinez FD. Low
IFN-gamma production in the first year of life as a predictor of
wheeze during childhood. J Allergy Clin Immunol 2007;

120: 835-41.

Macaubas C, de Klerk NH, Holt BJ, et al. Association between
antenatal cytokine production and the development of atopy and
asthma at age 6 years. Lancet 2003; 362: 1192-97.

Contoli M, Message SD, Laza-Stanca V, et al. Role of deficient type
111 interferon-lambda production in asthma exacerbations. Nat Med
2006; 12: 1023-26.

Sykes A, Edwards MR, Macintyre J, et al. Rhinovirus 16-induced
IFN-alpha and IFN-beta are deficient in bronchoalveolar lavage
cells in asthmatic patients. J Allergy Clin Immunol 2012;

129: 1506-14.

Bosco A, Ehteshami S, Stern DA, Martinez FD. Decreased
activation of inflammatory networks during acute asthma
exacerbations is associated with chronic airflow obstruction.
Mucosal Immunol 2010; 3: 399-409.

Reponen T, Vesper S, Levin L, et al. High environmental relative
moldiness index during infancy as a predictor of asthma at 7 years
of age. Ann Allergy Asthma Immunol 2011; 107: 120-26.

Boitano S, Flynn AN, Sherwood CL, et al. Alternaria alternata serine
proteases induce lung inflammation and airway epithelial cell
activation via PAR2. Am | Physiol Lung Cell Mol Physiol 2011;

300: L605-14.

Van Dyken SJ, Garcia D, Porter P, et al. Fungal chitin from
asthma-associated home environments induces eosinophilic lung
infiltration. | Immunol 2011; 187: 2261-67.

Burrows B, Martinez FD, Halonen M, Barbee RA, Cline MG.
Association of asthma with serum IgE levels and skin test reactivity
to allergens. N Engl ] Med 1989; 320: 271-77.

Hogg JC. Pathology of asthma. J Allergy Clin Immunol 1993; 92: 1-5.
Bentley AM, Maestrelli P, Saetta M, et al. Activated T-lymphocytes
and eosinophils in the bronchial mucosa in isocyanate-induced
asthma. J Allergy Clin Immunol 1992; 89: 821-29.

www.thelancet.com Vol 382 October 19,2013



Seminar

75 Bentley AM, Meng Q, Robinson DS, Hamid Q, Kay AB,

Durham SR. Increases in activated T lymphocytes, eosinophils, and
cytokine mRNA expression for interleukin-5 and granulocyte/
macrophage colony-stimulating factor in bronchial biopsies after
allergen inhalation challenge in atopic asthmatics.

Am ] Respir Cell Mol Biol 1993; 8: 35-42.

76 Bradley BL, Azzawi M, Jacobson M, et al. Eosinophils,
T-lymphocytes, mast cells, neutrophils, and macrophages in
bronchial biopsy specimens from atopic subjects with asthma:
comparison with biopsy specimens from atopic subjects without
asthma and normal control subjects and relationship to bronchial
hyperresponsiveness. J Allergy Clin Immunol 1991; 88: 661-74.

77  Cohn L, Elias JA, Chupp GL. Asthma: mechanisms of disease
persistence and progression. Annu Rev Immunol 2004; 22: 789-815.

78 van Oosterhout AJ, Bloksma N. Regulatory T-lymphocytes in
asthma. Eur Respir ] 2005; 26: 918-32.

79  Umetsu DT, Akbari O, Dekruyff RH. Regulatory T cells control the
development of allergic disease and asthma. J Allergy Clin Immunol
2003; 112: 480-87.

80 Larche M. Regulatory T cells in allergy and asthma. Chest 2007;
132: 1007-14.

81 Ege MJ, Bieli C, Frei R, et al. Prenatal farm exposure is related to
the expression of receptors of the innate immunity and to atopic
sensitization in school-age children. J Allergy Clin Immunol 2006;
117: 817-23.

82 1lli S, Depner M, Genuneit J, et al. Protection from childhood
asthma and allergy in Alpine farm environments-the GABRIEL
Advanced Studies. J Allergy Clin Immunol 2012; 129: 1470-77.

83  Schaub B, Liu J, Hoppler S, et al. Maternal farm exposure
modulates neonatal immune mechanisms through regulatory
T cells. J Allergy Clin Immunol 2009; 123: 774-82.

84 Wadsworth SJ, Sandford AJ. Personalised medicine and asthma
diagnostics/management. Curr Allergy Asthma Rep 2013; 13: 118-29.

85 Holgate ST. Pathophysiology of asthma: what has our current
understanding taught us about new therapeutic approaches?

J Allergy Clin Immunol 2011; 128: 495-505.

86 Tschumperlin DJ, Dai G, Maly 1V, et al. Mechanotransduction
through growth-factor shedding into the extracellular space. Nature
2004; 429: 83-86.

87 Tschumperlin DJ, Drazen JM. Chronic effects of mechanical force
on airways. Annu Rev Physiol 2006; 68: 563-83.

88 Chu EK, Foley JS, Cheng J, Patel AS, Drazen JM, Tschumperlin DJ.
Bronchial epithelial compression regulates epidermal growth factor
receptor family ligand expression in an autocrine manner.

Am ] Respir Cell Mol Biol 2005; 32: 373-80.

89 Frey U, Brodbeck T, Majumdar A, et al. Risk of severe asthma
episodes predicted from fluctuation analysis of airway function.
Nature 2005; 438: 667-70.

90 Thamrin C, Zindel J, Nydegger R, et al. Predicting future risk of
asthma exacerbations using individual conditional probabilities.

J Allergy Clin Immunol 2011; 127: 1494-502.

91 Thamrin C, Taylor DR, Jones SL, Suki B, Frey U. Variability of lung
function predicts loss of asthma control following withdrawal of
inhaled corticosteroid treatment. Thorax 2010; 65: 403-08.

92 Wenzel SE. Asthma phenotypes: the evolution from clinical to
molecular approaches. Nat Med 2012; 18: 716-25.

93 Haldar P, Pavord ID, Shaw DE, et al. Cluster analysis and clinical
asthma phenotypes. Am J Respir Crit Care Med 2008; 178: 218-24.

94 Moore WC, Meyers DA, Wenzel SE, et al. Identification of asthma
phenotypes using cluster analysis in the Severe Asthma Research
Program. Am J Respir Crit Care Med 2010; 181: 315-23.

95 Siroux V, Basagana X, Boudier A, et al. Identifying adult asthma
phenotypes using a clustering approach. Eur Respir | 2011;

38: 310-17.

96 Woodruff PG, Modrek B, Choy DF, et al. T-helper type 2-driven
inflammation defines major subphenotypes of asthma.
Am ] Respir Crit Care Med 2009; 180: 388-95.

97 Dougherty RH, Sidhu SS, Raman K, et al. Accumulation of
intraepithelial mast cells with a unique protease phenotype in
T(H)2-high asthma. J Allergy Clin Immunol 2010; 125: 1046-53.

98 Takayama G, Arima K, Kanaji T, et al. Periostin: a novel component
of subepithelial fibrosis of bronchial asthma downstream of IL-4
and IL-13 signals. J Allergy Clin Immunol 2006; 118: 98-104.

www.thelancet.com Vol 382 October 19, 2013

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

17

118

119

120

121

122

123

Corren ], Lemanske RF, Hanania NA, et al. Lebrikizumab
treatment in adults with asthma. N Engl ] Med 2011; 365: 1089-98.
Lotvall J, Akdis CA, Bacharier LB, et al. Asthma endotypes: a new
approach to classification of disease entities within the asthma
syndrome. J Allergy Clin Immunol 2011; 127: 355-60.

Fahy JV, Locksley RM. The airway epithelium as a regulator of Th2
responses in asthma. Am ] Respir Crit Care Med 2011; 184: 390-92.
Mjosberg J, Spits H. Type 2 innate lymphoid cells-new members of
the “type 2 franchise” that mediate allergic airway inflammation.
Eur J Immunol 2012; 42: 1093-96.

Saenz SA, Siracusa MC, Perrigoue |G, et al. IL25 elicits a
multipotent progenitor cell population that promotes T(H)2
cytokine responses. Nature 2010; 464: 1362—66.

Price AE, Liang HE, Sullivan BM, et al. Systemically dispersed
innate IL-13-expressing cells in type 2 immunity.

Proc Natl Acad Sci USA 2010; 107: 11489-94.

Neill DR, Wong SH, Bellosi A, et al. Nuocytes represent a new
innate effector leukocyte that mediates type-2 immunity. Nature
2010; 464: 1367-70.

Wong SH, Walker JA, Jolin HE, et al. Transcription factor RORalpha
is critical for nuocyte development. Nat Immunol 2012; 13: 229-36.
Locksley RM. Asthma and allergic inflammation. Cell 2010;

140: 777-83.

Kim HY, DeKruyff RH, Umetsu DT. The many paths to asthma:
phenotype shaped by innate and adaptive immunity. Nat Immunol
2010; 11: 577-84.

Chang YJ, Kim HY, Albacker LA, et al. Innate lymphoid cells
mediate influenza-induced airway hyper-reactivity independently of
adaptive immunity. Nat Immunol 2011; 12: 631-38.

Halim TY, Krauss RH, Sun AC, Takei F. Lung natural helper cells
are a critical source of th2 cell-type cytokines in protease
allergen-induced airway inflammation. Immunity 2012; 36: 451-63.
Wolterink RG, Kleinjan A, van Nimwegen M, et al. Pulmonary
innate lymphoid cells are major producers of IL-5 and IL-13 in
murine models of allergic asthma. Eur | Immunol 2012; 42: 1106-16.
Mjosberg JM, Trifari S, Crellin NK, et al. Human IL-25- and
IL-33-responsive type 2 innate lymphoid cells are defined by
expression of CRTH2 and CD161. Nat Immunol 2011; 12: 1055-62.
Moffatt MF, Gut IG, Demenais F, et al. A large-scale,
consortium-based genomewide association study of asthma.

N Engl | Med 2010; 363: 1211-21.

Spits H, Cupedo T. Innate lymphoid cells: emerging insights in
development, lineage relationships, and function. Annu Rev Immunol
2012; 30: 647-75.

Toelle BG, Ng KK, Crisafulli D, et al. Eight-year outcomes of the
Childhood Asthma Prevention Study. J Allergy Clin Immunol 2010;
126: 388-89.

Gehring U, de Jongste JC, Kerkhof M, et al. The 8-year follow-up of
the PIAMA intervention study assessing the effect of
mite-impermeable mattress covers. Allergy 2012; 67: 248-56.

Scott M, Roberts G, Kurukulaaratchy R], Matthews S, Nove A,
Arshad SH. Multifaceted allergen avoidance during infancy reduces
asthma during childhood with the effect persisting until age

18 years. Thorax 2012; 67: 1046-51.

Chan-Yeung M, Ferguson A, Watson W, et al. The Canadian
Childhood Asthma Primary Prevention Study: outcomes at 7 years
of age. | Allergy Clin Immunol 2005; 116: 49-55.

Martinez FD. New insights into the natural history of asthma:
primary prevention on the horizon. J Allergy Clin Immunol 2011;
128: 939-45.

Guilbert TW, Morgan W], Zeiger RS, et al. Long-term inhaled
corticosteroids in preschool children at high risk for asthma.

N Engl ] Med 2006; 354: 1985-97

Murray CS, Woodcock A, Langley SJ, Morris ], Custovic A.
Secondary prevention of asthma by the use of Inhaled Fluticasone
propionate in Wheezy INfants (IFWIN): double-blind, randomised,
controlled study. Lancet 2006; 368: 754—62.

Bisgaard H, Hermansen MN, Loland L, Halkjaer LB, Buchvald F.
Intermittent inhaled corticosteroids in infants with episodic
wheezing. N Engl ] Med 2006; 354: 1998-2005.

Zar HJ, Levin ME. Challenges in treating pediatric asthma in
developing countries. Paediatr Drugs 2012; 14: 353-59.

1371



Seminar

1372

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

Ostergaard MS, Nantanda R, Tumwine JK, Aabenhus R. Childhood
asthma in low income countries: an invisible killer?

Prim Care Respir ] 2012; 21: 214-19.

Morgan WJ, Crain EF, Gruchalla RS, et al. Results of a home-based
environmental intervention among urban children with asthma.

N Engl ] Med 2004; 351: 1068-80.

Marinho S, Simpson A, Custovic A. Allergen avoidance in the
secondary and tertiary prevention of allergic diseases: does it work?
Prim Care Respir ] 2006; 15: 152-58.

Martinez FD, Chinchilli VM, Morgan W7J, et al. Use of
beclomethasone dipropionate as rescue treatment for children with
mild persistent asthma (TREXA): a randomised, double-blind,
placebo-controlled trial. Lancet 2011; 377: 650-57.

Szefler SJ, Baker JW, Uryniak T, Goldman M, Silkoff PE.
Comparative study of budesonide inhalation suspension and
montelukast in young children with mild persistent asthma.

J Allergy Clin Immunol 2007; 120: 1043-50.

Lemanske RF Jr, Mauger DT, Sorkness CA, et al. Step-up therapy
for children with uncontrolled asthma receiving inhaled
corticosteroids. N Engl | Med 2010; 362: 975-85.

Price D, Musgrave SD, Shepstone L, et al. Leukotriene antagonists
as first-line or add-on asthma-controller therapy. N Engl | Med 2011;
364: 1695-707.

Nikander K, Turpeinen M, Pelkonen AS, Bengtsson T, Selroos O,
Haahtela T. True adherence with the Turbuhaler in young children
with asthma. Arch Dis Child 2011; 96: 168-73.

Williams LK, Peterson EL, Wells K, et al. Quantifying the proportion
of severe asthma exacerbations attributable to inhaled corticosteroid
nonadherence. J Allergy Clin Immunol 2011; 128: 1185-91.

Apter AJ, Wang X, Bogen DK, et al. Problem solving to improve
adherence and asthma outcomes in urban adults with moderate or
severe asthma: a randomized controlled trial. J Allergy Clin Immunol
2011; 128: 516-23.

Gerald LB, McClure LA, Mangan JM, et al. Increasing adherence to
inhaled steroid therapy among schoolchildren: randomized,
controlled trial of school-based supervised asthma therapy.
Pediatrics 2009; 123: 466-74.

Papi A, Canonica GW, Maestrelli P, et al. Rescue use of
beclomethasone and albuterol in a single inhaler for mild asthma.
N Engl ] Med 2007; 356: 2040-52.

Harrison TW, Oborne ], Newton S, Tattersfield AE. Doubling the
dose of inhaled corticosteroid to prevent asthma exacerbations:
randomised controlled trial. Lancet 2004; 363: 271-75.

Oborne J, Mortimer K, Hubbard RB, Tattersfield AE, Harrison TW.
Quadrupling the dose of inhaled corticosteroid to prevent asthma
exacerbations: a randomized, double-blind, placebo-controlled,
parallel-group clinical trial. Am J Respir Crit Care Med 2009;

180: 598-602.

Turpeinen M, Pelkonen AS, Selroos O, Nikander K, Haahtela T.
Continuous versus intermittent inhaled corticosteroid (budesonide)
for mild persistent asthma in children—not too much, not too little.
Thorax 2012; 67: 100-02.

Ducharme FM. Continuous versus intermittent inhaled
corticosteroids for mild persistent asthma in children: not too
much, not too little. Thorax 2012; 67: 102-05.

Horne R, Price D, Cleland J, et al. Can asthma control be improved by
understanding the patient’s perspective? BMC Pulm Med 2007; 7: 8.
Barnes PJ. Corticosteroid resistance in patients with asthma and
chronic obstructive pulmonary disease. J Allergy Clin Immunol 2013;
131: 636-45.

Rabe KF, Atienza T, Magyar P, Larsson P, Jorup C, Lalloo UG. Effect
of budesonide in combination with formoterol for reliever therapy
in asthma exacerbations: a randomised controlled, double-blind
study. Lancet 2006; 368: 744-53.

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Ni Chroinin M, Greenstone I, Lasserson TJ, Ducharme FM.
Addition of inhaled long-acting beta2-agonists to inhaled steroids as
first line therapy for persistent asthma in steroid-naive adults and
children. Cochrane Database Syst Rev 2009; 2009: CD005307.
Chowdhury B. Long acting beta-agonist safety trials, 2010. http://
www.fda.gov/downloads/advisorycommittees/committees-
meetingmaterials/drugs/pulmonary-allergydrugsadvisory-
committee/ucm206722.pdf (accessed Sept 5, 2012).

Bisgaard H, Szefler S. Long-acting beta2 agonists and paediatric
asthma. Lancet 2006; 367: 286-88.

Beasley R, Martinez FD, Hackshaw A, Rabe KF, Sterk PJ,
Djukanovic R. Safety of long-acting beta-agonists: urgent need to
clear the air remains. Eur Respir ] 2009; 33: 3-5.

Drazen JM, O’Byrne PM. Risks of long-acting beta-agonists in
achieving asthma control. N Engl | Med 2009; 360: 1671-72.

Peters SP, Kunselman SJ, Icitovic N, et al. Tiotropium bromide
step-up therapy for adults with uncontrolled asthma. N Engl | Med
2010; 363: 1715-26.

Jarjour NN, Erzurum SC, Bleecker ER, et al. Severe asthma: lessons
learned from the National Heart, Lung, and Blood Institute Severe
Asthma Research Program. Am | Respir Crit Care Med 2012;

185: 356-62.

Busse WW, Morgan WJ, Gergen PJ, et al. Randomized trial of
omalizumab (anti-IgE) for asthma in inner-city children.

N Engl ] Med 2011; 364: 1005-15.

Hanania NA, Alpan O, Hamilos DL, et al. Omalizumab in severe
allergic asthma inadequately controlled with standard therapy:

a randomized trial. Ann Intern Med 2011; 154: 573-82.

Pavord ID, Korn S, Howarth P, et al. Mepolizumab for severe
eosinophilic asthma (DREAM): a multicentre, double-blind,
placebo-controlled trial. Lancet 2012; 380: 651-59.

Masuoka M, Shiraishi H, Ohta S, et al. Periostin promotes chronic
allergic inflammation in response to Th2 cytokines. J Clin Invest
2012; 122: 2590-600.

Corren |, Busse W, Meltzer EO, et al. A randomized, controlled,
phase 2 study of AMG 317, an IL-4Ralpha antagonist, in patients
with asthma. Am ] Respir Crit Care Med 2010; 181: 788-96.

Wenzel SE, Barnes PJ, Bleecker ER, et al. A randomized,
double-blind, placebo-controlled study of tumor necrosis factor-alpha
blockade in severe persistent asthma. Am J Respir Crit Care Med
2009; 179: 549-58.

Kubo S, Kobayashi M, Iwata M, Miyata K, Takahashi K, Shimizu Y.
Anti-neutrophilic inflammatory activity of ASP3258, a novel
phosphodiesterase type 4 inhibitor. Int Immunopharmacol 2012;
12: 59-63.

Gauvreau GM, Boulet LP, Schmid-Wirlitsch C, et al. Roflumilast
attenuates allergen-induced inflammation in mild asthmatic
subjects. Respir Res 2011; 12: 140.

Cox G, Thomson NC, Rubin AS, et al. Asthma control during the
year after bronchial thermoplasty. N Engl | Med 2007; 356: 1327-37.
Castro M, Rubin AS, Laviolette M, et al. Effectiveness and safety of
bronchial thermoplasty in the treatment of severe asthma:

a multicenter, randomized, double-blind, sham-controlled clinical
trial. Am J Respir Crit Care Med 2010; 181: 116-24.

Wahidi MM, Kraft M. Bronchial thermoplasty for severe asthma.
Am | Respir Crit Care Med 2012; 185: 709-14.

www.thelancet.com Vol 382 October 19,2013



	Asthma
	Introduction
	Epidemiology
	Natural history
	Genetics
	Environment: bacteria, viruses, and fungi
	Pathogenesis
	Prevention
	Treatment
	Therapeutic approaches to mild and moderate asthma
	Therapeutic approaches to severe asthma: targeted drugs on the horizon
	Severe asthma: thermoplasty

	Conclusions
	Acknowledgments
	References


