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Considerable efforts of clinicians and researchers have been concentrated to 
define the concept of severe asthma and to understand its pathogenesis 
through a multifaceted approach. Nowadays, asthma is accepted as a hetero-
geneous disease; is defined as a clinical syndrome of intermittent respiratory 
symptoms triggered by viral upper respiratory infections, environmental 
allergens, or other stimuli; and is characterized by nonspecific bronchial 
hyperresponsiveness and airway inflammation. In addition, the term “severe 
asthma” is based on the characteristic of resistance to the current standard 
treatment including inhaled steroid. Asthma heterogeneity is most easily rec-
ognized in severe asthma, where patients have diverse symptom profiles and 
altered responses to medications. Thus, identification of various phenotypes 
of severe asthma and understanding their pathogenesis are expected to pro-
vide a cornerstone to develop novel therapeutics, fulfilling the unmet needs of 
patients suffering from severe asthma. This book presents state-of-the-art 
knowledge on severe asthma, covering general information, clinical signifi-
cance, pathogenesis, diagnostic modalities, and therapeutics. In particular, 
for readers to grasp the content easily, basic experimental data and clinical 
information are simultaneously provided with intuitive schematic figures. 
Tips on management as well as cutting-edge preclinical and clinical data of 
severe asthma will be very helpful for medical students, researchers, general 
physicians, specialists, and related paramedical staff. We hope this book can 
be a useful guide for your research and medical practice and understanding 
the changes of concept of asthma and its pathophysiology.

Jeonju, South Korea Yong Chul Lee 
Jeonju, South Korea  So Ri Kim 
Tampa, FL  Seong H. Cho 
May, 2017
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Basics of Severe Asthma in Clinical 
Practice

Jae Seok Jeong and Yong Chul Lee

1.1  Definition of Severe Asthma

Bronchial asthma is now widely recognized as a 
heterogeneous clinical syndrome consisting of 
various disease phenotypes. Each asthma pheno-
type may have distinct observable molecular, cel-
lular, morphological, functional, and clinical 
features [1, 2], all of which can be possibly inte-
grated into specific biological mechanisms, 
called as endotypes [3]. Although differentiating 
asthma into various phenotypes/endotypes 
remains speculative so far, these concepts of sep-
aration may be useful in characterizing and pre-
dicting disease severity, progression, and 
response to general and specific therapies includ-
ing biologic medications [4]. This is particularly 
important for severe asthma patients who are 
refractory to current standard therapies including 
inhaled and systemic corticosteroids (CS) and 
bronchodilators. Because these patients account 
for a significant proportion of health-care expen-
diture of asthma [5], recognizing the heteroge-
neous nature of asthma, especially severe asthma, 
may enable us to develop safe and effective 
phenotype- targeted biological therapies.

Importantly, appropriate clinical phenotyping 
of severe asthma patients, in turn, inevitably 
requires standardized definition of severe asthma 
which can be applied to a wide range of popula-
tions all over the world. There have been numer-
ous proposed definitions for severe asthma in 
association with several respiratory and medical 
societies. It has been also referred as difficult, 
therapy-resistant, as well as refractory asthma. 
Firstly, to properly define the clinical situation of 
severe asthma, a prior diagnosis of asthma should 
be made. Then, clinical symptoms of bronchial 
asthma should persist despite the maximal treat-
ment of current therapies. In general, previous 
studies have suggested that failure of controlling 
asthma symptoms despite the prescription of 
high-dose inhaled corticosteroids (ICS) may be a 
minimum requirement of definition for severe 
asthma, and numerous recent works have also 
stipulated the therapeutic level of severe asthma 
as those equivalent to high-dose therapies [6] 
(see Table 1.1).

The first definitions of severe asthma were 
proposed in 1999 and in 2000 by European 
Respiratory Society (ERS) [7] and American 
Thoracic Society (ATS) [8], respectively (see 
Table 1.1). These definitions of severe, difficult- 
to- treatment, or therapy-resistant asthma then 
were incorporated into several US and European 
severe asthma cohorts to further understand the 
pathophysiology, to improve management, and to 
develop novel therapy for the disease. These 
cohorts include Severe Asthma Research Program 

J.S. Jeong • Y.C. Lee (*) 
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Table 1.1 Definitions for severe asthma in various medical and respiratory societies

European 
Respiratory 
Society  
(ERS) task 
force in [7]

Difficult/therapy-resistant asthma can be defined as follows:
Poorly controlled asthma with continuous requirement for short-acting β2-agonists despite delivery 
of a reasonable dose of inhaled corticosteroids (ICS); diagnosis on the basis of this definition can 
be established by means of follow-up of and care for the patient by a respiratory specialist for a 
period of ≥6 months

American 
Thoracic 
Society  
(ATS) 
workshop  
in [8]

Definition of refractory asthma requires one or both major criteria and two minor criteria:
Major characteristics:
  1. Treatment with continuous or near-continuous (≥50% of year) oral corticosteroids (CS)
  2. Requirement for treatment with high-dose ICS
Minor characteristics:
  1. Requirement for daily treatment with a controller medication in addition to ICS
  2. Asthma symptoms requiring short-acting β-agonist use on a daily or near-daily basis
  3. Persistent airway obstruction
  4. One or more urgent care visits for asthma per year
  5. Three or more oral steroid “bursts” per year
  6. Prompt deterioration with ≤25% reduction in oral or ICS dose
  7. Near-fatal asthma event in the past

World Health 
Organization 
(WHO) in [14]

Severe asthma can be defined as follows:
Uncontrolled asthma which can result in risk of frequent severe exacerbations (or death) and/or 
adverse reactions to medications and/or chronic morbidity (including impaired lung function or 
reduced lung growth in children)
Severe asthma includes three groups, each carrying different public health messages  
and challenges:
  1. Untreated severe asthma
  2. Difficult-to-treat severe asthma
  3. Treatment-resistant severe asthma. This group includes the following:
•  Asthma for which control is not achieved despite the highest level of recommended treatment: 

refractory asthma and CS-resistant asthma
•  Asthma for which control can be maintained only with the highest level of recommended treatment

ERS/ATS 
guidelines  
in [2]

Definition of severe asthma for patients aged ≥6 years:
Asthma which requires high-dose ICS and long-acting β2-agonists [LABA] or leukotriene 
modifier/theophylline for the previous year or systemic CS for≥50% of the previous year to 
prevent it from becoming “uncontrolled” or which remains “uncontrolled” despite this therapy
Uncontrolled asthma defined as at least one of the following:
•  Poor symptom control: asthma control questionnaire (ACQ) consistently >1.5, asthma control 

test (ACT) <20 (or “not well controlled” by National Asthma Education and prevention program 
(NAEPP)/global initiative for asthma (GINA) guidelines)

•  Frequent severe exacerbations: two or more bursts of systemic CS (>3 days each) in the previous 
year

•  Serious exacerbations: at least one hospitalization, ICU stay or mechanical ventilation in the 
previous year

•  Airflow limitation: after appropriate bronchodilator withhold FEV1 <80% predicted (in the face 
of reduced FEV1/FVC defined as less than the lower limit of normal)

Controlled asthma that worsens on tapering of these high doses of ICS or systemic CS (or 
additional biologics)

British 
Thoracic 
Society  
(BTS)/Scottish 
intercollegiate 
guidelines 
network 
(SIGN) 
guideline  
in [6]

Difficult asthma is defined as follows:
Persistent symptoms and/or frequent asthma attacks despite treatment with high-dose therapies or 
continuous or frequent use of oral steroids
High-dose therapies include (for inadequately controlled asthma on a combination of short-acting 
β2-agonists as required, medium-dose ICS, and an additional drug usually a LABA):
•  Increase the inhaled corticosteroids to high dose (adults) or
•  Add a leukotriene receptor antagonist or
• Add a theophylline or
•  Add slow-release β2 agonist tablets, although caution needs to be used in patients already on 

long-acting β2 agonists or
•  Add tiotropium (adults)

J.S. Jeong and Y.C. Lee
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(SARP) [9] initiated by National Heart, Lung, 
and Blood Institute (NHLBI) and a European 
Network for Understanding Mechanisms of 
Severe Asthma (ENFUMOSA) [10]. Although 
there were numerous differences regarding 
national health-care system, races, and socioeco-
nomic status among each study population, clini-
cal phenotypes of patients with severe asthma 
were quite similar in those studies. Subject with 
severe asthma were less atopic, had persistent 
symptoms despite high-dose controller and 
reliever medications, and had lower lung function 
with incomplete reversibility after bronchodila-
tion [9–11]. Furthermore, diverse approaches on 
asthma phenotyping using more statistical meth-
ods (e.g., cluster analysis) [12] emphasized the 
heterogeneity of severe asthma phenotypes in 
these cohort populations [13].

Meanwhile, with the increasing needs of a 
definition of asthma severity that can be applied 
worldwide, the World Health Organization 
(WHO) published document on uniform defini-
tion of asthma severity, control, and exacerbation 
in 2010 [14]. In the document, it was described 
that components of asthma severity comprises 
four components: level of control (including cur-
rent clinical control over previous 2–4 weeks and 
exacerbation over previous 6–12 months), level 
of current treatment (including inhalation tech-
nique and compliance), responsiveness to treat-
ment (including relative insensitivity to CS and 
CS dependency), and risk (including likelihood 
of exacerbations, development of chronic mor-
bidity such as progressive decline in lung func-
tion, and risk of adverse reactions from asthma 
medication). According to the document, severe 
asthma can be defined by the level of clinical con-
trol and risks as “uncontrolled asthma which can 
result in risk of frequent severe exacerbations (or 
death) and/or adverse reactions to medications 
and/or chronic morbidity (including impaired 
lung function or reduced lung growth in chil-
dren).” The significance of the uniform definition 
of WHO is that it is applicable in all countries 
regardless of the availability to the current asthma 
medication and socioeconomic status, thereby 
allowing appropriate epidemiologic assessment 
of severe asthma worldwide (see Table 1.1).

The most recent definitions of severe asthma 
in several up-to-date guidelines resemble those of 
previous works in many ways (see Table 1.1). For 
instances, in the international ERS/ATS guide-
lines reported in 2014, severe asthma for patients 
aged ≥6 years is defined that asthma which 
requires high-dose ICS and long-acting 
β2-agonists [LABA] or leukotriene modifier/the-
ophylline for the previous year or systemic CS 
for ≥50% of the previous year to prevent it from 
becoming “uncontrolled” or which remains 
“uncontrolled” despite this therapy [2]. In addi-
tion, British Thoracic Society (BTS)/Scottish 
Intercollegiate Guidelines Network (SIGN) 
guideline in 2016 defines difficult asthma as per-
sistent symptoms and/or frequent asthma attacks 
despite treatment with high-dose therapies or 
continuous or frequent use of oral steroids [6]. 
Although there are still many different definitions 
for severe asthma available and difficulties in 
making an accurate definition for severe asthma, 
numerous data based on these definitions consis-
tently demonstrate the heterogeneity of severe 
asthma in populations with asthma [15, 16]. 
Furthermore, with increasing appreciation on the 
heterogeneity of severe asthma, recent phenotyp-
ing of severe asthma in regard to natural history, 
clinical and physiological features, and underly-
ing molecular pathobiology with predictable 
response to specific therapy have made the preci-
sion medicine possible. For example, newer 
guidelines recommend anti-interleukin (IL)-5 
monoclonal antibody particularly in adults and 
adolescents (≥12 years) with severe eosinophilic 
asthma [2, 17]. Indeed, these conceptual advance-
ments reflect the beginning of the new era in 
severe asthma management according to pheno-
type/endotype-driven approaches.

1.2  Epidemiology and Clinical 
Significance of Severe 
Asthma

Bronchial asthma is a major health problem all 
over the world, affecting 1–18% of the popula-
tion in different countries [17]. It is estimated that 
approximately 300 million people have asthma 

1 Basics of Severe Asthma in Clinical Practice
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globally including nearly 26 million asthmatic 
patients in the USA [18]. In real life, bronchial 
asthma may be associated millions of lost school 
and work days, long-term controller medication, 
regular and urgent health-care utilization, and 
significant comorbidities. Accordingly, annual 
economic burden of the bronchial asthma is 
reported to be about 56 billion dollars in the USA 
[19]. In this regard, severe asthma has growingly 
become major concern as it accounts for a dispro-
portionately large proportion of asthma- 
associated health-care expenditures, while 
representing only a minority of total patients with 
asthma.

The exact prevalence of severe asthma is still 
unclear partly owing to the inhomogeneity in the 
definition and patient characteristics with differ-
ent age, sex, race, and regional profiles across 
many population studies. For example, whereas 
the prevalence of severe asthma, defined strictly 
as the disease remains uncontrolled despite 
addressing and removing all possible factors that 
might aggravate the underlying disease, was 
shown to be only 3.6% among total asthmatics in 
the population study from the Netherlands [20], 
the prevalence of severe asthma according to the 
definition from the Global Initiative for Asthma 
(GINA) guidelines in Sweden was reported to be 
as high as 17.8% of adult asthmatics [21]. Despite 
these inconclusive results from numerous popu-
lation studies, experts generally regard that severe 
asthma is a rare disease entity and estimated 
prevalence of severe asthma might be up to 
5–10% of adult patients with asthma.

Furthermore, there is limited information 
regarding the exact disease burden and health 
outcomes of severe asthma to date. The 
Epidemiology and Natural History of Asthma: 
Outcomes and Treatment Regimens (TENOR) 
study, initiated in 2001, was a multicenter obser-
vational cohort study which primarily aimed to 
collect data to evaluate the natural history of 
severe or difficult-to-treat asthma. In this study, 
inclusion of severe or difficult-to-treat asthma 
patients was based on the physician’s assess-
ment of asthma severity and additional criteria 
determined by the frequency of urgent care vis-
its and/or the use of multiple controller medica-

tions [22]. Results of the TENOR study showed 
that severe or difficult-to-treat asthma, regard-
less of age, was associated with evidently high 
rates of health-care use despite the use of mul-
tiple long- term controller medications. For 
instance, at the time of enrollment, more than 
50% of patients were on three or more long-
term controller medications [23]. However, 
52.8% of adults (≥18 years of age), 43.6% ado-
lescents (13–17 years of age), and 53.4% of 
children (6–12 years of age) reported a cortico-
steroid burst (short courses of corticosteroid 
therapy) in the 3 months before the enrollment. 
In addition, 15.2% of adults, 19.1% of adoles-
cent, and 25.5% of children reported an emer-
gency department visit in the 3 months before 
the baseline [22]. Similarly, in the SARP, 
another large cohort of severe asthma in which 
primary goal was to characterize subject with 
severe asthma to understand pathophysiologic 
mechanisms of the disease, severe asthma 
patients were older with longer disease dura-
tion, more daily symptoms, urgent health-care 
utilization especially intensive care, and comor-
bidities such as sinopulmonary infections com-
pared to non-severe asthma [9]. In fact, 
substantial differences exist between two stud-
ies. Firstly, the definition of severe or difficult-
to- treat asthma differs from each other. While 
SARP adopted the definition of severe asthma 
from ATS Workshop in 2000 [8], physicians 
were not instructed to use specific guidelines 
and independently assessed severity of asthma 
in TENOR study. Secondly, SARP included all 
asthma severities, whereas approximately 96% 
of the cohort in TENOR study was considered 
to have difficult-to-treat asthma based on the 
need for multiple drugs, occurrence of frequent 
and severe exacerbations, inability to avoid trig-
gers, and complex treatment regimens [24]. 
Nevertheless, the similar results from these two 
large cohorts emphasize the medical burden of 
severe asthma and thus the urgent need of novel 
therapeutic approaches.

Another significance of TENOR is that it 
involves quite a large number of populations 
over 4000 patients, and thus numerous sub-
groups having different clinical phenotypes can 

J.S. Jeong and Y.C. Lee
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be identified. For example, patients with aspirin 
sensitivity are associated with increased disease 
severity and, possibly, remodeling of the lower 
airways [25]. Moreover, one of TENOR analyses 
found that persistent airflow limitation (defined 
as post- bronchodilator FEV1/FVC ratio of ≤70% 
at two annual consecutive visits) in patients with 
severe or difficult-to-treat asthma is highly prev-
alent up to 60% and is related to several clinical 
and demographic factors, including older age, 
male, black ethnicity, current or past smoking, 
aspirin sensitivity, and longer duration of asthma 
[26]. In another analysis, increased weight is 
associated with worse asthma-related outcomes 
(e.g., poorer disease control, worse quality of 
life, and greater need for oral corticosteroids 
bursts) [27], and female patients with IgE-
mediated allergic asthma are worse than the dis-
ease of male in terms of disease severity, quality 
of life, health-care use, disease control, and 
allergic comorbidities [28]. Taken together, het-
erogeneous nature of severe or difficult-to-treat 
asthma demonstrated in TENOR study, along 
with the similar findings in SARP [16], highlight 
that identification of important severe asthma 
phenotypes may reduce the burden of the disease 
and improve severe asthma-related health out-
comes through phenotype-targeted therapeutic 
approaches.

However, physicians should be aware of 
numerous comorbidities and confounders that 
can change asthma phenotypes before commenc-
ing phenotype-based approaches in severe 
asthma, although there has been substantial 
advancement in identifying phenotypes through 
less biased and more statistically based method-
ology [1] (see Table 1.2).

Current smoking or exposure to second-hand 
smoke may be associated with the corticosteroid- 
resistant inflammatory process in the lung, 
thereby making asthma more difficult-to- 
treatment [29]. Moreover, environmental tobacco 
smoke exposure on asthmatic individuals has 
been reported to be associated with lower lung 
function and quality of life and greater risk for 
exacerbation, health-care use, and airway hyper- 
responsiveness, thereby leading to adverse 
asthma-related outcomes [30].

Early-life exposures to diverse pathogenic 
microbes including molds, viruses, and bacteria 
may also relate to severe asthma. Particularly, 
fungal exposure has been reported to be associ-
ated with the development [31] and exacerbation 
of bronchial asthma [32–35]. Furthermore, epi-
demiologic studies have shown that fungal 
 sensitization is found more often in asthmatic 
patients with increasing severity, and fungal sen-
sitivity is a possible precipitating factor for life-
threatening asthma [36–38]. Based on these 
knowledges, severe asthma with fungal sensitiza-
tion (SAFS) has been proposed to investigate a 
particular phenotype of severe asthma with thera-
peutic implications in clinical trials [39]. Notably, 
several recent guidelines of severe asthma recom-
mend allergen testing to molds in patients with 
difficult asthma and recurrent hospital admission 
[6]. In addition, viral and bacterial exposure may 
predispose susceptible individuals to initiate and 
exacerbate allergic inflammation in the lung [40].

Occupational exposure to various chemicals 
and compounds is also known to initiate and 
worsen asthma in susceptible patients [41], and 
changes in the level of female sex hormones and 
thyroid hormones may impact on clinical course 
of bronchial asthma [42]. Other common comor-
bidities of severe asthma include obesity, obstruc-
tive sleep apnea, rhinosinusitis/nasal polyps, 

Table 1.2 Comorbidities and confounders that may 
impact on phenotypes of severe asthma

History of smoking or second-hand smoke
Environmental exposures: molds, viruses, bacteria, and 
ozone
Occupational exposures
Hormonal influences: premenstrual, menarche, 
menopause, pregnancy, and thyroid disorders
Obesity
Obstructive sleep apnea
Rhinosinusitis/nasal polyps
Vocal cord dysfunction
Gastroesophageal reflux disease
Psychological factors: personality trait, symptom 
perception, anxiety, and depression
Drugs: nonsteroidal anti-inflammatory drugs, 
β-adrenergic blockers, and angiotensin-converting 
enzyme inhibitors
Nonadherence to treatment and poor inhaler technique

1 Basics of Severe Asthma in Clinical Practice
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vocal cord dysfunction, gastroesophageal reflux 
disease, and psychologic problems such as anxi-
ety and depression, all of which can change clini-
cal manifestation of severe asthma. Lastly, 
patient’s adherence to the treatment and concur-
rent use of other medications targeting coexisting 
disorders such as nonsteroidal anti-inflammatory 
drugs, β-adrenergic blockers, and angiotensin- 
converting enzyme inhibitors may modify the 
observable characteristics of severe asthma.

1.3  Specific Considerations 
in Severe Asthma

1.3.1  Fungal Sensitization/Allergy- 
Associated Clinical Conditions

Respiratory fungal exposure is constant in 
humans, and fungal spores constitute the largest 
proportion of aerobiological particles in usual air 
environment [43]. Similarly, impact of respira-
tory fungal exposure on the clinical courses of 
bronchial asthma has been widely reported in the 
literatures for a long time [39], and fungal expo-
sure has long been regarded as a precipitating 
factor for severe asthma phenotype. For example, 
inhalation of environmental fungal spores also 
led to the exacerbation of bronchial asthma con-
trol illustrated by daily variation in the patient 
symptoms, aggravation of the underlying pulmo-
nary function (e.g., variations in peak expiratory 
flow), and increased incidence for critical events 
such as hospital admission and asthma-related 
deaths [32–35].

Furthermore, fungi can colonize, actively ger-
minate, and infect the human respiratory tract. 
Moreover, they can produce a wide array of 
enzymes and toxins closely implicated in patho-
logic process such as allergic inflammation [44]. 
Therefore, fungi can potently sensitize and 
induce host immune response, in contrast to other 
inhalable aeroallergens such as house dust mites 
(HDMs), animal dander, and grass pollen [39, 
45]. Consistent with this knowledge, over 50% of 
patients with severe asthma may be sensitized to 
one or more fungi [46], and, particularly, 
Aspergillus fumigatus and Alternaria alternata 

are common airborne fungi implicated in severe 
asthma [39, 47]. Numerous epidemiologic stud-
ies have also demonstrated that fungal sensitiza-
tion is found more often in asthmatic patients 
with increasing severity, and fungal sensitivity is 
a possible precipitating factor for life-threatening 
asthma [36–38].

In general, fungal sensitization/allergy- 
associated conditions refer to exaggerated immune 
responses against non-pathogenic fungi, which are 
mainly orchestrated by IgE and type 2 helper T 
(TH2) cells. In contrast, the term of fungal infec-
tion can be applied when there is evidence of tis-
sue dysfunction directly associated with the 
growth and invasion of pathogenic fungi in the 
host. There are several important disease entities 
that represent severe end of the fungal sensitiza-
tion/allergy-associated conditions, including aller-
gic bronchopulmonary aspergillosis 
(ABPA)/allergic bronchopulmonary mycosis 
(ABPM) and SAFS (see Table 1.3) [48]. Whereas 
ABPA was firstly reported in 1952, the definition 
of SAFS was introduced in 2006 [39] and has been 
used in clinical trial settings to demonstrate the 
possible role of antifungal therapy for treating a 
particular phenotype of severe asthma  associated 
with fungi [49]. Historically, early data on fungal 
allergy were mainly derived from researches of 
ABPA/ABPM. However, ABPA/ABPM may be a 
severe end of the spectrum of allergic inflamma-
tion against fungi that are often associated with 

Table 1.3 Definitions of ABPA/ABPM and SAFS

Disease entity Definition

ABPA/ABPM Asthma or cystic fibrosis (often 
that are not well controlled)
Elevated total serum IgE (> 
1000 IU/ml)
Elevated IgE and/or IgG antibodies
Immediate skin test positive
Serum eosinophilia (> 1000 cells/
μl)
Presence of central (or proximal) 
bronchiectasis
Radiographic pulmonary infiltrates

SAFS Severe asthma
Elevated total serum IgE (< 
1000 IU/ml)
Sensitization to any fungus by skin 
prick test or specific IgE

J.S. Jeong and Y.C. Lee
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airway destruction in the later course of the dis-
ease. Thus, most patients sensitized to fungi with-
out convincing evidence of lung damage could not 
have been properly incorporated into specific dis-
ease entity [48]. Thereafter, researchers have pro-
posed SAFS that can be defined as patients having 
both severe asthma and evidence for fungal sensi-
tization (i.e., positive skin prick test, positive fun-
gal-specific IgE in blood) without satisfying the 
criteria of ABPA [39]. Notably, several subsequent 
clinical studies demonstrated the role of antifungal 
agents in the treatment of SAFS patient group [49, 
50]. However, whereas the definition of SAFS is 
convenient for the patient inclusion in clinical trial 
settings, there are still several problems. For 
instance, there are conflicting results regarding the 
effectiveness of antifungal agents in the treatment 
of SAFS [51]. These results may be in part owing 
to the limitation in SAFS definition itself, which 
doesn’t represent direct causality of fungal sensiti-
zation in inducing severe asthma, and the absence 
of standardized testing tools for fungal allergy. 
Further in-depth future researches on the role and 
involved mechanism of fungi in the pathogenesis 
of severe allergic lung inflammation should be 
warranted to develop more precise nomenclature 
system in fungal sensitization/allergy-associated 
conditions.

1.4  Conditions Mimicking 
Severe Asthma

Because clinical diagnosis of bronchial asthma is 
largely based on several parameters related to 
patient’s respiratory symptoms and physiologic 
abnormalities, which are relatively nonspecific 
with lack of reproducibility, bronchial asthma 
may be mistaken for many clinical conditions 
inducing symptoms associated with airways 
obstruction (see Table 1.4). In particular, several 
disorders including vocal cord dysfunction 
(VCD) and ABPA may mimic or coexist with 
severe asthma. Thus, clinicians should consider 
these diseases or other possible diagnoses when a 
patient with a presumed diagnosis of bronchial 
asthma inadequately responds to asthma 
medication.

VCD, also referred as paroxysmal vocal fold 
motion, is one of the important mimics of severe 
asthma. Characteristic intermittent abnormal 
adduction of the vocal cord during respiration 
can establish the diagnosis of VCD. Patients with 
VCD often manifest stridor, wheezing, hoarse-
ness, frequent cough, and shortness of breath; 
however, the diagnosis of VCD is quite challeng-
ing because these symptoms are frequently inter-
mittent. Furthermore, previous reports have 
demonstrated that more than 70% of asthmatics 
have VCD simultaneously [52]. Numerous 
causes of VCD have been suggested including 
psychiatric disorders (e.g., depression and anxi-
ety disorders), exercise, and irritants. Currently, 
there is no specific therapeutic agent for VCD, 
and patients are often referred to exercise thera-
pies for long-term management.

ABPA is a complex hypersensitivity reaction 
that often occurs in patients with asthma (2–32% 
of asthmatics) or cystic fibrosis when bronchi 
become colonized by Aspergillus species (mostly 
Aspergillus fumigatus) [53, 54]. ABPA patients 
often manifest poorly controlled underlying 
asthma and recurrent pulmonary infiltrates. 
Generally, the diagnosis of ABPA is a composite 
of clinical, radiological, and immunologic 
 features. In the later courses of ABPA, repeated 

Table 1.4 Conditions mimicking severe asthma

Diagnoses that may masquerade as severe asthma in 
adults
Vocal cord dysfunction
Tracheobronchomalacia
Tumors in central airways
Relapsing polychondritis involving tracheal cartilage
Obstructive sleep apnea
Bronchiectasis
Allergic bronchopulmonary aspergillosis
Tuberculosis
Chronic obstructive pulmonary disease (COPD)
Cystic fibrosis
Tuberculosis
Obliterative bronchiolitis
Eosinophilic lung diseases
Hypersensitivity pneumonitis
Exercise-induced bronchoconstriction
Congestive heart failure

1 Basics of Severe Asthma in Clinical Practice
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episodes of bronchial obstruction, inflammation, 
and mucoid impaction can lead to irreversible 
structural and functional changes. Many patients 
with ABPA respond well to treatment with sys-
temic corticosteroids, whereas some patients are 
poorly controlled by conventional management 
and may be complicated by progression to bron-
chiectasis and pulmonary fibrosis [55]. Antifungal 
agents such as itraconazole or voriconazole are 
reserved for ABPA patients with corticosteroid 
resistance.
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Heterogeneity in Severe Asthma

Chen Hsing Lin, Sultan Alandijani, 
and Seong H. Cho

2.1  Asthma-COPD Overlap 
Syndrome and Smoking 
Asthmatics in Severe Asthma

Asthma, a heterogeneous disease, can occur in 
both pediatric and adult population. Compared to 
pediatric asthma in which infectious and allergic 
components play a major role in pathogenesis, 
adult asthma has more indistinct and complicated 
disease pathophysiology and, thus, shows a more 
refractory disease course and less responsiveness 
to treatments. Cigarette smoking, one of the other 
common disease modifying factors in adult 
asthma, can result in the development of another 
obstructive airway disease known as chronic 
obstructive pulmonary disease (COPD). After the 
age of 40, the diagnosis of COPD becomes prev-
alent, and the border between asthma and COPD 
starts to fade away [1, 2]. It is not uncommon to 
have patients who have diagnoses and/or features 
of both asthma and COPD, and they experience 
more frequent exacerbations, rapid decline in 
pulmonary function, poor quality of life, and 
high mortality than isolated asthma or COPD 
patients [3, 4]. Therefore, understanding “asthma-
COPD overlap syndrome” (ACOS) will help to 

deliver precision medicine to this subpopulation 
of severe asthmatics.

To comprehend ACOS, it would be best to 
start familiarizing with these two different dis-
eases, asthma and COPD.

2.1.1  Definition

The definition of ACOS has been very difficult to 
develop. The current clinical description of ACOS 
from a document by Global Initiative for Asthma 
and Global Initiative for Chronic Obstructive 
Lung Disease in 2015 states that “ACOS is char-
acterized by persistent airflow limitation with 
several features usually associated with asthma 
and several features usually associated with 
COPD. ACOS is therefore identified in clinical 
practice by the features that it shares with both 
asthma and COPD” [5]. It also indicates that “A 
specific definition for ACOS cannot be developed 
until more evidence is available about its clinical 
phenotypes and underlying mechanisms” [5].

One of the major obstacles to define ACOS is 
not about ACOS itself but to accurately define 
asthma and COPD. Same with ACOS, both asthma 
and COPD are heterogeneous diseases. In order to 
cover their different phenotypes/endotypes, the 
current definition of both asthma and COPD has 
been far away from its ideal or “pure” scenarios 
and leaned toward to real patients [6, 7]. In addi-
tion, characteristics once thought to be specific to 
asthma or COPD are proven to be untrue. For 
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instance, fixed airway obstruction, bronchial hyper 
responsiveness, airway reversibility, and chronic 
inflammation pattern, all the above elements can-
not be used to distinguish between asthma and 
COPD [8]. Even bronchoscopic lung tissue biop-
sies obtained from both clinically typical asthma 
and COPD patients, reviewing pathologists have 
often failed to differentiate between the two dis-
eases under the microscopic examination [9].

A good way to start is first identifying the two 
ideal or “pure” scenarios of both asthma and 
COPD, albeit they uncommonly exist in real 
world. Once the two diseases move toward each 
other, the “real” asthma and COPD patients begin 
to surface, and ACOS is nothing more but the 
overlap in between as summarized in Fig. 2.1.

2.1.2  Prevalence

Results of ACOS epidemiology studies vary 
because of multiple confounding factors includ-
ing diverse ACOS definitions, tobacco-smoking 
population, age distribution, and study samples. 
In general population, the estimated prevalence 
of ACOS ranges from 1.6% to 4.5% based on 
studies in Italy, Latin America, and the United 
States [10–13]. ACOS prevalence among 
asthma population indicates a slightly higher 
percentage ranging from 13.3% to 61% in con-
trast with ACOS prevalence in COPD popula-
tion, ranging from 12.1% to 55.2% [4, 10–23]. 
However, the lesser percentage of ACOS in 
COPD population could result from different 
COPD diagnostic criteria [24].

Characteristics “Pure” Asthma “Pure” COPD

>40-year-old

History of exposure to
tobacco smoking and/or

biomass fuels

“Better or worse” of
continuous symptoms not

necessarily related to
triggers

Persistent or fixed airflow
obstruction with low/no

reversibility

Symptoms progress over
time and less response to

treatment

Neutrophilic

Hyperinflation and other
changes of COPD

ACOS

After early adulthood

Having history of either
atopy or exposure to

noxious particles and gases
or both

Persistent but highly varied
symptoms

Persistent airflow
obstruction with

reversibility

Slowly progressing
symptoms over time and

variable response to
treatment

Eosinophilic and/or
neutrophilic

From normal finding to
hyperinflation

<20-year-old

Personal and/or family
history of atopy

“On or off” of
intermittent symptoms

with triggers

Variable airflow
obstruction with

reversibility

Eosinophilic

Normal

Symptoms do not
worsen over time and

more response to
treatment

Usual Onset
Age

History

Respiratory
Symptoms

Lung Function

Time Course

Airway
Inflammation

Chest X-ray

Fig. 2.1 Asthma, COPD, and ACOS in a longitudinal fashion with distinguished characteristics
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2.1.3  Influence of Tobacco Smoking 
in Asthma

Similar to the public, active tobacco smoking in 
adult asthmatics ranges from 20% to 35% [25]. 
Clearly, tobacco smoking worsens asthma and 
parental smoking causes asthma exacerbation 
and possibly asthma development in children, 
but the evidence remains inconclusive to support 
tobacco smoking leading to adulthood asthma 
[26–30]. There is also lack of specific guidelines 
to treat cigarette-smoking asthmatics because 
early asthma researches excluded active smokers 
or past smokers with a 10 pack-year history [31, 
32]. Nonetheless, tobacco smoking is associated 
with poor asthma control, worsening symptoms, 
and less responsive to glucocorticosteroids (GC) 
[33, 34]. While pulmonary growth matures in 
adolescent age and continues to decline thereaf-
ter, cigarette smokers with asthma have demon-
strated an accelerated lung function reduction, 
fixed airway obstruction, and mostly neutrophilic 
inflammation which can result in COPD [35]. 
Importantly, studies have shown that the oxida-
tive stress from tobacco smoking directly impacts 
on histone deacetylase-2 activity and causes GC 
insensitivity [36, 37]. This finding highlights the 
need for further research to help to restore GC 
sensitivity in asthmatic patients with tobacco 
smoking and ACOS and COPD patients [38].

2.1.4  Management and Future 
of ACOS

The earliest idea of ACOS can be traced back to 
1961, and Orie and colleagues hypothesize that 
various forms of obstructive airway disease 
including asthma, chronic bronchitis, and emphy-
sema should all be considered as a single com-
mon origin with different phenotypes/endotypes. 
They named the disease as “chronic nonspecific 
lung disease” [39]. Later, Fletcher and Pride pro-
posed “Dutch hypothesis” that asthma and COPD 
are from the same source, supporting the concept 
of Orie, whereas Kraft and Barnes suggested that 
asthma and COPD are distinctly different, known 
as “British hypothesis” [39]. Recent data suggest 

that there is no common genetic linkage between 
asthma and COPD, arguing against the “Dutch 
hypothesis” [18, 40]. Indeed, the term ACOS 
merely represents the late return of the longstand-
ing conception between the two most common 
obstructive airway diseases. Since the absence of 
a clear definition and clinical trials of ACOS, the 
complexities of ACOS appear to be apparent, and 
ACOS research remains at a very preliminary 
stage.

However, the fact that ACOS has not turned 
out to be simple and unchallenging does not 
reduce the value of ACOS. When it is correctly 
diagnosed and managed, it is a very powerful 
guidance for the precision care of severe asth-
matics. It has been recognized that COPD 
patients with eosinophilic or Th2 high type 
respond better to GC and vice versa, while 
asthma with neutrophilic or Th2 low type does 
not respond to GC well [41, 42]. Correctly dif-
ferentiating asthma between Th2 high and low 
subgroup is the key to diagnosis and treatment 
of ACOS [43]. The differences in pathophysi-
ology and treatment between type 2 high and 
low asthma will be further discussed elsewhere 
in this book.

Many authors advocate to abandoning the 
term ACOS. The actual underlying reason is that 
they felt no need to create a new vague term on 
the top of the already blurred definition of asthma 
or COPD [44, 45]. The definitions of asthma and 
COPD have become vague in order to try to cover 
their own overlaps, but many physicians get con-
fused whether to call the subgroup of patients 
“asthma” or “COPD,” thus the advent of 
ACOS. ACOS, the oversimplified terminology, 
has to be considered on a longitudinal line that 
contains clear directions coming from either 
“pure” asthma (eosinophilic) or “pure” COPD 
(neutrophilic) and moves toward to each other, as 
depicted in Fig. 2.1. Alternatively, the other way 
is to discard the current concept of asthma, 
COPD, and ACOS and put them all under an 
umbrella of the proposed term, “inflammatory 
lung disease,” which is comprised of “eosino-
philic,” “neutrophilic,” and “paucigranulocytic” 
types. Figure 2.2 summarizes treatment 
approaches depending on the inflammatory sub-

2 Heterogeneity in Severe Asthma



16

groups. Future studies are required to fill this 
important gap between asthma and COPD, as 
they will help to precisely diagnose and manage 
this subgroup of asthma patients.

2.2  Comorbid Conditions 
of Severe Asthma

Although asthma could not be cured, control of 
asthma can be achieved in the majority of patients 
with combinations of appropriate medications, 
education, and environmental control [6, 46]. 
While experts have considered asthma as a treat-
able chronic disease, worldwide data including 
emergency department visits, the frequency of 
hospitalizations, and quality of life have shown 
that asthma remains to be improved in terms of 
its diagnosis and management [47]. There are 
several explanations to explain this enigma: (1) 
different phenotypes/endotypes that are all 
accommodated in this heterogeneous “asthma” 
category; (2) undertreatment due to either diffi-
culty with inhalational device administration, 
lack of education, or poor adherence to medica-
tions; (3) misdiagnosis of asthma with it mimick-

ing other disease such as vocal cord dysfunction 
(VCD); and (4) uncontrollable known, unknown, 
avoidable, and unavoidable allergens and irritants 
in the environment. Yet, another essential but 
often overlooked aspect leading to severe or 
recalcitrant asthma is the comorbid conditions. 
Some or all symptoms assessed for asthma could 
be contributed from either comorbid or coexist-
ing condition [1, 6, 48]. Failure to identify and 
treat comorbid conditions in asthma is common.

The term “comorbid condition” used in this 
chapter refers to the diseases that participate in 
the pathophysiology of asthma and its acute 
exacerbation and coexist without necessary con-
tribution to asthma. It is sometimes difficult to 
differentiate asthma and comorbid conditions, 
but both need to be diagnosed and treated prop-
erly. Like any other chronic diseases, asthma, 
particularly severe asthma with complex comor-
bid conditions, requires entire individual assess-
ment, starting from a comprehensive and detailed 
medical history and physical examination.

In the present chapter, the main comorbid con-
ditions associated with asthma and its acute exac-
erbation are reviewed in detail and summarized 
in Table 2.1.

Paucigranulocytic
(Asthma or COPD)

SABA/LABA/LAMA

SABA/LABA/LAMA

ACOS

Inflammatory
Lung Disease

SABA/LABA/LAMA

Eosinophilic
(“Pure” Asthma) Neutrophilic

(“Pure” COPD)
Macrolides

Phosphodiesterase 4
inhibitors

Inhaled corticosteroids
Anti-IgE monoclonal

antibodies
Anti-IL-5 monoclonal

antibodies

Bronchial thermoplasty

Fig. 2.2 Concept of “inflammatory lung disease,” its different subtypes, and current treatments
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2.2.1  Respiratory Infections

The airways are continuously exposed to differ-
ent irritants, allergens, and microorganisms such 
as bacteria, virus, and fungus. Respiratory infec-
tions can be easily transmitted between upper and 
lower airways due to similarities in their mucosal 
structures and innate and adaptive immune cas-
cades [49]. In asthmatics, both innate and adap-
tive immune responses may be impaired [50]. 
Among diverse pathogens, viruses are particu-
larly recognized as a common cause and 
accounted as high as 80–85% of pediatric and 
80% of adult asthma exacerbations [51, 52]. 
Rhinoviruses are the most frequently detected 
virus in both pediatric and adult asthmatics [53]. 
Other well-known viruses involved in asthma 
exacerbation are respiratory syncytial viruses in 
infants and influenza viruses in adults [53]. The 
increased viral load in asthmatic subjects by 
decreased Th1 responses and augmented Th2 
responses can lead to airway inflammation and 
asthma exacerbations [54]. This finding is also 

reinforced by eliminating seasonal peaks in virus-
induced asthma exacerbations with the adminis-
tration of omalizumab, which is an anti-IgE 
antibody used to control the Th2 responses [55].

Other atypical bacteria such as Mycoplasma 
pneumoniae and Chlamydia pneumoniae have 
been implicated in asthma exacerbations and also 
a long-term decline in lung function [56]. 
Regarding fungi, allergic bronchopulmonary 
aspergillosis is typically associated with asthma 
and can masquerade as severe asthma (discussed 
later in this chapter) [57]. Yet, the exact effect of 
atypical bacterial and fungi exposure on asthma 
morbidity requires further studies to explore.

2.2.2  Rhinitis and Rhinosinusitis

Approximately 20–50% of subjects with allergic 
rhinitis have asthma, whereas more than 80% 
asthma subjects have rhinitis [58–61]. Atopy is 
not an isolated linkage between asthma and rhini-
tis because evidence reveals the similar associa-

Table 2.1 Testing and treatment of asthma comorbid conditions

Comorbidity Diagnostic approach Treatment

Respiratory infections 
(virus, bacteria, fungus)

Serology testing and culture
Aspergillus skin prick and serology testing

Specific treatment to culprit pathogens
Corticosteroids if allergic reaction (ABPA)

Rhinitis and 
rhinosinusitis

Skin prick and serum-specific IgE testing
Rhinolaryngoscopy
Sinus radiography/CT scan

Allergen avoidance
Allergen immunotherapy
Antihistamines and corticosteroids (oral and 
intranasal)
Nasal saline irrigation
Leukotriene receptor antagonists
Antibiotics when relevant
Surgery

Gastroesophageal reflux 
disease

Rhinolaryngoscopy/
esophagogastroduodenoscopy
Manometry
24-h PH probe testing
Intraluminal impedance testing
Upper GI series

Lifestyle modification
Antacid therapy (including proton pump 
inhibitor, H2 blocker)
Surgical intervention

Obesity BMI and other obesity measurements Weight loss (including diet, exercise, 
medical and surgical treatment)

Obstructive sleep apnea Polysomnography (portable or laboratory) Weight loss
Continuous positive airway pressure and 
other second line treatment

Psychopathologies Psychological evaluation Psychotherapy
Psychiatrist referral

Vocal cord dysfunction Laryngoscopy with or without challenge Speech therapy and psychotherapy
Breathing training
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tion of asthma with both allergic and nonallergic 
rhinitis [62]. Although the “united airways” con-
cept is a somewhat arbitrary slogan, it does sug-
gest that upper and lower airway inflammation 
are related each other [63, 64]. Research has 
demonstrated that segmental bronchial allergen 
provocation in nonasthmatic allergic rhinitis 
subjects induces nasal allergic inflammation, 
while nasal allergen provocation in allergic rhi-
nitis subjects results in generalized airway 
inflammation [65, 66].

Chronic rhinosinusitis (CRS), another com-
mon upper airway inflammatory disease, 
accounts for up to 75% of asthmatic patients, 
irrespective of asthma severity, although the more 
extensive CRS is associated with more severe 
and refractory asthma [67]. CRS with nasal pol-
yps is characterized by eosinophilic Th2-skewed 
inflammation, driven by interleukin (IL)-5 and 
eotaxin, which induces eosinophil chemotaxis, 
activation, and survival [68]. Further studies have 
demonstrated the presence of specific IgE to 
Staphylococcus aureus enterotoxin 
(Staphylococcus aureus colonization is a Th2- 
modifying and Th2-aggravating factor in CRS), 
high IL-5, and increased total IgE concentration 
within the nasal polyps as a predictor of concom-
itant asthma [69, 70]. A subcategory of nasal pol-
yps, aspirin-exacerbated respiratory disease 
(AERD), is associated with aspirin sensitization 
and another severe asthma phenotype (discussed 
later in this chapter) [71].

2.2.3  Gastroesophageal Reflux 
Disease (GERD)

Numerous studies have determined the close con-
nection between GERD and asthma. On average, 
70% of adult asthma patients report to have 
GERD symptom(s) [72–74], and 67% of adult 
[75–81] and 56% of pediatric [82–89] asthmatics 
have abnormal esophageal pH testing. There is 
no definite cause-and-effect relationship other 
than vicious cycle between asthma and 
GERD. Asthma can promote GERD via changes 
in intrathoracic pressure and asthma medications 
alter esophageal sphincter pressure [90]. 

Conversely, GERD can provoke asthma through 
neurogenic reflexes and induce aspiration- 
triggered inflammation [90]. GERD could also 
lead to laryngopharyngeal hypersensitivity and 
hyperreactivity, which often result in VCD- 
mimicking asthma.

Despite the strong correlation between asthma 
and GERD, there is inconsistent data whether or 
not the effective treatment of GERD improves 
asthma outcome. A Cochrane review in 2003 has 
demonstrated no overall improvement including 
asthma symptoms, medications, and lung func-
tion in asthmatic subjects with GERD following 
anti-reflux treatment although subgroups of 
patients may gain benefit [91]. Subsequently, 
multiple studies also have failed to demonstrate 
asthma outcome improvement aiming for asymp-
tomatic GERD and proximal esophageal reflux 
patients [92, 93]. Results from other clinical tri-
als favoring asthma outcome are seen but reserved 
for moderate to severe GERD patients who 
require surgical intervention [94–96]. In short, 
only a subgroup of asthma patients benefits from 
treating GERD, and the decision to treat GERD 
has to be individualized, remembering long-term 
proton pump inhibitor therapy is not as benign as 
thought [97–99].

2.2.4  Obesity and Obstructive Sleep 
Apnea (OSA)

Obesity has been increasing worldwide and asso-
ciated with growing asthma prevalence [90]. 
Several prospective studies and meta-analyses 
have shown higher adiposity or BMI as early as 
infancy can be a risk of asthma development 
[100–103]. In addition, multiple researches and a 
systemic review assessing the effect of weight 
reduction in obesity have demonstrated an 
improvement in asthma symptoms, medication 
burden, and overall asthma control [104–107]. 
Obesity-related asthma appears to be a distinct 
phenotype characterized by low eosinophilic 
inflammation, low-resting lung volumes, and less 
response to conventional asthma medications, 
particularly to ICS [108–111]. Such unrespon-
siveness to ICS is still elusive [111]. Furthermore, 
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obese patients who make urgent visits for respira-
tory symptoms are more likely to be misdiag-
nosed as asthma [112]. Finally, apart from 
asthma, obesity itself has an association with a 
wide range of other comorbid conditions includ-
ing GERD and OSA, which may compound the 
underlying respiratory disease [108]. To achieve 
the best outcome, it is critical to determine the 
dominant composition of obesity whether or not 
a patient has an obesity-related phenotype of 
asthma, obesity misdiagnosed as asthma, or 
asthma with comorbid obesity.

As OSA is often tied to obesity and weight 
loss improves both conditions, the actual relation-
ship between asthma and OSA is obscured [113, 
114]. Nevertheless, both the mechanical changes 
in OSA and the pro-inflammatory triggers from 
oxidative stress can affect the airways [115]. The 
usage of chronic and/or frequent bursts of sys-
temic GC for asthma can impact substantially on 
the development of OSA or exacerbate the under-
lying OSA [113]. Judicious usage of systemic GC 
is important to prevent OSA, and continuous 
positive airway pressure is essential to treat OSA 
and subsequently help asthma [116–118].

2.2.5  Psychopathologies 
and Breathing Dysfunction

While schizophrenia, bipolar, and personality dis-
orders do not correlate with asthma patients, gen-
eral psychological disorders such as depression, 
anxiety, and panic disorders in asthmatics are 
more frequent than the general population [48, 
119–124]. Patients with severe or refractory 
asthma often express more anxious, frustrated 
feeling and even lack of trust to physicians. These 
psychological conditions not only cause inade-
quate symptom detection and perception but 
impair medication compliance and even follow- up 
adherence [123–127]. Increased urgent care visits 
and hospitalization are reported in asthmatics with 
these psychological conditions [128, 129]. 
Psychological interventions in pediatric asthma 
patients have been reviewed in several analyses 
but lack substantial evidence to be conclusive 
[130–133]. Based on the positive results from spe-

cialists treating well-defined psychopathologies, 
appropriate psychological interventions should be 
offered to selected asthma patients [134].

There are a few breathing dysfunction 
 conditions that can mimic asthma, and they are 
associated with psychopathologies [135]. 
Hyperventilation syndrome can affect up to 10% 
of the population and more prevalent in female 
asthmatics [136]. Successful respiratory physio-
therapy targeting this over-breathing status has 
been noted [137]. Other breathing dysfunction 
conditions can come from either supraglottic or 
glottic dysfunction. VCD is defined as a paradox-
ical adduction of the vocal cords during inspira-
tion and can be concomitant in up to 50% asthma 
patients [138]. Specific questionnaire and rhinos-
copy have been developed to help identify this 
condition, and both speech therapy and/or psy-
chotherapy have shown effective in treating VCD 
[139–141].

2.3  Allergic Bronchopulmonary 
Aspergillosis and Severe 
Asthma

Allergic bronchopulmonary aspergillosis (ABPA) 
is a progressive lung disease caused by airway 
hypersensitivity to fungi, mostly Aspergillus 
fumigatus (Af). Atopic individuals are linked to 
ABPA. The inflammatory response in favor of 
Th2 over Th1 leads to activation of IL-4, IL-5, and 
IL-13, and IgE synthesis and eosinophil chemo-
taxis. ABPA has been associated in patients with 
asthma and cystic fibrosis and less frequent with 
other diseases like the chronic granulomatous dis-
ease. ABPA is mostly caused by Af and less com-
monly with other fungi such as Candida species 
named as allergic bronchopulmonary mycosis.

Physicians should suspect and include APBA 
in the differential diagnosis in severe asthmatics 
with elevated total IgE and eosinophil level in 
serum or sputum, pulmonary infiltrates, and 
bronchiectasis [142]. While mostly largely the 
diagnosis of ABPA can be made with typical fea-
tures and matched with the criteria, some patients 
may have an absence of these findings which 
mystify the diagnosis.
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Complications of ABPA include copious spu-
tum production, recurrent pneumonia, bronchiec-
tasis, and loss of lung function. Early detection 
and diagnosis of ABPA will prevent lung damage 
or fibrosis. Treatment of ABPA is long-term GC 
and antifungal agents.

2.3.1  Prevalence

The exact prevalence of ABPA globally is undeter-
mined. This is due to multiple factors such as lack 
of accepted diagnostic criteria, variability in the 
laboratory investigations, and under- recognition by 
physicians. As per the World Health Organization, 
out of the 193 million asthmatic patients world-
wide, 4,837,000 patients are diagnosed with ABPA 
[143]. Other reports demonstrate that it affects 
1–2% of asthmatic patients, 25–28% of asthmatics 
with a positive skin test to Aspergillus, 7–14% in 
GC-dependent asthmatics, and 2–15% of patients 
with cystic fibrosis [144–146].

2.3.2  Historical Preview

In 1952, Hinson et al. first reported ABPA in three 
patients with multiple manifestations including 
recurrent episodes of wheezing, elevated serum 
eosinophils count, chronic sputum production, 
fever, chest x-rays infiltrations, and evidence of 
Aspergillus in histological methods [147]. In 
1968, Patterson et al. identified the first case of 
ABPA in the United States [148]. In 1897, Renon 
was the first to associate asthma and aspergillosis. 
In 1987, Greenberger and Patterson suggested a 
diagnostic criterion, which was refined by 
Schwartz and Greenberger in 1991 [149].

2.3.3  Aspergillus and Relationship 
with Asthma

ABPA is a result of hypersensitivity reaction of 
Af in the airways. The size of airborne Aspergillus 
spore is 2–3 μm, meaning it can reach the alveoli 
through inhalation. The spores then germinate in 
the inflamed airway, and the hyphae can be found 

in the mucus of the bronchi. The spores can grow 
at temperatures from 15 °C (59 °F) to 53 °C 
(127.4 °F). Asthma patients can have exacerba-
tions when exposed to the mold-rich environ-
ment. Af is found in air samples from both indoor 
and water-damaged walls or ceilings.

In 2005, Maurya V et al. further investigated 
the relationship between sensitization to 
Aspergillus and occurrence of APBA in patients 
with asthma. A total of 105 asthmatic patients 
were involved in the study. The subjects under-
went skin testing for Aspergillus and serum anti-
gens of Aspergillus, and specific IgG against 
Aspergillus was measured. The results demon-
strated an increase in the severity of asthma with 
Aspergillus sensitization. The authors concluded 
that ABPA should be excluded in all patients with 
Aspergillus-sensitive asthma [150]. The earlier 
study already confirmed the positive relationship 
between mold allergen exposure and severity of 
asthma in the study by Zureik M et al. [151]. 1132 
patients aged 20–44 years with current asthma 
and their skin prick test results were investigated. 
Asthma severity was classified based on forced 
expiratory volume in one second (FEV1), the 
number of asthma attacks, hospital admissions for 
breathing problems, and the use of GC in the past 
12 months. Results showed the increased fre-
quency of sensitization to molds (Alternaria 
alternata or Cladosporium herbarum, or both) 
related with increasing asthma severity.

2.3.4  Pathophysiology

The pathogenesis of ABPA is not fully eluci-
dated. Genetic factors are involved, including 
HLA antigens (DR2/DR5 and DR4/DR7), IL-10 
and surfactant protein polymorphisms, and 
genetic mutations in cystic fibrosis transmem-
brane conductance regulator [152–155]. Patients 
with underlying airway disease, such as asthma, 
have a concomitantly increased mucus secretion 
and diminished mucociliary clearance. This leads 
to an increase in spore trapping with decreased 
clearance [150]. This animates germination of 
spores and release of antigenic proteins that 
aggravate the immune reactions. The Aspergillus 
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allergens induce the immune response that 
involves IgE (type 1)- and IgG-mediated (type 3) 
reactions that further stimulate an intense inflam-
matory cascade in the airway than asthma alone. 
Further complications occur due to the dilatation 
in the proximal bronchi which is also filled with 
the mucus plus containing both eosinophils and 
fungal hyphae. This dilatation augments inflam-
matory reaction and eventually leads to bronchi-
ectasis and airway obstruction [156].

Reactions to fungal allergens stimulate the 
humoral immune response mediated through the 
elevation in Af-specific IgG, IgA, and IgE [157]. 
Another form of response may occur in ABPA 
patients, and underlying asthma is the reaction 
after an acute exposure to already colonized Af in 
the bronchi, resulting in Th2- and IL-8-mediated 
response which leads to eosinophilic and neutro-
philic inflammation, respectively. Histological 
findings in ABPA demonstrate eosinophilic pul-
monary infiltrates, bronchocentric granulomato-
sis, mucoid impaction of bronchi, and 
bronchiectasis. Af allergen causes Th2 cell 
recruitment, which in turn releases IL-5, a cyto-
kine that recruits eosinophils and B cells. The 
eosinophils then release their granular contents 
that promote an inflammatory response. The B 
cells promote immunoglobulin production. This 
is determined by serum elevation of Af-specific 
IgE and IgG, which are used for diagnostic pur-
poses [155, 158]. The fungal proteases initiate the 
neutrophilic inflammatory response, which acts 
on epithelial cells and macrophages of the bronchi 
and causes the release of IL-8, recruiting neutro-
phils. Granular products of neutrophils further 
propagate the inflammatory response [155].

2.3.5  Clinical Features 
and Diagnosis

ABPA occurs in patients with uncontrolled asthma 
or cystic fibrosis. ABPA in severe asthmatics usu-
ally presents with worsening of respiratory symp-
toms such as frequent wheezing, increase in 
dyspnea, cough with thick, brownish sputum or 
plugs of mucus, and rarely hemoptysis [159]. 
Histologic features include eosinophilic debris and 

Aspergillus hyphae. Asthma plus systemic mani-
festation such as fever, weight loss, and fatigue 
should make physicians suspect ABPA. Typical 
radiologic findings, including central bronchiecta-
sis, can be present in most ABPA patients. Other 
chest x-ray findings include pulmonary parenchy-
mal infiltrates and fibrotic changes. A physician 
should be aware that ABPA comprises from mild 
to severe, and the latter may present with central 
bronchiectasis or end-stage lung fibrosis with 
respiratory failure. There are different criteria pro-
posed for ABPA diagnosis with no accepted one 
unified criteria. Earlier reports for ABPA diagnosis 
involve asthma, serum eosinophilia, positive 
Aspergillus immediate skin test, and presence of 
precipitins to Aspergillus antigens [160].

Further classification involves the presence of 
central bronchiectasis or without bronchiectasis 
[161]. More specific assays for IgG to Aspergillus 
can be made due to the lack of specificity of 
Aspergillus precipitin assays [162]. As men-
tioned above, Greenberger and Patterson sug-
gested a diagnostic criterion, which was refined 
by Schwartz and Greenberger in 1991 [149]. The 
obstacles for ABPA diagnostic criteria are due to 
the recent definition of severe asthma with fungal 
sensitization and patients with severe asthma plus 
coexistent fungal sensitization [163, 164].

The main differential diagnosis for ABPA-S is 
severe asthma with fungal sensitization, and the 
level of serum total IgE is considered the first dis-
tinguishing feature with a level higher than 
1000 ng/mL in ABPA. Patients with levels 
between 500 and 1000 ng/mL should be closely 
monitored for development of ABPA with fol-
low- up IgE level monitored every 6 weeks [165]. 
Stages of ABPA are illustrated in Table 2.2.

• Diagnostic criteria for ABPA—central bron-
chiectasis [166]

• For a diagnosis of ABPA-CB, there should be 
a minimum of five criteria:
 – Asthma
 – Proximal bronchiectasis (dilated bronchi in 

the inner two-thirds of the chest field on CT 
scan)

 – Immediate cutaneous reactivity to 
Aspergillus species
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 – Elevated serum total IgE (>417 KU/L or 
1000 ng/mL)

 – Elevated serum Af-IgE and/or Af-IgG
• Diagnostic criteria for ABPA—without bron-

chiectasis [166]
 – Asthma.
 – Immediate cutaneous reactivity to 

Aspergillus species.
 – Elevated serum total IgE (>417 KU/L or 

1000 ng/mL).
 – Elevated serum Af-IgE and/or Af-IgG.
 – Chest x-ray infiltrates may not be present. 

No bronchiectasis.

Most ABPA patients demonstrate immediate 
skin reactivity to Af [155, 167, 168]. Spirometry 
may show airflow obstruction, worsening vital 
capacity, and FEV1.

Evidence of Aspergillus sensitization is essen-
tial to make the diagnosis of ABPA, through 
either immediate skin test or serum Aspergillus- 
specific IgE. The lack of sensitivity to Aspergillus 
excludes ABPA except in the presence of other 
fungi causing airway disease. Both serum and 
skin testing are required to determine fungal sen-
sitization [155]. Reactivity to the antigens Asp f 
1, Asp f 3, Asp f 4, and Asp f 6 appears to be 
dominant in asthma patients. Antibodies against 
Asp 4 and Asp 6 have a higher sensitivity and 
specificity [169].

A threshold of 1000 IU/mL to make a diagno-
sis of ABPA was suggested by Agarwal [170]. 
Certain reports suggest a serum total IgE level of 
1000 ng/mL for a suspicion of ABPA while rec-

ognizing that it is not the case in certain patients. 
Corticosteroids may lower the serum IgE levels. 
A 35% reduction in serum total IgE reflects the 
remission of ABPA, excluding serum total IgE 
levels of less than 2500 IU/mL [171].

Serum eosinophilia is another common find-
ing in ABPA in addition to atopic diseases. ABPA 
patients may have sputum hyphae which indicate 
the presence of Aspergillus.

2.3.6  Radiologic Findings

Pulmonary opacities frequently manifest in 
ABPA. Involvement of the large airways may 
show transitory opacities, thickened airway walls 
and central bronchiectasis, mucus plugging, atel-
ectasis, and significant pulmonary collapse. 
Opacification of the parenchymal lung in high- 
resolution computed tomography could be an ini-
tial finding in the early stage of the disease, with 
the tendency to progress to collapse or parenchy-
mal scarring, often extending to the pleura [172]. 
A diagnostic finding in ABPA is central bronchi-
ectasis with a predilection of the upper lobes. 
Bronchiectasis at lobar, segmental levels or 
involving the majority of airways is the charac-
teristic finding in ABPA [173].

2.3.7  Histopathologic Findings

Diagnosis of ABPA does not require a pathologi-
cal specimen, but a lung biopsy showing 

Table 2.2 Stages of ABPA

Stage Acute Remission Exacerbation
Corticosteroid- 
dependent asthma

End-stage 
fibrosis

Symptoms Fever, cough, 
chest pain, 
hemoptysis, 
sputum

No active 
complaint. Patient 
is off prednisolone 
>6 months

Relapse of acute 
symptoms

Persistent complaint 
of wheezing and 
cough despite using 
oral corticosteroid

Cyanosis or 
dyspnea

Imaging Infiltrates of upper 
or middle lobes

Resolution of 
infiltrates

New infiltrates Infiltrates maybe 
absent or only 
intermittent

Fibrotic, 
bullous, or 
cavitary 
lesions

Serum IgE Elevated Normal or slightly 
elevated

Elevated Normal or elevated Maybe 
normal

Adapted from Greenberger et al. [149]
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Aspergillus colonization supports the diagnosis. 
Eosinophilic and lymphocytic infiltration in the 
airway is another common histological finding, 
and tissue sample may include other findings 
such as granulomas with distal exudative bron-
chiolitis, mucoid impaction, goblet cell hyperpla-
sia, and fibrosis.

2.3.8  Treatment

The treatment goal is to relieve symptoms, pre-
vent exacerbations, and stop the progression into 
central bronchiectasis and irreversible fibrosis.

2.3.8.1  Glucocorticosteroids (GCs)
The mainstay of treatment for ABPA is systemic 
GC. Serum total IgE should be monitored during 
treatment [161]. An example of systemic GC 
regime is prednisone 0.5 mg/kg daily for first 
2 weeks followed by every other day for the next 
3 months. A higher dose and longer duration, 
with the aim to prevent disease relapse, have been 
suggested. The absence of symptoms doesn’t rule 
out active disease and serum total IgE level every 
1–2 months to be used as a guide. If there’s fur-
ther serum total IgE elevation from baseline, GC 
dosage should be increased [174].

Acute exacerbations of ABPA should be man-
aged with a higher dose of GC. A suggested dose 
of prednisone is 0.5–1.0 mg/kg/day for 
1–2 weeks, followed by 0.5 mg/kg/day for 
6–12 weeks on clinical remission. In case of life- 
threating situation, high dose of intravenous GC 
can be used [175]. GC should be tapered after 
symptom improvement. Other experts suggest 
using alternative-day GC regimen as an option. 
A combination of GC with itraconazole is proven 
successful in symptom improvement and a 
decline in total serum IgE. The antifungal treat-
ment will be discussed in the following section.

GCs have become a crucial part in ABPA 
management. A patient may become steroid 
dependent, and physicians should monitor 
adverse events and interfere as soon as signs of 
side effects appear. If a decision is made to start 
long- term systemic GC, then vitamin D and cal-
cium supplements should be prescribed.

2.3.8.2  Antifungal Agents
Antifungal therapy is adjunctive, and it has been 
associated with reduced airway  inflammation and 
aimed to minimized airway damaged associated 
with bronchiectasis. Experts recommended a 
minimum 6-month period treatment in associa-
tion with systemic corticosteroid.

Stevens et al. reported the effectiveness of 
itraconazole in a randomized, double-blind 
clinical trial in patients with GC-dependent 
ABPA. The participants received oral itracon-
azole 200 mg twice daily versus placebo for 
16 weeks. Results showed decreased GC 
requirement in 46% of treatment group versus 
19% in the placebo group [176]. Another study 
by Wark et al. is to assess the role of itracon-
azole, in a randomized, double- blind, placebo-
controlled trial involving 29 patients with 
ABPA [177]. Fifteen patients received 400 mg 
of itraconazole daily versus 14 patients with 
placebo for 16 weeks. The results demon-
strated a reduction in sputum eosinophils in the 
treatment group with no decrease in the pla-
cebo group. Wark et al. assessed the role of 
oral ketoconazole 400 mg/day for 12 months, 
and results showed symptom reduction and a 
decline in immunological marker [178]. 
Voriconazole is shown to be effective as an 
alternative antifungal in case series [179].

2.3.8.3  Biologics
Elevated IgE has been associated with ABPA 
patients, and the benefit of the anti-IgE antibody 
has been documented in severe asthmatics with 
decreased asthma exacerbation rates. 
Omalizumab, a monoclonal antibody to IgE, has 
been evaluated, and some studies have published 
its effect in ABPA patients. The role of omali-
zumab seems to be promising, with the reduction 
in asthma exacerbation and the dosage of the sys-
temic GC.

A study by Tillie et al. to assess the role of 
omalizumab involving 16 patients with ABPA 
showed a reduction of exacerbations [180]. 
Further research will be needed for better under-
standing of the pathophysiology, appropriate 
dose, and treatment duration for omalizumab in 
ABPA.
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2.4  Aspirin-Exacerbated 
Respiratory Disease 
and Severe Asthma

Aspirin-exacerbated respiratory disease (AERD) 
is a disease manifested by a triad of asthma, nasal 
polyposis, and aspirin sensitivity. Other nomen-
clature for this disease includes Samter’s triad, 
aspirin triad, and aspirin-sensitivity triad, and it is 
also known as aspirin-intolerant asthma, aspirin 
(ASA)-sensitive asthma, Widal triad, Francis 
triad, or Fernand-Widal triad. Some authors con-
sider this disease as a subclass of chronic rhinosi-
nusitis, while others reported the association 
under a subset of patients with asthma. In gen-
eral, it affects adult population and is infrequently 
diagnosed in pediatric patients. The pathological 
mechanism proposed in this disease involves 
alterations in arachidonate metabolism and the 
overproduction of cysteinyl leukotrienes 
(cysLTs); other proposed theories will be dis-
cussed below. Eosinophilic and mast cell inflam-
matory process has also been involved in 
AERD. This inflammatory process can be initi-
ated even before starting aspirin.

2.4.1  Historical Preview

In 1902, Hirschberg was first to describe a hyper-
sensitivity reaction to ASA, and this is followed 
by several descriptions of hypersensitivity reac-
tions to nonsteroidal anti-inflammatory drugs 
(NSAIDs). In 1911, Gilbert G was first to recog-
nize aspirin-induced asthmatic dyspnea [181]. 
Further reports followed by Widal MF et al. as a 
triad of symptoms consists of nasal polyposis in 
patients with nonallergic induced asthma and 
ASA sensitivity [182]. In 1967–1968, the triad 
was promoted further by Samter and Beers and 
became known as “Samter’s triad” [183]. This 
relationship between asthma, nasal polyposis, 
and ASA sensitivity has been recognized and 
widespread after Samter’s publication in 1968. 
The name Samter’s triad or AERD has been 
widely used since then. Desensitization to ASA 
was first described by Zeiss and Lockey in 1976. 
Szczeklik and Stevenson developed ASA 

 desensitization protocols in the 1980s. The 
pathophysiology of AERD was described by 
Szczeklik in 1990, based on the cyclooxygenase 
theory.

2.4.2  Prevalence and Presentations

The prevalence of AERD is variable, based on 
multiple factors such as the methods of diagnosis 
whether by drug challenge or history alone and 
age of presentation. Studies have shown not 
much correlation between AERD and atopy.

In a study of 300 patients with suspected 
AERD, Berges-Gimeno MP et al. reported a 
female predominance (57%) comparing to male 
(43%) with no difference between both genders 
regarding symptom severity [184]. In 2004, 
Jenkins C et al. used oral ASA challenge as a 
diagnostic tool and reported a 21% of asthmatic 
adults and 5% of asthmatic children’s suffering 
from ASA sensitivity. In 2006, Pfaar O et al. 
reported the incidence of ASA hypersensitivity 
ranging from 0.6% to 2.5% in general popula-
tion, while in adult asthmatics the range is higher 
4.3–11% [185]. In 2015, Rajan JP et al. report a 
prevalence of AERD as 7% in typical adult asth-
matic patients, and the number is doubled in 
severe asthmatics [186]. Hedman J et al. report 
the prevalence of ASA intolerance 5.7%, with 
only 1.2% experiencing aspirin-induced asthma. 
Szczeklik A et al. reported the mean age of pre-
sentation as 30 years old in a study of 500 
aspirin- intolerant asthma patients [187]. 
Similarly, Berges-Gimeno MP et al. found the 
average age at the onset of AERD is 34 years old 
[184].

2.4.3  Diagnosis

Diagnosis of AERD can be challenging due to no 
currently available in vitro testing. Clinicians 
should consider AERD in patients with difficult- 
to- control asthma as a differential diagnosis. 
Patients should be asked for a history of previous 
naso-ocular symptoms, any respiratory reaction, 
or flare-up of asthma after ingestions of NSAIDs 
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on at least two separate occasions. Exacerbations 
of respiratory symptoms can occur within a few 
minutes and up to 3 h after ingestion [187]. Once 
suspecting for AERD, ASA challenge is essential 
to confirm the diagnosis, which has been estab-
lished and widely used.

AERD patients that react to ASA can also 
react to other NSAIDs, which is related to inhibi-
tion of the cyclooxygenase (COX)-1 enzyme 
and/or alteration in the pathway between prosta-
glandin and leukotriene.

Aspirin challenge can be performed through 
different routes most commonly with oral admin-
istration in the United States. There are four 
routes to deliver ASA including oral, bronchial, 
nasal, and intravenous. Some authors have sug-
gested nasal challenge for AERD patients with 
isolated nasal symptoms [188]. If the nasal chal-
lenge is negative, then the patient should be eval-
uated with either oral or bronchial route if high 
suspicion for AERD.

In oral challenge, patients are given with an 
initial dose around 20–40 mg followed by grad-
ual up-titration to the top dose 325 mg as long as 
no reaction. Lung function and symptoms are 
monitored after each dose. A positive challenge 
is if FEV1 drops significantly and/or naso-ocular 
symptoms develop. In Europe, lysine aspirin, a 
soluble solution of 900 mg of lysine aspirin 
(Sanofi, Paris, France) which is equivalent to 
500 mg of ASA, is used in both bronchial and 
nasal challenges, but this technique is not 
approved by the Food and Drug Administration 
in the United States [189]. Other in vitro study 
measuring peripheral blood basophil activation 
by flow cytometric technique may provide future 
diagnostic values [190].

Some investigators evaluated another 
approach to diagnose ASA sensitivity. White A 
et al. performed intranasal ketorolac challenge in 
29 patients with AERD [191]. The results showed 
that nasal ketorolac challenge has a sensitivity of 
78% and a specificity of 64%. The authors con-
clude that this approach is safe and considered as 
an alternative method.

AERD diagnosis can be challenging if a patient 
has unstable asthma; in such case, oral ASA chal-
lenge is not recommended, and the patient should 

be treated first to stabilize asthma. Challenge can 
be performed once asthma is stable.

2.4.4  Pathogenesis

The exact mechanism of AERD is yet to be 
explained. The pathogenesis is proposed from the 
abnormal metabolism of arachidonic acid in the 
lipoxygenase (LO) and COX pathways, and the 
results of unbalanced proinflammatory and anti- 
inflammatory mediators.

ASA is known to block COX-mediated pros-
tanoid production, shunting arachidonic acid to 
the alternative LO metabolic pathway resulting in 
a decrease of prostaglandins and an increase in 
leukotriene production [192]. CysLTs are bron-
choconstrictors, and they urge mucus secretion 
and increase vascular permeability. Increase pro-
duction of cysLTs after ASA challenge has been 
validated in multiple studies [193]. Prostaglandin 
E2 (PGE2), a prostanoid synthesized by the COX 
pathway, is known to suppress the production of 
cysLTs through slowing the 5-LO pathway and 
suppresses mast cell activation [194]. Sestini P 
et al. validated the role of bronchodilation ability 
of PGE2 in the lungs through inhalation tests 
before aspirin challenge. Other studies confirmed 
that patients with AERD have a deficiency in 
PGE2 when compared with aspirin-tolerant and 
healthy control subjects [195]. NSAIDs are 
known to block COX-1 activity, which leads to 
decrease PGE2 synthesis and promote cysLTs 
production. Another study demonstrated that 
AERD patients have upregulated 5-LO pathway 
and further increase in cysLT production [188]. 
Patients with AERD have upregulated leukotri-
ene C4 (LTC4) which is made by LTC4 synthase 
[196]. Leukotriene E4 (LTE4) is a metabolite of 
LTC4. Urinary LTE4 levels have been used to 
monitor the endogenous synthesis of cysLTs 
because of its stability. AERD patients have 
higher basal levels of urinary LTE4 when com-
pared with aspirin- tolerant asthmatics [197]. 
Overexpression of cysLT receptor 1 is demon-
strated in nasal inflammatory leukocytes, as well 
as a downregulation of receptor expression after 
ASA desensitization [198].
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2.4.5  Management and Medications

The goal of AERD management is to avoid 
COX-1 inhibitors. Once AERD is diagnosed, an 
avoidance medication list of ASA and NSAIDs 
should be provided. The safety of COX-2 inhibi-
tors in AERD has been evaluated. Simon RA 
et al. reported that there is no cross-sensitivity 
between COX-1 inhibitors and highly selective 
COX-2 inhibitors [199]. In 2001, Szczeklik A 
et al. showed that patients with asthma could tol-
erate COX-2 inhibitors (rofecoxib) with no sig-
nificant fall in FEV1 and no significant change in 
mean urinary LTE4 [200]. A meta-analysis by 
Morales DR et al. demonstrated the safety of 
COX-2 inhibitors in AERD patients [201]. 
Acetaminophen is a weak COX-1 inhibitor that 
can be acceptable up to a dose of 650 mg in 
patients with AERD but not at the higher dose of 
1000 mg according to few studies [202].

The other approach is to block the leukotriene 
pathway. There are two forms of anti-LT therapy 
approved for asthma patients in the United States: 
zileuton and montelukast/zafirlukast. Zileuton is 
a 5-LO inhibitor, partially blocking arachidonic 
acid conversion into leukotriene A4. Dahlen et al. 
demonstrated the ability of zileuton in decreasing 
the number of asthma exacerbations, improve 
pulmonary function, improve a sense of smell, 
and decrease nonspecific bronchial hyperreactiv-
ity to histamine [203]. The second form of anti- 
leukotriene therapy includes montelukast (10 mg 
daily) and zafirlukast (20 mg daily). The pharma-
cological mechanism is related to the ability of 

binding to cysLT receptor 1. A double-blind 
placebo- controlled trial in by Dahlen SE et al. 
demonstrated that montelukast decreases asthma 
symptoms and improves pulmonary function and 
asthma-specific quality of life [204].

Proper management of nasal polyps is also 
required in AERD with intranasal GC in addition 
to the selective use of systemic GC. The duration 
of systemic GC is variable and depends on 
patients’ clinical response. Topical decongestants 
such as oxymetazoline are a useful therapy in 
refractory nasal congestion not responding to 
GC. Antibiotics can be helpful in case of sus-
pected acute bacterial infection causing an 
asthma flare-up. Other potential medications 
include oral antihistamines and oral deconges-
tants although no substantial evidence supports 
these drugs.

2.4.6  Aspirin Desensitization

ASA desensitization should be considered as an 
essential part of management in AERD patients 
who required aspirin or if the conventional ther-
apy has been failed. ASA desensitization has 
been shown to be safe and well tolerated. A stan-
dard oral ASA desensitization protocol is 
depicted in Table 2.3. The severity of the lung 
function decline should be evaluated before ASA 
desensitization.

In 2003, Berges-Gimeno et al. evaluated the 
long-term treatment benefit of ASA desensitization 
for 6 months and then followed for 1–5 years among 

Table 2.3 Oral ASA challenge/desensitization protocol

Time 8 AM 11 AM 2 PM 5 PM
Day 1 20–40 mg 40–60 mg 60–100 mg Instruction and discharge
Day 2 100 mg 160 mg 325 mg Instruction and discharge

Clinical and objective evaluation performed every 30 min and as needed. Provoking dose is repeated; symptoms are 
treated as indicated. Provoking dose is defined as any reaction in upper/lower respiratory system, cutaneous manifesta-
tion/skin rash, gastrointestinal symptoms
After the patient is completely stabilized, the provoking dose can be repeated on day 1 (if there is time). Otherwise, the 
patient should be sent home, and the provoking dose should be repeated the next morning. FEV1 and clinical assess-
ment every hour or with any symptoms
If nasal, gastrointestinal, or cutaneous reactions occur on day 1, pretreat with histamine1 and histamine2 blocker for the 
remainder of the challenge sequence. Generally, patients are challenged/treated with increasing doses of ASA over (in 
our table, we used 3 h as set time interval). In case a positive reaction, then this dose will be repeated until no response 
occurs, and dose is increased until a maximum dose is reached and tolerated
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172 AERD patients [205]. The results showed sig-
nificant clinical benefits including a decline in sinus 
infection rate, improvement in the sense of smell, 
and ameliorated asthma symptoms. There was a 
sustained benefit after 1 year of desensitization in 
most patients. Overall GC usage such as intranasal, 
inhaled, and oral was significantly reduced.

Intranasal ketorolac combined with oral ASA 
desensitization is another alternative and safe 
modality [206]. On day 1, the patient receives 
four metered nasal sprays, with 30-min observa-
tion between doses, followed by two doses of 
60 mg oral ASA with 90-min interval. The patient 
will be observed and monitored for any signs or 
symptoms of the reaction and lung function. On 
day 2, the patient will have 150 mg followed by 
325 mg of oral ASA within 3-h interval. This 
approach may shorten the challenge duration and 
improve the safety profile compared with the 
standard oral ASA desensitization.

2.4.7  Surgery

In refractory AERD, the surgical approach is 
considered to be a treatment of choice. The ben-
efit of using endoscopic sinus surgery (ESS) in 
AERD needs to be further illustrated. Nakamura 
H et al. evaluated 22 AERD patients that under-
went sinus surgery [207]. Patients reported 
improvement from surgical intervention although 
no comparison group was involved to validate the 
surgery. In 2006, Loehrl et al. had 31 AERD 
patients undergo ESS [208]. Patients reported 
postoperative improvement in a 10-year follow-
up period and a decrease in emergency depart-
ment visits for AERD/asthma exacerbations. 
ESS should be done to minimize the nasal polyp 
burden before ASA desensitization for AERD 
with severe nasal polyposis.

 Conclusions

In summary, the pathogenesis of AERD 
involves an imbalance between leukotrienes 
and prostaglandins, and management of AERD 
can be challenging. ASA desensitization is a 
safe and specialized procedure that will 
improve the disease outcome while developing 

tolerability to ASA and other cross-reacting 
NSAIDs. However, the benefits of long-term 
ASA therapy should be weighed against the 
risks such as the development of the gastroin-
testinal ulcer or bleeding as proton pump 
inhibitors could protect only the upper gastro-
intestinal tract. Surgical intervention in combi-
nation medical therapy may be a better 
approach in severe and refractory AERD cases.
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Pathogenesis of Severe Asthma

So Ri Kim

3.1  Structural Abnormalities 
and Airway Remodeling

Airway remodeling encompasses various struc-
tural alterations of airways in asthmatic patients 
and involves a wide array of pathophysiologic 
features, including epithelial changes, increased 
smooth muscle mass, increased numbers of acti-
vated fibroblasts/myofibroblasts, subepithelial 
fibrosis, and vascular changes. In addition, air-
way remodeling is a representative pathologic 
hallmark of asthmatic severity, and these struc-
tural changes are speculated to be one of the fac-
tors that make it difficult to treat asthmatic 
patients and therefore may be a target for future 
therapies of severe asthma [1, 2].

3.1.1  Alterations of Bronchial 
Epithelium

Bronchial epithelium is composed of two major 
airway epithelial cell types, ciliated and secretory 
cells and is critical for preserving airway patency 
and defending against inhaled pathogens and 
allergens. Epithelial alterations in asthmatic 

patients include shedding of the epithelium, loss 
of ciliated cells, goblet cell hyperplasia, and 
upregulation of growth factors, cytokines, and 
chemokines. In particular, the epithelium in 
severe asthma is reported to be thicker than in 
mild-to-moderate asthma [3], with altered prolif-
eration, apoptosis, and release of pro- 
inflammatory factors [4]. These epithelial 
alterations appear to be caused by two ways: (1) 
ongoing epithelial injury due to infectious agents, 
allergens, or inhaled particulates and (2) persis-
tent host immune responses (i.e., damage- 
associated molecular patterns [DAMPs] or 
danger signals). Direct structural interruption of 
bronchial epithelium including loss of epithelial 
integrity, disruption of tight junctions, impair-
ment of barrier function, and cell death induces 
impaired epithelial permeability playing as a pre-
requisite for antigen caption and presentation by 
the surrounding dendritic cells (DCs) [5]. In 
addition, these epithelial injury and dysfunction 
may correlate with asthma severity [6–9]. Recent 
studies have demonstrated that mechanical stress 
such as bronchoconstriction, a crucial character-
istic of asthma, initiates the activation of signal-
ing cascades and the release of fibrotic and 
inflammatory mediators in airway epithelial cells 
[10–12]. Moreover, the compressive effect of 
bronchospasm also causes mature airway epithe-
lial cells to move in collective fluid-like swirls 
(unjamming), whereas otherwise they are solid- 
like and virtually immobile (jamming). In bron-
chial epithelium from asthmatics, the recovery 
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into jamming phase is delayed compare to nor-
mal subjects [13]. These cellular motilities appear 
also to contribute to the defective asthmatic epi-
thelial function and integrity. As for ciliated epi-
thelial cells, although relatively few studies have 
been performed than secretory cells, decreased 
ciliary beat frequency and increases in abnormal 
ciliary beating patterns and ciliary ultrastructural 
defects have been reported in individuals with 
asthma compared with healthy controls [14]. In 
addition, these abnormalities were more pro-
nounced in severe asthma. Ciliary abnormalities 
were accompanied by increases in the numbers 
of dead cells and evidence of loss of epithelial 
structural integrity, which suggests that ciliary 
dysfunction may be a consequence of a general-
ized epithelial injury and can be one of contribut-
ing factors to develop severe asthma.

Asthmatic airway epithelial cells respond to 
various host and environmental stimuli through 
participating in diverse immune and inflamma-
tory processes. First, asthmatic airway epithe-
lium secretes the cytokines TSLP, IL-25, and 
IL-33, which act on subepithelial DCs, mast 
cells, and innate lymphoid cells (ILCs) to recruit 
both innate and adaptive hematopoietic cells and 
initiate the release of Th2 cytokines [15–19]. In 
addition, a recent human study has reported that 
in patients with severe asthma and persistent 
eosinophilia, the number of ILC2s in blood and 
airways is substantially increased compared with 
mild asthma suggesting that the role of epithelial- 
derived cytokines such as TSLP, IL-25, and 
IL-33 in recruiting ILC2 is a more crucial com-
ponent of the pathogenesis of eosinophilic severe 
asthma rather than mild asthma [20]. On the other 
hand, under stressful conditions including ciga-
rette smoking and lipopolysaccharide (LPS) 
stimulation, bronchial epithelium seems to 
induce neutrophilic airway inflammation, which 
is another phenotype of severe asthma through 
increased secretions of chemoattractants for neu-
trophils including IL-17A, IL-6, IL-8, and 
CXCL8 [21–23]. And the extent of the produc-
tion of these mediators is correlated positively 
with asthma severity [4]. Moreover, in patients 
with chronic rhinosinusitis and nasal polyp as 
well as those with severe asthma, neutrophils act 

as a major source of oncostatin M, an epithelial 
barrier disrupting cytokine participating in the 
pathogenesis of severe asthma [24]. Meanwhile, 
lipoxins (LXs) are a natural anti-inflammatory 
factor produced at the inflamed tissue site to 
downregulate inflammation and to promote its 
resolution [25]. Levels of LXA4 were reduced in 
samples from patients with severe asthma com-
pared with levels seen in patients with mild 
asthma [25, 26]. These findings suggest that 
bronchial epithelial cells are associated with vari-
ous phenotypes of severe asthmatic inflammation 
as an immune and inflammatory modulator.

Although abnormalities in mucus are not lim-
ited to severe asthma and exacerbations because 
an increase in mucous metaplasia is seen even in 
individuals with stable, mild-to-moderate asthma 
[27], more increased amount of mucin produc-
tion in epithelium and tenacious and viscous 
property of mucus are implicated in the develop-
ment of severe asthma [4, 28]. A variety of stim-
uli and signaling pathways have been shown to 
regulate mucin production and secretion in air-
way epithelial cells. Known MUC5AC inducers 
are usually signaled through STAT6/SAM 
domain-containing prostate-derived Ets factor 
(SPDEF) activation, phosphoinositide 3-kinase 
(PI3K)-nuclear factor of activated T cells (NFAT) 
pathway, and FoxA2 inhibition under IL-13 
receptor activation or by ErbB receptor agonists 
(i.e., EGF, TGF-α, amphiregulin) through HIF-1 
and MAPK pathways [23, 29, 30]. In addition, 
glucocorticoids are not sufficient to suppress 
IL-13-induced goblet cell hyperplasia [31]. 
Based on these contentions, many signaling path-
ways have evaluated the potential of drug target 
to resolve the pathologic mucus production in 
steroid-resistant severe asthma.

3.1.2  Proliferation and Hypertrophy 
of Airway Smooth Muscle 
(ASM)

Airway remodeling is considered to be the car-
dinal feature leading onto the development and 
persistence of airflow obstruction. In particular, 
the increase in ASM content is believed to 
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explain the majority of airway luminal narrow-
ing and the permanent reduction of the airway 
caliber in severe asthma; whether this increase 
in ASM mass is due to hyperplasia, hypertro-
phy, or both remains uncertain [32, 33]. In fact, 
ASM mass is increased in severe asthma com-
pared to mild-to- moderate asthma or chronic 
bronchitis [32, 34–37], suggesting that ASM 
increased is related to asthma severity. In view 
of the biology of ASM, the contractile property 
also contributes to induce airway obstruction in 
asthmatics and other airway disorders com-
pared to normal subjects, however, the differ-
ences of contractile strength or its related 
protein expression between mild-to- moderate 
asthma and severe asthma are somewhat con-
troversial. Quantitative analytic data using 
human bronchial biopsy samples from mild, 
moderate, and severe persistent asthmatics 
showed that the intensity of MLCK expression 
was further amplified in patients with severe 
persistent asthma, while the protein expressions 
of α-actin and the smooth muscle myosin 
heavy- chain isoforms were similar in patients 
with asthma from all groups [32]. Given that 
many immune and inflammatory mediators 
such as TNF-α, IL-17, and IL-13 have been 
shown to increase ASM contractility and at the 
same time these mediators are closely associ-
ated with asthma severity and the pathogenesis 
of severe asthma [38–40], ASM contractility is 
expected to contribute to the pathogenesis of 
severe asthma, and this field still remains as 
unanswered completely with needs more well-
designed future studies.

Several mechanisms may explain an increased 
ASM mass in asthma. First, the presence of 
extracellular matrix (ECM) deposition such as 
collagen in and around ASM bundles may con-
tribute to the overall increase in the ASM content 
[41, 42]. However, Benayoun et al. have reported 
that the increased ASM cell size observed in 
patients with severe persistent asthma reflects 
true cell hypertrophy and not merely the pres-
ence of collagen deposit within ASM cells [32]. 
The other mechanism is the participation of 
fibromyocytes in forming ASM bundles [43]. 
This concept is also ambiguous in reflecting 

asthma severity since a quantitative analytic data 
revealed that α-actin-positive cells (i.e., myofi-
broblast or fibromyoblast) did not vary signifi-
cantly between the three asthma groups of 
intermittent, mild-to- moderate persistent, and 
severe persistent asthma [32]. Although rela-
tively little information has released on the role 
and the related mechanisms of ASM remodeling 
in the severe asthma, a recent study enrolled the 
patients with mild-to-moderate asthma and 
severe asthma has demonstrated that symptoms 
in patients with severe asthma with increased 
ASM area are less controlled by maximal ther-
apy than those with lower ASM area. 
Interestingly, ASM enlargement was associated 
with increased expression of PAR-2 and high 
BAL levels of their ligands, particularly mast 
cell tryptase and KLK14 [44]. These findings 
suggest that increased ASM mass characterizes 
the patients with severe asthma with poor symp-
tom control and the delicate mechanisms for the 
increased ASM mass in severe asthma must be 
defined for the control of severe asthma.

3.1.3  Fibrosis, Subepithelial 
Thickening, and Alternation 
of ECM

Subepithelial thickening of airways has been 
observed in asthma of all severities, with deposi-
tion of collagens, fibronectin, tenascin, and pro-
teoglycans [45–48]. The results are not always 
consistent, but the majority of studies showed 
that severe asthmatics have thicker subepithelial 
layers compared to those with mild disease [3, 
34, 35, 49–54]. In fact, fibrocytes are increased 
in blood and in smooth muscle bundles in asth-
matics with fixed airway obstruction and/or 
severe asthma [55, 56]. There is still debate on 
whether the subepithelial thickening is gradually 
developed with time as a consequence of 
repeated episodes of allergen exposure and bouts 
of acute inflammation or the thickening is 
already formed at early stage of the natural 
course of severe asthma. Many previous studies 
have demonstrated that chronic airway inflam-
mation has been considered to be the primary 

3 Pathogenesis of Severe Asthma



40

abnormality in asthma and remodeling a second-
ary consequence [57, 58]. On the other hand, 
Payne et al. and  others have reported that subepi-
thelial thickening of the bronchial reticular layer 
is an early feature of severe asthma in children 
and appears to be a characteristic of the eosino-
philic phenotype [54, 59]. In addition, patients 
with severe asthmatics also have increased 
expression of TGF-β isoforms and collagen 
deposition as compared to mild asthmatics, 
again in association with eosinophilic asthma, 
with evidence for remodeling in the peripheral 
airways as well [60, 61]. Moreover, increased 
production and altered composition of extracel-
lular matrix in the small airways are characteris-
tics of fatal asthma [61]. To sum up, these reports 
suggest that subepithelial thickening, ECM 
alterations, and subepithelial fibrosis are impor-
tant features of severe asthma. Supporting these 
observations, recent studies have revealed the 
related mechanisms; IL-33 promotes airway 
remodeling in patients with steroid-resistant 
asthma, specifically through increasing collagen 
secretions from airway fibroblasts [62]. 
Furthermore, in severe asthma with fungal sensi-
tization (SAFS), IL-33 and MMP-9 are more 
increased in airways than the levels in non-SAFS 
[63]. Taken together, alterations of subepithelial 
layer of airways are one of pathogenic character-
istics of severe asthma in which there may be a 
distinct inducer from non-severe asthma.

3.1.4  Vascularity and Vascular 
Permeability

A number of studies have shown a relationship 
between the increased bronchial vascular remod-
eling and the severity of asthmatic disease [64–
68]. Bronchial vascular remodeling in asthma 
includes vasodilation, increased blood flow, 
angiogenesis, and increased vascular permeabil-
ity. In addition, most inflammatory mediators 
cause bronchial vasodilation [69–71]. It is also 
postulated that the increase in bronchial micro-
circulation and airway blood flow amplifies 
inflammatory responses by acting as a gateway to 
the subepithelium for inflammatory cells, 

although some reports have demonstrated that 
increased airway blood flow may play a role in 
removing inflammatory mediators from airways 
[72]. Moreover, the increase in the number and 
size of vessels can contribute to the thickening of 
the airway wall, which in turn may lead to critical 
narrowing of the bronchial lumen, as bronchial 
smooth muscle contraction occurs [73]. Among 
various angiogenic growth factors, vascular 
endothelial growth factor (VEGF) and angiopoi-
etin- 1 (Ang-1) have been reported to play the 
most relevant roles in vascular changes in the air-
ways of asthmatic subjects [74–76]. Indeed, in 
asthmatic patients, the overproduction of VEGF 
is implicated in asthma exacerbation, and the cir-
culating VEGF levels were significantly inversely 
correlated with the percent predicted FEV1 sug-
gesting that measurement of either plasma or 
serum VEGF level can be a valid index of asthma 
severity [77, 78]. In addition, Lee et al. have dem-
onstrated that mast cells which amplify the 
inflammation and contribute to development of 
airway remodeling modulate vascular permeabil-
ity through the regulation of PI3K–HIF-1α–
VEGF axis in allergic asthma [79]. Sequentially, 
inhibition of VEGF and/or PI3K/Akt pathway 
attenuates peribronchial fibrosis and subepithe-
lial collagen deposition by reduction of trans-
forming growth factor (TGF)-β1 expression in 
bronchial epithelial cells of asthmatic mice [80]. 
In mice with chronic inhaled ovalbumin (OVA) 
exposure, potent antioxidants attenuate OVA- 
induced airway remodeling including subepithe-
lial fibrosis through inhibition of TGF-β1 
production and PI3K/VEGF pathway [81]. 
Among class I PI3K isoforms, PI3K-δ isoform is 
known to contribute to the development of 
steroid- resistant asthma [82]. More interestingly, 
selective PI3K-δ inhibition reduces vascular per-
meability and expression of VEGF through regu-
lation of HIF-1α and HIF-2α levels of the lung, 
specifically in bronchial epithelium [83, 84]. 
Taken together, these contentions suggest that 
vascular abnormalities in asthmatic airways are 
more prominent in severe asthma and VEGF- 
PI3K- δ relationship is a valuable target for the 
novel therapeutic agents through the modulation 
of vascular remodeling.
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3.2  Corticosteroid Resistance 
and Its Molecular 
Mechanisms

The definition of severe asthma has primarily 
been based upon corticosteroid responsiveness 
and clinical symptoms. Thus, to date, several 
molecular mechanisms of corticosteroid resis-
tance have been elucidated in severe asthmatic 
patients providing the therapeutic potential tar-
gets for the cure and the control the various types 
of severe asthmatics.

3.2.1  Genetic Association

Studies have suggested that genetic factors such 
as bone morphogenetic protein receptor type II 
(BMPR II) or a functional polymorphism of 
glucocorticoid- induced transcript 1 (GLCCI1) 
can affect the responsiveness for corticosteroids 
in asthma [85–88]. However, to date, the infor-
mation on genetic association with steroid resis-
tance is relatively weak, and there is no evidence 
for the link between the polymorphisms or struc-
tural abnormalities in glucocorticoid receptor 
(GR) and steroid resistance in asthmatic patients, 
although a polymorphism of GRβ is associated 
with a reduced response to corticosteroids [89].

3.2.2  Functional Changes of GRs

The GR phosphorylation by several kinases is an 
important component for the reduction of GR 
function through altering its binding stability, 
translocation into nucleus, binding to DNA, and 
interaction with other proteins including tran-
scription factors and molecular chaperones [90]. 
In fact, p38 MAPK and c-Jun N-terminal kinase 
(JNK) can phosphorylate serine 226 (Ser226) on 
GR, which leads to the inhibition of GR binding 
with glucocorticoid and is mostly observed in 
peripheral blood mononuclear cells (PBMCs) 
from asthmatics [91, 92]. MKP-1, an endogenous 
inhibitor of p38 MAPK and JNK signaling, is 
activated by corticosteroids. In alveolar macro-
phages from patients with severe asthma with the 

reduced level of MKP-1 expression as well as 
murine macrophages from MKP1 gene knockout 
mice, the reduction of steroid responsiveness has 
been found [93, 94]. In addition, the levels of ser-
ine/threonine phosphatase protein phosphatase 
2A (PP2A) which can dephosphorylate GR are 
reduced in PBMCs from patients with steroid 
resistance [95]. Several microbial origin stimuli 
such as Staphylococcal enterotoxin B can induce 
steroid resistance through GR phosphorylation 
and GR nuclear translocation [96, 97]. In addi-
tion, GR can be nitrosylated by NO donors, 
resulting in reduced binding affinity for cortico-
steroids [98]. As well known, patients with severe 
asthma produce high levels of NO, which nitro-
sylates the GR at HSP90 binding site, resulting in 
the decrease of the affinity of GR to glucocorti-
coid as well as HSP90 [99].

3.2.3  GR Isoform Identity 
and Expression

GRα predominates in most cell types, but other 
isoforms do arise as a consequence of alternative 
splicing, and the responsiveness to glucocorti-
coids can be modulated by the relative levels of 
the expression of each GR isoform [100]. GRβ 
has been known to act as a dominant-negative 
inhibitor [101–104]. Some inflammatory envi-
ronment increases expression of GRβ in airway 
epithelial cells and various inflammatory cells 
[105, 106]. Moreover, TGF-β1, which is known 
to be associated with asthmatic airway remodel-
ing, has been shown to reduce glucocorticoid 
responses, partly via decreased GRα expression 
[107].

3.2.4  Pro-inflammatory 
Transcription Factor 
Activation

Transcription factors NF-κB, STAT5, and AP-1 
have been implicated in the occurrence of steroid 
resistance in inflammatory cells. Among them, 
AP-1 physically interacts with GR, thereby pre-
venting its binding to GREs and other 
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 transcriptional factors [108, 109], supporting 
high levels of AP-1, phosphorylated JNK, and 
c-Fos observed in inflammatory cells from 
glucocorticoid- resistant asthmatics [109, 110]. 
NF-κB activation is correlated inversely with glu-
cocorticoid responsiveness in patients with severe 
asthma [111]. In addition, activation of IRF-1 by 
IFNs or TNF-α may contribute to steroid resis-
tance in airway smooth muscle cells [112].

3.2.5  Defective Histone Acetylation

In asthmatics, there is strong evidence connecting 
decreased HDAC2 activity with steroid resistance; 
molecular mechanisms for the decreases in HDAC2 
expression/activity have been elucidated recently 
[113–115]. In particular, phosphoinositide 3-kinase 
(PI3K)-δ activated by oxidative stress may be due 
to cigarette smoking is implicated in the phosphor-
ylation and inactivation of HDAC2 [116]. These 
findings suggest that oxidative stress and activation 
of PI3K-δ signaling might be important mecha-
nisms for steroid resistance in bronchial asthma.

3.2.6  Immune Mechanisms

Despite little information on the direct relationship 
with steroid resistance in airway disorders, murine 
Th17 cells seem to be steroid resistant [117]. In 
addition, IL-17 increases the expression of GRβ in 
airway epithelial cells [105]. The decrease of the 
secretion of IL-10 in regulatory T cells has been 
reported in patients with steroid- resistant asthma 
[118, 119]. However, there is very scarce available 
information on immune mechanisms associated 
with steroid resistance to date.

3.3  Type 2 Inflammation

Molecular features of severe asthma have largely 
focused on the presence or extent of type 2 inflam-
matory responses, which involve the typical aller-
gic inflammatory cytokines IL-4, IL-5, and IL-13. 
Of course, it is well known that all asthmatics 
from mild disease to severe one possess the type 2 

inflammatory signature [120–123]; however, in 
mild asthmatics, the presence of a type 2 inflam-
matory process appears to be linked to early-onset 
and allergic disease, while in severe asthma, the 
relationship with allergy seems to be lower than 
that in mild asthma [124–126]. Despite these dif-
ferences, new asthma treatments targeting Th2 
cytokines or their receptors have been developed 
by many pharmaceutical agencies. These thera-
pies 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 [127]. Interestingly, based on the gathering 
data from various cohort analyses, severe asth-
matics appear to exhibit more favorable therapeu-
tic efficacy than mild or total asthmatic patients 
when Type 2 or Th2 inflammation-targeting med-
icine is applied, showing that many cases of 
severe asthma involve cells of both the innate and 
adaptive immune systems, often in association 
with other immune pathways [128].

3.3.1  T Helper Type 2 (Th2) Cell- 
Dependent Inflammations

Under Th1/Th2 paradigm, the traditional asthma 
was accepted as an airway inflammatory disorder 
driven by Th2-predominant immune response of 
adaptive immune system. Since a type 2 or Th2 
inflammation plays an important role in the 
pathogenesis in all types of asthma, GATA3 or 
STAT6, a transcription factor expressed in Th2 
cells and linked to expression of Th2-specific 
cytokines such as IL-4, IL-5, and IL-13, has been 
established as an attractive target in the treatment 
of asthma associated with Th2 responses [129–
133]. Thus, in severe asthma showing limited 
responses to corticosteroid therapy in suppress-
ing Th2 cytokines, GATA3 or STAT6 inhibition 
appears to be an alternative therapeutic approach 
for severe asthma [134, 135]. Moreover, because 
Th2 cells have been recognized as an important 
part of the mechanisms underlying asthma, a 
Th2-high asthma has been defined by the use of 
genes expressed in airway epithelial brushings, 
consisting of a set of IL-13-inducible genes com-
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prising POSTN, CLCA1, and SERPINB2 [123, 
136]. Interesting finding is that only about 50% 
of patients with mild-to-moderate asthma had a 
Th2-high asthma phenotype and they exhibit 
more severe asthmatic manifestations including 
airway eosinophilia which has led to drawn the 
concept of Th2-high and Th2-low endotypes. 
Subsequently, several recent studies have 
revealed that in Th2-high severe asthmatics 
showing increased levels of type 2 inflammatory 
biomarkers (i.e., eosinophilia, exhaled nitric 
oxide (FeNO), and periostin), IL-4/13 or IL-5- 
directed therapies have shown promising results 
in each specific subgroup [137–154]. In fact, 
anti-IL-5 therapy significantly attenuated asthma 
symptoms, reduced exacerbation, improved lung 
function, and showed sparing effect of oral corti-
costeroid in severe asthmatic patients with blood 
or sputum eosinophilia [143–146, 155]. In addi-
tion, in patients with modestly elevated levels of 
blood eosinophils, treatment with the anti-IL- 
4Rα antibody therapy maintained and even 
improved asthma control in moderate-to-severe 
asthma [138]. Interestingly, the IL-13 antibody 
was only modestly efficacious in the total patient 
cohort, but it markedly improved lung function in 
patients with high-serum periostin levels [137]. 
Altogether, substantial evidence now supports 
the presence of ongoing type 2 inflammation in 
severe asthma, which can be successfully tar-
geted to improve outcome. Given that type 2 
inflammation exists in total asthmatics with all 
severities including mild asthma and the cortico-
steroid resistance is not usually observed in mild 
asthmatics, in the pathogenesis of severe asthma, 
type 2 cytokines from Th2 cells seem to function 
with other cytokines and/or mediators to affect 
various target cells, including mast cells, eosino-
phils, epithelial cells, and airway smooth muscle 
cells, in which there are needs to be further inves-
tigated to define more specific mechanisms.

3.3.2  Innate Lymphoid Type 2 
Cell-Associated Inflammation

In addition to Th2 cells, cells of the innate 
immune system, such as NKT cells, alternatively 

activated macrophages, eosinophils, and mast 
cells, can produce type 2 cytokines [156]. Above 
all, recently ILC2s have unveiled their roles in 
the pathogenesis of severe asthma producing sig-
nificant amount of the type 2 cytokines, espe-
cially IL-5 and IL-13 under the influence of 
epithelial cell-derived cytokines TSLP, IL-25, 
IL-33, and prostaglandin D2 (PGD2) [157–161]. 
Since approximately 25% of patients with severe 
asthma do not display atopy, it is possible that 
there are other environmental triggers that induce 
a type 2 response without invoking a Th2 
response. Actually, epithelial cells can release 
these cytokines by the stimulation of proteases 
from various pathogen-associated molecular pat-
terns (PAMPs; i.e., viruses, bacteria, and aller-
gens) [162–164]. More interestingly, an in vitro 
study has demonstrated that both cultured T cells 
and ILC2s secreted IL-5 and IL-13 under rhino-
virus infection showing more potent capacity of 
Th2 cytokine secretion in ILC2s than T cells 
[165]. This finding provide the message that Th2 
or type 2 inflammation is able to be induced pow-
erfully without antigen/allergen specificity by the 
epithelial activation linked to type 2 cytokine 
production of ILC2s through their mediators 
TSLP, IL-25, and IL-33. While there are still 
debates on the measurement of ILC2 numbers in 
lung, severe asthmatics harbor greater numbers 
of activated ILC2s in airways as compared with 
milder asthmatics or healthy controls [20, 166]. 
The importance of ILC2 in the pathogenesis of 
severe asthma is also emphasized by many 
researchers and clinicians along with needs for 
future investigations to define the mechanisms of 
ILC2 activation and specific contributions to 
severe asthma for the novel therapeutic approach 
to severe asthma.

3.4  Non-type 2 Inflammation

As described above, approximately half of all 
asthmatic patients do not have evidence of type 2 
inflammation [123, 167, 168]. “Type 2-low 
asthma” is currently defined as the “apparent” 
absence of type 2 cytokines and their downstream 
signatures. Non-type 2 patients generally have 
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adult-onset disease, often in association with 
obesity, post-infectious, neutrophilic, and 
smoking- related factors, and are less likely to be 
atopic or allergic [120, 169–171]. With narrow-
ing the scope, it is increasingly clear that severe 
asthma has also various phenotypes [172]. 
Actually, in some subjects with severe asthma, 
neutrophils, in addition to eosinophils, are impor-
tant effector cells [60, 173–175]. Furthermore, 
non-Th2 cytokines such as IFN-γ, IL-8, IL-18, 
and IL-17 have been observed to be elevated in 
subjects with severe asthma [46, 176–178].

3.4.1  Inflammasome

In allergic airway inflammation, briefly, the 
innate immune system senses various allergens 
such as dust mites and molds via pattern recogni-
tion receptors (PRRs) including TLR, CLR, and/
or NLRs. Several members of the cytosolic NLR 
family (NLRP1, NLRP3, and NLRC4) act as 
central components of the multiprotein inflam-
masome complex [179]. Inflammasomes are a 
group of protein complexes that recognize a 
diverse set of inflammation-inducing stimuli and 
that control production of important pro- 
inflammatory cytokines such as IL-1β and IL-18 
[180]. Unlikely other NLR family members 
which have been activated by each specific stim-
ulus, NLRP3 is activated by a large variety of sig-
nals, including PAMPs, DAMPs, and bacterial 
toxins [181–183]. More interestingly, studies 
have demonstrated that NLRP3 inflammasome 
activation is critical for the induction of allergic 
airway inflammation in bronchial asthma [184, 
185], with increased understanding of how adap-
tive and innate immunity generate downstream 
pathology of allergic inflammation [186]. 
Furthermore, as for severe asthma, recent inter-
esting studies have revealed that steroid-resistant 
neutrophilic asthmatic manifestations were sig-
nificantly controlled by the NLRP3 inflamma-
some activation and the severe asthmatic 
symptoms were dramatically attenuated by the 
blockade of IL-1β [187, 188]. More supportively, 
very recent transcriptomic analysis with sputum 
from moderate-to-severe asthma revealed that 

non-Th2 phenotypes included two transcriptome- 
associated clusters (TACs); one cluster is charac-
terized by IFN-γ, TNF-α, and 
inflammasome-associated genes, and the other 
cluster is represented by genes of metabolic path-
ways, ubiquitination, and mitochondrial function 
[189]. Taken together, emerging evidence has 
suggested that inflammasome, specifically 
NLRP3 inflammasome and its effector pro- 
inflammatory cytokines IL-1β and/or IL-18, 
plays a critical role in steroid-refractory severe 
asthma providing a very promising target for the 
control of severe asthma, especially non- 
eosinophilic type.

3.4.2  TNF-α

TNF-α contributes to neutrophilic inflammation 
and airway hyperresponsiveness in murine mod-
els [190]. An interesting study enrolled patients 
with corticosteroid-refractory severe asthma 
reported that a soluble TNF-α receptor inhibitor 
increased post-bronchodilator FEV1 and 
decreased bronchial hyperresponsiveness com-
pared with placebo [191]. However, one subse-
quent double-blind, randomized, 
placebo-controlled trial confirmed there were 
only small improvements in asthma control and 
systemic inflammation after 12 weeks of etaner-
cept therapy compared with placebo [192]. 
Similarly, a large-scaled clinical trial using a 
humanized monoclonal antibody for TNF-α, 
golimumab, in patients with severe refractory 
asthma to high-dose ICS/LABA treatment did 
not improve lung function or reduce acute exac-
erbations [193]. Moreover, it was associated with 
increases in systemic infections and cancer, 
which led this trial to premature termination 
[193]. Considering that TNF-α is a 
 pro- inflammatory Th1 cytokine that induces acti-
vation of macrophages and neutrophilic inflam-
mation which linked to severe asthmatic 
phenotypes, it can be hypothesized as a potential 
target for the control of severe asthma. However, 
until present time, substantial evidence has indi-
cated that blockade of TNF-α is not recom-
mended at least for the control of severe asthma 
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despite its good pharmacologic effects on other 
chronic severe inflammation such as rheumatoid 
arthritis and that defining the role of TNF-α in the 
pathogenesis of severe asthma is needed.

3.4.3  Th17 Cell-Dependent 
Inflammation

Th17 cells are CD4 + T cells that express IL-17A, 
IL-17E, IL-17F, and IL-22 and are able to medi-
ate neutrophil activation via the production of 
CXCL8 (IL-8) [194, 195]. In fact, IL-17A is one 
of the key players in eosinophilic as well as neu-
trophilic airway inflammation using animal mod-
els of asthma induced by toluene diisocyanate or 
ovalbumin [196, 197]. Additionally, a murine 
model of steroid-resistant neutrophilic asthma 
showed significant increases of IL-17A and 
murine IL-8 homolog KC in lung tissues [198]. 
Recent accumulating evidence has demonstrated 
that overexpression of IL-17A and IL-17F has 
been shown in lung tissue from patients with 
asthma, with expression levels correlating with 
asthma severity, especially in patients with neu-
trophilic corticosteroid-resistant disease [176]. 
Although there is little information on the direct 
relationship with steroid resistance in airway dis-
orders, IL-17 increases the expression of GRβ in 
airway epithelial cells [105]. On the other hand, 
NF-κB, one of potent pro-inflammatory tran-
scription factor linked to steroid resistance, is 
associated with IL-17A expression, and they 
interact cooperatively in severe asthma [22, 198]. 
Recently, a positive feedback relationship 
between endoplasmic reticulum stress (ER stress) 
and IL-17A has been suggested as one of mecha-
nisms of the pathogenesis of severe asthma [22, 
199]. Despite the favorable data from animal 
studies and the potential as the novel therapeutic 
target for the control of severe asthma, human 
clinical study has reported that brodalumab, a 
human anti-interleukin-17RA monoclonal anti-
body, had no effect on asthma control scores, 
symptom-free days, and FEV1 in patients with 
inadequately controlled moderate-to-severe 
asthma who were receiving ICS therapy. 
Moreover, a follow-up study focusing on high- 

reversibility subgroups was stopped due to a poor 
efficacy, and to date there is no further develop-
ment of this antibody in asthma. In the future, the 
identification of the specific target subgroup of 
patients with severe asthma and the development 
of novel useful biomarkers to identify the well 
responded group are important tasks for the ther-
apeutic application of IL-17-targeting agents to 
severe asthmatics.

3.4.4  Infection and IFN-γ

Th1 cells are differentiated from Th0 in the pres-
ence of IL-12, IL-18, and IFN-γ and secrete the 
signature cytokine IFN-γ [200, 201]. Although 
IFN-γ has been traditionally associated with the 
protective role against viral and bacterial infec-
tions, several studies have revealed that IFN-γ is 
implicated in the pathogenesis of severe asthma 
[202–204]. Moreover, severe asthmatics showed 
increased levels of IFN-γ-expressing cells in sub-
epithelium compared with the levels of mild or 
moderate asthmatics [178].

The contribution of IFN-γ to the pathogenesis 
of severe asthma can potentially be related to sev-
eral situations. IFN-γ is usually induced by vari-
ous infections which are closely linked to severe 
asthma and acute exacerbation of asthma [205]. 
In fact, under infectious condition, the generation 
of intracellular messenger cyclic-di-GMP 
induces type I IFNs as well as Th1 and Th17 
immune responses mixed with a low Th2 
response [206]. Additionally, a mixed Th1 and 
Th17 immune response along with a low Th2 
response induced by a combination of HDM 
allergen and cyclic-di-GMP in the airways of 
mice was detectable even in the presence of a 
high dose of CS, mimicking the CS-refractory 
immune response in severe asthmatics [134]. 
When IFN-γ knockout mice and wild-type mice 
were subjected to the same experimental proto-
col, increased airway hyperresponsiveness in 
wild-type mice was completely attenuated in 
IFN-γ knockout mice suggesting the pathogenic 
role of IFN-γ in the severe asthma [134].

Meanwhile, IL-18 is also known as IFN-γ- 
inducing factor. After binding to its receptors on 
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Th1 cells, IL-18 activates transcription factors 
such as NF-κB, subsequently inducing produc-
tion of both Th1 and Th2 cytokines by Th1 cells 
[207]. Supportively, IFN-γ also synergizes with 
type 2 cytokines such as IL-13 to promote nitro- 
oxidative stress in airway epithelial cells [208]. 
Chronic asthma model using IL-18 deficient 
mice revealed low IFN-γ level in BAL fluids 
which lead to less airway inflammation and 
remodeling [209]. In addition, as described above 
IL-18 is one of effector cytokines produced by 
NLRP3 inflammasome which is closely associ-
ated with the development, of neutrophilic 
steroid- resistant asthma [187]. In the neutrophilic 
steroid-resistant asthma model, IFN-γ expression 
was also significantly increased in lung tissues of 
mice indicating the association of IFN-γ with 
innate immune response such as NLRP3 inflam-
masome activation participated in the induction 
and maintenance of severe asthma.

Another factor associated with IFN-γ is secre-
tory leukocyte protease inhibitor (SLPI) with 
reverse correlation and is reported as a link 
between IFN-γ and airway hyperresponsiveness 
[134, 210]. Interestingly, SLPI deficiency can 
activate TGF-β, a representative fibrotic inducing 
factor and wound healing factor in living organ-
isms [211]. Severe asthmatics showed increased 
IFN-γ expression in BAL cells with low levels of 
SLPI in airway cells [134]. Considering the 
important action of TGF-β in airway remodeling, 
inverse correlation between SLPI and TGF-β can 
be responsible for persistent airway hyperrespon-
siveness in high IFN-γ condition of severe asthma 
[212, 213]. Taken together, the IFN-γ signaling 
pathway appears to be associated with disease 
severity and phenotypes of severe asthma in 
many ways.

3.5  Subcellular Organelles

3.5.1  Endoplasmic Reticulum (ER)

The ER is a specialized organelle that plays a 
central role in the biosynthesis, correct protein 
folding, and posttranslational modifications of 
secretory and membrane proteins [214, 215]. 

When ER is stressed by some conditions such as 
increased demand in protein folding load in ER 
lumen, cells evolve an adaptive response called 
unfolded protein response (UPR). For the normal 
molecular transport, the secretory pathway and 
the ER-associated degradation (ERAD) pathway 
should keep their intact systems with working 
normally [215, 216]. Any perturbations of these 
conditions including failure of the ER’s adaptive 
capacity can reduce the ability of ER to perform 
the normal physiologic roles, causing ER stress. 
ER stress causes accumulation of unfolded and/
or misfolded proteins in ER, interferes with pro-
tein synthesis and secretion, induces reactive 
oxygen species (ROS) generation, and increases 
inflammation partly via NF-κB activation [217]. 
Recent studies have unveiled the role of ER stress 
in the pathogenesis of various pulmonary disor-
ders, including asthma, chronic obstructive pul-
monary disease (COPD), idiopathic pulmonary 
fibrosis, and acute lung injury [198, 218–220]. In 
particular, neutrophilic steroid-resistant severe 
asthma animal model induced by OVA and LPS 
sensitization and challenge exhibited the signifi-
cant increases in ER stress markers, glucose- 
regulated protein 78 (GRP78), and CCAAT/
enhancer-binding protein homologous protein 
(CHOP), as well as UPR-related proteins in lung 
tissues and BAL cells [198]. More intriguingly, 
an ER stress regulator, 4-phenylbutyric acid 
(4-PBA), effectively attenuated steroid-refractory 
asthmatic features including bronchial hyperre-
sponsiveness and airway inflammation as well as 
increases in ER stress linked to NF-κB activation 
which induces various severe inflammatory/
immune responses in the lung. In particular, 
4-PBA dramatically reduced the increased 
expression of IL-17, whereas it further enhanced 
the increase in IL-10 levels, resulting in the atten-
uation of steroid-resistant asthmatic features. 
Moreover, the additional data using LPS- 
stimulated airway epithelial cells revealed a posi-
tive feedback interaction between IL-17 and ER 
stress [22]. Consistent with this contention, a 
recent study has demonstrated that ER stress 
inducer, tunicamycin, aggravates ER stress in 
mouse bronchial epithelial cells and increased 
expression of inflammation indicators such as 
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IL-6, IL-8, and TNF-α in lung tissues of neutro-
philic severe asthmatic mice [221]. In addition to 
neutrophilic severe asthmatic phenotype, 
eosinophil- dominant severe asthma with fungal 
sensitization (SAFS) also showed the significant 
elevation of ER stress in mice [222]. In this study, 
fungal allergen (i.e., Aspergillus fumigatus)-
inhaled mice showed typical asthmatic manifes-
tations including eosinophilic airway 
inflammation and airway hyperresponsiveness 
which were not responded to treatment with oral 
steroid, while all asthmatic features and increased 
ER stress were very well controlled by the phar-
macologic blockade of PI3K-δ activity, suggest-
ing that PI3K-δ is linked to the modulation of ER 
stress in fungus-related severe asthmatic 
inflammation.

The double-stranded RNA (dsRNA)-activated 
serine/threonine kinase R (PKR) is well charac-
terized as an essential component of the innate 
antiviral response. In view of the relation with 
ER stress, PKR phosphorylates e-IF2α, one of 
the branches for UPR, and, at the same time, ER 
stress activates PKR which stimulates various 
inflammatory signaling pathways [223, 224]. 
With these background, a recent interesting study 
showed that poly (I:C)-induced exacerbation of 
neutrophilic severe asthmatic mice was closely 
associated with PKR phosphorylation as well as 
increased ER stress in lung tissues including 
bronchial epithelial cells [224].

These observations suggest that ER stress 
plays a critical role in pathogenesis of various 
phenotypes of severe asthma including neutro-
philic, eosinophilic, and infection-related types, 
supporting that the ER stress targeting strategy 
seems to be able to overcome the steroid resis-
tance in severe asthma.

3.5.2  Mitochondrial Dysfunction

Mitochondria are dynamic double-membrane 
organelles and possess their own genome and 
proteome [225]. They are associated with the 
synthesis and catabolism of metabolites, genera-
tion and detoxification of ROS, apoptosis, regula-
tion of cytoplasmic and mitochondrial matrix 

calcium, and generation of adenosine triphos-
phate (ATP) by oxidative phosphorylation [226]. 
In addition, recent evidence has uncovered that 
the roles of mitochondria as a direct inflamma-
tory and immune controller are not worked only 
by metabolic dysfunction such as mitochondrial 
ROS but also by their abnormal dynamics (i.e., 
fusion and fission) [179, 227–229]. With these 
new concept of mitochondrial biological roles, 
mitochondrial abnormalities appear to be impli-
cated in the pathogenesis of various pulmonary 
disorders such as lung cancer, chronic obstructive 
pulmonary disorders (COPD), asthma, cystic 
fibrosis, and so on [230]. Particularly, recent 
experimental data revealed that increased genera-
tion of mitochondria ROS and alteration of mito-
chondrial DNA induced steroid-resistant 
neutrophilic asthmatic features through the 
activation of NLRP3 inflammasome in the lung 
and that restoration of mitochondrial ROS lev-
els using mitochondrial-specific ROS scaven-
ger dramatically attenuated steroid-resistant 
airway hyperresponsiveness and inflammation in 
mice [187].

Although more future researches and studies 
are needed to support the role of mitochondria in 
the pathogenesis of severe asthma, considering the 
classic importance of oxidative stress including 
ROS in the pathogenesis of bronchial asthma and 
the development of steroid resistance and to date 
disappointing results with the effects of antioxi-
dant supplementation in human studies for asthma, 
it is expected that mitochondria-related pathogenic 
mechanisms can be a key to solve the several 
obstacles on the way to cure severe asthma.
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Biomarkers in Severe Asthma

Wenjing Li and Mark C. Glaum

4.1  Diagnostic Significance 
of Pulmonary Function 
Testing in Severe Asthma

Pulmonary function testing (PFT) includes vari-
ous components that are divided into categories 
based on the type of lung function they measure, 
including spirometry, lung volumes, diffusing 
capacity, blood gas assessment, and exercise 
challenge. Among them, spirometry is the most 
widely used for monitoring progression of lung 
disease and response to treatment.

In severe asthma, many physiologic abnor-
malities occur, including airflow limitation, 
increased airway resistance, loss of lung elastic 
recoil, increased gas trapping, and ventilation/
perfusion mismatch [1–12]. In addition, patients 
with severe asthma tend to have more airway 
hyperresponsiveness than those with mild-to- 
moderate disease [10, 11, 13]. These abnormali-
ties lead to characteristic changes in PFT 
measurements including decreases in forced 
expiratory volume at 1 s (FEV1), forced vital 
capacity (FVC), and peak expiratory flow rate 

(PEF), increases in residual volume to total lung 
capacity ratio (RV/TLC), body plethysmography, 
and forced oscillation technique (FOT) [14–20]. 
Each of these abnormalities is associated with 
loss of asthma control [21].

According to ERS/ATS (European Respiratory 
Society/American Thoracic Society) guidelines 
[22], severe asthma is defined as asthma (patients 
aged ≥6 years) that requires ongoing treatment 
with guideline-based medications for GINA 
(Global Initiative for Asthma) steps 4–5 (high- 
dose ICS (inhaled corticosteroids) and LABA 
(long-acting β adrenoceptor agonists) or leukotri-
ene modifier/theophylline) for the previous 1 
year or systemic corticosteroids for 50% of the 
previous 1 year to maintain control or which 
remains uncontrolled despite this therapy. One of 
the main criteria of “uncontrolled asthma” is air-
flow limitation defined as FEV1 <80% predicted 
(pre-bronchodilator) in the presence of a reduced 
FEV1/FVC (less than 0.7) [22].

In the evaluation of severe asthma, clinicians 
must first rule out comorbid conditions that 
mimic or exacerbate asthma including laryngeal/
pharyngeal reflux, chronic rhinosinusitis, vocal 
cord dysfunction syndrome, and other cardiopul-
monary syndromes. After a thorough history and 
examination, spirometry should be performed 
with both expiratory and inspiratory flow/vol-
ume loops pre- and post-bronchodilator admin-
istration [23]. Assuming bronchodilators have 
been withheld prior to the start of the study, a 
post- bronchodilator improvement in the FEV1 
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of 12–15% and 200 ml confirms reversible air-
way obstruction. If there are inconsistencies 
among history, physical features, and spirome-
try, other pulmonary function tests may be con-
sidered including diffusing capacity and 
bronchoprovocation testing, such as methacho-
line or exercise challenges (only in patients with 
relatively preserved lung function). After the 
diagnosis of asthma is confirmed, clinicians 
should continually evaluate patients’ severity 
and control status based on symptom control, 
frequency of exacerbations, pulmonary function, 
rescue medication requirement, and quality of 
life measurement according to guideline-based 
recommendations.

Severe asthma is considered to be a group of 
heterogeneous diseases caused by different trig-
gers and pathophysiological mechanisms [24]. 
To better understand this heterogeneity and 
improve asthma management, efforts have been 
made to characterize asthma phenotypes. In the 
identification of phenotypes, spirometry is rou-
tinely performed to define important parameters 
such as pre- and post-bronchodilator FEV1, 
FVC, FEV1/FVC ratio, PEF variability, and 
methacholine PC20 (concentration producing a 
20% fall of FEV1) to evaluate airway obstruction 
and potential reversibility in both adults and chil-
dren [25–29]. Schatz et al. recommended FEV1 
as a central parameter in defining phenotypes 
[30]. Moore et al. of the SARP generated an algo-
rithm using three variables: (1) baseline pre- 
bronchodilator FEV1, (2) maximal “max” FEV1 
(post-bronchodilator FEV1, after 6–8 puffs of 
albuterol), and (3) age of onset of asthma. 
Through this algorithm, 80% of study subjects 
were assigned to the appropriate cluster from 
milder asthma (Cluster 1) to more severe disease 
(Clusters 4 and 5) [26]. Recently, the concept of 
overlap of asthma and COPD (chronic obstruc-
tive pulmonary) has garnered much attention. 
GINA described this entity as asthma-COPD 
overlap syndrome (ACOS) and defined it as per-
sistent airflow limitation with several features 
usually associated with asthma and several fea-
tures usually associated with COPD [31]. These 
patients typically demonstrate incompletely 
reversible airflow limitation with less than 12% 

reversibility of FEV1 post-bronchodilator along 
with FEV1 <80% predicted and FEV1/FVC% 
<0.7 [32].

In the evaluation of therapeutic response to 
asthma medications, spirometry is frequently 
used as an outcome measure. Most clinical trials 
examining the effectiveness of a biologic drug in 
asthma, including omalizumab, mepolizumab, 
reslizumab, and lebrikizumab, utilized spiromet-
ric parameters (mainly FEV1) as a key indicator 
of clinical effectiveness. In daily assessment of 
asthma control, the PEFR (peak expiratory flow 
rate) is widely used by patients at home as a sur-
rogate measure of FEV1 [33]. GINA asthma 
treatment guidelines recommend that spirometry 
be performed before treatment, 3–6 months later, 
and then annually [34].

Among all spirometric parameters, the FEV1 
is the most reproducible and well standardized 
[35], and it is considered the gold standard mea-
surement of airflow obstruction [36]. However, 
FEV1 may not always correlate with symptoms, 
as some evidence suggests that FEV1 can be nor-
mal in symptomatic children with poorly con-
trolled asthma [37–40], and these types of 
asthmatics may show no acute response to bron-
chodilator [41]. In children with normal pre- and 
post-bronchodilator FEV1, some propose that 
FEF25–75% might better correlate with bronchodi-
lator responsiveness [42]. Perez et al. showed that 
in adults with moderate-to-severe asthma without 
significant proximal airway obstruction (normal 
FEV1 and FEV1/FVC), treated with ICS and 
LABA, evidence of small-airway impairment 
could be found in more than half of the patients. 
In addition, they pointed out that routinely used 
lung function tests, including FEV1 and FEV1/
FVC, can underestimate small-airway obstruc-
tion [43]. In heterogeneous populations, FEF25–75 
(forced expiratory flow at 25–75% of forced vital 
capacity) showed no superiority in clinical 
decision- making when compared with FEV1, 
FVC, and FEV1/FVC ratio [44]. But, in asth-
matic children with normal FEV1, reduced 
FEF25–75 had been associated with increased 
asthma severity, need for systemic corticoste-
roids, and more frequent exacerbations [45]. In 
asthmatic adults, reduction in FEF25–75 could 
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identify a group of patients with more severe 
symptoms, greater healthcare utilization, and 
elevated biomarkers of airway inflammation that 
was independent of FEV1 and FEV1/FVC [46]. 
A French study showed that small-airway 
obstruction (assessed by FEF25–75) might contrib-
ute to the long-term persistence of asthma, and 
small-airway obstruction predicted a subsequent 
risk for poor asthma outcomes that was indepen-
dent of the large airways [47]. In another pediat-
ric study, FEF75 (forced expiratory flow at 75% of 
forced vital capacity) was shown to be more sen-
sitive than FEV1 and more sensitive in measuring 
small-airway obstruction as compared to FEF25–75 
and FEF50 (forced expiratory flow at 50% of 
forced vital capacity) and might be another 
parameter worthy of consideration in the clinical 
management of childhood asthma [48].

Pulmonary function testing is an essential 
biomarker for the diagnosis and management 
of asthma. The FEV1 and FEV1/FVC ratio are 
recommended as “gold standard” measure-
ments for diagnosis of obstructive lung disease 
by the National Lung Health Education 
Program (NLHEP), the National Heart Lung 
and Blood Institute (NHLBI), and the World 
Health Organization (WHO) [49]. Other spiro-
metric parameters that measure small-airway 
obstruction have the potential to play a unique 
role in the diagnosis and management of cer-
tain phenotypes of asthma. Further study is 
needed to delineate the utility of these spiro-
metric parameters as potential biomarkers of 
severe asthma.

4.2  Exhaled Breath Including 
FeNO

4.2.1  FeNO

Fractional exhaled nitric oxide (FeNO) is a non-
invasive biomarker of allergic airway inflamma-
tion that is increasingly utilized in clinical 
practice. FeNO measurement is a simple and 
well-tolerated procedure that is easily obtainable 
even in children and in patients with severe air-
way obstruction. The utility of FeNO in the 

assessment of airway inflammation and the mon-
itoring of responsiveness to ICS therapy is the 
subject of ongoing clinical studies.

Nitric oxide (NO) is a biological mediator in 
mammals, and it is produced by nitric oxide syn-
thase (NOS) in a variety of cell types [50, 51]. 
NO plays multiple roles in asthma pathogenesis 
[52–55]. In response to pro-inflammatory stim-
uli, NOS levels are upregulated, resulting in 
increased NO production in lung tissue and in 
exhaled breath [56–59]. Thus, exhaled NO is 
regarded as an indirect marker for upregulation 
of allergic airway inflammation. In the 1990s, 
patients with asthma were found to have high 
FeNO in their exhaled breath [60–63], and FeNO 
levels in these patients were noted to decrease in 
response to treatment with corticosteroids [64]. 
In both pediatric and adult asthmatics, FeNO lev-
els were found to correlate with eosinophilia in 
sputum [65, 66], bronchoalveolar lavage fluid 
[58, 67], and bronchial biopsies [60, 61]. 
Increased FeNO levels also correlated with the 
degree of eosinophilic airway inflammation in 
allergen-induced asthma exacerbations [68]. In 
addition, elevated FeNO levels have been corre-
lated with several clinical markers of asthma con-
trol, including bronchodilator reversibility, 
β-agonist use, nocturnal symptoms [69], and the 
use of ICS [70].

Measurement of FeNO is widely used in the 
assessment of eosinophilic airway inflammation 
in asthma, and it is used to help predict the effec-
tiveness of corticosteroid treatment [71]. 
According to WHO and ATS clinical practice 
guidelines, FeNO levels appear to be associated 
with eosinophilic airway inflammation; however, 
an increased FeNO can only provide supportive 
rather than conclusive evidence for an asthma 
diagnosis. Nonetheless, FeNO continues to be an 
attractive noninvasive outcome marker of eosino-
philic airway inflammation in a variety of asthma 
clinical studies.

Increased FeNO may serve as a strong risk 
factor for new-onset asthma in children [72, 73], 
as it was associated with increased airway 
responsiveness [72] and increased likelihood for 
newly diagnosed asthma in this population [72, 
73]. Among children, Chien et al. found that 
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serum IL-17 and FeNO levels were significantly 
higher in mild-to-severe persistent asthmatics as 
compared to intermittent asthmatics or healthy 
controls (P < 0.05) [74]. Among elderly asthmat-
ics, Kawamatawong et al. found that neither high 
total IgE, high FeNO, nor atopic status was asso-
ciated with an increased risk of uncontrolled 
asthma [75]. They suggested that because of the 
heterogeneity of asthma, particularly severe 
asthma, Th2-mediated inflammation might not 
be the sole influence on asthma severity, espe-
cially in an elderly subpopulation [75]. Dweik 
et al. also found that FeNO levels are similar in 
adult patients with severe and non-severe asthma, 
but elevated FeNO levels may help to identify 
patients with more severe asthma phenotypes, 
including those with higher airway reactivity, 
greater airflow limitation, and more ICU admis-
sions [76]. Amelink et al. identified a distinct 
severe adult-onset asthma phenotype (66% non-
atopic), in which high FeNO levels and sputum 
eosinophils were associated with asthma severity, 
indicating this phenotype is nonatopic with per-
sistent eosinophilic airway inflammation [77].

According to the WHO asthma clinical prac-
tice guidelines, severe uncontrolled asthma is 
comprised of three groups [78]: untreated severe 
asthma, difficult-to-treat severe asthma, and 
treatment-resistant severe asthma. Among them, 
difficult-to-treat severe asthma could be con-
trolled with combined ICS/LABA asthma medi-
cations, while treatment-resistant severe asthma 
may need other treatment strategies, including 
targeted biologic therapies [78, 79]. Many studies 
have attempted to identify asthma phenotypes by 
FeNO levels. Some studies suggest that patients 
with treatment-resistant severe asthma have 
higher baseline FeNO levels than those with 
difficult- to-treat severe asthma [80, 81]. In con-
trast, others show no difference in FeNO levels 
between these two groups [82]. De Andrade et al. 
proposed that FeNO levels and spirometry are 
helpful to distinguish between treatment- resistant 
and difficult-to-treat severe asthma prior to any 
intervention [80]. In severe refractory asthma, 
FeNO levels were higher in patients with an 
eosinophilic phenotype compared to those with a 
non-eosinophilic phenotype [83]. Tseliou et al. 

showed that in severe refractory asthma, FeNO 
threshold values distinguish those with predomi-
nant eosinophilia from those with neutrophilia 
and that FeNO levels were reduced in patients 
with predominant neutrophilia regardless of the 
concomitant presence of eosinophilia [84].

FeNO levels may serve as a predictor of loss 
of asthma control [85, 86] and as a risk for exac-
erbations [86, 87]. However, FeNO is not cur-
rently recommended as a tool to guide therapy in 
the management of asthma [22]. In children with 
asthma, FeNO levels were shown to change prior 
to moderate exacerbations [88]. One report sug-
gests that monitoring of FeNO level may prevent 
the progression of the remodeling associated 
with refractory/severe asthma [89]. However, 
other studies report that FeNO-guided manage-
ment provides no benefit to asthma control [90, 
91]. One study that took atopy into account while 
using FeNO to guide management of asthma 
reported a reduction in the number of children 
with severe exacerbations, although this reduc-
tion may have been related to increased ICS use. 
Similarly, Peirsman et al. found that FeNO mea-
surement may lead to diminished rates of asthma 
exacerbations when used to guide treatment 
through increased use of leukotriene receptor 
antagonists and increased ICS doses [92]. 
Nonetheless, it remains to be seen if FeNO- 
guided therapy is clearly beneficial for improving 
asthma control [93]. In adult patients, many stud-
ies show that FeNO is no better than pulmonary 
function testing as a predictor of asthma control 
[87, 94, 95]. Calhoun et al. found that biomarker- 
based or symptom-based adjustment of ICS was 
not superior to physician assessment-based 
adjustment of inhaled corticosteroids in measur-
ing time to treatment failure [96]. Two large 
meta-analyses regarding FeNO-guided manage-
ment drew different conclusions. Petsky et al. 
suggested that tailoring of asthma treatment 
based on FeNO levels failed to improve asthma 
outcomes in children and adults [97]. While Essat 
et al. found that while FeNO-guided management 
showed no statistically significant benefit in 
reducing severe asthma exacerbations or ICS use, 
it did produce a statistically significant reduction 
in asthma exacerbations of any severity [98]. 
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Other smaller studies suggest promising results. 
Malerba et al. conducted an open-label study in 
14 mild-to-moderate asthmatic patients, without 
a control group. The investigators found that if 
long-term sputum Eos and FeNO levels were 
used to titrate doses of ICS, asthma patients expe-
rienced improved long-term clinical stability 
without significant increases in the corticosteroid 
dose as compared to asthmatics on fixed ICS 
therapy [99]. Gibson et al. suggested that FeNO- 
guided management may not be suitable to main-
tain control in all asthmatic patients, but it may 
be useful in a select asthmatic population [100].

One of the most valuable clinical aspects of 
FeNO is the potential to differentiate patients 
with asthma-like symptoms from asthmatics 
most likely to benefit from ICS. In corticosteroid- 
responsive asthmatics, elevated FeNO levels 
decrease quickly after treatment with ICS [101, 
102]. FeNO levels are affected by many factors 
including infection and smoking status. Despite 
this, measurement of FeNO tends to be highly 
reproducible in an individual with or without 
asthma [103–107], so sequential measurements 
may be important in determining trends. The 
rapid decrease in FeNO levels in response to ICS 
adds to its utility in monitoring adherence and 
response to therapy [108].

In recent years, the introduction of targeted 
biologic therapies for the treatment of asthma has 
peaked interest in finding noninvasive biomark-
ers of airway inflammation that might help guide 
treatment decisions. FeNO has been examined as 
a potential predictor of the effectiveness of anti- 
IgE (omalizumab) and anti-IL-5 and anti-IL-13 
treatment. Hanania et al. showed that after 
48 weeks of anti-IgE treatment, reductions in 
exacerbation rates were greater in subjects with 
elevated FeNO levels, indicating that these 
patients may achieve greater benefit from omali-
zumab [109]. Sorkness et al. found that FeNO 
level, along with blood eosinophil count and 
body mass index, can predict omalizumab 
response [110]. Moreover, elevated FeNO levels 
may be indicative of a positive response to anti- 
IL- 13/IL-4 [111, 112].

In 2005, the ATS and the European Respiratory 
Society (ERS) published “Recommendations for 

Standardized Procedures for the Online and 
Offline Measurement of Exhaled Lower 
Respiratory Nitric Oxide and Nasal Nitric Oxide” 
[113]. This publication provided standardized 
recommendations for the measurement of FeNO 
as well as online and offline NO measurement, so 
that online measurements can be standardized for 
testing at multiple sites. These guidelines also 
suggested that FeNO should be expressed in parts 
per billion (ppb), as compared to nanoliters per 
liter [113].

Several studies demonstrate that there is con-
siderable overlap between FeNO levels in healthy 
subjects and asthmatics [71, 114, 115]. In gen-
eral, FeNO levels can be affected by several fac-
tors, including genetics, age (especially in 
children), sex, atopy, weight, height, smoking 
status, and a nitrate-rich diet [114, 116–125]. 
Many technical factors can also affect FeNO 
measurement, such as technique, exhalation flow 
rate, nasal NO contamination, the type of NO 
analyzer used [101], and anti-inflammatory med-
ications. As a result, ATS guidelines in 2011 rec-
ommended specific cutoff points in patients with 
airway disease or respiratory symptoms instead 
of reference values derived from a “normal” pop-
ulation [71]. Documentation of the FeNO mea-
surement should also include additional 
information including the date, time of the day, 
age, sex, ethnicity, height, smoking status, reason 
for the test, prior diagnoses, and whether or not 
the patient was using inhaled or oral corticoste-
roids at the time of testing. The format of the 
reporting should include the device used to make 
the measurement, the number of measurements 
made, and the flow rate (current FDA-approved 
devices use 50 ml/s flow rate) [71].

Due to multiple confounding factors that 
potentially influence FeNO measurement, the 
interpretation of FeNO levels should always be 
considered within the clinical context in which 
the measurement is being obtained [71]. Trends 
rather than absolute levels of FeNO combined 
with symptom scores may be a better indicator of 
asthma control [126].

According to ATS/ERS guidelines, low FeNO 
less than 25 ppb (<20 ppb in children) may indi-
cate that eosinophilic inflammation and 
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 responsiveness to corticosteroids are less likely 
[71]. A symptomatic patient with low FeNO lev-
els may suggest the presence of non-eosinophilic 
inflammation, neutrophilic asthma, cystic fibro-
sis, or nonpulmonary comorbid conditions such 
as GERD, cardiac disease, or laryngospasm. Low 
FeNO levels in an asymptomatic asthma patient 
may reflect appropriate dose and adherence ICS 
therapy. FeNO greater than 50 ppb (>35 ppb in 
children) in symptomatic patients may indicate 
eosinophilic airway inflammation resulting from 
atopic asthma, eosinophilic bronchitis, ACOS, or 
inadequate ICS dosing. In asymptomatic asth-
matic patients, high levels of FeNO may indicate 
that caution be exercised with ICS dose reduc-
tion. The proper interpretation of FeNO levels 
can be complex, and measurement of this bio-
marker should be taken in context with other 
clinical observations.

FeNO possesses many characteristics that 
make it an attractive biomarker for allergic 
asthma. Obtaining a FeNO measurement is sim-
ple, noninvasive, and reproducible; moreover, 
FeNO levels respond quickly to ICS and other 
asthma therapies. As a biomarker, the utility of 
FeNO has been examined in predicting asthma 
onset, grading asthma severity, and monitoring 
responsiveness to ICS and biological therapies. 
However there still remain many unanswered 
questions as to the applicability of FeNO in other 
asthma phenotypes, and further study is needed 
to confirm a beneficial role in the management of 
severe asthma.

4.2.2  Exhaled Breath Condensate 
(EBC)

According to ATS/ERS guidelines, exhaled 
breath condensate (EBC) is strictly defined as 
exhaled samples collected by cooling the exhaled 
breath [127]. EBC contains mainly condensed 
water vapor (>99%) [128, 129], and a small frac-
tion of the sample contains nonvolatile com-
pounds. Those nonvolatile molecules include 
markers of oxidative stress (e.g., H2O2, 
8- isoprostane, aldehydes, nitrite, and nitrate), 

markers of inflammation (e.g., prostanoids, leu-
kotriene, and epoxides), cytokines (including 
Th2 cytokines), and many other biomarkers. All 
of the biomarkers noted above can be hydrophilic 
or hydrophobic [130]. These biomarkers may 
play an important role in aiding the understand-
ing of asthma pathogenesis, diagnosis, manage-
ment, and identification of new therapeutic 
targets.

ATS/ERS guidelines made many recommen-
dations on the preferred methodology for EBC 
collection. During the EBC sampling process, the 
patient should be in the sitting position wearing a 
noseclip during normal tidal breathing. Collection 
time and temperature can vary depending on the 
study objective, but these parameters should be 
kept the same within any one study and should be 
precisely reported. The condensing device should 
incorporate certain essential components includ-
ing an inert material on the collecting surface, a 
sufficient salivary trap, a mouth piece with sepa-
rated inlet (as an inhalation port) and outlet (to 
direct exhaled breath toward the condensing 
apparatus), and a low-resistance flow path (with-
out a filter) between the subject and the condens-
ing chamber [127].

The EBC measurement can be affected by 
many factors, so the report should contain 
detailed methodology for sample collection 
including a description of the sampling device, 
the collecting surface material, the volume of 
the dead space (if possible), the duration and 
temperature of collection, breathing pattern, use 
of noseclip, route of inhalation, method, and 
duration of sample storage. Additionally, intra-
assay and inter-assay variability of the tech-
nique and intra-subject variability should be 
reported. Lastly, details of subjects should con-
tain information related to upper airway disease, 
smoking status, and medication history [127].

Immediately after collection, EBC samples 
should be frozen and stored at −70 °C. Samples 
should be stored in aliquots to avoid multiple 
freeze/thaw cycles. Every potential mediator pos-
sesses unique physiochemical characteristics, so 
measurement techniques will vary based on the 
mediator studied.
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4.2.3  Exhaled Breath Temperature 
(EBT)

The role of EBT in the diagnosis and manage-
ment of asthma remains controversial. Many 
studies suggest that EBT is elevated in uncon-
trolled asthmatics as compared to well-controlled 
asthmatics and healthy controls [131–133], espe-
cially during exacerbations [131]. Several studies 
showed that elevated EBT levels correlated to 
FeNO levels [134, 135] and sputum eosinophils 
[134]. Piacentini et al. found that elevated EBT 
related to MMP-9 levels [136]. This suggested 
that EBT may act as a marker of airway remodel-
ing. However, other studies suggest that EBT is 
unrelated to FeNO levels [137, 138] or sputum 
eosinophil counts and therefore that EBT cannot 
be recommended as a reliable biomarker in the 
diagnosis and management of asthma [137–139]. 
Nonetheless, EBT is a simple, noninvasive, and 
consistently reproducible physiologic parameter 
[138, 140, 141]. Conflicting results related to the 
utility of EBT as an asthma biomarker may be 
due to varying experimental designs and lack of 
standardization. As such, further research is war-
ranted to explore the utility of EBT measure-
ments in asthma management.

4.2.4  pH

The acidity (pH) of EBC is thought to reflect air-
way acidification and thus may serve as a surro-
gate marker of airway acid-base status. EBC pH 
can be measured by commercial devices or 
homemade equipment [142]. The mean pH of 
healthy subjects is 7.7, with a normal range of 
7.4–8.8 [143]. However, the detection and utility 
of EBC pH in the management of asthma remain 
controversial. According to ATS/ERS guidelines, 
deaeration (gas standardization) with a CO2 free 
gas (e.g., argon) can be performed to improve the 
stability of pH values [127]. But Effros et al. sug-
gested that EBC pH could be influenced by many 
factors including buffer capacities, dilution, and 
salivary contamination and that deaeration with 
argon is insufficient and unnecessary [144]. 

Some studies showed that pH values decrease 
significantly in asthma patients, especially during 
exacerbations [145–147], while others showed 
no differences between asthma patients and 
healthy subjects [148, 149]. Leung et al. sug-
gested that EBC pH values could be influenced 
by severity of asthma [150], but Liu et al. found 
no significant differences between the EBC pH 
values of severe asthma, non-severe asthma, and 
control subjects [149]. Most studies suggested 
that EBC pH levels were unaffected by either ICS 
or systemic corticosteroids [147–149, 151, 152], 
while Hunt et al. and Antus et al. found that EBC 
pH values increased after corticosteroid therapy 
[145, 146]. EBC pH appears to have no relation-
ship with other clinical variables such as FEV1 
and symptoms scores. Studies evaluating the 
relationship between EBC pH and other biomark-
ers, such as FeNO, are also conflicting. Tomasiak- 
Lozowska et al. suggested that EBC pH values 
and FeNO are inversely correlated [153], while 
other groups found they are not correlated [146, 
148, 150]. Studies evaluating relationships 
between EBC pH and 8-isoprostane showed sim-
ilar conflicting results [150, 154]. Some groups 
proposed that a specific profile of airway bio-
markers might help predict a particular pattern of 
airway inflammation. This profile of airway bio-
markers typically combined EBC pH and other 
airway biomarkers to predict airway inflamma-
tion [153] and to diagnose childhood asthma 
[151]. In 2014, a larger study including 110 asth-
matic children found serial EBC pH measure-
ments had limited utility in the differential 
diagnosis, evaluation, and management of 
asthma. As a result, these authors recommended 
against using EBC pH as a biomarker in the long- 
term assessment of childhood asthma [147].

4.2.5  Biomarkers of Oxidative 
Stress

4.2.5.1  H2O2

In asthma, there is elevated airway expression of 
products of oxidative stress. EBC levels of oxida-
tive stress-related biomarkers, such as hydrogen 
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peroxide (H2O2), nitrite/nitrate, 8-isoprostane, 
and others, vary with asthma exacerbations, dis-
ease severity, and medication use.

Hydrogen peroxide (H2O2) is a reactive oxy-
gen species (ROS), and it is considered a marker 
of oxidative stress. H2O2 is generated from mul-
tiple cellular sources including neutrophils and 
eosinophils [155, 156]. In both adult and pediat-
ric asthmatics, EBC levels of H2O2 are signifi-
cantly higher than that of healthy controls 
[157–163] regardless of asthma severity [160, 
161]. During acute exacerbations, EBC H2O2 
levels are significantly elevated [162]. While one 
group reported no association of EBC H2O2 lev-
els with asthma exacerbations, the authors con-
ceded that the discrepancy in their data may have 
to do with issues related to sample collection, 
storage, and analysis [164]. H2O2 is often used in 
combination with other biomarkers making 
interpretation more complex. Several studies 
suggested that EBC H2O2 levels were negatively 
correlated with lung function, especially FEV1% 
[158–161]. Two groups showed no correlation 
between EBC H2O2 and lung function [163, 
165]. Conflicting results were also found when 
comparing EBC H2O2 levels with other clinical 
variables such as symptom scores and ACT 
scores, with two studies showing a positive cor-
relation [160, 165] and one showing no correla-
tion [163]. In two studies, FeNO appeared to be 
uncorrelated with EBC H2O2 levels [158, 165]. 
There is also conflicting data as to whether EBC 
H2O2 levels reflect clinical response to cortico-
steroid treatment in asthmatics. Jöbsis et al. 
found that ICS- naïve patients have significantly 
higher level of H2O2 than healthy controls, while 
ICS-treated patients do not [157]. In contrast, 
Trischler et al. found that there was no difference 
in EBC H2O2 levels between ICS-naïve and ICS-
treated patients, as both groups had significantly 
higher EBC H2O2 levels than controls [165]. 
While Al Obaidi et al. suggested that after 
4 weeks of ICS and salbutamol treatment, poorly 
controlled patients still had significantly higher 
levels of EBC H2O2 than stable asthmatics. As a 
result, the authors recommended that EBC H2O2 
levels might act as a predictor of non-response to 

steroid treatment [166]. Teng et al. did a meta- 
analysis about EBC H2O2’s role in the assess-
ment of disease severity, disease control, and 
response to corticosteroid treatment. They sug-
gested that EBC H2O2 levels could be a promis-
ing biomarker in guiding asthma treatment 
[167]. Other authors differed, with Caffarelli 
et al. and Trischler et al. both suggesting that 
EBC H2O2 levels might not predict the occur-
rence of exacerbations [162, 168].

4.2.5.2  8-Isoprostane
8-Isoprostane is a prostaglandin (PG)-F2-like 
compound belonging to the class of F2 iso-
prostanes, and it is produced by free radical-
catalyzed peroxidation of arachidonic acid 
[169]. EBC 8-isoprostane is considered to be 
an indicator of airway oxidative stress. With 
the exception of one study [170], several other 
groups have observed significantly higher lev-
els of EBC 8-isoprostane in asthmatic patients 
as compared with healthy subjects [171–178]. 
In addition, the levels of EBC 8-isoprostane 
correlated positively with the severity of 
asthma [171, 173, 176, 177, 179, 180]. 
However, EBC 8-isoprostane does not seem to 
correlate with FeNO, pulmonary function, or 
asthma control parameters [172, 173, 175, 
179–183]. The relationship between Cys- LTs 
and 8-isoprostane is controversial. Some stud-
ies showed no correlation [173, 180], while 
others showed significant correlation [174, 
176, 181].

8-Isoprostane levels appear to be resistant or 
partially resistant to the effects of ICS or oral cor-
ticosteroids [171, 174, 183]. Sood et al. found 
that EBC 8-isoprostane levels did not change sig-
nificantly after inhalation allergen or methacho-
line challenge within 23 h. As a result, the authors 
suggested that elevated EBC 8-isoprostane levels 
might represent a state of chronic airway oxida-
tive stress and might not acutely change follow-
ing bronchoprovocation [169]. Taken together, 
these studies suggest that EBC 8-isoprostane 
may be an important biomarker of airway oxida-
tive stress and asthma severity, but not an indica-
tor of asthma control.

W. Li and M.C. Glaum



67

4.2.5.3  Nitrite/Nitrate
Total nitrites/nitrates are the end products of 
nitric oxide metabolism, and these may serve as 
another biomarker of oxidative stress [184]. 
Some studies found EBC nitrites/nitrates to be 
significantly elevated in asthmatics as compared 
to healthy controls [153, 185–188]. In addition, 
other groups looked for co-expression of EBC 
FeNO and nitrites/nitrates. Some studies showed 
that the combination was significantly correlated 
with asthma [153, 189], while others did not 
[187, 188, 190]. Attempts to correlate combined 
expression of EBC FeNO and nitrites/nitrates 
with pulmonary function and asthma control 
parameters also revealed conflicting results [185, 
188, 191, 192].

4.2.5.4  ADMA
Asymmetric dimethylarginine (ADMA), a 
biomarker related to oxidative stress, was 
found to be increased in the lungs of animals 
with allergic airway inflammation, and it was 
associated with airway hyperresponsiveness in 
these animals [193]. Carraro et al. found 
higher levels of ADMA in the EBC of children 
with asthma as compared to that of healthy 
subjects. However, inhaled corticosteroids had 
little effect on EBC ADMA concentrations 
[194].

4.2.6  Arachidonic Acid Metabolites

4.2.6.1  Prostanoids Prostaglandins, 
Prostacyclin, 
and Thromboxanes

Prostaglandins, prostacyclin, and thromboxane 
A2 (TXA2) are produced from arachidonic acid 
via the cyclooxygenase pathway [195]. In this 
cascade, TXA2 is rapidly converted to TXB2, 
which is chemically more stable and serves as a 
potent bronchoconstrictor [196]. No significant 
differences were found in EBC PGE2, PGD2, 
and TxB2 levels between asthmatic non-smokers 
and healthy subjects; however, elevated EBC 
PGE2 levels were found in asthmatic smokers 
[172, 173, 197].

4.2.6.2  Leukotrienes
Leukotrienes (LTs) are a family of lipid-derived 
mediators synthesized through an arachidonic 
acid 5-lipoxygenase pathway by inflammatory 
cells of the airways, particularly mast cells and 
eosinophils [198, 199]. They are well-studied 
inflammatory mediators and play an important 
role in asthmatic airway inflammation [200, 201]. 
LTs are categorized into cysteinyl leukotrienes 
(Cys-LTs, i.e., LTC4, LTD4, and LTE4) and LTB4. 
LTs have an important pathophysiological role in 
asthma [199, 202]. Cys-LTs can increase airway 
smooth muscle contraction, vascular permeabil-
ity, and mucus secretion, and they inhibit muco-
ciliary clearance [196, 199, 203]. Having no 
bronchoconstrictor effect, LTB4 still may con-
tribute to airway obstruction by causing local 
edema and increasing mucus secretion [199]. 
EBC Cys-LTs and LTB4 concentrations are sig-
nificantly higher in asthmatic patients than in 
healthy controls as shown by numerous studies 
[173, 197, 204–207], and their increased levels 
correlate with asthma severity [208]. EBC Cys- 
LTs levels appear to decrease significantly in 
asthmatics treated with either ICS or systemic 
corticosteroids as compared to pretreatment lev-
els [173, 209, 210]. A few studies indicate that 
elevated levels of EBC Cys-LTs may correlate 
with EBC 8-isoprostane levels, suggesting a pos-
sible link between oxidative stress and airway 
inflammation [174, 176, 181].

4.2.7  Cytokines and Chemokines

Inflammatory and structural cells of the lungs 
produce different cytokines [211]. Many kinds of 
EBC interleukins were found at increased levels 
in asthmatics, including IL-4 [212–214], IL-5 
[215], IL-6 [212, 213, 216], IL-8 [217], IL-10 
[218], IL-17 [217], and IL-33 [219], while EBC 
interferon-𝛾 was found at decreased levels [212].

EBC chemokines such as RANTES and 
eotaxin-1 (CCL11) were detected at significantly 
increased levels in asthmatics compared with 
healthy subjects [217, 220–223], and both che-
mokines were expressed at even higher levels in 
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EBC from unstable asthmatics as compared to 
those with stable asthma [220–222]. Therefore, 
elevated expression of both RANTES and 
CCL11 in EBC seems to correlate with asthma 
severity.

4.2.8  Other Molecules

Other molecules elevated in EBC of asthmatic 
patients compared to EBC of healthy controls 
include adenosine (degradation product of 
adenosine triphosphate) [224], formate (an 
indicator of increased catabolism of endoge-
nous S-nitrosothiols) [225], MMP-9 (a marker 
of the inflammatory damage) [226], aldehydes 
(markers of oxidative stress, lipid peroxides 
which reflect oxidant-induced damage) [227], 
and high- sensitivity c-reactive protein (hs-
CRP, a well- studied inflammatory mediator) 
[228].

EBC is a biological sample in which count-
less biomarkers may be identified. Many of the 
potential biomarkers identified in EBC are the 
same as those detectable in blood, urine, and the 
gases found in exhaled breath [229]. Since 
expression level of most of these biomarkers is 
quite low, detection is often limited by assay 
sensitivity. The study of new biomarkers for 
asthma may be facilitated by the use of novel 
molecular detection techniques including vola-
tile organic compound (VOC) analysis using 
gas chromatography-mass spectrometry (GC-
MF), proteomics [230, 231], metabolomics 
[232], and genomics [233].

Volatile organic compounds (VOCs) are pro-
duced in the airways and other parts of the body. 
Reactive oxygen species (ROS) produced as a 
result of inflammation promote the degradation 
of polyunsaturated fatty acids in lipid structures 
(e.g., epithelial cell membrane) and generate 
volatile hydrocarbons. Then, these VOCs are 
transported to the alveoli through the blood-
stream, excreted in exhaled breath [234–236], 
and may then be measured. Among a wide range 
of VOCs, many were shown to have positive or 
negative association with asthma, including 
alkanes [237–239], aldehydes [238], ethane 

[240], acetone [241], and isoprene. In one study, 
alkanes seemed to have the highest correlation 
with asthma [239]. Measurement of VOCs have 
been examined as a biomarker to indicate the 
presence of asthma [242, 243], and several stud-
ies have suggested a role for exhaled VOC 
assessment as a tool to predict asthma severity 
[241, 244–246].

Although EBC appears promising as a nonin-
vasive diagnostic tool for assessment of airway 
inflammation, lack of standardized methodology 
and validated measurement techniques limit the 
current utility of EBC biomarkers in the assess-
ment and management of asthma.

4.3  Blood

4.3.1  IgE

IgE mediates type I hypersensitivity reactions. 
After binding to high-affinity FcεR1 receptors on 
mast cells and basophils, cross-linking of IgE on 
the cell surface results in degranulation and 
immediate release of preformed mediators and de 
novo synthesis of non-preformed mediators 
including interleukins, cysteinyl leukotrienes, 
and chemokines. These mediators act locally to 
recruit and activate eosinophils and other leuko-
cytes leading to chronic airway inflammation. 
Total IgE and allergen-specific IgE are blood- 
derived biomarkers of atopic status. The presence 
of allergen-specific IgE is a defining characteris-
tic of the atopic asthma phenotype [247, 248], 
and high levels of total IgE suggest an increased 
risk of asthma [249].

Omalizumab is a humanized monoclonal anti-
body that binds free IgE. ERS and ATS 2014 
guidelines recommend a therapeutic trial of 
omalizumab in both adults and children with 
severe allergic asthma who remain uncontrolled 
despite optimized medical therapy [22]. 
Recommended dosing schedules for omalizumab 
are based on weight and total IgE levels that 
should be between 30 and 700 IU/L. However, in 
most clinical trials, serum total IgE and allergen- 
specific IgE did not predict the response to omali-
zumab therapy [250, 251].
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4.3.2  Blood Eosinophils

Although not as specific sputum eosinophils, 
peripheral blood eosinophilia is an important 
asthma biomarker that is associated with elevated 
type 2 cytokines in the airway [252, 253]. Blood 
eosinophil counts are correlated with asthma 
severity, increased risk for exacerbations, and 
worsened outcomes [254–257]. Peripheral blood 
eosinophil counts positively correlate with symp-
tom scores [257] and airway hyperresponsive-
ness [258] but correlate negatively with FEV1 
[257]. High blood eosinophil counts predict 
responsiveness to systemic corticosteroids [259, 
260], anti-IL-5 therapy [261–266], and anti-IgE 
therapy [109, 267]. In many cases, blood eosino-
phil levels decrease in response to afore named 
treatments [261, 262, 264–266, 268, 269].

Eosinophils reside mainly in tissue, but when 
elevated in the blood, their presence may reflect 
generalized allergic inflammation. The definition 
of high blood eosinophils remains controversial; 
however, most studies define a high eosinophil 
count as ranging from >150 to >400 cells/ml. 
Factors affecting blood eosinophil counts can 
include allergen exposure, parasitic infections, 
and current systemic glucocorticoid therapy. 
Despite these potentially confounding factors, 
eosinophil counts do predict therapeutic response 
to several biologic treatments used for asthma, 
and as such, blood eosinophil counts likely serve 
as a surrogate biomarker of eosinophilic airway 
inflammation [270].

4.3.3  Periostin

Periostin is an extracellular matrix protein 
secreted by airway epithelial cells and lung fibro-
blasts largely in response to IL-4 and IL-13 [271–
275]. Periostin mediates collagen synthesis and 
fibrinogenesis and activates transforming growth 
factor-beta (TGF-β) [272] and contributes to sub-
epithelial thickening of the airways [271]. In 
addition, periostin may accelerate eosinophil 
migration and infiltration into the tissue [276]. 
Periostin is also considered as an important struc-
tural mediator in mesenchymal remodeling, and 

it plays a key role in balancing tissue adaption in 
response to insult/injury [277].

Jia et al. in the BOBCAT study (Bronchoscopic 
Exploratory Research Study of Biomarkers in 
Corticosteroid-Refractory Asthma) identified 
serum periostin as the best systemic biomarker of 
airway eosinophilia in severe, uncontrolled 
asthma. In this study, periostin was superior to 
blood eosinophils, IgE levels, YKL-40, and FeNO 
in predicting severe asthma. The authors sug-
gested that periostin would be a preferred bio-
marker to use in patient selection for asthma 
therapeutics targeting Th2 inflammation [278]. 
Higher serum periostin levels were found to be an 
independent predictor for development of airflow 
limitation in asthmatic patients on ICS [279] and 
to be a good predictor of increased risk for asthma 
exacerbations [280]. Woodruff et al. found that 
high baseline expression of periostin was associ-
ated with an optimal clinical response to cortico-
steroids and that expression of periostin was 
steroid-responsive [273]. Lebrikizumab is a 
monoclonal antibody that blocks activity of IL-13. 
In studies examining the effectiveness of lebriki-
zumab in treating moderate-to-severe uncon-
trolled asthmatics, those with high baseline serum 
periostin levels demonstrated a greater improve-
ment in the rate of asthma exacerbations and 
FEV1 compared with those with low serum peri-
ostin levels [280, 281]. Serum periostin may also 
predict the response to omalizumab treatment. In 
a study examining use of biomarkers in the 
EXTRA study (A Study of Omalizumab in 
Subjects with Moderate to Severe Persistent 
Asthma), subjects treated with omalizumab with 
high baseline levels of periostin demonstrated a 
greater reduction in exacerbation rates as com-
pared to subjects with low serum periostin [109]. 
As compared to other potential serum-derived 
biomarkers for asthma, serum periostin possesses 
two major advantages. First, serum measurement 
of periostin seems to closely reflect local periostin 
levels in the tissues [282, 283], and second, serum 
periostin basal levels are readily detectable, thus 
providing a baseline reference point to compare 
relative changes in expression [284].

Periostin levels have also been examined in 
sputum and EBC [285, 286]. EBC periostin 

4 Biomarkers in Severe Asthma



70

 levels were found to be elevated in asthmatic 
patients as compared to healthy controls, and 
sputum periostin levels were associated with per-
sistent airflow limitation and an eosinophilic 
inflammatory phenotype even in the setting of 
high-dose ICS therapy [285].

Further study is needed to validate and clarify 
the potential utility of periostin as a biomarker in 
severe asthma. In particular, efforts to establish 
cutoffs for high and low values will be important 
in establishing the utility of this biomarker in 
defining asthma phenotypes and selecting 
patients for emerging biologic therapies.

4.3.4  Other Biomarkers

Patil et al. measured serum levels of cytokines, 
chemokines, growth factors, adhesion molecules, 
and cytokine receptors in chronic asthmatics and 
analyzed their association with asthma control and 
quality of life. Results demonstrated that many 
cytokines and growth factors (excluding IFN-γ) 
were expressed at significantly higher levels in 
asthmatics as compared to non-asthmatic controls. 
Particularly, IL-3, IL-18, fibroblast growth factor, 
hepatocyte growth factor, and stem cell growth 
factor-β levels were elevated significantly in 
poorly controlled asthmatics as compared to those 
that were well controlled [287]. In another study, 
RANTES, a key chemotactic factor in allergic air-
way inflammation, was significantly increased in 
patients with severe asthma, and increased 
RANTES levels were positively associated with 
eosinophil count and total serum IgE level but 
negatively correlated to FEV1[288]. Recently, 
Chambers et al. found the existence of IL-17Ahigh 
and IFN-γhigh immunophenotypes in patients with 
corticosteroid-resistant asthma [289]. Ciprandi 
et al. showed that serum levels of IL-23 were 
increased among asthmatic children and nega-
tively correlated with pulmonary function [290].

Galectins are a family of animal lectins with 
variable cellular and extracellular localization 
affecting a variety of cellular processes and bio-
logical activities. Of these, galectin-9 and galec-
tin- 3 were found to be relevant to asthma. 
Galectin-9 promotes recruitment of eosinophils 

and promotes Th2 dominance [291], but galectin-
 9 also binds IgE, thus promoting antiallergic 
effects and may prevent acute asthma exacerba-
tions [292, 293]. Galectin-3 promotes multiple 
cellular activities including adhesion, growth, 
chemoattraction, differentiation, apoptosis, and 
cell cycle regulation. Galectin 3 may also have 
IgE binding activities [294–296]. Mauri et al. 
suggested that galectin-3 could be considered as 
a reliable biomarker to predict response to omali-
zumab therapy in severe asthmatics [297].

Other serum markers have been found to be 
elevated in the blood of asthmatics. These mark-
ers include C3 and C4 complement [298], 
chitinase- like proteinYKL-40 [299, 300] and 
OX40, and its ligands [301]. Serum leptin levels 
and body mass index have also been associated 
with the severity of airway inflammation in child-
hood asthma [302].

In recent years, research has focused on new 
avenues of exploration including proteomics, 
genomics, and metabolomics in an attempt to 
identify relevant biomarkers in severe asthma. The 
goal of identifying new biomarkers is to help 
improve the diagnosis, phenotyping, and manage-
ment of this chronic and sometimes debilitating 
disease. Among these biomarkers, attractive can-
didates include C7 complement protein, alpha-
1-antitrypsin [303], gamma fibrinogen and its 
isoforms, C3 complement fragments [304], fibro-
nectin [305], arginase, and syntaxin [306]. In addi-
tion, Verrills et al. identified another series of 
candidate biomarkers that includes a panel of four 
acute-phase proteins (ceruloplasmin, haptoglobin, 
hemopexin, and α2-macroglobulin) that may be 
able to discriminate among asthma, COPD, and 
normal controls [307]. However, further investiga-
tion is needed to clarify the relevance of these sys-
temic biomarkers in various aspects of asthma.

4.4  Bronchial Specimens

4.4.1  Biomarkers in Induced 
Sputum

Induced sputum is a noninvasive and feasible pro-
cedure to perform in asthmatic adults and most 
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children [308]. This technique is much less inva-
sive than bronchoscopy with bronchoalveolar 
lavage (BAL) or bronchial brush/biopsy. Induced 
sputum is usually performed by inhalation of 
hypertonic saline in increasing concentrations 
(3%, 4% and 5%) via ultrasonic nebulizer. Prior to 
the procedure, a baseline FEV1 is performed then 
repeated after inhalation of each concentration of 
saline. If the FEV1 decreases by 15%, after inha-
lation of any of the saline concentrations, the pro-
cedure is halted [309]. Investigators have 
employed a variety of techniques to improve the 
quality of sputum samples and their staining char-
acteristics [310–315]. Induced sputum consists of 
the cell phase (e.g., eosinophils and neutrophils) 
and the supernatant (e.g., cytokines and chemo-
kines). Both phases can be used for diagnosis, 
phenotyping, and classification of asthma and for 
predicting exacerbations.

4.4.2  Sputum Eosinophil 
and Neutrophil Counts

Because asthma is a heterogeneous disease, a 
variety of inflammatory cell types can be recov-
ered from the airways. Profiles of the inflamma-
tory cellular infiltrate obtained by induced 
sputum, biopsies, and BAL can be categorized as 
pauci-granulocytic, eosinophilic, neutrophilic, 
and mixed [316, 317].

Sputum eosinophils are expressed as a per-
centage of inflammatory cells [318]. Based on 
reference values from healthy individuals, spu-
tum eosinophilia is defined as an eosinophil per-
centage ≥3% [252, 313]. Elevated sputum 
eosinophil counts can be associated with gender 
(females > males) and atopy. [319]. In asthmatic 
patients, sputum eosinophil counts were signifi-
cantly higher compared to those from healthy 
subjects. Sputum eosinophilia was associated 
with airway hyperresponsiveness [320], airway 
obstruction [321], and severe exacerbations [320, 
322, 323] and inversely correlated with FEV1 
[324]. In addition, sputum eosinophil counts are 
elevated following allergen challenge [312].

Sputum eosinophils can be used to gauge 
response to therapy. In several studies, sputum 

eosinophilia could predict a favorable response to 
glucocorticoid treatment [325–327]. Sputum 
eosinophil counts are reduced by both ICS and 
systemic corticosteroid treatment [328, 329], 
while withdrawal of glucocorticoid therapy leads 
to a rapid increase in the number of sputum 
eosinophils [321]. In asthmatics receiving ICS 
therapy, an increase in sputum eosinophils may 
be predictive of an asthma exacerbation [323, 
330, 331]. Wenzel et al. found a group of severe 
asthmatics that demonstrated persistent eosino-
philic inflammation despite corticosteroid treat-
ment [316]. However, in most asthma phenotypes, 
sputum eosinophil counts still represent a key 
marker of steroid responsiveness during asthma 
exacerbations [97].

In addition to predicting clinical response to 
glucocorticoids, sputum eosinophilia may also 
predict pharmacologic response to biologic thera-
pies. In studies examining the effectiveness of 
IL-5 blockade in asthma, patients with persistent 
sputum eosinophilia receiving drug demonstrated 
significant reduction in sputum eosinophils, 
decreased exacerbations, and improved lung func-
tion [263, 265, 266]. In contrast, asthmatics treated 
with mepolizumab not pre-selected for elevated 
sputum eosinophils showed little to no benefit in 
multiple measures of asthma control [332].

Neutrophils also play an important role in air-
way inflammation, particularly in certain asthma 
phenotypes. Moore et al. found that sputum neu-
trophilia, either alone or with concurrent sputum 
eosinophilia, was the most common inflamma-
tory cell pattern in patient clusters with moderate- 
to- severe asthma [333]. Similar results 
supporting an important role for airway neutro-
phils in severe asthma were reported by Wenzel 
et al. using BAL and biopsy specimens [334]. 
Sputum neutrophil counts correlated with lung 
function, even in the setting of ICS therapy 
[324]. In other studies, sputum neutrophil counts 
were inversely associated with post-bronchodi-
lator FEV1 in asthmatics, suggesting that neu-
trophilic inflammation may contribute to 
persistent airway obstruction [94, 335]. In one 
study, the combination of increased sputum 
eosinophils and neutrophils was found in asth-
matic patients with the lowest lung function, 
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worst asthma control, increased symptoms, and 
highest healthcare utilization [322].

In healthy subjects, neutrophils are the most 
abundant inflammatory cells in induced sputum 
[319]. Cigarette smoking, infection, ozone, and 
endotoxin are all factors that can increase sputum 
neutrophil counts [319]. Established cutoffs for 
defining sputum neutrophilia are less clear than 
that for sputum eosinophilia, but typical ranges 
vary from 40% to 76% [26, 319, 322, 336]. The 
mechanism for airway neutrophilia in asthma is 
not clear. The use of corticosteroids may contrib-
ute to neutrophilia by suppressing T2 inflamma-
tion, and even Th1 factors may play a role 
[337–339]. Th17 immunity might also be a cause 
for neutrophilia [339–342]. Hastie et al. found 
that significant statistical associations exist 
between sputum eosinophil and neutrophil counts 
and other biomarkers (including blood eosinophil 
counts, total serum IgE levels, FeNO values, and 
FEV1%). However, none of these biomarkers 
could predict sputum eosinophil and neutrophil 
levels in individual subjects across the spectrum 
of severe asthma. So, the authors suggest that the 
assessment of sputum eosinophils and neutro-
phils should not be replaced by those other non-
invasive biomarkers for now [343]. The collection 
of sputum cell counts has not been standardized, 
and the technique of sputum induction and pro-
cessing of specimens can be laborious and costly. 
ERS/ATS guidelines from 2014 on the definition, 
evaluation, and treatment of severe asthma sug-
gested that, in adults, treatment should be primar-
ily guided by clinical criteria and that sputum 
eosinophil counts should only be performed in 
experienced centers [22]. Measurement of spu-
tum eosinophilia is recommended only as a sup-
plemental outcome for study population 
characterization, clinical trials, and observational 
studies [252].

4.4.3  Other Biomarkers

Many cytokines, chemokines, and bioactive 
molecules are found at higher levels in sputum 
samples from patients with severe asthma as 
compared to non-asthmatic controls. Some of 

these compounds that show promise as potential 
biomarkers include eosinophil cationic proteins 
(ECP), eosinophil-derived neurotoxin (EDN), 
eotaxin, IL-4, IL-5, IL-8, IL-13, IL-17, TNF-α, 
IL-6, IL-12, granulocyte-macrophage colony- 
stimulating factor (GMCF), urokinase plasmin-
ogen activator, plasminogen activator 
inhibitor-1, purine nucleotides, growth factors, 
antioxidants, and mucins [278, 279, 344–348]. 
Also, neurokinin A levels have been shown to 
be significantly elevated during acute asthma 
exacerbations [349].

In addition, several important mediators 
found in the sputum supernatant of severe asth-
matics are associated with the remodeling pro-
cess, and these include pro-collagen synthesis 
peptides, matrix metalloproteinases (MMPs), 
tissue inhibitors of metalloproteinase (TIMP), 
and TGF-β [350]. Elevated sputum levels of 
these mediators in asthmatic patients are not 
influenced by ICS and may help to explain why 
ICS have no effect on preventing or reversing 
airway remodeling [351].

Sputum hydrogen sulfide levels have been 
suggested as a possible asthma biomarker as lev-
els were negatively correlated with FEV1% 
(reversible with albuterol) and positively associ-
ated with increased sputum neutrophil counts. 
Saito et al. suggested that sputum hydrogen sul-
fate levels might serve as a useful biomarker of 
neutrophilic inflammation and chronic airflow 
obstruction [352].

In addition to cell and bioactive molecules, 
many other biomarkers have been measured in 
induced sputum. Brickey et al. used sputum cells 
to investigate inflammasome-related gene expres-
sion [353]. Alexis et al. investigated genetic 
responses and cell surface phenotype markers in 
asthmatic patients following exposure to inhaled 
irritants and found that phagocytosis was signifi-
cantly decreased in sputum macrophages in asth-
matics with high eosinophils as compared to those 
with normal eosinophils [354, 355]. Loughlin 
et al. measured hydration status of the airways 
using the percentage of solid content of sputum 
and suggested that there was a direct relationship 
between neutrophil inflammation and airway 
hydration status in stable asthmatics [356].
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4.4.4  Bronchoalveolar Lavage, 
Bronchial Wash, and Bronchial 
Biopsy

Bronchoalveolar lavage (BAL) and bronchial 
wash can recover samples with cell phase and 
fluid phase components just as in the case of 
induced sputum. Those items detected in sputum 
can also be measured in lavage and bronchial 
wash. Along with bronchial biopsy, these tech-
niques can be useful tools to monitor and assess 
airway inflammation and remodeling [357]. 
Some authors suggest that BAL alone cannot be 
considered as a surrogate for induced sputum, 
because induced sputum (and bronchial wash) 
sample central bronchial airways [358], while 
BAL mainly recovers cells and mediators from 
distal airways. Alexis et al. found that cells recov-
ered from BAL display a more active inflamma-
tory phenotype than cells recovered from sputum 
and blood from the same individual [359].

For now, BAL and biopsy have limited appli-
cability as a source of asthma biomarkers because 
bronchoscopy is invasive and expensive and can 
only be performed by well-trained professionals 
in a hospital setting. Despite these limitations, 
valuable information regarding the nature of 
asthmatic airway inflammation has been obtained 
through the use of BAL. Goleva et al. recently 
showed that a subset of subjects with 
glucocorticoid- resistant asthma demonstrates air-
way expansion of specific gram-negative bacteria 
that trigger growth factor β-activated kinase 1/
mitogen-activated protein kinase activation, thus 
promoting glucocorticoid resistance [360]. 
Esnault et al. identified 57 genes that were highly 
expressed by BAL eosinophils after in vivo aller-
gen challenge. Expression of 41 of these genes 
had not been previously described in eosinophils, 
and each is a potentially new candidate to further 
study the contribution of eosinophils to airway 
biology [361]. Vargas et al. identified several cor-
ticosteroid resistance-related receptors (EGFR, 
EGR1, ESR2, PGR), transcription factors (MYC, 
JAK), cytokines (IL-8, IL-6, IL-1B), one chemo-
kine (CXCL1), one kinase (SRC), and one cyclo-
oxygenase (PTGS2) using a protein-protein 
interaction network [362]. Park et al. found that 

the ApoA1 protein level is decreased in the air-
ways of mild-to-moderate persistent asthmatics 
as compared to healthy controls. Together with 
mouse data, they suggested ApoA1 to be a prom-
ising therapeutic target because of its ability to 
promote repair of defective epithelium in 
inflamed airways [363].

4.5  Others

In addition to exhaled breath, blood, and sputum, 
urine is another biological by-product that may 
contain potential biomarkers important in the 
investigation of airway inflammation. Examples 
of urine-derived biomarkers include leukotrienes, 
prostaglandins, eosinophil protein X, bromotyro-
sine, and others.

Leukotrienes play a central role in the patho-
genesis of allergic asthma [199, 202]. Among 
leukotrienes, leukotriene E4 (LTE4) is the stable 
end product of LTC4, which is the dominant cys-
teinyl leukotriene (Cys-LT) in lung tissue [364]. 
LTE4 is excreted in the urine in measurable 
amounts, so urinary LTE4 is regarded as a marker 
for systemic production of Cys-LTs [365, 366].

Urinary LTE4 levels are increased in asthmatic 
patients as compared with healthy subjects, and 
elevated LTE4 levels are associated with disease 
severity, exacerbations, and aspirin and allergen 
challenges [367–369]. In recurrent episodic 
wheezing children, increased basal levels of LTE4 
were observed only in those who were allergic; 
however, during exacerbations, increased urinary 
LTE4 levels were found in both atopic and non-
atopic wheezers [370]. One study showed that 
children scored with a positive Asthma Predictive 
Index (API) had higher urinary LTE4 levels than 
those with negative API [371]. Chiu et al. found 
that urinary LTE4 levels appeared to be highly 
associated with IgE sensitization and related aller-
gic airway diseases after age 2 [372]. Aspirin-
intolerant asthmatic patients also had significantly 
higher urinary LTE4 levels than aspirin-tolerant 
asthmatics [373]. ICS do not appear to alter uri-
nary LTE4 excretion [374]. Conversely, 5-lipoxy-
genase inhibitors significantly reduce urinary 
LTE4 levels by blocking Cys-LT metabolism 
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[375]. Smoking also affects arachidonic acid 
metabolite synthesis in asthmatics, as measured 
by urinary LTE4 and tetranor PGDM (an abun-
dant urinary metabolite reflecting PGD2 biosyn-
thesis) [376]. In children exposed to second-hand 
tobacco smoke, elevated urinary LTE4 levels are 
associated with susceptibility to severe asthma 
exacerbations [377].

Prostaglandin (PG) D2 is a major cyclooxy-
genase product released by activated mast cells. 
After antigen challenge, PGD2 can cause bron-
choconstriction and vasodilation in the airways 
of asthmatic patients [378]. PGD2 is unstable and 
is metabolized to 9α, 11β-PGF2 in the human 
lung; then PGF2 is rapidly excreted in the urine 
[379]. Several studies showed that 9α, 11β-PGF2 
levels are elevated in children with acute asthma, 
exercise-induced asthma, and asthmatic patients 
undergoing allergen or aspirin challenge [379, 
380]. Urinary 9α, 11β-PGF2 levels were nega-
tively correlated with lung function, and high- 
dose corticosteroid therapy might reduce 9α, 
11β-β concentrations [381].

Eosinophils can release four basic eosinophil 
granule proteins, major basic protein, eosinophil 
cationic protein, eosinophil protein X (EPX), and 
eosinophil peroxidase. Among them, EPX (also 
known as eosinophil-derived neurotoxin (EDN)) 
is the only one that can be accurately measured in 
urine [382]. In childhood asthma, the urinary EPX 
(uEPX) concentrations are increased in children 
with either symptomatic or asymptomatic asthma 
compared to controls [383]. uEPX levels are ele-
vated during exacerbations and correlate with the 
severity of attacks in asthmatic children [384]. 
Levels of uEPX are responsive to asthma therapy, 
as Severien et al. found that after 3 months of anti-
inflammatory treatment, uEPX levels significantly 
decreased [367]. In addition, Nuijsink et al. found 
that uEPX is associated with FEV1 and induced 
sputum eosinophil percentage [385].

Bromotyrosine (BrTyr) is the end product of 
protein bromination that is excreted in urine, and 
this by-product can act as a biomarker for 
eosinophil- mediated oxidative pathways [101, 
386–388]. Urinary BrTyr levels are significantly 
higher in patients with asthma, and elevated 
BrTyr levels are associated with exacerbations 

and spirometric parameters of airway obstruction 
[388]. Cowan et al. found that BrTyr levels could 
predict patients’ response to corticosteroids espe-
cially when combined with FeNO. However, the 
magnitude of decrease did not correlate with the 
degree of clinical response to ICS [101].
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Radiologic Diagnostic Modalities 
in Severe Asthma

Gong Yong Jin

Asthma is a chronic inflammatory disease of the 
airways. Chronic inflammation is present in 
almost all patients with asthma, even in the air-
ways of patients with very mild asthma, and 
increases with disease severity. Asthma affects 
approximately 5% of the general adult popula-
tion, of whom approximately 5–10% suffer from 
severe asthma [1].

Long-standing severe asthma may be associ-
ated with structural changes of both the proximal 
and distal airways. Pulmonary function studies 
are the main measures used to assess and monitor 
airway obstruction in asthma. Although the sig-
nificance of radiological findings of asthma 
remains unclear, high-resolution CT (HRCT) 
scan has identified abnormalities in asthma and 
has correlated these abnormalities with clinical 
and pulmonary function data. In severe asthma, 
the applications of HRCT scanning are consider-
ably broader. This technique has been used to 
noninvasively assess airway wall changes in 
patients with severe asthma. Over the past 
10 years, HRCT scan has been validated as an 
appropriate technique for distinguishing patients 
with asthma with normal airflow or mild airflow 
obstruction from healthy subjects [2–5].

HRCT scan has enabled visualization of air-
ways and parenchyma in much greater detail than 
plain radiography. Expected abnormalities were 
seen in 37.8% of the chest radiographs, while the 
HRCT scans were abnormal in 71.9% of the 
cases. Pathologically, the structural changes in 
severe asthma comprise bronchiectasis with 
mucoid impaction, bronchial dilatation, and 
bronchial wall thickening (Fig. 5.1), although 
some causes of wall thickening such as airway 
wall edema, mucoid impaction, and bronchocon-
striction are potentially reversible [6]. Inspiratory 
HRCT findings in subjects with asthma are iden-
tical to abnormal radiologic findings, such as 
bronchial wall thickening (BWT), bronchial wall 
dilatation, bronchiectasis (BE), mosaic lung 
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Fig. 5.1 Images from a 78/F subject who was diagnosed 
with bronchial asthma 5 years ago. The HRCT scans show 
diffuse bronchial wall thickening with dilatation, mucoid 
retention, and a mosaic pattern in both lower lobes
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attenuation, mucus plugging, prominent centri-
lobular opacities, emphysema, and atelectasis 
(Table 5.1) [6–8]. Gupta reported that abnormal 
HRCT scan findings were common in patients 
with severe asthma (bronchiectasis and bronchial 
wall thickening were observed in 40% and 62% 
of all cases, respectively), whereas HRCT scans 
were normal in only 20% of all cases [9]. More 
recent studies of the airway immunopathology of 
asthma have revealed that there is an important 
chronic inflammatory component characterized 
by cellular infiltration with eosinophils and lym-
phocytes, epithelial shedding, and subepithelial 
fibrosis in the proximal large airways. Extensive 
inflammatory changes have been noted in the 

 distal airways, which are associated with mucus 
plugging and airway obstruction or obliteration, 
in the lungs of patients who died of acute severe 
asthma [10]. In one group of patients with severe 
asthma, intrapulmonary airway abnormalities 
(bronchial dilatation and bronchial thickening) 
were observed on the HRCT scans of up to 50% 
of all examined patients [6, 10].

In severe asthma, the small airways are also 
affected by significant inflammation and remod-
eling. Small airway dysfunction reduces ventila-
tion in part of the lung, thereby inducing reflex 
vasoconstriction. This phenomenon is visualized 
as an area of decreased attenuation on the HRCT 
images. Heterogeneity of lung attenuation on 
inspiration CT scans is accentuated in expiratory 
scans due to regional differences in small airway 
closure (mosaic perfusion and gas trapping). 
Therefore, expiratory HRCT has been proposed 
to be helpful for accessing air trapping (defined 
as areas of increased lucency on expiratory scans) 
in severe asthma [11] (Fig. 5.2). The degree of air 
trapping, together with the reduction in the cross- 

Table 5.1 HRCT findings in patients with severe 
 bronchial asthma

Bronchial wall thickening
Cylindrical bronchiectasis
Mucoid impaction in the large bronchi
Thick linear opacity or small centrilobular opacities
Areas of decreased attenuation

a b

c d

Fig. 5.2 Images from a 30/F patient. (a, b) Ten years ago, 
she was diagnosed with bronchial asthma, and her HRCT 
scans showed nonspecific findings. (c, d) Ten years later, 
her HRCT scans showed mild diffuse bronchial wall 

thickening on inhalation and progressed air trapping on 
exhalation. The number and size of the blood vessels were 
both decreased in areas of reduced attenuation. On admis-
sion day, her FEV1 was 0.81 L
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sectional area on expiration, has been shown to 
correlate well with forced expiratory volume in 1 
second (FEV1), indicating that these abnormali-
ties could reflect the severity of asthma. These 
abnormalities also represent radiological evi-
dence for distal airway obstruction in asthma. In 
contrast, changes in bronchial dilatation and wall 
thickening were not significantly correlated with 
FEV1 [10, 12]. It is possible that the extent of dis-
tal airway obstruction is a feature of severe 
asthma. In a study by Lynch and colleagues [13], 
full inspiratory CT scans were acquired from a 
group of 48 patients with less severe asthma with 
a mean FEV1 (% predicted) of 64%. Ten patients 
showed patchy (n = 7) or diffuse (n = 3) areas of 
hyperlucency, which could represent air trapping. 
Because the distal airways of patients with 
asthma are not readily accessible for study from 
either the pathological or physiological point of 
view, HRCT scan may be a suitable noninvasive 
method for assessing distal airways. Carr et al. 
performed inspiratory and expiratory HRCT 
scans on 24 patients with chronic severe asthma 
[10]. They observed concomitant dilatation and 
thickening of the intrapulmonary airways in 12 
patients, whereas air trapping was noted in 20 
patients. The mean expiratory-to-inspiratory 
cross-sectional area (Exp/Ins) was 75.9 ± 2.0%, 
compared with 44.6 ± 1.0% in non-asthmatic 
subjects. The FEV1 (% predicted) correlated with 
the Exp/Ins ratio and with the CT features of air 
trapping (both r = 0.60; P < 0.001), but not with 
airway dilatation or thickening. Peripheral air-
way obstruction may be common in chronic 
severe asthma, which may explain the increased 
severity of this type of asthma.

HRCT assessment of air trapping in asthma 
has been associated with airway hyperrespon-
siveness, disease duration, and airflow limitation. 
This technique has been used to evaluate the 
response to inhaled steroids. In addition, air trap-
ping has been shown to correlate with asthma 
severity. The air trapping percentage of patients 
with severe asthma has been shown to be signifi-
cantly increased compared with that of normal 
subjects (P < 0.005) [14, 15]. This result was 
supported by an analysis of tissue fractions at 
functional residual capacity in patients with 

severe asthma, which revealed that the fractions 
are much smaller than in normal subjects on both 
the dorsal-ventral and basal-apical axes. In addi-
tion to the overall air trapping percentage, the 
lobar distributions of air trapping fractions at 
functional residual capacity are different between 
normal subjects and patients with severe asthma. 
More specifically, the air trapping fractions in the 
lower lobes of patients with severe asthma are 
generally increased compared with those of nor-
mal subjects [16]. Moreover, the tissue fractions 
of patients with severe asthma are much smaller 
than those of normal subjects in the gravitational- 
dependent and basal regions, implying the pres-
ence of air trapping and reduced air volume 
change. These results are qualitatively consistent 
with studies of ventilation defects.

In one study, airway abnormalities (bronchial 
dilatation and bronchial thickening) were 
observed by HRCT in up to 50% of all patients 
with severe asthma [6]. Moreover, the airways of 
patients who die from asthma have thickened 
walls. Dunnill et al. reported that bronchial 
smooth muscle accounted for 4.6 + 2.2% of the 
volume of the normal bronchial wall [17]. 
However, the volume in patients dying of status 
asthmaticus was significantly increased, with a 
mean value of 11.9 + 3.36% [17, 18]. Okazawa 
and colleagues showed that even small airways 
(1.5–6 mm luminal diameter) of patients with 
asthma were significantly thickened compared 
with those of normal controls [19]. Also, the 
mean percentages of wall area (WA%) in asthma 
patients were 84% for small airways (luminal 
diameter <2 mm) and 58% for large airways 
(luminal diameter >6 mm). Also, Awadh and col-
leagues reported that the mean WA% for all air-
ways assessed was 78% for patients with 
near-fatal asthma but 70.9% for normal controls 
[18]. Although the predominant site of airway 
narrowing in asthma is not clear, thickening of 
the airway wall in patients with fatal asthma was 
observed in both large cartilaginous and small 
membranous bronchi. However, this thickening 
occurred predominantly in the small airways of 
patients with nonfatal asthma [18, 19]. Gupta 
et al. reported the RB-proximal third-generation 
airway was remodeled in patients with severe 
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asthma, with luminal narrowing and an increased 
WA% [9]. Importantly, WA% was associated 
with lung function impairment and was signifi-
cantly greater in patients with severe asthma with 
persistent airflow obstruction than in those with-
out. Also, WA% has been shown to be associated 
with the burden of neutrophilic airway inflamma-
tion over time, suggesting that this component of 
the airway inflammatory profile may be impor-
tant in airway remodeling.

The relationship of airway wall thickening in 
asthma to lung function remains unclear. FEV1 in 
chronic asthma does not appear to reflect bron-
chial wall thickness as assessed by HRCT scan 
[20]. Radiologically, observable wall thickening 
encompasses smooth muscle hyperplasia/hyper-
trophy and subepithelial fibrosis; extracellular 
matrix changes and structural changes in one of 
these locations may be more influential. The sub-
sequent effects on airway mechanics remain 
unclear, although thickening of the subepithelial 
layer has been shown to decrease the airway 
luminal area and exacerbate the effect of airway 
smooth muscle shortening [20, 21]. In pulmonary 
function tests, FEF25–75 values suggest that small 
airway function may be influenced more by 
 bronchial wall thickening than by FEV1. 
Abnormal HRCT findings [e.g., bronchiectasis 
(17.5%), emphysema (5.3%), and mosaic pattern 
of lung attenuation (17.5%)] were more common 

in patients with bronchial asthma with moderate 
to severe airflow limitation (FEV1 <80%, 
P < 0.05); moreover, patients with these changes 
had a more prolonged history of asthma 
(P < 0.05) [22].

The focus of the National Institutes of Health 
(NIH)-sponsored multicenter Severe Asthma 
Research Program (SARP) is to identify pheno-
types enabling the separation of patients with 
non-severe asthma from patients with severe 
asthma [23–25]. This search for phenotypes has 
included the acquisition of volumetric computed 
tomography (CT) scans of the lungs at both total 
lung capacity (TLC) and functional residual 
capacity (FRC) [26]. Quantitative computed 
tomography (QCT) has emerged as a reliable, 
noninvasive tool for the assessment of proximal 
airway remodeling and air trapping in asthma 
[26]. Airway lumen narrowing is another charac-
teristic of proximal airway morphology in 
patients with severe asthma, as demonstrated by 
QCT assessment (Fig. 5.3). In normal subjects, 
air volume changes, volume change, and aniso-
tropic deformation of the lower lobes are greater 
than those of subjects with severe asthma. As a 
result, the dependence of air volume change on 
the lower lobes is greater than on the upper lobes. 
In contrast, deformation of the lower lobes is lim-
ited in subjects with severe asthma, as suggested 
by the observed decreased volume change and 

a b c

Fig. 5.3 Images of a normal subject (a) and a subject 
with severe bronchial asthma (b, c). (a) Volume rendering 
image on a volumetric CT scan of a normal subject. (b, c) 
Images of a 90/F subject who was diagnosed with bron-

chial asthma 45 years ago. On admission day, her FEV1 
was 0.037 L. The volume rendering image on the volu-
metric CT scan shows severe airway remodeling on inspi-
ration and expiration
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reduced anisotropic deformation. These changes 
result in increased volume change and enhanced 
anisotropic deformation in the upper lobes [26]. 
In both normal subjects and subjects with severe 
asthma, CT-based total lung volume (CT) and air 
volume (CT) are significantly correlated with 
PFT-based volumes at both TLC and FRC. In 
addition, the TLVs (CT) are in similar ranges 
(~90%) as the PFT volumes [26, 27]. For air vol-
ume (CT), approximately 20% and 40% reduc-
tions from PFTs are measured at TLC and FRC, 
respectively, in both normal subjects and subjects 
with severe asthma [28]. The air volume change 
in normal lungs increases gradually from the 
apex to the base (from 20% to 80%) and from the 
ventral to dorsal lung regions, whereas air vol-
ume becomes fairly uniformly distributed in sub-
jects with severe asthma. Furthermore, the air 
volume change and volume change in subjects 
with severe asthma are increased in the upper 
lobes but decreased in the lower lobes compared 
with normal subjects. Accordingly, the reduced 
air volume change in subjects with severe asthma 
occurs mainly in the lower lobes. This idea is 
supported by analyses comparing the contours of 
air volume change that captured nearly 80% of 
the apical-to-basal distance [29].

Advances in CT technology and post- 
processing software have quantitative assess-
ments of the airway tree and the lung parenchyma 
[9, 26, 29, 30]. Multi-detector row CT scanners 
facilitate isotropic acquisition of the whole chest 
with submillimeter resolution within a single 
breath-hold. Furthermore, rapid advances in 
post-processing software for CT images now per-
mit multi-planar reconstructions, acquisition of 
three-dimensional surface and volume images of 
the airway tree and lung parenchyma, detailed 
quantitative analysis, and virtual bronchoscopy. 
Quantitative imaging techniques have enabled us 
to obtain direct measurements by three- 
dimensional assessment of the large airways, as 
well as by indirect assessment of the small 
 airways by densitometric measures of paired 
inspiratory and expiratory scans. Exact measure-
ment of the airway wall, which requires identifi-
cation of the lumen-wall and wall-parenchyma 
boundaries on CT images, is still an inexact sci-

ence. However, a number of algorithms have been 
proposed. One of the earliest proposed techniques 
is the “full width at half maximum” principle [12, 
31]. Although this technique is the most widely 
used technique at present, it can cause systematic 
errors in airway wall and lumen estimation due to 
the blurring of edges by the CT scanner’s point 
spread function, the oblique orientation of the air-
ways, the algorithm used for image reconstruc-
tion, and/or the size of the analyzed airway [12]. 
To overcome these problems, various methods 
have been developed, including the “Laplacian 
and Gaussian” algorithm [13], which utilizes 
smoothing and edge detection filters to segment 
airways; the “integral-based method,” which min-
imizes the CT scanner’s blurring effect; and the 
“phase congruency method,” which uses multiple 
reconstruction algorithms to localize the airway 
wall. However, most of these new software plat-
forms were designed for volumetric CT scans, not 
for standard HRCT scans. This aspect limits their 
application to retrospective analysis of archived 
scans [26].

In the early 1970s, Chiro et al. introduced the 
concept of dual-energy CT (DECT) [32]. Xenon- 
enhanced DECT is a novel modality for evaluat-
ing regional lung ventilation function. When 
combined with the dual-energy technique, xenon 
ventilation CT can reveal normal pulmonary ven-
tilation and is also technically feasible for 
dynamic or static evaluation of regional ventila-
tion in asthma. Chae et al. analyzed 22 patients 
with stable asthma by xenon-enhanced DECT 
and found that patients with asthma with ventila-
tion defects had more severe airflow limitation 
and airway wall thickening [33]. They also found 
that patients with asthma with ventilation defects 
had a lower FEV1 and that the ventilation defect 
score was negatively correlated with FEV1/FVC 
and the corrected diffusing capacity. Since xenon- 
enhanced DECT has several limitations (e.g., 
high radiation exposure, side effects of xenon gas 
inhalation, and high cost), DECT ventilation 
imaging with inhaled administration of xenon 
has been investigated at fewer centers than other 
imaging techniques [34, 35].

Functional images of ventilation using hyper-
polarized helium-3 magnetic resonance imaging 
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(H3HeMRI) have also been used extensively in 
studies of subjects with asthma [36]. Patterns of 
hyperpolarized He-3 gas signal distribution tend 
to change dynamically within a single breath- 
hold. Regional changes of airflow obstruction in 
subjects with asthma observable by H3HeMRI 
have been shown to correlate with measures of 
asthma severity and spirometry. Specifically, the 
rate at which voxel signals show the trend toward 
a more homogeneous pattern differs by asthma 
severity. The fastest rate of change was observed 
in subjects with mild-to-moderate asthma, while 
otherwise healthy subjects with severe asthma 
showed relatively slow (yet statistically equiva-
lent) rates of change. These findings were sur-
prising, considering that subjects with severe 
asthma subjects had the greatest overall spatial 
heterogeneity in ventilation upon breath-hold ini-
tiation at end-inhalation [37].

In conclusion, severe asthma is a complex het-
erogeneous disease with high morbidity and mor-
tality. Nonradiologic assessments fail to reliably 
predict important bronchial wall changes; there-
fore, HRCT scan may be beneficial for all patients 
with severe asthma. HRCT scan is a repeatable and 
accurate tool for noninvasive assessment of proxi-
mal airway structural changes in patients with 
severe asthma. In addition, quantitative CT is a reli-
able, noninvasive tool for quantitative assessment 
of proximal airway remodeling and air trapping in 
severe asthma. Moreover, airway wall thickness in 
severe asthma progresses over time, as assessed by 
robust quantitative measures of wall thickness.
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Pharmacologic Therapies 
for Severe Asthma

So Ri Kim

6.1  Improved Current 
Medications: Inhaled 
Corticosteroids (ICS) 
and Bronchodilators

According to current available clinical manage-
ment guidelines for asthma, severe asthmatic 
patients should be treated by highest levels of 
current pharmacological options which include 
high-dose ICS with long-acting β2 agonist 
(LABA), add-on tiotropium, add-on anti-IgE 
(omalizumab), add-on anti-IL-5 (mepolizumab 
and reslizumab), and add-on oral corticosteroid 
(OCS) [1].

6.1.1  Corticosteroids

6.1.1.1  High Dose of ICS or OCS
The list of high-dose ICSs for adult patients is 
shown in Table 6.1. Some reports have demon-
strated that higher dose of ICSs may be more 
effective in severe asthma than conventional dose 
of ICS [2, 3]. In addition, several studies have 
addressed that for moderate-to-severe asthmatic 
patients, a strategy using budesonide/formoterol 

combination inhaler as a reliever is helpful to 
achieve asthma control and to reduce acute exac-
erbation [4]. As described above, OCS is often 
prescribed as maintenance therapy in severe 
asthma. If so, the physicians want to determine 
when is optimal to initiate OCS therapy for severe 
asthmatic patients; however, the correct answer to 
this question has not been defined. Similarly, it is 
not yet clear whether continuous low-dose OCS 
are better than multiple discontinuous bursts for 
controlling exacerbations. While guidelines for 
the use of biomarkers to guide CS use have been 
proposed, the use of sputum eosinophils and/or 
exhaled nitric oxide levels for guiding therapy in 
severe asthma remains controversial [5].

6.1.1.2  New ICSs
Since patients with severe asthma might often 
require high doses of ICSs, the development of 
new ICS with improving pharmacologic effects 
and fewer systemic side effects has been expected. 
Ciclesonide is one of new ICSs and appears to 
have the least systemic effects and local side 
effects thanks to the pharmacologic characteristic 
that the prodrug is activated in the lungs to the 
active principle des-ciclesonide by esterases, 
whereas there is little activation in the orophar-
ynx [6]. This pharmacologic merit lets cicle-
sonide be useful for the treatment of severe 
asthma that required higher doses of 
ICS. Moreover, this agent has been developed as 
a small-particle ICS metered-dose inhaler 
 administered with hydrofluoroalkane (HFA) as a 
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propellant. A major advantage of small-particle 
ICS is that they have improved total lung deposi-
tion (i.e., reach to smaller airways), and conse-
quently, effective asthma control is achieved at 
lower daily doses than the large-particle ICS [7]. 
Beclomethasone dipropionate is one of new 
small-particle ICSs. Based on the pharmacologic 
strengths, we can guess that these new ICSs are 
more suitable for the treatment of the patient with 
severe asthma in whom there is inflammation of 
peripheral airways with evidence of small-airway 
inflammation [8]. In fact, recent clinical study 
has demonstrated that patients with persistent air-
way eosinophilia despite high-dose ICS 
responded to small-particle formulated ICS, and 
the use of this new formulated drug targeting the 
asthmatic group with higher doses of steroid is 
likely to be beneficial [9].

In addition to particle size of ICS, improving 
drug half-life may be of interest to some patients 
with severe asthma. Fluticasone furoate is a 
newly developed ICS with higher affinity to glu-
cocorticoid receptor leading to improvement of 
action time compared to previous form of flutica-
sone, fluticasone propionate [10]. Recent studies 
with inhaled fluticasone furoate have shown that 
this translates to enhanced lung residency and 
once-daily efficacy in asthma [11, 12]. Some evi-
dence has also revealed that the characteristics of 
fluticasone furoate may result in superior symp-
tom reduction compared with fluticasone propio-
nate [13, 14] or similar improvements in 
symptoms at less-frequent dosing schedules [15]. 
In addition, fluticasone furoate was developed as 

combination inhaler with LABA, vilanterol for 
asthmatic patients. A randomized, double-blind, 
double-dummy, parallel group study has shown 
that the efficacy of once-daily use of fluticasone 
furoate/vilanterol was similar to twice-daily fluti-
casone propionate/salmeterol in improving lung 
function in patients with persistent uncontrolled 
asthma [16].

Although ICS is a locally administered drug, 
not systemic agent, leading to lesser side effects 
than oral/intravenous corticosteroids, all avail-
able ICSs are absorbed from the lungs, and thus 
they also have the potential for systemic side 
effects. Many patients are more interested in the 
harmfulness than their benefits. Based on these 
unmet needs, dissociated steroid has been devel-
oped, which attempts to separate the side effect 
mechanisms from the anti-inflammatory mecha-
nisms of steroids [17]. Actually, several dissoci-
ated steroids have now been developed, including 
non-glucocorticoid glucocorticoid receptor mod-
ulators [18]. However, few have been tested in 
experimental models of asthma. Only three com-
pounds BI-54903, GW870086X, and AZD5423 
have entered clinical development, because it is 
difficult to uncouple the therapeutic and harmful 
effects mediated by glucocorticoid receptor 
unlike the hypothesis and some of the anti- 
inflammatory effects of corticosteroids might be 
due to transactivation of anti-inflammatory genes, 
and therefore selective glucocorticoid receptor 
activators might not be as efficacious as existing 
ICSs [18, 19].

6.1.2  LABA

The LABAs have been a major advance in the 
management of severe asthma and are usually 
administered through combination inhalers with 
corticosteroids, since there is convincing evidence 
that LABAs used without a corticosteroid increase 
severe exacerbations and mortality. Although 
there are these concerns about the long- term 
safety of LABAs in asthmatic patients, new 
LABAs have been developed for chronic obstruc-
tive pulmonary disease (COPD), and these might 
also reasonably be expected to be effective against 

Table 6.1 High daily doses of inhaled corticosteroids

Adults and adolescents (≥12 years)

Drug
Daily dose 
(mcg)

Beclomethasone dipropionate (CFC) >1000
Beclomethasone dipropionate (HFA) >400
Budesonide (DPI) >800
Ciclesonide (HFA) >320
Fluticasone furoate (DPI) 200
Fluticasone propionate (DPI) >500
Fluticasone propionate (HFA) >500
Mometasone furoate >440
Triamcinolone acetonide >2000
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asthma, specifically as combined formulation 
with ICS. The recently developed once- daily, very 
long-acting LABAs are indacaterol, vilanterol, 
olodaterol, and carmoterol [16, 20–23]. Their 
chemical properties and clinical strengths of 
newly developed LABAs are summarized in 
Table 6.2. Recently, fluticasone furoate/vilanterol 
and mometasone/indacaterol are developed and 
used for the asthmatic patients as a combined for-
mulation of new LABAs and ICS. To date, these 
new ICS/LABA combination therapies to asth-
matic patients have shown the comparable or non-
inferior efficacy compared to former ICS/LABA 
treatment in clinical trials [16, 24].

6.1.3  Long-Acting Muscarinic 
Antagonists (LAMA)

Although LAMA usually was developed and 
used for COPD patients due to its characteristic 
that blocks only the cholinergic component of 
bronchoconstriction resulting in less effective-
ness of bronchodilation than β2-agonists which 
reverse all airway constrictors including the 
direct effects of inflammatory mediators in 
asthma, recently its therapeutic indication has 
been expanded to asthma based on the role of 
cholinergic pathway or neuronal component in 
the pathogenesis of asthma. In fact, recent studies 
have reported that cholinergic activation plays an 
important role in late response to inhaled allergen 
in animal models, and muscarinic receptors can 

be activated by acetylcholine released from non- 
neuronal cells, such as epithelial and inflamma-
tory cells [25–27]. Moreover, a representative 
LAMA, tiotropium, inhibits Th2 cytokine release 
in allergen-exposed mice and that from human 
PBMCs [28]. It also reduces eosinophilic inflam-
mation, mucin gene expression, and airway 
remodeling in a murine model of asthma, possi-
bly through a direct effect on fibroblasts, suggest-
ing that tiotropium might have anti-inflammatory 
effects through inhibition of acetylcholine action 
on M3 receptors on inflammatory cells [29]. As 
for clinical studies, several studies have been per-
formed targeting severe uncontrolled asthma 
patients to evaluate the effectiveness of LAMA 
added to ICS alone or ICS/LABA, and the results 
showed that add-on once-daily tiotropium pro-
vided improvement of lung function in some 
patients of severe asthma and that it has at least 
comparable pharmacologic effects to salmeterol 
on bronchodilation in uncontrolled asthma [30–
33]. In recent clinical replicate trials, 912 patients 
with severe asthma were treated with tiotropium 
as an add-on to high-dose ICS/LABA. Tiotropium 
significantly improved lung function and asthma 
control status and increased the time to both the 
first severe asthma exacerbation and the first epi-
sode of asthma worsening [34]. Based on these 
findings, the recent versions of international 
guidelines recommend add-on tiotropium as mist 
formulation to preexisting standard therapy (i.e., 
high-dose ICS/LABA combination) which is 
called as triple therapy for severe asthma [1, 35]. 

Table 6.2 Ultra long-acting β2 agonists

Strengths Selectivity for β2 over β1
a

Indacaterol Full and potent agonist at β2-ARb and with high intrinsic efficacy
A quick onset of action and true 24-h control
No antagonism against a short-acting β2-AR agonist

1.46

Carmoterol A fast onset and long duration (30 h) of activity –
Olodaterol Potent nearly full agonistic response at β2-AR

Low level of β2-AR desensitization
Long duration of action
Rapid onset of action comparable to formoterol

2.38

Vilanterol High β2 selectivity
More rapid onset of activity
Significant longer duration of action
Low systemic exposure

3.0

aBased on β1/2/3-AR CAMP assays; bβ2-adrenoceptor [155]
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In addition to tiotropium, there are several newly 
developed LAMAs including glycopyrrolate and 
umeclidinium which are approved bronchodila-
tors for the treatment of COPD, and several clini-
cal trials were identified from recent literature, 
with ongoing trials listed on www.ClinicalTrials.
gov to assess the efficacy of new LAMAs as 
monotherapy or add-on therapy to ICS alone or 
ICS/LABA for the patients with asthma [36–38]. 
The results from the ongoing phase II and phase 
III studies will help to determine whether new 
LAMAs may provide an additional option for the 
treatment of asthma, specifically severe asthma.

6.2  Broad Inflammatory 
Therapeutic Modalities 
to Overcome Steroid 
Resistance

6.2.1  Kinase Inhibitors

Because many kinases are involved in activating 
the inflammation in asthmatic patients and 
amplifying the inflammation in severe asthma, 
this has led to the development of kinase block-
ers as new anti-inflammatory medicines in 
asthma [39, 40]. Moreover, several kinases are 
also associated with the development of steroid 
resistance through glucocorticoid receptor phos-
phorylation, enhanced pro-inflammatory gene 
transcription, or decreased HDAC2 activity [41–
45]. In fact, p38 mitogen-activated protein kinase 
(MAPK) activates inflammatory genes in cells 
form patients with severe asthma [46]. In addi-
tion, activation of MAPK has been found to 
induce glucocorticoid resistance in inflamma-
tory cells via phosphorylation of glucocorticoid 
receptor at the site of serine 226 [47–49] Many 
kinds of oral p38 MAPK inhibitors have entered 
clinical trials for various inflammatory disor-
ders, but none have reached phase III studies 
because of side effects and toxicity, as well as 
poor or transient efficacy [50, 51]. The feasibil-
ity of local p38 MAPK inhibition with less sys-
temic side effects has been proved by an 
experimental data that an inhaled p38 antisense 
oligonucleotide is effective in suppressing aller-

gic inflammation in mice [52]. Several potent 
and selective inhaled p38 MAPK inhibitors have 
been in clinical development for COPD, not yet 
for asthma [53]. Other MAPKs such as JNK and 
ERK pathway are also implicated in airway 
inflammation [54]; however, the selective inhibi-
tors for JNK or ERK are not yet tested in clinical 
settings of severe asthma [55].

NF-κB is activated in patients with asthma as 
well as various inflammatory disorders and 
orchestrates the expression of multiple inflamma-
tory proteins, particularly in patients with severe 
disease [56, 57]. NF-κB activation is correlated 
inversely with glucocorticoid responsiveness in 
patients with severe asthma [44]. Huge amount of 
evidence has indicated that NF-κB is a potent tar-
get of the action mechanism of therapeutic agents 
for severe asthma including several classic and 
new antioxidants [58–62]. Interestingly, recent 
publications have also demonstrated that endo-
plasmic reticulum (ER) stress is implicated in the 
pathogenesis of severe asthma through NF-κB 
signaling pathways, and mitochondrial ROS con-
tributes to induce steroid-resistant asthmatic fea-
tures via NF-κB activation linked to NLRP3 
inflammasome activation in neutrophilic severe 
asthma animal models [63, 64]. Despite substan-
tial experimental favorable data, there is a big 
hurdle to develop NF-κB-targeting agents as 
therapeutics for human disorders due to signifi-
cant side effects such as immune suppression and 
defective host defense.

Since pan-phosphoinositide 3-kinase (PI3K) 
inhibitors (i.e., wortmannin and LY-294002) 
showed the therapeutic effects on ovalbumin- 
induced asthmatic features in mice [65], many 
researchers have been huge interest in defining 
the role of PI3K and its isoforms in the pathogen-
esis of bronchial asthma, and enormous knowl-
edge and information on this issue has been 
gathered. In particular, PI3K-δ activated by oxi-
dative stress may be due to cigarette smoking is 
implicated in the phosphorylation and inactiva-
tion of HDAC2 [45], suggesting that oxidative 
stress and activation of PI3K-δ signaling might 
be important mechanisms for steroid resistance 
in bronchial asthma. Since Lee et al. have, for the 
first time, reported that PI3K-δ isoform plays a 
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critical role in the pathogenesis of OVA-induced 
allergic asthma in 2006, enormous amount of 
studies have revealed the pathogenic role of PI3K 
isoforms such as δ and/or γ isoforms in various 
respiratory disorders and the related action mech-
anisms [66–72]. More interestingly, a recent 
study has revealed that PI3K-δ isoform regulates 
fungus-induced steroid-resistant eosinophilic 
allergic asthmatic inflammation through ER 
stress [73]. In addition, idelalisib (GS-1101, 
CAL-101), a potent and selective small-molecule 
inhibitor of PI3K-δ isoform, appears to reduce 
allergic responses clinically and immunologi-
cally after an environmental allergen challenge in 
phase I study enrolled with patients with allergic 
rhinitis which is a representative comorbidity of 
severe asthma [74]. Consistent with these obser-
vations, newly developed PI3K-δ inhibitor as 
inhaler formulation (GSK2269557) has been 
tested in clinical trials phase II for asthmatic 
patients (NCT02567708) and for COPD patients 
(NCT02294734) with hope that it can be a novel 
potent therapeutic agent for severe airway 
disorders.

6.2.2  Antioxidants and Selective 
Mitochondria-Targeting 
Antioxidants

The lung is continuously exposed to oxidants, 
either generated endogenously by metabolic 
reactions (e.g., from mitochondrial electron 
transport during respiration or released from 
phagocytes) or derived from exogenous sources 
(e.g., air pollutants and cigarette smoke) [75–79]. 
Recent evidence has supported that increased 
oxidative stress is related to severity of asthma, 
propagation of inflammatory response, and 
reduction of responsiveness to corticosteroids 
[80]. Actually, under pathologic conditions, oxi-
dative stress exerts a multitude of actions through 
various signaling pathways involving MAPK, 
PI3K/Akt, and protein kinase C (PKC), thereby 
activating pro-inflammatory gene transcription 
factors such as NF-κB, AP-1, and hypoxia- 
inducible factor (HIF)-1α [58, 81–89]. Oxidative 
stress is also involved in production of a number 

of inflammatory mediators, most notably eico-
sanoids, by activating phospholipase A2 (PLA2) 
[90, 91]. Moreover, oxidative stress also reduces 
steroid responsiveness through a reduction in 
HDAC2 activity and expression. Thus, several 
antioxidants with good bioavailability or mole-
cules that have antioxidant enzyme activity have 
been developed and tried as therapies through not 
only protecting against the direct injurious effects 
of oxidants but also fundamentally altering 
inflammatory events associated with the patho-
genesis of asthma. However, unlike hypothesis 
and favorable data from animal studies using 
many antioxidants including N-acetylcysteine 
(NAC), vitamins C and E, and new generation of 
antioxidants OTC, AD4, and CB3, previous 
human studies to evaluate the pharmacologic 
effects of antioxidants have yielded disappoint-
ing results in bronchial asthma so far [54, 58, 61, 
62, 85]. Nowadays, mitochondria-targeting anti-
oxidants have been regarded as a breakthrough in 
antioxidant therapy for severe asthma, since 
mitochondria is a major source of reactive  oxygen 
species (ROS) in vivo and a promising target 
organelle for immune and inflammatory 
responses. In fact, recent studies have revealed 
that mitochondrial ROS scavenger remarkably 
attenuated the steroid-resistant asthmatic features 
which are in both cases associated with not only 
neutrophilic-dominant inflammation but also 
eosinophilic-dominant inflammation and TGF-β 
mediated collagen production in asthma models 
[63, 73, 92]. In the future, we expect well- 
designed clinical trials to demonstrate the clinical 
applicability, safety, and efficacy of these promis-
ing therapeutic strategies using antioxidants 
especially mitochondria-targeting agents for 
severe asthma.

6.2.3  Phosphodiesterase-4 (PDE4) 
Inhibitors

Because PDE4 that is a main selective cAMP- 
metabolizing enzyme is highly expressed in leu-
kocytes and other inflammatory cells involved in 
the pathogenesis of inflammatory lung diseases, 
such as asthma and COPD, inhibition of PDE4 
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has been predicted to have an anti-inflammatory 
effect and thus therapeutic efficacy [93]. 
Moreover, in asthma model, PDE4 inhibitor has 
been reported to show potent anti-inflammatory 
effects through inhibiting T cells, eosinophils, 
neutrophils, mast cells, airway smooth muscle, 
epithelial cells, and nerves [94, 95]. However, the 
use of PDE4 inhibitor was limited by inconsistent 
efficacy and significant side effects, in particular 
gastrointestinal problems such as nausea and 
vomiting. The only PDE4 inhibitor so far that has 
demonstrated clinical efficacy with tolerable side 
effects is roflumilast which is thus the new class 
of drugs that has gained marketing approval 
 globally for use in patients with severe COPD. 
Therefore, there has been increased interest in its 
potential for the treatment of severe asthma [96]. 
In fact, the effects of PDE4 inhibitors were inves-
tigated in the model of allergen- induced asth-
matic reactions [97–99]. Roflumilast attenuates 
the late asthmatic reactions to allergens and aller-
gen-induced airway hyperresponsiveness [99, 
100]. It also inhibits allergen-induced airway 
neutrophilic inflammation which does not 
respond to treatment with corticosteroids [97, 
101]. Moreover, a study has reported that a 
4-week treatment with roflumilast of 500 mg 
once daily significantly inhibits exercise-induced 
asthma [102]. An oral PDE4 inhibitor, roflumi-
last, has an inhibitory effect on allergen-induced 
responses in patients with mild asthma and also 
reduces symptoms and lung function similar to a 
low dose of ICS [103]. To avoid the significant 
side effects which are big hurdle of the use of 
PDE4 inhibitor as a therapeutic agent for severe 
asthma, PDE4B-selective inhibitors or other 
delivery methods such as inhalation are under the 
development and clinical trials. Inhaled PDE3/4 
inhibitors are also in development and might 
have the advantage of bronchodilatation through 
PDE3 inhibition [93, 104, 105].

6.2.4  ER Stress Modulator

The ER is the major site in cells, which is respon-
sible for the synthesis, maturation, and traffick-
ing of a wide range of proteins. When ER is 

stressed by some conditions such as increased 
demands in protein-folding load in ER lumen, 
cells evolve an adaptive response called unfolded 
protein response (UPR). However, when ER’s 
adaptive responses failed to restore the capacity 
of ER to the normal physiologic status, ER has 
overloading state with abnormal functions which 
leads to ER stress [106, 107]. The ER stress is 
associated with pathogenic inflammatory mecha-
nisms, in particular several diseases such as neu-
rodegenerative disorders, metabolic disorders, 
cardiovascular diseases, malignancies, and respi-
ratory disorders [64, 108–110]. Moreover, pro-
longed ER stress and UPR are implicated in 
chronic lung diseases, including cystic fibrosis, 
α1-antitrypsin deficiency, idiopathic pulmonary 
fibrosis, pulmonary hypertension, COPD, and 
bronchial asthma [111, 112]. As for severe 
asthma, recent interesting studies have been 
released in which ER stress and UPR inhibitor or 
chemical chaperone, 4-phenylbutyrate (4-PBA), 
substantially attenuated the steroid-resistant neu-
trophilic and eosinophilic asthmatic features in 
mice [64, 73]. Chemical chaperones, such as 
4-PBA or tauroursodeoxycholic acid, were found 
to be extremely safe in preclinical studies and are 
now in clinical trials for various diseases [113–
119]. These findings are very encouraging to pur-
sue the clinical development of chemical 
chaperone as a therapeutic agent for patient with 
severe asthma, although so far, there are no stud-
ies for severe asthma to enter clinical trials. 
Furthermore, a recent study has introduced the 
possibility of inhaled chemical chaperone as 
treatment for allergic airway disease, suggesting 
its therapeutic potential with lower systemic tox-
icity for patients with severe asthma [120].

6.3  Endotype-Based Therapeutic 
Strategies

6.3.1  Type 2 Related Inflammation- 
Targeting Therapies

6.3.1.1  Anti-IgE Approach
Omalizumab, an anti-IgE monoclonal antibody 
(mAb), is the first targeted biologic therapeutic 
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approved for the treatment of moderate-to-
severe persistent allergic asthma that remains 
 uncontrolled despite high-dose inhaled cortico-
steroids plus other controller medications. 
Allergic asthma is believed to result from polar-
ization of naive airway T cells to a Th2 pheno-
type, in which activated B cells produce and 
secrete IgE. The mode of action of anti-IgE mAb, 
omalizumab, is the blockade for IgE to bind IgE-
receptor (FcεRI) on the surfaces of antigen-pre-
senting cells, mast cells, and basophils through 
attaching to the Fc portion of free IgE with potent 
affinity leading to inhibition of subsequent 
inflammatory cell activation [121–123]. In addi-
tion, omalizumab prevent allergen-induced 
inflammatory responses as well as long-term 
consequences of allergen exposure such as air-
way remodeling, inflammatory cell recruitment, 
and Th2-biased inflammation [121–131]. 
Numerous clinical trials have demonstrated the 
clinical efficacy of omalizumab in reducing 
maintenance doses of oral corticosteroids and 
ICSs and in reducing exacerbations in patients 
including children with severe asthma, although 
no clinically measurable biomarkers have been 
found to predict a good response to omalizumab 
therapy [40, 124, 132–134]. In clinical practice, 
the use of omalizumab for adults and adolescents 
12 years of age and older with moderate- to-
severe allergic asthma was approved by US FDA 
in 2003 and by European Medicines Agency 
(EMA) in 2005 [135, 136]. In addition, the pedi-
atric indication for omalizumab in asthmatic 
patients (use in children aged >6 years) was 
approved by the EMA and FDA in 2009 and 
2016, respectively [135–137]. With the expan-
sion of approval for the use of omalizumab, sev-
eral international asthma guidelines and position 
papers also recommend omalizumab as an add-
 on therapy for the treatment of severe, IgE- 
mediated allergic asthma in patients including 
children whose asthma symptoms are uncon-
trolled despite optimal pharmacologic manage-
ment and appropriate allergen avoidance [35, 
125, 138–140]. Although anti-IgE was developed 
for allergic asthma defined by the presence of 
atopy and increased IgE levels, it is not always 
effective in these cases. Moreover, omalizumab 

is so expensive and associated with side effects 
related to multiple injections, the risk of anaphy-
laxis, and even warning on cardiovascular risk. 
Thus, the development of biomarker to predict 
and monitor the pharmacologic responses and 
more improved formulation of anti-IgE agents 
are needed. Currently, the other anti-IgE mAb 
under development is ligelizumab which is a 
humanized anti-IgE antibody with a 50-fold 
higher affinity for IgE than omalizumab and 
shows good pharmacologic effects including 
reduction of concentration of IgE in allergic 
patients with well-controlled asthma [141]. In the 
future, the studies regarding the identification of 
biomarker to predict the therapeutic response, the 
development of more potent anti-IgE agents, and 
the use of anti-IgE mAb to non-atopic severe 
asthma with local IgE production are required for 
the precision medical treatment of severe asthma.

6.3.1.2  Inhibition of Cytokines: 
Targeting IL-4/IL-13  
and IL-5, TSLP

Both IL-4 and IL-13 bind to the heterodimeric 
combination of the α1 chain of IL-13 receptor 
(IL-13Rα) and the α chain of IL-4 receptor 
(IL-4Rα), which leads to the signaling of both 
IL-4 and IL-13 [142]. In brief, IL-4Rα is the 
common receptor subchain for both IL-4 and 
IL-13, which is present in both the type 1 (dimer-
ized with γ chain linked to activation of T cells) 
and type 2 (dimerized with IL-13 Rα) receptors. 
IL-4 activates both type 1 and type 2 receptors, 
whereas IL-13 only activates type 2 receptors. 
Thus, while IL-13 and IL-4 can promote IgE 
switching in B cells, T cell activation, and mast 
cell recruitment, IL-13 alone cannot differentiate 
T cells [143–145]. Pitrakinra is a mutant form of 
human IL-4 that blocks the ability of human IL-4 
or IL-13 to bind to IL-4Rα. In phase II trials, 
nebulized pitrakinra for patients with mild atopic 
asthma reduced the late asthmatic response 3.7- 
fold compared with placebo [146]. However, as 
for moderate-to-severe asthma, pitrakinra and 
AMG317 which is a humanized mAb to IL-4Rα 
showed no effects on asthma outcomes including 
exacerbation and symptom score [147, 148]. 
Another humanized mAb to IL-4Rα, dupilumab 
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was used for the first study to target a type 2-high 
phenotype, enrolling moderate-to-severe asthma 
patients with blood eosinophilia or sputum eosin-
ophilia. In this study, dupilumab reduced asthma 
exacerbations and improved asthma control and 
lung function compared with placebo, when 
LABA was discontinued and ICS dose reduced 
and stopped [149]. Recently, a phase IIb dose- 
ranging study of dupilumab has been reported 
showing favorable results irrespective of baseline 
eosinophil count in patients with uncontrolled 
severe asthma and good safety profile as an add-
 on therapy [150]. In 2017, the use of dupilumab 
for patients with atopic dermatitis is approved by 
US FDA, and based on favorable results from 
several clinical studies, the approval for severe 
asthma is also expected in the near future.

Anti-IL-13 mAbs are lebrikizumab, 
tralokinumab, and GSK679586 which have 
been evaluated for their efficacy on the 
moderate-to- severe asthma, especially in type 
2-high phenotype asthmatics [151–153]. 
Interestingly, lebrikizumab showed modest effi-
cacy on exacerbations in patients with type 2 
asthma identified by increased levels of serum 
IgE and blood eosinophilia [151]. However, in 
the same study, when type 2-high asthma was 
divided by serum periostin levels into the “high” 
and “low” groups, patients with high periostin 
levels treated with lebrikizumab had a more 
marked improvement in lung function, whereas 
those with low levels had no improvement. 
However, a recent report regarding replicate 
phase III clinical trials (NCT01867125, 
NCT01868061) has also revealed that lebriki-
zumab did not consistently show significant 
reduction in asthma exacerbations in biomarker-
high patients [154]. Meanwhile, in cases of 
tralokinumab and GSK679586, they showed no 
significant efficacy on asthma outcomes such as 
asthma control, pulmonary function, or exacer-
bations [152, 153, 155].

The most advanced therapeutic target for type 
2 inflammation is IL-5, which is an attractive tar-
get because it is an obligate cytokine for eosino-
phil maturation and survival. IL-5 acts as the 
most potent eosinophilic cytokine via binding its 
receptor with its receptor (IL-5 receptor α 

[IL-5Rα]) on eosinophils and some basophils 
[156, 157]. Eosinophilic inflammation is present 
with or without atopy, as a type 2-mediated 
response can occur following allergic sensitiza-
tion, with consequent release of IL-5 from Th2 
cells, or in response to stimulation of airway epi-
thelial cells and infection through activation of 
the type 2 innate lymphoid cells (ILC2) [158, 
159]. The IL-5 neutralizing antibodies, mepoli-
zumab and reslizumab, have started to be pre-
scribed by physicians and recommended as a 
therapeutic option by international guidelines for 
patient with severe asthma showing high blood/
sputum eosinophil counts worldwide since the 
license was achieved in the United States and 
Europe in 2015 [160]. In earlier studies, mepoli-
zumab reduced sputum and blood eosinophil 
counts compared with placebo but had no effect 
on response after allergen challenge. In addition, 
in patients with moderately severe asthma deter-
mined by disease severity, mepolizumab showed 
no beneficial effects on symptom control or exac-
erbations [161, 162]. In later studies, when 
patients with type 2 phenotype severe asthma 
showing eosinophilic asthma was enrolled selec-
tively, mepolizumab reduced exacerbation rate, 
improved the symptom control, showed steroid 
sparing effects, and modestly improved lung 
function independent of administration routes 
(i.e., intravenous and subcutaneous) and doses 
[163–167]. Reslizumab was similarly studied in 
patients with poorly controlled asthma taking 
high-dose ICSs and additional controllers with 
persistent sputum eosinophils or blood eosino-
phils. Like mepolizumab, intravenous reslizumab 
decreased both blood and sputum eosinophil 
counts with increases in forced expiratory vol-
ume in 1 second (FEV1) and asthma control 
questionnaire (ACQ) scores and significant 
reduction of exacerbation compared with placebo 
[168, 169]. Benralizumab is a recombinant 
humanized mAb directed against IL-5Rα. Unlike 
mepolizumab and reslizumab, benralizumab 
binds to IL-5Rα on eosinophils and induces rapid 
depletion of eosinophils by antibody-dependent 
cell-mediated cytotoxicity through natural killer 
cells [170]. Two signature phase III clinical stud-
ies (SIROCCO study and CALIMA study) have 
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revealed that benralizumab reduced asthma exac-
erbation, improved lung function, and achieved 
less asthma symptom score significantly com-
pared to placebo [171, 172]. These results sup-
port for the earlier phase IIb study showing that 
in eosinophilic asthma, mean FEV1 and ACQ-6 
improved by the benralizumab treatment [173]. 
Unlike mepolizumab and reslizumab which 
showed no significant effects on non-eosinophilic 
asthmatics, benralizumab showed some pharma-
cologic effects on asthmatic features in non- 
eosinophilic asthma which can be explained by 
the expression of IL-5Rα on other cells such as 
basophils and mast cells [156, 174]. Additional 
interesting point is that effects of anti-IL-5 mAbs 
and anti-IL-5Rα mAb on lung function are differ-
ent in patients with severe asthma. Although 
there are not yet a direct head-to-head compari-
son studies, small effects on lung function were 
observed in the phase III study for mepolizumab 
[166], whereas effects on these outcomes were 
more robustly observed following treatment with 
reslizumab [169] and benralizumab [173]. The 
reason for these observations is unclear. However, 
some bronchoscopic biopsy data showed that 
benralizumab reduces bronchial mucosal eosino-
philia to a greater extent than does mepolizumab 
[164, 175]. Given that benralizumab can induce 
apoptosis of eosinophils unlike mepolizumab, 
improvements in lung function might be related 
to the magnitude of the reduction in the airway 
eosinophilia.

TSLP is an IL-7-related cytokine secreted by 
airway epithelial cells on allergen and other stim-
uli; it has been recently described innate “alar-
min” capable of regulating type 2 responses 
through activation of dendritic cells to release 
chemokines that recruit and activate Th2 cells 
[176]. TSLP levels are reported to be increased in 
human asthmatic airways compared with those of 
healthy control subjects, particularly in those 
with severe asthma [177]. Tezepelumab 
(AMG157, MEDI9929) is a human anti-TSLP 
mAb that binds human TSLP preventing receptor 
interaction [178]. Tezepelumab (AMG157) 
reduced allergen-induced bronchoconstriction 
and indexes of airway inflammation before and 

after allergen challenge. Very recently, phase II 
study to evaluate the efficacy and safety of tez-
epelumab in patients with severe asthma has been 
completed and awaits the results [179]. In addi-
tion, another phase II study is ongoing to investi-
gate the effects on airway hyperresponsiveness 
measured by mannitol provocation test in patients 
with asthma already on daily treatment with 
ICS. In this study, secondary outcome is to evalu-
ate cellular phenotypes including mast cells 
[180]. Nowadays, type 2-targeted therapy for 
severe asthma has moved into a new era thanks to 
newly emerging biologics. However, consider-
able challenges are also derived from these new 
therapeutic modalities including their long-term 
efficacy and safety, their comparative efficacy, 
patient selection related to biomarkers, and, 
finally, their cost-effectiveness.

6.3.2  Blockade of Lipid Mediators

A cysteinyl leukotriene-receptor antagonist 
(LTRAs) is an only antagonist against lipid medi-
ators currently used in asthma therapy; however, 
these medications, montelukast and zafirlukast, 
are much less effective than ICSs and have little 
place as add-on therapy in patients with severe 
asthma [181, 182]. Apart from cysteinyl leukotri-
enes, leukotriene B4 (LTB4) is a potent chemoat-
tractant for neutrophils, mast cells, and T cells, 
and its expression levels are increased in patients 
with severe asthma [183]. In addition, two recep-
tors for LTB4, BLT1, and BLT2 are identified, 
and the two receptors differ in their affinity and 
specificity for LTB4 and in their expression pat-
tern. BLT1 is a high-affinity receptor specific for 
LTB4 and usually expressed in leukocytes, 
whereas BLT2 is a low-affinity receptor and 
ubiquitously expressed [184]. Recently, papers 
have revealed that BLT1- and/or BLT2-targeting 
strategy led to attenuation of airway inflamma-
tion and airway hyperresponsiveness in a murine 
model of asthma [185, 186]. Several studies are 
ongoing to test the effects of inhibition of BLT1 
and BLT2 on asthmatic features of severe disease 
status. First 5-lipoxygenase (5-LO) inhibitor, 
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zileuton, has been used for treatment of asthma, 
but due to adverse effects, its immediate release 
tablet was withdrawn in 2008 [187]. Several 
novel 5-LO and 5-LO-activating protein 
 inhibitors are currently in clinical development 
[40, 188]. GSK2190915, a potent 5-lipoxygenase- 
activating protein inhibitor, prevents the synthe-
sis of leukotrienes and 5-oxo-eicosatetraenoic 
acid (5-oxo-ETE). It attenuated the early and late 
asthmatic responses in mild asthmatic patients. 
In addition, there was a statistically significant 
attenuation of allergen-induced sputum eosino-
phil count. This study suggested the therapeutic 
potential of 5-LO-activating protein inhibitor for 
patients with asthma although further study is 
needed, in particular regarding the effects on 
severe asthma [189]. Prostaglandin D2, released 
form mast cells, Th2 cells, and dendritic cells 
during allergen-induced reactions, activates a 
chemoattractant receptor-homologous molecule 
expressed on Th2 cells (CRTh2), present on Th2 
cells, ILC2s, and eosinophils, and induces the 
chemotaxis of these cells [190]. Production of 
Th2 cytokines by ILC2s is also stimulated by 
activation of CRTh2 receptor [191]. In addition, 
some evidence has shown that the expression of 
prostaglandin D2 was increased in patients with 
severe asthma [192]. Based on these back-
grounds, several CRTH2 antagonists are now in 
clinical development for asthma, including 
AMG-853, OC000459, MK-7246, BI671800, 
and fevipiprant (QAW039) [193]. Considerable 
data on favorable outcome in asthmatic patients 
including eosinophilic phenotype has been gath-
ered; however, there is still controversy on the 
effects of CRTh2 antagonists on severe asthmatic 
features to date [194–197]. In fact, while AMG 
853 did not improve asthma symptoms or lung 
function in patients with uncontrolled moderate- 
to- severe asthma, BI671900 showed small effects 
on lung function in symptomatic patients, and a 
phase II study with fevipiprant has recently 
revealed its beneficial effects on lung function 
and eosinophilic inflammation in sputum and 
bronchial biopsied tissues. Not yet, the findings 
from phase III studies have been released.

6.3.3  Chemokine Receptor 
Antagonists: CCR3 and CCR4

Chemokines attract inflammatory cells such as 
mast cells, eosinophils, and TH2 cells into the 
airways, and they exert function through their 
receptors, chemokine receptors which are sur-
face molecules that belong to the family of 
seven transmembrane domain receptors, desig-
nated G protein-coupled receptors (GPCRs) 
[198]. Among 18 family members of chemo-
kine receptor, the major focus of interest in 
asthmatic patients has been the chemokine 
receptor CCR3, which is predominantly 
expressed on eosinophils and mediates the che-
motactic response to CCL11 (eotaxin), which is 
secreted in asthma. Several small-molecule 
inhibitors of CCR3 have been in clinical devel-
opment, but their effects in asthmatic patients 
have not yet been reported because they have 
usually been discontinued because of toxicol-
ogy problems. An inhaled antisense oligonucle-
otide that targets CCR3 has some effect in 
reducing sputum eosinophils, but results are 
difficult to interpret because IL-5 and GM-CSF 
β chain antisense were co-administered [199]. 
In terms of other chemokine receptors, the 
CCR2, CCR4, CCR5, CCR6, CCR8, and 
CXCR4 have been implicated in asthma, espe-
cially type 2-related responses. Substantial 
experimental data support the potential of che-
mokine receptor antagonists as therapeutic 
agent for asthma, but controversy still remained, 
and there are no definitive results from clinical 
trials [200]. A defucosylated antibody to CCR4 
(mogamulizumab) results in prolonged cyto-
toxic effects on Th2 cells, marked and pro-
longed depletion of Th2 cells, and reduced lung 
inflammation in animal models. This antibody 
was granted approval for the treatment of 
relapsed or refractory adult T cell lymphoma in 
2012 and is now in early clinical trials for 
asthma [201, 202]. In addition, another small-
molecule antagonist, an indazole arylsulfon-
amide GSK2239633, appears to have progressed 
to clinical trials [203].
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6.4  Non-type 2-Related 
Inflammation-Targeting 
Therapies

6.4.1  Anti-tumor Necrosis Factor α 
(TNF-α)

TNF-α is a pro-inflammatory cytokine leading to 
non-type 2 neutrophilic inflammation. Blockade 
of TNF-α is highly effective in patients with the 
type 1-associated chronic inflammatory disease 
such as rheumatoid arthritis. In murine models 
inhalation of TNF-α contributes to neutrophilic 
inflammation and bronchial hyperresponsive-
ness [204]. Etanercept is a soluble recombinant 
dimer protein consisting of two human TNF-α 
receptors fused with the Fc domain of human 
IgG1 and showed clinical improvements in air-
way hyperresponsiveness measured by metha-
choline provocation test, quality of life scores, 
and lung function, ACQ scores, and reduction of 
the use of rescue medication in patients with 
steroid- refractory asthma [205, 206]. Infliximab 
is an anti-TNF-α mAb which was also studied in 
patients with non-phenotyped asthma. In patients 
with moderate asthma, infliximab treatment was 
associated with a decrease in diurnal peak expi-
ratory flow variation and decreased asthma exac-
erbations [207]. However, in a large-scale study 
in adults with uncontrolled severe persistent 
asthma using golimumab, the anti-TNF-α 
humanized mAb had no overall beneficial effects 
[208]. On the contrary, serious side effects asso-
ciated with golimumab were reported including 
an increased frequency of infections and malig-
nancies compared with placebo resulting in pre-
mature termination of this clinical trial. 
Therefore, current evidence suggests that the 
risk of anti-TNF-α therapies outweighs benefit 
in severe asthma.

6.4.2  Anti-interleukins: IL-17

IL-17A is one of the key players in neutrophilic 
airway inflammation using animal models of 
asthma induced by various allergen and stimuli 

[67, 209]. Additionally, a murine model of steroid- 
resistant neutrophilic asthma showed significant 
increases of IL-17A and murine IL-8 (CXCL8) 
homolog KC in lung tissues [64]. Indeed, elevated 
levels of IL-17A were found in the sputum and in 
BAL of patients with asthma, and many studies 
have confirmed these findings and demonstrated a 
positive correlation between IL-17A production 
and asthma severity [210–214].

Brodalumab is a human anti-IL- 17RA mono-
clonal antibody which blocks receptor binding of 
IL-17A and IL-17F but also blocks binding of the 
type 2-associated cytokine IL-17E/IL-25 [214]. 
Against many expectations, despite good results 
in preclinical studies, brodalumab had no effect 
on asthma control scores, symptom- free days, 
and FEV1 in non-phenotyped patients with inad-
equately controlled moderate-to-severe asthma 
who were receiving inhaled corticosteroid ther-
apy. Although a phenotyped subgroup showing a 
high bronchial reversibility exhibited a signifi-
cant improvement in ACQ score, the results had 
uncertain significance [215]. Thus, a follow-up 
phase IIb study focusing on this phenotype had 
been performed, but it was stopped because of a 
lack of reported efficacy in an interim analysis. 
There has been no further development of this 
antibody in asthma. Secukinumab (AIN457), an 
anti-IL-17 mAb that selectively neutralizes 
IL-17A, has been tested in phase II trials in asth-
matic subjects who are not adequately controlled 
with ICSs and long-acting b2-agonists 
(NCT01478360). This study also has been termi-
nated with no significant beneficial effects on 
patient group. Currently, it is hypothesized that 
these disappointing clinical results can be derived 
from the absence of selection based on an IL-17- 
or neutrophil-related criterion leading to the 
inclusion of many patients with Th2 high severe 
asthma in these trials who are less likely to 
respond to an IL-17-targeted therapy.

6.4.3  Inflammasome Inhibitor

NLRP3 inflammasome activation is critical for 
the induction of allergic airway inflammation in 
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bronchial asthma [216, 217], with increased 
understanding of how adaptive and innate 
 immunity generates downstream pathology of 
allergic inflammation [218]. Furthermore, recent 
interesting studies have revealed that steroid-
resistant neutrophilic asthmatic manifestations 
were significantly controlled by the NLRP3 
inflammasome activation, and the severe asth-
matic symptoms were dramatically attenuated by 
the blockade of IL-1β or inflammasome inhibitor, 
MCC950. Moreover, that increased NLRP3 and 
IL-1β sputum gene expression was strongly asso-
ciated with increasing asthma severity in humans, 
suggesting that the NLRP3 inflammasome is 
important in human disease as well [63, 219]. In 
fact, based on transcriptomic analysis with 
 sputum from patients with moderate-to-severe 
asthma, non-Th2 phenotypes of severe asthma 
included two transcriptome-associated clusters 
(TACs); one cluster is characterized by IFN-γ, 
TNF-α, and inflammasome-associated genes, 
and the other cluster is represented by genes of 
metabolic pathways, ubiquitination, and mito-
chondrial function [220]. To date, there is no 
interventional clinical data regarding targeting 
NLRP3 inflammasome in steroid-refractory 
severe asthma; however, it can be a very promis-
ing target for the control of severe asthma, espe-
cially non-eosinophilic type.

6.4.4  Chemokine Receptor 
Antagonists: CXCR2

CXCL8 is a chemokine involved in the chemoat-
traction and activation of neutrophils through the 
CXCR2 receptor. An oral CXCR1/CXCR2 antag-
onist, navarixin (SCH-527123), is effective in 
blocking ozone-induced sputum neutrophilia in 
healthy subjects, and it also reduced sputum neu-
trophilia in adults with severe asthma, with a mod-
est reduction in mild exacerbations, but did not 
improve asthma control [221, 222]. In addition, 
several CXCR2 receptor-targeting agents such as 
reparixin, AZD8309, SB656933, GSK1325756, 
and AZD5069 have developed and entered to clin-

ical trials for various inflammatory disorders 
including infectious airway inflammation [223].

6.5  Clinical Comorbidities-Based 
Therapeutic Modalities

6.5.1  Antifungal Agents: Allergic 
Bronchopulmonary 
Aspergillosis (ABPA) 
and Severe Asthma 
with Fungal Sensitization 
(SAFS)

SAFS and ABPA encompass two closely related 
subgroups of patients with severe allergic 
asthma. Pulmonary disease is due to pronounced 
host inflammatory responses to noninvasive sub-
clinical endobronchial infection with filamen-
tous fungi, usually Aspergillus fumigatus [224]. 
The use of antifungal agents including oral tri-
azoles and inhaled amphotericin B has been 
evaluated for the possibility as an add-on thera-
peutic modality in patient with ABPA or 
SAFS. First, several clinical trials suggest an 
anti- inflammatory benefit of itraconazole in 
ABPA in asthma patients, which may be due to a 
reduction in fungal burden or perhaps other non-
antimicrobial mechanisms [225–230]. Moreover, 
the use of azoles for ABPA in asthma patients 
was recommended by the Cochrane collabora-
tion [231, 232]. As for patients with SAFS, the 
effects of azoles have recently been tested clini-
cally. The therapeutic effects included improve-
ment of asthma symptom score and lung function 
and reduction of serum IgE levels [233]. 
Additionally, similar success in treating SAFS in 
children with itraconazole has also been reported 
[234, 235]. In addition, nebulized or inhaled for-
mulations of liposomal amphotericin B can be 
tried in order to reduce the risks of side effects 
including medication interactions. This is quite 
promising in the field if the risk does not out-
weigh the benefits. However, to date, the clinical 
results regarding the use of amphotericin B for 
patients with ABPA or SAFS are so limited. Two 
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recent reports have released about the nebulized 
use of amphotericin or liposomal amphotericin 
in patient with ABPA and cystic fibrosis result-
ing in favorable outcomes [236, 237], while 
there have been no  published reports of inhaled 
amphotericin use in SAFS.

6.5.2  Macrolides: Infections 
and Bronchiectasis

Studies have reported that some patients with 
severe asthma are chronically infected with atyp-
ical bacteria, such as Mycoplasma pneumoniae 
and Chlamydia pneumoniae [238]. However, the 
long-term treatment of macrolide, clarithromy-
cin, did not show any significant improvement of 
asthma control, and the clinical results regarding 
this issue remained to be controversial [239, 
240]. In terms of severe asthma combined with 
pulmonary structural disorders, it is very worthy 
to note that maintenance treatment with low-dose 
macrolides has been shown to reduce neutro-
philic inflammation in the airways of patients 
suffering from various chronic diseases, mainly 
cystic fibrosis (CF) and non-CF bronchiectasis 
[241]. In a randomized double-blind placebo- 
controlled trial, the treatment with low-dose 
azithromycin resulted in the significant reduction 
of exacerbation rate but not lower respiratory 
infections in the neutrophilic subgroup of asth-
matic patients [242]. To conclude the role of 
macrolide in severe asthma, more prospective tri-
als are needed.

6.5.3  Intranasal Spray 
and Intranasal Inhalation 
of Corticosteroids: Allergic 
Rhinitis (AR)

To date, there is limited information on the addi-
tional effects of intranasal corticosteroid treat-
ment as add-on modalities on asthma outcome of 
patients with severe asthma. A meta-analysis 
reported that intranasal corticosteroid medica-
tions significantly improve some asthma-specific 

outcome measures in patients suffering from 
both AR and asthma. However, there were no sig-
nificant changes in asthma outcomes with the 
addition of intranasal corticosteroid spray to 
orally inhaled corticosteroids. The therapeutic 
effect was most pronounced with intranasal corti-
costeroid sprays when patients were not on daily 
orally inhaled corticosteroids or when corticoste-
roid medications were inhaled through the nose 
into the lungs [243]. Prospective research is 
needed for the effective management of severe 
asthma with AR through the selection of ade-
quate inhaled technique or the dual inhaled 
therapy.

6.5.4  IFN-β: Viral Infection- 
Associated Asthma 
Exacerbation

Exacerbations of asthma are most commonly 
caused by respiratory viruses [244, 245] and are 
responsible for emergency department visits and 
considerable fatalities, especially in more severe 
disease [246–248]. Among various viruses, rhi-
noviruses are by far the most common cause of 
exacerbation. A great deal of research has 
hypothesized that this increased asthma suscepti-
bility is related to an impaired interferon (IFN) 
response to infection [249]. In fact, a previous 
study has revealed that when infected with rhino-
viruses, the asthmatic bronchial epithelium failed 
to mount an effective innate immune response 
involving IFN-β [250]. Intranasal administration 
of SNG001, recombinant IFN-β1a formulated as 
an aqueous solution starting with symptom onset, 
failed to significantly decrease the severity of 
exacerbation. However, analysis of the moderate- 
to- severe people with asthma suggested a benefi-
cial clinical effect of treatment presented as 
reduction in ACQ-6 score in patients treated with 
IFN-β [251]. A further powered phase II clinical 
trial focusing on more severe asthma patients has 
been recently completed and waits for the results 
(NCT02491684).

Figure 6.1 summarizes the content of this 
chapter.
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Non-pharmacologic Therapies 
for Severe Asthma

Yoon-Seok Chang

7.1  Education, Partnership, 
and Action Plan

It is always important to provide a proper educa-
tion and to build a partnership in the management 
of severe asthma. Clinical outcome could be very 
dependent on the education and the partnership 
in severe asthma.

Inhalers such as inhaled corticosteroids, long- 
acting beta2 agonists, long-acting muscarinic 
receptor antagonists, and short-acting beta2 ago-
nists are main treatment modalities of severe 
asthma. Inhalers are not like pills that patients sim-
ply swallow with water: they have to learn how to 
use inhalers properly. I had a patient who visited 
my clinic due to frequent admissions by exacer-
bated asthma. He had to visit the emergency room 
because of asthma exacerbation at least once a 
month for 4 months, which led to subsequent 
admissions for several days each time. After lis-
tening to his story, I investigated all the medica-
tions that he was taking at his first visit. 
Interestingly, he was taking a perfect list of medi-
cations for severe asthma: high-dose inhaled corti-

costeroid with a long-acting beta2 agonist, a 
long-acting muscarinic receptor antagonist, the-
ophylline, and a leukotriene receptor antagonist. I 
simply checked his inhaler technique, which 
revealed the secret of the frequent exacerbations. 
He totally did not know how to use the inhalers. 
After learning how to use inhalers properly, his life 
changed dramatically. He could avoid further 
emergency visits or admissions! There are many 
examples like this including cases in athletes who 
had to give up their career because of severe 
asthma despite of medications, which turned out 
that it was because of their poor inhaler technique 
or poor adhesion. Of course, after a proper educa-
tion and partnership, they could continue their lov-
ing sports with controlled asthma. It has been 
reported that many of asthma patients do not know 
how to use inhalers properly [1]. However, it is not 
just patients but also physicians. It has been 
reported that many general physicians do not know 
how to use inhalers properly, which addresses the 
importance of education on inhaler technique dur-
ing the medical trainee courses [2, 3].

It is also important for patients to get the idea 
that asthma is a chronic inflammatory disease of 
the airway. Patients easily understand the mean-
ing of “chronic disease” if you show the exam-
ples of chronic diseases such as diabetes mellitus 
or hypertension which need continued pharmaco-
logic and non-pharmacologic treatment for the 
management. Showing the figures or video clips 
of underlying inflammation in severe asthma may 
impress patients: patients would understand that 
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their symptoms of dyspnea and wheezing are not 
just caused by bronchospasm but also by chronic 
airway inflammation which is the target of 
inhaled corticosteroid. The patients should be 
aware that they must keep regular medications 
including inhaled corticosteroid even after their 
symptoms disappear. They must understand the 
concept of management steps in asthma [4–6]. 
Especially for severe asthma, adherence is very 
important in the management. Poor adherence or 
stopping medications is one of the leading causes 
of visiting the emergency room due to acute 
asthma exacerbation [7]. Physicians should be 
aware that the patients does not normally wish to 
take regular medications for long term. This is 
true even for some patients with definite symp-
toms. Environmental factors such as inhalant 
allergens, smoking, indoor and outdoor air pollu-
tions, and infections should also be considered in 
severe asthma patients (see next session). One of 
the key factors for successful education and part-
nership is education in self-management.

A written action plan is a very important strat-
egy in self-management and should be provided 
to patients with severe asthma. It includes the 
daily action plan and the action plan for acute 
exacerbation of asthma [4–6]. Action plan shows 
how to recognize the loss of control and the 
severity of asthma: most of action plans show 
green (good), yellow (mild to moderate), and red 
(severe) zone according to the symptoms and 
peak flow meter. For example, in green zone, 
action plans show that the patient should take 
long-term control medications every day and 
show instructions such as how to prepare exercise 
or things to avoid. If the patient has one or more 
of the symptoms such as wheezing, chest tight-
ness, cough, shortness of breath, waking up at 
night due to asthma symptoms, and the limitation 
of activities due to asthma symptoms or some 
decrease in peak flow, the action plans show that 
the patient is in yellow zone and show the instruc-
tions that the patient should take long-term con-
trol medicines and that the patient should increase 
or add some medicine within 1 h if the patient 
still has the symptoms or decreased peak flow. If 
the patient has urgent signs of severe asthma 

exacerbation (severe dyspnea, difficulty in walk-
ing or talking due to dyspnea, cyanosis, severely 
decreased peak flow (e.g. less than 50% of per-
sonal best), the action plans will present the 
warning signs and advise to take prescribed res-
cue medicines, to ask for immediate help, or to 
call 911.

Asthma is a common allergic disease with 
high socioeconomic burden: although the propor-
tion is small, severe asthma spends much more 
healthcare costs than mild to moderate asthma 
[8–10]. Education, partnership, and action plan 
are the key components of non-pharmacologic 
management in severe asthma. Suggested educa-
tional contents for severe asthma patients are 
summarized (Table 7.1).

7.2  Environmental Control

If asthma control is not achieved, it is always 
important to check the inhaler technique and 
adherence but also the environmental factors.

Inhalant allergens such as house dust mites, cat, 
dog, cockroach, fungi, and pollens can provoke 
acute exacerbations of asthma and contribute to 
the severity of asthma depending on the causative 
allergens of each patient. It is helpful to identify 
the causative allergens by skin prick test or the 
measurement of serum allergen-specific IgE, 
which should be interpreted with clinical correla-

Table 7.1 Suggested educational contents in severe 
asthma

Symptoms and signs of severe asthma
Prevalence of asthma and severe asthma
Socioeconomic burden of severe asthma
Cause and trigger factors
Mechanism and partnership: asthma is a chronic 
inflammatory airway disease
Avoidance: environmental control
Understanding the medications
How to use inhalers
How to exercise
Action plan according to symptoms and signs
Possible side effects
Comorbid conditions
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tion. In suspected cases, appropriate  measures 
could be considered to eliminate or reduce the 
exposure to the causative allergens. As studies of 
individual aeroallergen avoidance strategies show 
that single interventions have limited or no benefit, 
a multifaceted approach is more likely to be effec-
tive if it addresses all the indoor asthma triggers. 
For house dust mite, a Cochrane review showed 
that chemical and physical methods of reducing 
exposure to house dust mite allergens at home 
(including acaricides, mattress covers, vacuum 
cleaning, heating, ventilation, freezing, washing, 
air filtration, and ionizers) were ineffective [5, 11].

Occupational allergens such as isocyanate and 
reactive dyes can also contribute to the develop-
ment of severe asthma and should be evaluated in 
suspected cases [12–14]. Identification of the 
occupational asthma and the causative allergen is 
very important because early avoidance is 
strongly recommended.

Smoking can provoke acute asthma exacerba-
tion but also severe asthma. It has been reported 
that smoking can reduce the lung function early 
in asthma and the response to medications, par-
ticularly inhaled corticosteroid [15]. Stop smok-
ing and avoiding the exposure to smoking 
(passive smoking) are very important in the man-
agement of severe asthma.

Air pollution can provoke the aggravation of 
asthma. It has been reported that asthma-related 
morbidity and mortality could be increased due to 
air pollution [16, 17]. Particulate matter (PM), 
ozone (O3), nitrogen oxides (NOx), and SO2 are 
major outdoor air pollutants that contribute to 
increased susceptibility to respiratory infection 
[18, 19]. PM is a complex mixture of liquid drop-
lets and extremely small particles, composed of 
organic and inorganic compounds [20]. PM10 is a 
PM less than 10 μm in aerodynamic diameter, 
which can penetrate conducting airways PM2.5 is a 
PM less than 2.5 μm in aerodynamic diameter, 
which can penetrate into the gas- exchanging 
regions of the lung [20]. Sources of ambient PM 
include construction sites, smokestacks, fires, 
power plants, and automobiles; the main sources 
of indoor PM include ambient PM, tobacco 
smoke, cooking, and heating appliances. PM 

causes lung inflammation and mucous secretion 
by acting on airway epithelial cells and alveolar 
macrophages and may lead to airway remodeling 
[20]. Some Asian countries such as China, Korea, 
and Japan suffer from Asian sand dust which orig-
inates from desert area of Mongolia and North 
China and which induces acute exacerbation of 
asthma [21]. Smoking, combustion pollutants, 
and volatile organic compounds such as formal-
dehyde and phthalate are examples of important 
indoor air pollution [16, 17]. For the quality of 
indoor air, it is important to control the sources of 
pollutants, to ventilate frequently, to change filters 
regularly, and to adjust humidity around 50%.

Respiratory infection such as rhinovirus or influ-
enza infection is a major cause of asthma exacerba-
tion and also a leading cause of the emergency room 
visits for asthma patients [22]. Although the preven-
tion of respiratory infections is not always possible, 
washing hands is an important method of prevent-
ing the viral respiratory infection [23]. Influenza 
vaccination should be administered except the cases 
of hypersensitivity to the vaccine. Pneumococcal 
vaccination is also recommended [6].

7.3  Comorbid Conditions 
of Severe Asthma

Comorbid conditions may aggravate severe 
asthma by medications or by diseases them-
selves. Comorbid conditions may compromise 
treatment options as well. With the exceptions of 
some medications, the underlying mechanism of 
the relationship between comorbid conditions 
and severe asthma is still unclear.

Aspirin can exacerbate asthma in about 10% 
of asthma patients as a form of aspirin exacer-
bated respiratory disease (AERD) [24]. 
However, the prevalence of AERD increases in 
severe asthma up to 25% [25]. Physicians should 
be aware that aspirin or nonsteroidal anti-
inflammatory drugs (NSAIDs) can induce very 
severe asthma exacerbation which could lead to 
intensive care unit admission or more. Aspirin 
or NSAIDs should be avoided in AERD. 
Acetaminophen can be safely used in most of 
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the cases of AERD. Selective cyclooxygenase II 
inhibitors could be also considered as an alter-
native. But physicians should be always careful 
because a small portion of the patients may 
show hypersensitivity reactions even to acet-
aminophen or selective cyclooxygenase II 
inhibitors [26].

Beta-blocker, especially nonselective beta- 
blocker, should be avoided in severe asthma [27]. 
If necessary, selective beta1 blocker in low dose 
could be tried with caution. However, higher 
dose of selective beta1 blocker may lose the 
cardio- selectivity and may induce asthma exacer-
bation [27].

Upper airway diseases such as allergic rhi-
nitis or sinusitis commonly coexist with 
asthma, which led to the concept of “one air-
way, one disease.” Chronic rhinosinusitis is 
defined as an inflammatory condition in the 
nose and paranasal sinuses, characterized by 
nasal blockage or nasal discharge, in combina-
tion with facial pain/pressure or loss of smell, 
present for a period of at least 12 weeks [28]. 
Controlling rhinitis and/or sinusitis is impor-
tant in the management of severe asthma [28]. 
Nasal saline irrigation may be helpful in addi-
tion to the use of medications such as intrana-
sal steroid, antihistamine, and leukotriene 
receptor antagonist.

Gastroesophageal reflux disease may induce 
asthma symptoms. Avoidance of precipitating 
factors such as caffeine, smoking, grapefruit, and 
late-night eating is important as a life style modi-
fication. Medications such as proton pump inhib-
itors can control gastroesophageal reflux which 
may reduce the severity of asthma in some 
patients.

Weight reduction may improve asthma control 
as well as lung function, small airway dysfunc-
tion, and airway hyperresponsiveness [28–31]. It 
has been reported that severe asthma patients 
with obesity have more symptoms, lower lung 
function, and more frequent exacerbations. 
Obesity is also a risk factor of other comorbidi-
ties such as gastroesophageal reflux disease or 
obstructive sleep apnea syndrome that may 
aggravate asthma.

Obstructive sleep apnea syndrome is associ-
ated with poor asthma control [28, 32, 33] and is 
very common in severe asthma [34]. Treatment 
with continuous positive airway pressure may 
improve airway hyperresponsiveness, symptom 
scores, exacerbation rates, and lung function 
[35, 36].

Vocal cord dysfunction syndrome is caused 
by a paradoxical movement of the vocal cords, 
which induces resultant airflow limitation by the 
adduction of the vocal cords. The symptoms are 
throat tightness, stridor, hoarseness, wheezing, 
dyspnea, and cough, which may often lead to the 
misinterpretation of having severe asthma with 
frequent exacerbations and steroid resistance. 
Demonstration of paradoxical vocal cord move-
ment is the gold standard for the diagnosis. It has 
been reported that the prevalence of vocal cord 
dysfunction syndrome is 32–50% in difficult 
asthma [37, 38]. Although the evidence is lack-
ing, speech therapy that can relax vocal cords 
through various exercises may be helpful in the 
management of some severe asthma patients.

A proportion of patients with difficult asthma 
reports symptoms of anxiety and depression [39, 
40]. It has been reported that anxiety, depression, 
and insomnia were associated with poor asthma 
control [41]. Although there is some limited evi-
dence only, psychoeducational interventions may 
be helpful in the management of severe asthma 
with anxiety or depression.

7.4  Other Non-pharmacologic 
Therapies

Breathing exercise program (including 
physiotherapist- taught methods such as the 
Papworth method and the Buteyko method) could 
be offered to people with asthma as an adjuvant 
to pharmacological treatment to improve quality 
of life and reduce symptoms [5]. However, the 
evidence is limited in severe asthma.

Fish oils/lipids with n-3-polyunsaturated fatty 
acid, antioxidants, probiotics, acupuncture, air 
ionizers, and homeopathy show lack of evidence 
and are not recommended [5].
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7.5  Future Directions

Non-pharmacological management of severe 
asthma consists of education, partnership, action 
plan, the environmental control, and the man-
agement of comorbid conditions as previously 
described. We are living in the era of informa-
tion and communication technology such as 
smartphones, tablets, applications, website, 
social network services, computing power, and 
artificial intelligence. Future directions of non- 
pharmacological management of severe asthma 
are related with the advance in technology.

Smartphone and its applications could be the 
key components in the management of severe 
asthma using technology. Although severe 
asthma could be aggravated anytime and any-
place according to the trigger factors, one cannot 
carry the written action plan all the time. However, 
smartphone is different. We bring smartphone 
almost everywhere and during almost all the 
time. Although the evidence is limited, some 
studies using smartphone applications on asthma 
management showed the possibility of increasing 
the adherence and improving quality of life, and 
of reducing systemic steroid administrations and 
the emergency room visits [42, 43]. Another 
study showed the possibility of monitoring severe 
asthma with geolocation and air quality [44].

There are many websites that provide useful 
information on asthma including the validated 
educational materials such as PDF files of leaf-
let, e-books, video clips (lecture, interview, how 
to use inhalers, and so on), and information on 
air conditions such as weather, pollen counts, 
and air pollution [45–47]. One problem of using 
websites is that patients should gain access to the 
website in order to acquire the materials or the 
information. This problem can be solved through 
using social network services such as Facebook, 
Twitter, Google+, etc. We can send these useful 
information via the social network services mas-
sively but specifically to the targeted users [45].

Recently studies on “Asthma Index” which pre-
dicts the possibility of asthma exacerbation have 
been published [48]. The Asthma Index was devel-
oped with monitoring asthma exacerbation and 

possible risk factors such as temperature, common 
cold, air pollution, pollen counts, and so on.

Smartphone can be a platform of almost 
everything: education, information, partnership, 
and action plan. Smartphone applications that 
contain useful educational materials, information 
on the environment such as air conditions, the 
electronic diary on asthma that is very useful in 
communication and partnership with physicians, 
and the self- management action plans have been 
developed [45].

Comorbid conditions, not only disease but 
drug utilization, could be managed by informa-
tion technology. For example, in case of aspirin 
or NSAIDs hypersensitivity, automatic alert can 
be delivered by electronic surveillance in elec-
tronic medical record system or by drug utiliza-
tion review.

So far, the self-management plan on smart-
phone applications is based on the written action 
plan algorithm according to the management 
guidelines. Recently AlphaGo from Alphabet 
Inc.’s Google DeepMind became very famous 
after defeating the human world champions of Go 
[49], and IBM Watson became very famous after 
winning at the Jeopardy quiz show. Artificial 
intelligence is being studied for healthcare utiliza-
tion. IBM Watson is now available for supporting 
the decision in the management of cancer [50]. In 
the near future, advance in technology may bring 
us in the era of managing severe asthma with arti-
ficial intelligence which may evaluate the patient’s 
personal data including symptoms, signs, and 
comorbid conditions, as well as big data such as 
environmental risk factors simultaneously and 
constantly, and suggest action plans accordingly.

In conclusion, education, partnership, action 
plan, environmental control, management of 
comorbid conditions, and information technol-
ogy are the essential components of non- 
pharmacological management in severe asthma 
(Fig. 7.1). Pharmacologic treatment is always 
important in severe asthma. However, physicians 
should be aware of the importance of non- 
pharmacological management as well. This 
would improve the clinical outcomes of severe 
asthma.
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