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Abstract Asthma is increasingly recognised as a hetero-
geneous group of diseases with similar clinical presenta-
tions rather than a singular disease entity. Asthma was
historically categorised by clinical symptoms; however,
newer methods of subgrouping, describing and categoris-
ing the disease have sub-defined asthma. These sub-defi-
nitions are intermittently called phenotypes or endotypes,
but the real meanings of these words are poorly understood.
Novel treatments are currently and increasingly available,
partly in the monoclonal antibody environment, and also
some physical therapies (bronchial thermoplasty), but
additionally small molecules are not far away from clinical
practice. Understanding the disease pathogenesis and the
mechanism of action more completely may enable identi-
fication of treatable traits, biomarkers, mediators and
modifiable therapeutic targets. However, there remains a
danger that clinicians become preoccupied with the con-
cept of endotypes and biomarkers, ignoring therapies that
are hugely effective but have no companion biomarker.
This review discusses our understanding of the concept of
phenotypes and endotypes in appreciating and managing
the heterogeneous condition that is asthma. We consider
the role of functional imaging, physiology, blood-, sputum-
and breath-based biomarkers and clinical manifestations
that could be used to produce a personalised asthma profile,
with implications on prognosis, pathophysiology and most
importantly specific therapeutic responses. With the advent
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of increasing numbers of biological therapies and other
interventional options such as bronchial thermoplasty, the
importance of targeting expensive therapies to patients
with the best chance of clinical response has huge health
economic importance.

Key Points

Asthma encompasses a heterogeneous group of
conditions, rather than being a single disease entity

Asthma can be subdivided into clinically similar
groups called phenotypes or pathogenically
comparable groups called endotypes

Understanding the disease pathogenesis may enable
identification of biomarkers that could predict
treatment response

The future of asthma management may lie in the
targeted use of novel localised treatments and
directed immunotherapy

1 Introduction

Asthma is typically characterised by varying degrees of
bronchial  hyper-responsiveness, reversible airway
obstruction, airway inflammation and associated respira-
tory symptoms. However, it is now widely appreciated that
asthma is not a single disease and may instead encompass a
wide range of heterogeneous conditions.
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Most asthmatics are managed in primary care settings
using a standardised treatment pathway [1]. But with a
diverse spectrum of disorders being grouped under the
asthma umbrella, increasing numbers of patients will be
subject to inappropriate treatment, with associated delays,
expense, morbidity and mortality. By understanding the
pathophysiological, genetic and basic molecular mecha-
nisms and developing methods for individual profiling, it
may be possible to tailor personalised therapy and more
effectively manage asthma.

This article aims to review the current concepts of
phenotypes, endotypes and sub-classifications in asthma,
and the implications this will have on personalising asthma
management.

2 Classifying Asthma

Traditionally asthma has been subgrouped on the basis
of observable characteristics or identifiable patterns,
such as intrinsic or extrinsic, or atopic or non-atopic
asthma.

Clinical subtypes may focus around triggers (exercise-
induced, occupational or atopic), symptoms (shortness of
breath, wheeze, cough), response to treatment (steroid
responsive/unresponsive) or grouped by severity (mild,
severe, life-threatening) [2—4]. Clinical classifications can
be achieved with relative ease (using questionnaires,
examination and spirometry); however, they cannot predict
treatment responses accurately and therefore may be rela-
tively redundant in terms of therapy decision making.

The asthma severity model was the foundation for the
stepwise approach to asthma management, where with
increasing symptoms or inadequate response to initial
measures [typically short-acting beta-agonists (SABA)],
increasing doses of inhaled corticosteroids (ICS), long-
acting beta-agonists (LABA), other bronchodilators and
oral corticosteroids (OCS) are added in a step-wise fashion
[1]. This approach led to the basic, but perhaps over-sim-
plified concept that severity progressed in a linear fashion,
with severe asthma requiring greater complexity or scope
of the treatment algorithm. Such concepts potentially
exacerbate the use of polypharmacy, much of which could
at least in theory be ineffective.

Problematically, classical clinical observation of disease
severity and treatment response do not always correlate [5].
This discrepancy can lead to a great burden from medica-
tion side effects, with little therapeutic benefit, com-
pounded by uncontrolled disease. In severe asthma, there
became a need to more fully understand the disease
pathogenesis and molecular/genetic mechanisms in order
to effectively target and manage asthma with more
precision.
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3 Clinical Mechanism Led Classification: Asthma
Phenotypes and Endotypes

There has been an increasing drive to sub-define asthma
using clinical, pathophysiology and cytokine/biomarker
profiling. Common methods of sub-classification focus on
dividing by phenotypes or endotypes; however, the
nomenclature is often poorly defined, adding to potential
confusion. Traditionally, phenotypic classification grouped
subtypes on the basis of observable or measurable char-
acteristics, whereas endotypic classification aims to sepa-
rate by pathophysiological mechanism.

In 2011, Lotvall et al. [6] specified several pathophysio-
logically distinct (but not all-inclusive) endotypes of asthma.
This method of subgrouping gave the potential to provide
some clinical separation that may lead to targeted treatment
algorithms. Whilst other endotypic classifications have been
subsequently hypothesised by various other sources [7-9]
and may arguably show superiority, for the purpose of this
review, we will focus on and discuss the original specified
endotypes as described by Lotvall et al. [6]:

e Aspirin-associated respiratory disease (AARD): The
AARD endotype characteristically has adult onset,
severe/frequent exacerbations, associated nasal polyps/
chronic rhinitis and exacerbations triggered by non-
steroidal anti-inflammatory drugs (NSAIDs) such as
aspirin, and is usually associated with an eosinophilic
inflammatory process [10]. Aspirin desensitisation and
anti-eosinophilic monoclonal antibodies may in theory
be specifically effective and preferable for this endotype.

e Allergic bronchopulmonary mycosis (ABPM)/severe
asthma with fungal sensitisation (SAFS)/fungal allergic
asthma (FAA): It is also recognised that a subtype of
asthma is associated with fungal allergy, severe symp-
toms and notably fungal airway colonisation [measured
by either extended fungal culture or using polymerase
chain reaction (PCR) analysis of sputum or bron-
choalveolar lavage samples] [11, 12]. The group
potentially portrays a spectrum of allergic asthma with
a recognised progressive pattern and higher risk of life-
threatening or fatal outcomes triggered by an allergic
response to filamentous fungal antigens (commonly
Aspergillus) [13]. ABPM may lead to or be associated
with pre-existing central bronchiectasis and a more
progressive disease course. Antifungal therapies in
conjunction with or replacing OCS may be effective in
this disease subgroup [14].

o Allergic asthma: This subtype often commences in
childhood, commonly in those with a history of other
atopic conditions. There clearly are a wide range of
potential sub-classifications based on the nature of the
allergen and exposure patterns, which may or may not



Asthma Phenotypes and Endotypes

395

lead to differences in outcomes/prognosis. A further
potential subgroup of allergic asthma is asthma-predic-
tive indices (API)-positive preschool wheezers (more
than three wheezing episodes occuring in the first three
years of life and API-criteria positive) [6]. API criteria
requires the infant has either one major factor (sensitivity
to aeroallergen, known atopic dermatitis or parental
asthma) or two minor criteria (peripheral eosinophilia
>4%, food allergen sensitivity or non-viral-induced
wheezing). Nearly two-thirds of these children will
display asthmatic symptoms by the age of 6 [15].

o Severe late-onset  (hyper-eosinophilic)  asthma
(SLOHA): The SLOHA subgroup is characterised as
severe non-atopic asthma manifesting in adulthood
[16], which may be most amenable to treatment with
novel anti-eosinophilic monoclonal antibodies or even
ultimately small molecules [17-22].

e Asthma of cross-country skiers (ACCS): ACCS typically
presents as asthmatic symptoms triggered by strenuous
exercise especially in combination with cold, dry air.
Focussing specifically on cross-country skiers may just
be targeting one end of the spectrum of other forms of
predominant exercise-induced asthma or even of normal
physiological process under extreme conditions. The
impact of high air flow, especially with cold, dry air, is a
trigger factor [6]. No pattern-specific therapy has yet
been postulated, as unlike exercise-induced asthma, it is
not typically responsive to ICS [23]. This pattern of
asthma also needs careful separation from inducible
laryngeal obstruction, which can often be induced by
cold air challenge, especially in conjunction with exer-
cise and high inspiratory flow. Failure to separate these
patterns will delay understanding of correct therapeutic
approaches in this group of athletes.

In each individual, a mixture or change over time of
pathophysiological processes may occur during the disease
course, highlighting the importance of an individualised
approach to therapy.

3.1 Aspirin-Associated Respiratory Disease (AARD)
3.1.1 Pathophysiology

AARD is triggered by cyclooxygenase-1 (COX-1) inhibition
by non-selective NSAIDs/aspirin. COX-1 and COX-2
manufacture prostaglandin H2 from arachidonic acid, which
in turn promotes synthesis of prostaglandins, thromboxanes
and prostacyclins. Many of these downstream mediators
exhibit anti-inflammatory effects such as prostaglandin E2,
which via receptor subtype 2 dampens eosinophil responses
and inhibits mast cell degranulation [24]. COX-2 levels
appear reduced in AARD [25], suggesting COX-1-

dependant homeostatic cascade. When COX-1 is inhibited
by NSAIDs/aspirin, prostaglandin E2 receptor-2 actions are
blocked, disinhibiting the eosinophilic/mast cell inflamma-
tory response. Concordantly, inhaled prostaglandin E2 can
negate aspirin-induced bronchoconstriction [24, 26]. In
AARD pro-inflammatory cysteinyl leukotrienes (CysLTs)
are upregulated at baseline and dramatically increase fol-
lowing aspirin challenge compared to non-AARD asthmatic
controls [27, 28]. AARD bronchial tissues, nasal polyps and
sinus tissues demonstrate overexpression of CysLT-pro-
ducing enzymes (such as leukotriene C4 synthase) by local
mast cells and eosinophil recruitment [29, 30]. Pro-inflam-
matory CysLTs and reduced anti-inflammatory pros-
taglandin E2 drive the exaggerated eosinophilic and mast
cell-mediated inflammation in response to aspirin/NSAIDs.
Figure 1 demonstrates the pathophysiological mechanisms
involved in the different asthma endotypes. Figure 1a con-
cerns AARD.

3.1.2 Genetics

In AARD, prostaglandin E2 receptor-2 gene polymorphism
(reducing anti-inflammatory capabilities) is implicated in
susceptibility [31]. Furthermore, microsomal prostaglandin
E2 synthase-1 deficient mice also develop an AARD-like
syndrome [32]. Polymorphisms at pro-inflammatory
CysLT receptor-1 promoter and CysLT receptor-2 have
shown concordance with AARD and correlation with the
degree of aspirin sensitivity [33, 34].

3.1.3 Biomarkers

AARD is associated with raised urinary CysLTs and
increased periostin levels; however, due to significant
overlap with other endotypes, biomarkers alone cannot
specifically differentiate AARD [9, 35].

3.1.4 Management

In AARD, ICS and beta-agonists are commonly used, but
leukotriene antagonists may play a key role in manage-
ment. Leukotriene receptor antagonists (montelukast and
zafirlukast) selectively block receptors for CysLT-1.
Zileuton inhibits 5-lipoxygenase, thereby dampening pro-
duction of all CysLTs, and impairing all downstream
effects. By a broader range of activity, zileuton has dis-
played greater superiority to traditional leukotriene recep-
tor antagonists [36]. Dietary avoidance of aspirin and
desensitisation are also therapeutic options [37]. Aspirin
desensitisation downregulates pro-inflammatory CysLTs
and interleukin (IL)-4, and with subsequent daily aspirin
therapy, appears to reduce severity and frequency of
exacerbations [30, 36].
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Fig. 1 Pathophysiology of asthma endotypes. a Arachidonic acid is
converted into numerous inflammatory mediators including down-
stream prostaglandin-E2 (PGE2). PGE2-receptor-2 dampens eosino-
phil activation and impairs mast cell degranulation. In aspirin-
associated respiratory disease (AARD) this anti-inflammatory path-
way is dependent upon cyclooxygenase (COX)-1, which is blocked by
aspirin/non-steroidal anti-inflammatory drugs. In AARD, production
of cysteinyl leukotrienes is enhanced, leading to bronchoconstriction.
b In allergic bronchopulmonary mycosis, fungal proteases cause
epithelial damage. Antigen-presenting cells (APCs) recognise and
process antigens, and via mediators stimulate T helper cell type 2
(Th2) phenotype. Th2 cytokines stimulate eosinophil activation and
immunoglobulin E production from plasmacytes, sensitising mast

3.2 Allergic Bronchopulmonary Mycosis (ABPM)
3.2.1 Pathophysiology
In ABPM, fungal proteases damage bronchial epithelial

cells, triggering an inflammatory response and hindering

A\ Adis

cells to fungal antigens and triggering bronchoconstriction upon re-
exposure. ¢ In one allergic asthma theory, exposure to low-dose
endotoxin via APC may potentiate a Th2 type inflammatory response.
High-dose endotoxin exposure may trigger a neutrophilic Th17 type
response. d In asthma of cross-country skiers, exercise associated
with cold, dry conditions leads to excessive airway drying, cellular
water loss and subsequent increase in intracellular ionic concentra-
tion. Such epithelial stress stimulates an inflammatory cascade
associated with neutrophilia and bronchoconstriction
[6, 24-31, 38, 39, 50-53, 75-77]. IL interleukin, TNF tumour
necrosis factor, TGF transforming growth factor, 7SLP thymic
stromal lymphopoietin

mucociliary clearance. Hyphal antigens from filamentous
fungi are isolated by antigen-presenting cells (APCs). The
APCs work together with activated respiratory epithelia to
manufacture T helper cell type 2 (Th2)-promoting cytoki-
nes and chemokines [38, 39]. These inflammatory factors
induce differentiation, recruitment and activation of CD4+
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T cells into the Th2 subtype, producing biomarkers such as
IL-4/1L-5. IL-4/IL-5 stimulate fungal-specific
immunoglobulin E (IgE) production from plasmacytes, IgE
priming of mast cells/basophils, and eosinophil recruitment
and activation. This response sensitises the airways to
specific fungal antigens, triggering a hypersensitivity
response upon exposure (Fig. 1b). Chronic hypersensitivity
with associated bronchiolar inflammation, cellular damage
and impaired mucociliary clearance can progress to
bronchiectasis and without intervention, ultimately, to
fibrosis [13, 39].

3.2.2 Genetics

Susceptibility to ABPM is associated with polymorphisms
in genes encoding for cystic fibrosis transmembrane con-
ductance regulator, CHIT1 (innate immune system diges-
tive enzyme with fungal activity), surfactant protein A2 or
toll-like receptor-9, which all cause altered clearance of
fungal spores/hyphae [40—44]. Individuals with polymor-
phisms in these genes have increased exposure and
pathogen burden by fungal hyphae. Human leukocyte
antigen (HLA) genes DR2/DRS5 have also been implicated
as susceptibility foci, certain alleles potentially promoting
Th2 type response to pathogens [40, 45]. Furthermore,
genetic variability affecting Th2 inflammatory pathways
such as IL-4o receptor polymorphism (increasing receptor
activity) is seen with increased frequency in ABPM
patients [40, 46]. Combination of susceptibility genes may
synergistically increase risk, and with the appropriate
environmental exposure, ABPM can develop.

3.2.3 Biomarkers

Specific ABPM investigation includes total serum IgE
measurement, serum Aspergillus IgE (Aspergillus-specific
sensitisation) and Aspergillus skin testing. Results of these
investigations are typically positive in active disease;
however, ABPM caused by non-Aspergillus fungi may be
more difficult to identify, and many physicians do not have
access to advanced culture techniques or PCR, which
would more accurately define airway colonisation [40].

3.2.4 Management

ABPM commonly fails to respond to inhaled beta-agonists
and ICS, whilst OCS have historically been the mainstay of
treatment. High-dose intravenous corticosteroid pulses
have been suggested for controlling ABPM with reduced
(but not nullified) steroid burden [8]. Anti-fungal agents,
most commonly itraconazole (or newer posaconazole/
voriconazole), aim to reduce the triggering allergen and
destructive proteases which contribute to airway damage.

Azoles have variable absorption, metabolism, drug inter-
action and toxicity and therefore require close monitoring
[13]. An alternative anti-fungal is amphotericin, which can
be delivered to the airways via nebulisation, but is poorly
tolerated in asthma [13, 47, 48]. Another steroid-sparing
agent utilised in ABPM is omalizumab (monoclonal anti-
IgE antibody), which demonstrates reduction in exacerba-
tion frequency and fractional exhaled nitric oxide (FeNO)
levels [49].

3.3 Allergic Asthma
3.3.1 Pathophysiology

In allergic asthma, inhaled antigens trigger an allergic type
response with Th2 type T cells producing inflammatory
mediators such as IL-4, IL-5, IL-13 and eotaxin, which
synergistically act to recruit, activate and target eosinophils
to the lungs and regulate IgE synthesis [50-52]. Activated
eosinophils and mast cells release CysLTs, triggering
bronchoconstriction, smooth muscle proliferation and
mucous secretion [50]. Mouse models have implicated
sensitisation with low doses of bacterial endotoxin in
triggering Th2 type responses via IL-4 and tumour necrosis
factor-o. (TNFo) signalling. Sensitisation with higher dose
endotoxin may, however, stimulate Thl/Thl7 type
responses more typically associated with neutrophilic type
inflammation [53] (Fig. 1c). In chronic obstructive pul-
monary disease patients, a similar phenomenon of low
bacterial load being associated with airway eosinophilia
and higher bacterial loads correlating with neutrophilic/
non-Th2 response has also been observed [54].

3.3.2 Genetics

Allergic asthma is associated with polymorphisms in genes
mediating Th2 type immune responses. Single nucleotide
polymorphisms of IL-4/IL-13 pathway genes are clustered
amongst allergic asthmatics, and the number of variants an
individual has correlates with severity [55]. Certain geno-
types at the 17q12-21 locus correlate with raised IgE levels
and eosinophil counts [56, 57]. Allergic asthma may also
be potentiated by epigenetic processes, including methy-
lation of genes promoting Th2 differentiation and IgE
regulation. Protective factors such as childhood farm
environment may exert effects on an epigenetic level [58].
Similar genetic profiles are observed in asthmatic API
preschool wheezers with association with polymorphism in
ORMDL3 (locus 17q21) and IL-4 [59]. Genetic variance of
the ADAM33 gene (metalloproteinase crucial in bronchial
hyper-responsiveness [60]) was also implicated in pre-
dicting childhood asthma amongst infant wheezers [59].
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3.3.3 Management

Allergic asthma typically is steroid responsive; however,
subsets of particularly severe asthmatics may be steroid
unresponsive or OCS dependant. Key allergic asthma tar-
gets include IL4, IL-5, IL-13 and IgE, and biological
inhibition of these target molecules has shown good ther-
apeutic benefit [6, 61, 62].

3.4 Severe Late-Onset (Hyper-Eosinophilic) Asthma
(SLOHA)

3.4.1 Pathophysiology

SLOHA demonstrates more progressive loss of lung
function compared with atopic/early-onset asthma.
SLOHA classically exhibits a Th2 type response, charac-
terised by sputum and blood eosinophilia and basement
membrane thickening. However, in contrast to atopic type
asthma, in SLOHA there is an absence of lympho-
cytic/mast cell-medicated processes and the Th2 response
is elicited by non-atopic mechanisms [63]. Hormonal fac-
tors may be involved in triggering SLOHA. Females of
reproductive age or using exogenous hormone replacement
appear to be at increased risk [64, 65], showing a similar
demographic profile to autoimmune conditions. Akin to
other autoimmune conditions, SLOHA patients also com-
monly require systemic treatments, with poorer responses
to local/inhaled therapy [6]. Autoantibodies selective to
bronchial tissues have been identified in SLOHA patients;
however, causation or consequence of bronchial damage
has not yet been determined. Potential target antigens
include alpha-enolase (glycolytic enzyme) [66] and
cytokeratin-18 (cytoskeletal protein) [67].

3.4.2 Genetics

SLOHA development shows association with specific
CCL5/RANTES promoter region polymorphisms, produc-
ing exaggerated inflammatory responses to exogenous
pathogenic stimuli. Response is exaggerated following
cumulative exposure, suggesting manifestation at an older
age [68]. Polymorphism of the anti-inflammatory Clara cell
secretory protein gene shows concordance with airway
hyper-responsiveness and SLOHA [69].

3.4.3 Biomarkers

SLOHA probably represents a variety of individual “en-
dotypes” as there is marked heterogeneity in the cytokine
profile of SLOHA patients; in the future when we suc-
cessfully personalise therapies, choice could be made using
the monoclonal antibody to antagonise the specific
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cytokine found in highest concentration in each individual.
SLOHA demonstrates Th2 responses and associated raised
biomarkers such as FeNO and eotaxins (eosinophilic
chemotactic agents) in the absence of allergic stimuli [70].
Eotaxins correlate with severity of asthma, and eotaxin-2
showed greatest association with SLOHA [70, 71].
Eotaxins are raised in allergic asthma, but appear even
higher in hyper-eosinophilic autoimmune conditions such
as eosinophilic granulomatosis with polyangiitis [72].

3.4.4 Management

SLOHA often requires OCS for control; however, novel
monoclonal antibody therapy may hold the key [6].
Antagonism of Th2 mediators (IL-4, IL5 and IL-13) has
demonstrated effectiveness in managing SLOHA, even in
steroid refractory disease [70]. Mepolizumab (an anti-IL-5
monoclonal antibody) shows steroid-sparing effects,
reduced sputum and blood eosinophils and better asthma
control, especially in steroid-dependant or resistant patients
[17]. Likewise, reslizumab reduces exacerbation frequency
and improves lung function in patients with elevated blood
eosinophils and a history of frequent exacerbations [18].
Benralizumab, a monoclonal that targets the IL-5 receptor
may also soon be available, and the relative efficacy and
cost effectiveness of each of these will require careful
assessment. Dupilumab is also undergoing research eval-
uation as an anti-IL4/5 combined antagonist [20].

Prostaglandin D2 receptor antagonism has also demon-
strated beneficial reduction in airway eosinophilic inflam-
mation [22].

3.5 Asthma of Cross-Country Skiers (ACCS)
3.5.1 Pathophysiology

Exercise is a common trigger in asthmatics, particularly
when poorly controlled. However, a population of other-
wise healthy individuals who have respiratory symptoms
stimulated by intense exercise in cold, dry conditions has
been recognised and named to reflect the initial population
in which it was observed (cross-country skiers) [73].
Despite the name, it is likely the phenotype applies to all
competitive athletic performance where high flow inspira-
tory intensity is achieved at maximum exercise. In contrast
to allergic and other forms of asthma, ACCS does not
demonstrate marked elevation in sputum eosinophil, mast
cell and macrophage counts, but instead exhibits increased
airway neutrophil numbers. In both allergic asthma and
ACCS, airways demonstrate a greater number of T lym-
phocytes, indicating inflammatory processes [74]. ACCS is
triggered during high-intensity training (in particular in
cold, dry conditions such as cross-country skiing) where
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excessive ventilation causes extreme cooling/drying of the
epithelial surface. Epithelial cells dehydrate and concen-
trate their ionic composition, attempting to maintain
osmotic homeostasis [75, 76]. Stressed epithelial cells
stimulate an inflammatory cascade producing mediators
such as eicosanoids, CysLTs and histamine, and reducing
anti-inflammatory prostaglandin E2 and thromboxane B2.
The overall effect triggers bronchoconstriction [75, 77]
(Fig. 1d). Alternative theories hypothesised that airway
cooling elicits parasympathetic bronchoconstriction and
vasoconstriction to minimise heat loss. When exercise
stops and the cooling trigger is removed, rebound vasodi-
lation with resultant mucosal oedema and smooth muscle
constriction occurs [75]; this alternative proposed mecha-
nism has been more difficult to validate. Following high-
intensity activity, athletes demonstrate increased apoptosis
of bronchial epithelial cells and excess neutrophils in
induced sputum [78, 79]. Neutrophil counts correlate with
training frequency. The type of exercise or exercise envi-
ronment may also affect pathophysiology; swimmers
develop neutrophilia and mild eosinophilia in sputum
thought to be in relation to chlorine or chloramine exposure
[78].

3.5.2 Genetics

ACCS susceptibility may be conveyed through polymor-
phism/loss of function in aquaporin water channels.
Aquaporin-5 knockout mice display bronchiolar hyper-re-
sponsiveness to methacholine, whilst in athletes metha-
choline responsiveness correlates with sweat, tear and
salivary production. Reduced activity aquaporin polymor-
phism could hypothetically confer risk for ACCS via
accelerating airway drying [80]; however, specific genetic
links are yet to be proven.

3.5.3 Biomarkers

ACCS demonstrates normal blood eosinophil counts and
FeNO, as expected from non-Th2 inflammation. ACCS
does exhibit raised urinary CysLTs [6, 36], but this is not
specific to ACCS.

3.5.4 Management

The mainstay of treatment for ACCS is reducing training
intensity; ICS alone are rarely sufficient to control symp-
toms. Protection from/avoidance of extreme cold/dry con-
ditions whilst training is crucial, and pre-exercise and as-
required bronchodilators may be beneficial [80]. In contrast
to this, exercise-induced asthma will typically reflect poor
asthma control from other forms (commonly allergic

asthma), whereby an increase in standard therapies including
bronchodilators and ICS will provide benefit [73].

It is also key in this condition to differentiate the gen-
uine lower airway symptoms from the additional common
feature of such athletes, exercise inducible laryngeal
obstruction (EILO).

3.6 Other Endotypes: Neutrophilic Asthma
3.6.1 Pathophysiology

The Lotvall et al. system of classification is not all inclu-
sive, and there are subgroups of patients who do not
comply with the previous categories. For example, a sub-
group of asthmatic patients with neutrophilic driven
inflammation (without exercise association) has also been
described. This subgroup typically exhibits severe
asthma symptoms non-responsive to corticosteroids, often
with associated triggers such as smoking or exhaust fumes
[81, 82]. Such triggers have precipitated Thl7 type
inflammation in asthmatics [81, 82]. CD4 Th cells differ-
entiate under the influence of transforming growth factor-3
(TGF-B), IL-6, IL-1p and IL-23 into Th17 cells. Th17 cells
secrete mediators including IL-17A, IL-17F, and IL-22,
which increase mucous cell metaplasia, expand airway
smooth muscle volume and stimulate airway epithelial
activation and attraction of neutrophils [83]. IL-17A and
IL-17F expression also correlates with severity of asthma
[84]. Airway neutrophilia may occur reactively in response
to pathogens. IL-17F knockout mice have attenuated neu-
trophil airway recruitment compared with wild-type in
response to fungal proteinase [85]. High-dose bacterial
endotoxin exposure induces Th1/Th17 type responses and
neutrophil-mediated inflammation [53].

3.6.2 Genetic

Glutathione S-transferase M1 (GSTMI1) functional geno-
type (present in approximately half of northern European
descendants) promotes greater allergen-induced neu-
trophilia than GSTM1 null patients, and is associated with
increased production of pro-neutrophilic mediators such as
CXCL-8, IL-1B and IL-6 [86]. Certain IL-17F alleles with
increased activity have also shown correlation with asthma,
and mouse models with raised IL-17F levels demonstrate
bronchial neutrophilic infiltration [87].

3.6.3 Biomarkers
Sputum neutrophilia correlates with raised sputum IL-16
and matrix metalloproteinase-9 (MMP-9) (a protein

involved in the degradation of extracellular matrices),
whilst sputum intracellular adhesion molecule-1 (ICAM-1)
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(an epithelial/immune cell surface receptor) levels were
increased in patients with low sputum neutrophil counts
[88]. Sputum fibrinogen levels demonstrate correlation
with luminal narrowing in the presence of sputum neu-
trophilia [88].

3.6.4 Management

Adult-onset non-eosinophilic (neutrophilic) asthma is
commonly steroid unresponsive with relatively few treat-
ment options. Maintenance macrolides have been used in
this subgroup, with moderate success [89]. Chemokine
CXCR?2 inhibition has demonstrated modest improvement
in neutrophilic asthma control and reducing mild-moderate
exacerbations [90]. Surprisingly, blockade of IL-17 (Th17
neutrophilic mediator) has not translated into clinical
improvement; however, further investigation may be war-
ranted [70, 91].

4 Exploration of Phenotypes Using Cluster
Analysis

Individual asthma subgroups have also been pursued by
cluster analysis. Cluster analysis allows grouping of
patients by using similarities in measurable characteristics,
for example, demographic details, exhaled compounds,
serum biomarkers or lung function [92, 93]. Cluster anal-
ysis may help to find clinically applicable methods of
grouping a patient’s characteristics and help predict likely
treatment response. However, the ‘cluster’ is by definition
the identification of a group of closely allied features and
may contain a plethora of actual endotypes.

The Severe Asthma Research Program (SARP) has
undertaken large cluster analysis (in the form of SARP 1/2/
3) in order to differentiate and elucidate some phenotypi-
cally distinct groups. Univariate analysis of data from lung
function, FeNO, blood and sputum cellular and biochemi-
cal contents, subjective symptom questionnaires, demo-
graphic characteristics (such as gender, height and weight)
and genetic profiling, was undertaken in an attempt to
statistically group patients [94-98].

In 2010, the initial SARP analysis identified five clus-
ters, which are roughly outlined as follows [97]:

1. Predominantly young, female, atopic, childhood onset,
with mild and often exercise-induced disease

2. Slightly older, predominantly female, atopic, child-
hood onset, reversible or well-controlled asthma, but
requiring more intervention than cluster 1

3. Mainly older women, with a raised body mass index,
late-onset asthma, high symptom burden, severe dis-
ease and requiring higher therapeutic intervention

A\ Adis

4. Severe atopic, childhood onset, demonstrates good
reversibility

5. Severe asthma, poor control and relatively fixed
airflow obstruction.

There is some obvious overlap seen between the distinct
clusters identified during the SARP analysis, and this may
therefore make it difficult on an individual basis to deter-
mine which specific cluster a patient may fall into. It is also
possible to observe similarities or differences between the
suggested clusters with groups from the Lotvall et al.
endotype classification, such as SLOHA and cluster 3,
whilst other endotypes such as allergic asthma would
appear to be spread across clusters 1, 2 and 4.

The TENOR cohort analysis identified clusters in both
childhood, and adolescent and adult cohorts. These again
were distinct from the SARP studies, yet demonstrated
considerable overlap with SARP clusters, but also with
Lotvall et al.’s endotypes [99]. Within the adult/non-ado-
lescent analysis, clusters were identified with early onset,
atopic type asthma (relatable to SARP clusters 1/2), and
other clusters were also identified with severe asthma asso-
ciated with aspirin sensitivity—reminiscent of AARD [99].

The results of many of these cluster analysis studies have
identified groups with typical disease patterns and behaviours,
but cluster analysis would only show translational benefit if it
were a way of predicting response to treatment. By performing
cluster analysis with an outcome variable of treatment
response, it is possible to identify traits, characteristics or
clusters, which can predict specific success of a therapeutic
intervention. Cluster analysis in this way has been success-
fully used to identify subgroups and enable prediction of
response to systemic corticosteroids [98], or to newer targeted
therapies such as the IL-5 antagonist mepolizumab [100].

This retrospective cluster analysis may be the first step
towards the new age of personalised medicine—with the
futuristic ideal of being able to input patient characteristics
and be given an individual outcome/predicted response
profile to all available treatments. But in such an envi-
ronment, it will also be important to recognise that with
any type of classification there will still be specific indi-
vidual patients who do not fit neatly into any one endotype/
phenotype/cluster, and will not behave as predicted. Cer-
tain patients may be deemed to have a low chance of
success from a specific treatment and therefore be inap-
propriately precluded from access to a therapeutic option
which could have been beneficial. Additionally, groups of
patients will have overlapping pathophysiological pro-
cesses or even aspects from more than one endotype,
making it important to always retain focus on the indi-
vidual patient and the potential to help produce tailored
management.
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5 Investigations

Whilst creating a personalised approach to asthma man-
agement, it is important to identify methods of detecting
specific features that might lead to targeted therapies. For
the most part this work is done using a formalised inves-
tigation profile, using generic tests and then adding some
specific phenotype-targeted investigations.

5.1 Imaging

Imaging the lungs effectively in asthma can be useful in
solidifying the diagnosis, identifying severity and also the
regional or generalisability of changes, for planning tar-
geted treatments. Regional tissues within asthmatic patients
may show heterogeneity in their chronic structural changes,
reactivity and pathophysiology, suggesting that a wide
dispersal of an individual therapy may not be universally
successful or optimal. However, local or regionally
focussed treatments such as bronchial thermoplasty may
produce added benefits in such cases [101-104].

Additionally, by identifying patients with peripheral
disease, we may be able to target therapies, such as the
need for inhaled therapies to concentrate on small particle
deposition in those in whom small airway disease has been
identified [102, 104].

Furthermore, ventilatory defects have been identified
radiologically in well controlled patients with normalised
lung function and who are asymptomatic, suggesting the
pathological processes may be ongoing despite apparent
physiological inactivity [101].

5.1.1 High-Resolution Computed Tomography (HRCT)
in Routine Practice

It is now widely accepted in UK clinical practice [105] that
high-resolution computer tomography (HRCT), should be
performed on all patients with severe or refractory asthma.
Airway wall thickening on HRCT positively correlates
with severity of asthma and inversely correlates with gas
transfer coefficient [106]. HRCT-determined airway
geometry has revealed that high luminal and total airway
volume is associated with low sputum neutrophil counts
and raised sputum CCLI11 (eotaxin-1, an eosinophil
chemotactic protein). Reduced luminal area identified on
HRCT is associated with raised IL-1a levels [88].

By accurately assessing lung geometry, it may be pos-
sible to define severity, progression and predict suit-
able treatment options. Despite the common use of HRCT
imaging, the American Thoracic Society (ATS)/European
Respiratory Society (ERS) joint guidelines do not advise
routine HRCT scanning unless there is an alternate

indication or atypical presentation [62]. However, there is
clear evidence that alternative diagnoses made by HRCT
are very common (e.g. bronchiectasis being identified on
HRCT in 35% of scanned asthmatics in one UK study
[107]). Failure to perform HRCT may result in missed
critical alternative diagnoses in many patients, which
would be key in guiding successful treatment strategies.

The presence and even the extent of bronchial wall
thickening have been used to determine the suitability of
asthma patients for the treatment modality of bronchial
thermoplasty. At present, the extent of thickening has been
established with bronchial biopsy [108] or by optical
coherence tomography (OCT) (see Sect. 5.1.4) [63]; how-
ever, it is hoped these data will be compared to quantitative
or qualitative HRCT analysis for dissemination of these
results to the broader population, hopefully without the
need for bronchial biopsy or complex research level airway
imaging techniques first.

5.1.2 Other Imaging Modalities

Other imaging techniques are largely research tools at this
stage, but examples of complex imaging strategies include
xenon ventilation CT with dual energy and dual source,
hyperpolarised noble gases helium-3 (*He) or xenon-129
('*Xe) ventilatory contrast magnetic resonance imaging
(MRI) and dynamic oxygen-enhanced MRI imaging. These
are all functional imaging techniques that can determine
distal small airway obstruction with local ventilatory
variation, which correlates with degree of asthma control,
disease severity and degree of methacholine-induced
bronchoconstriction [101, 102, 109]. Helium is difficult to
produce in a polarised state; therefore, oxygen-enhanced
imaging may have practical superiority, resulting in more
extensive clinical dissemination [102].

5.1.3 Forced Oscillation Technique (FOT)

Other functional measurements are becoming increasingly
explored, such as forced oscillation technique (FOT),
which provides measurement of the mechanical properties
of the airways using responses to external vibration during
normal respiration. Variation in frequency can be used to
identify airway calibre, and FOT has been reliably used to
demonstrate bronchial hyper-responsiveness through a
non-invasive method [101, 110].

5.1.4 Optical Coherence Tomography (OCT)
OCT detects the backscatter from near infrared light waves
to produce high-resolution images in the range of 1-20 pm.

OCT can monitor real-time airway thickness, which cor-
relates with the degree of bronchial hyper-responsiveness,
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and has demonstrated accurate methods of quantifying
reduction in airway thickness post-bronchial thermoplasty
[63, 111].

Whilst certain imaging modalities have been correlated
with disease severity and standard HRCT has been used to
explore the diagnosis, there is hope that current techniques
used in the research arena will prove to be clinically useful
and guide exploratory or locally targeted therapies.

5.2 Using Predictive Biomarkers

The advent of monoclonal antibodies and small molecules
has allowed specific biological mechanisms and patho-
physiological processes to be targeted during treatment.
When using a therapy which targets a specific pathological
process, in order for the treatment to be effective, it is
essential that the specific pathological process is active.
Given the heterogeneous nature of severe asthma, it
becomes imperative that we are able to correctly identify
the pathological processes and targeted mechanisms to
effectively identify suitable candidates for given treatment
options. This need is heightened when these therapies are
expensive and health economic models of cost/benefit are
applied to their availability.

The current drive with pharmacotherapy is to provide
biomarkers, which identify patients most likely to respond
to specific therapies. This will lead to a more individualised
patient treatment plan. However, the work revolves around
cluster analysis, correlation and averages. Hence it is
entirely possible that individual patients will lose out with
this approach, as treatments that may have worked for an
individual will not be offered because they do not carry the
generalisable specific marker of response. Nevertheless,
such approaches will improve health economic efficiency,
by giving expensive novel therapies only to those with the
highest statistical chance of success. The following section
explores the currently viable examples of biomarkers or
best clinically available equivalent tests.

5.2.1 Sputum Eosinophilia

Airway eosinophilia indicates asthma severity (assuming
adherence to standard ICS therapy) and is the best pre-
dictor of short-term corticosteroid responsiveness.
Asthma treatment based on normalising sputum eosino-
phil count [in comparison to standard British Thoracic
Society (BTS) guidelines] has been shown to reduce
exacerbations and admissions without corresponding
increases in anti-inflammatory treatments [112]. The
BTS standard algorithm would increase therapy on the
basis of increasing symptoms, reduced peak flow mea-
surements, increase in frequency of beta2-agonist use or
following an exacerbation. Similarly, treatment would be
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theoretically reduced if symptoms had remained
stable for 2 consecutive months. However, measuring
bronchial eosinophilia accurately is relatively invasive
(airway biopsy, bronchial lavage for cell differential or
sputum induction) [113]. Peripheral markers of bronchial
eosinophilia including FeNO, serum eosinophil counts
and IgE, all show correlation with sputum eosinophil
count, but alone have a substantial false-positive/nega-
tive potential [114]. Serum eosinophilia is associated
with superior efficacy in IL-5 antagonism by mepolizu-
mab; unselected asthmatic patients show heterogeneity
in their response [115].

5.2.2 Immunoglobulin E (IgE) Levels

Initially IgE levels were thought to be beneficial in tar-
geting anti-IgE (omalizumab) therapy; however, large
pooled population analysis has demonstrated that IgE
levels are unable to consistently identify responders from
non-responders [116]. More recent evaluation of baseline
characteristics has demonstrated a predictive relationship
between serum eosinophils, FeNO and periostin in fore-
casting response to omalizumab [117].

5.2.3 Fractional Exhaled Nitric Oxide (FeNO)

Inflammatory triggers stimulate epithelial nitric oxide syn-
thase, which upregulates production of nitric oxide, pro-
viding a measurable representation of the inflammatory
process [118]. FeNO levels display negative correlation with
asthma control. Patients displaying allergic phenotypes with
positive skin prick tests, allergic rhinitis or allergic con-
junctivitis all show higher levels of FeNO than those with-
out. FeNO also associates with number of emergency room
visits, suggesting a prognostic application [119].

5.2.4 Periostin

Periostin is an extracellular and matri-cellular protein
produced downstream of Th2 immune responses via IL-13
signalling. The exact actions of periostin in asthma have
not been fully elucidated; however, periostin has been
identified as a surrogate for IL-13, IgE and Th2 type
responses. Periostin levels correlate with sputum eosino-
philia and FeNO [35].

Raised periostin levels can predict responses to anti-IgE
antibodies (omalizumab) [120], especially in ICS unre-
sponsive patients. Studies had initially identified high
periostin levels as a marker to determine benefit in reduc-
ing exacerbation rates in response to anti-IL-13 antibodies
(lebrikizumab) [117]; however, subsequent studies have
been unable to replicate these results, and thus
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lebrikizumab is no longer being evaluated as an asthma
therapy [121].

5.2.5 Volatile Organic Compounds

Novel research has highlighted that volatile organic com-
pounds in exhaled air differ between asthmatic and non-
asthmatic patients. What’s more, distinct subgroups of
patients have been identified by cluster analysis into
potential endotypes, with a range of phenotypic manifes-
tations, but similar exhaled biochemical profiles [88].
Other evaluations of exhaled air have demonstrated that
poorly controlled asthma and acute attacks are associated
with lower pH of the breath condensate [122].

5.2.6 Other Biomarkers

Galectin-3 is a lectin involved in cellular adhesion, chemo-
attraction and IgE binding. Sputum galectin-3 is present in
low levels in patients with neutrophilic/non-Th2 type
inflammation, and high levels in patients who morpho-
logically respond to anti-IgE (omalizumab) treatment
[118]. Other markers in sputum of Th2/IgE type inflam-
mation have also been described, such as IL-33 and thymic
stromal lymphopoietin, and these markers also appear to be
linked with lower lung function [123].

6 Targeted Management for Asthma

6.1 Relevance of Asthma Phenotyping/Endotyping
to Existing Therapies and Guidance

Leukotriene pathway inhibitors act synergistically with
ICS to improve lung function and reduce exacerbation
frequency [124]. They are key in the management of
AARD; however, response to anti-leukotriene drugs is not
specific to aspirin sensitivity [125].

Typically eosinophilic asthma responds to corticosteroid
treatment, although long-term OCS are potentially highly
toxic, and so a number of steroid-sparing techniques are
being increasingly employed. Conventional disease-modi-
fying anti-rheumatic drugs such as methotrexate, ciclos-
porin, mycophenolate and azathioprine are occasionally
used in severe asthma as steroid-sparing agents. Despite
their use, the ATS/ERS guidelines advise against them, but
for some patients the only alternative is increasing OCS,
which is almost certainly a worse option.

The main objection to the steroid-sparing therapies is
surrounding toxicity, when weighed against modest disease
benefit, but on a case-by-case basis in specialist centres,
certain patients requiring daily OCS may have clinical
justification [62, 126].

As discussed previously, azole antifungal treatment
demonstrates therapeutic benefit in managing ABPM.

Low-dose macrolides have been used to reduce non-
eosinophilic (neutrophilic) inflammation, but results are
contradictory [89, 127]. ATS/ERS guidelines do not cur-
rently support the routine use of macrolides unless for
alternate indications, e.g. bacterial infections [62]. The
recent double-blind, placebo-controlled AMAZES trial
showed significant reduction in exacerbation frequency and
improvement in quality of life from the use of oral azi-
thromycin compared to placebo in asthmatic patients [128].
The patients entered into this trial were poorly controlled,
however, and had not been selected on the basis of bio-
chemical markers or phenotype/endotype. Benefit from
macrolides may not be limited to a single subgroup (e.g.
neutrophilic asthma), and by limiting treatment to specific
patients, we may be precluding certain groups from
potential therapeutic options.

6.2 Biomarker-Guided Biological Therapies

Generic use of many monoclonal antibodies in asthma
initially showed modest or disappointing results, which led
investigators to attempt to use biological therapies in select
subgroups or populations targeted by specific biomarkers.
Mepolizumab, benralizumab (anti-IL-5 receptor-o. anti-
body) and reslizumab (anti-IL-5 antibody) have shown
beneficial results, with specificity for eosinophilic asth-
matics [18, 19, 115, 129]. Selectivity in determining
treatment response appears for these therapies to be the key
in developing a personalised approach.

Not all immune-modulatory targets have translated into
successful treatments. Lebrikizumab (anti-IL-13 mono-
clonal antibody) was initially shown to increase lung
function in steroid unresponsive patients, with high peri-
ostin levels specifically identifying likely benefit [117].
However, subsequent phase III studies failed to replicate
these initially evident responses, and this led to the with-
drawal of its planned use in asthma [121]. Tralokinumab
(anti-IL-13) similarly failed to reduce annual exacerbation
rates in phase III trials; however, potential reduction in
exacerbation rates were identified in subgroups of patients
with elevated surrogate markers of increased IL-13 activity
[21, 23].

TNF-o antagonism showed no clinical benefit and was
associated with significant toxicity [130]. These studies
were in unselected patient groups, and so investigation into
selective patient subpopulations may show potential benefit
in future [21].

Inhaled pitrakinra (IL-4/IL-13 pathway antagonist)
treatment has been shown to reduce the frequency of
asthma exacerbations specifically in high-eosinophil
asthma [131]. Other biomarkers for response were also
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identified, with specific IL-4 receptor-o. genotypes
demonstrating increased responsiveness to treatment [132].
However, phase IIb trials failed to meet their primary
endpoint, resulting in discontinuation of the pitrakinra in
asthma.

IL-4/IL-5 pathway inhibitors such as the anti-IL-4Ra
antibody (dupilumab) have demonstrated effects of
increasing lung function and reducing exacerbation fre-
quency [20].

Therapy with antibodies blocking thymic stromal lym-
phopoietin (epithelial derived pro-inflammatory cytokine)
has demonstrated a reduction in allergen-induced bron-
choconstriction and airway inflammation [133].

6.3 Bronchial Thermoplasty

Bronchial thermoplasty uses radiofrequency pulses to tar-
get airway smooth muscle in the bronchial tree. Three
consecutive bronchoscopic procedures are performed under
conscious sedation or general anaesthesia in 3-weekly
intervals, reducing airway smooth muscle mass, bronchial
nerve endings and neuroendocrine epithelial cells [134].
Bronchial thermoplasty improves quality of life and redu-
ces exacerbation frequency and hospital admissions for up
to 5 years.

In the immediate post-procedure period (first 6 weeks),
there is substantial risk of exacerbation, so careful moni-
toring is essential at this time [126, 135]. ATS/ERS
guidelines advise use only in severe asthmatics in the
context of a trial or with institutional review board autho-
risation [62].

Bronchial thermoplasty has also not been investigated
fully in terms of which specific patient population might be
the biggest responder. As such it can be labelled as “not
having a companion biomarker”. This may lead to a
restriction in its use, whilst in practice it might work with
high effect over a range of asthma phenotypes. It is hoped
that ongoing research will help answer this question. In the
interim, there is a fear that over-fixation on “therapy
related biomarkers” or treatable traits may result in patients
not having access to a potentially effective treatment
modality.

7 Therapeutic Barriers

Whilst some patients will have severe refractory disease
which is uncontrolled by all measures attempted, there are
a number of other reasons why patients may not be
responding to treatment. Non-compliance, continued
exposure to allergen or smoking represent a significant
burden of potentially treatable patients. Education and
enabling patients to take control of their illness are
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essential in disease management. Co-morbidities can also
complicate asthma and limit therapeutic effects. For
example, obesity-related airway obstruction, gastro-oe-
sophageal reflux, dysfunctional breathing and tracheo-
bronchomalacia can all cause significant symptoms, which
mimic or coincide with asthma and worsen apparent con-
trol. Without identifying and controlling such co-morbidi-
ties, any asthma management will not be sufficient to result
in a successful clinical outcome [126, 136].

8 Conclusion

As ‘asthma’ encompasses a wide range of conditions with
differing pathophysiological processes and phenotypic
outcomes, responses to individual treatments are variable.
Whilst understanding the pathophysiological mechanisms
and endotyping/phenotyping is important, the key will be
to produce a personalised profile for each patient with
regard to disease course, prognosis and personalised man-
agement. This is especially important in severe or refrac-
tory asthma.

Certain treatments that have previously appeared to be
of no statistical clinical benefit may indeed be useful in
particular subsets of asthma, indicating the potential for
further targeted research into previously disregarded ther-
apies. With the advent of newer treatments, soon a wide
range of therapeutic options will be available for refractory
asthma, and it will be important to identify readily mea-
surable biomarkers and non-invasive imaging techniques to
guide treatment. Ideally producing an individual profile for
each patient will help predict treatment response and
enable personalised and more effective management.
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