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Abstract: Severe asthma or therapy-resistant asthma in children is a heterogeneous disease
that affects all age-groups. Given its heterogeneity, precision in diagnosis and treatment has
become imperative, in order to achieve better outcomes. If one is thus able to identify specific
patient phenotypes and endotypes using the appropriate biomarkers, it will assist in providing
the patient with more personalized and appropriate treatment. However, there appears to be a
huge diagnostic gap in severe asthma, as there is no single test yet that accurately determines
disease phenotype. In this paper, we review the published literature on some of these biomark-
ers and their possible role in bridging this diagnostic gap. We also highlight the cellular and
molecular mechanisms involved in severe asthma, in order to show the basis for the novel
biomarkers. Some markers useful for monitoring therapy and assessing airway remodeling in
the disease are also discussed. A review of the literature was conducted with PubMed to gather
baseline data on the subject. The literature search extended to articles published within the last
40 years. Although biomarkers specific to different severe asthma phenotypes have been identi-
fied, progress in their utility remains slow, because of several disease mechanisms, the variation
of biomarkers at different levels of inflammation, changes in relying on one test over time (eg,
from sputum eosinophilia to blood eosinophilia), and the degree of invasive tests required to
collect biomarkers, which limits their applicability in clinical settings. In conclusion, several
biomarkers remain useful in recognizing various asthma phenotypes. However, due to disease
heterogeneity, identification and utilization of ideal and defined biomarkers in severe asthma
are still inconclusive. The development of novel serum/sputum-based biomarker panels with
enhanced sensitivity and specificity may lead to prompt diagnosis of the disease in the future.
Keywords: therapy-resistant asthma, heterogeneous respiratory disorder, phenotypes, diag-
nostic markers

Introduction

Bronchial asthma is a chronic inflammatory disease characterized by bronchial hyper-
reactivity, reversible airway obstruction, and excessive mucus production that arises
from an inappropriate stimulation of the immune system, especially by environmental
aeroallergens.!? Bronchial asthma more closely resembles a complex of clinical dis-
eases than a single condition. Within the past few years, it has emerged as the most
common incommunicable respiratory disease affecting children worldwide.? Its genetic
basis is well established,? although nongenetic (nonatopic) forms are also recognized,
especially in adult subjects.* Asthma is further distinguished by multiple phenotypes,
which may differ based on age of onset, trigger factors, and patterns of severity, as
reflected by variably reversible loss of pulmonary function.’
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Severe asthma, which occurs in all age-groups, is a clini-
cally and etiologically heterogeneous respiratory disorder that
affects about 5%—10% of patients with bronchial asthma.é
It is associated with reduced quality of life, with substantial
impact on health-care expenditure.” Severe asthma refers to
“asthma which requires treatment with high-dose inhaled
corticosteroids . . . plus a second controller (and/or systemic
corticosteroids) to prevent it from becoming ‘uncontrolled’
or which remains ‘uncontrolled’ despite this therapy.”** How-
ever, there exists an age-specific variation in the definition of
high-dose inhaled corticosteroids (ICSs) for children aged
<6 years, 6-12 years, and >12 years.*

Severe asthma, which is now considered a global chal-
lenge, consists of multiple phenotypes, such as the inflam-
matory phenotypes that include severe allergic asthma,
eosinophilic asthma, and neutrophilic asthma. This may imply
that identifying patients according to phenotypes based on
observable clinical characteristics can provide targeted treat-
ment options. Studies are thus beginning to define phenotypic
biomarkers, while phenotype-targeted biological therapies
are increasingly showing efficacy in the management of
severe asthma.?

Given its heterogeneity, precision in diagnosis and treat-
ment has become imperative to achieve a better outcome. If
one is thus able to identify specific patient phenotypes and
endotypes (biologically distinct groups) using the appropriate
biomarkers, it will assist in providing the patient with more
personalized and appropriate treatment.

Obviously, there appears to be a huge diagnostic gap in
severe asthma, as there is no single test yet that accurately
determines disease phenotype. There is also a shift in the
value of assessment of one single biomarker to a combina-
tion of various markers, considering the heterogeneity of
the disease spectrum. Although biomarkers that are specific
to different severe asthma phenotypes have been identified,
progress in their utility remains slow, because of several dis-
ease mechanisms: variation in biomarkers at different levels
of inflammation, the change in relying on one test over time
(eg, from sputum eosinophilia to blood eosinophilia), and the
degree of invasive tests required to collect these biomarkers,
which limits their applicability in clinical settings.®!

This paper reviews the published literature on some of
these novel biomarkers and their possible role in bridging the
diagnostic gap in severe asthma. The cellular and molecular
mechanisms involved in the disease are also highlighted, in
order to establish the basis for these markers. Some markers
useful for monitoring therapy and assessing airway remodel-
ing in the disease are also discussed.

Literature search: strategy and

outcome

In line with the review objectives, a combination of search
terms was used to gather articles from the PubMed database
between January and July 2017. Articles published within the
last 40 years were included. The search terms “severe asthma
and biomarkers” yielded 754 publications, “severe asthma
phenotypes and biomarkers” gave 231 publications, “severe
asthma phenotypes in children and biomarkers” yielded
56, “severe asthma and molecular mechanisms” gave 198,
and “severe asthma and cellular mechanisms” yielded 507
publications. However, several studies were either duplicated
or failed to meet the review objectives. After exclusion of
these publications, 256 articles formed the list from which
original and review articles were selected for the current
narrative review.

Molecular and cellular mechanisms
involved in severe asthma
phenotypes

Several published reports have suggested that severe asthma
phenotypes are closely linked to genetic factors, age of asthma
onset, duration of disease, flare ups, comorbid sinus disease,
and inflammatory characteristics.!'!* Initial evaluations of
patients with asthma using bronchoalveolar lavage and endo-
bronchial biopsies revealed distinct inflammatory subtypes.®
Following the concept of molecular phenotyping, molecular
pathways have been linked to clinical and physiological
characteristics of the disease.'® Subsequently, molecular and
cellular mechanisms have been described for different disease
phenotypes. The asthma phenotype was predominantly eosin-
ophilic in children with acute asthma (about 50% of cases),
but neutrophilic in adults with acute asthma (about 82%);
paucigranulocytic asthma was the most common phenotype
in both adults and children with stable asthma.!” Nevertheless,
for severe asthma, the recognized inflammatory phenotypes
are eosinophilic, noneosinophilic and paucigranulocytic
asthma (see Table 1).!® The identification of these phenotypes
has propelled the search for novel biomarkers to help in patient
classification, targeting therapies, and predicting different
mechanisms of disease pathogenesis. "’

Studies based on bronchoalveolar lavage and endobron-
chial biopsies conducted in children have shown that inflam-
mation and remodeling, especially of the epithelium and
distal airways, constitute the hallmarks of the pathobiology
of severe asthma.?® Characteristically, airway remodeling
is associated with local matrix deposition, vascularization,
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Table | Phenotypes of uncontrolled severe asthma

Examples
Clinical o Asthma with frequent severe exacerbations
phenotypes o Asthma with fixed airflow obstruction
e Corticosteroid-dependent asthma
Inflammatory o Persistent severe eosinophilic asthma
phenotypes ¢ Noneosinophilic severe asthma with increased
neutrophils

e Severe paucigranulocytic asthma

Note: Adapted with permission from Campo P, Rodriguez F, Sanchez-Garcia S,
et al. Phenotypes and endotypes of uncontrolled severe asthma: new treatments. |
Investig Allergol Clin Immunol. 2013;23:76-88.'®

epithelial hyperplasia, and changes in the submucosa, such
as hyperplasia of smooth-muscle cells and proliferation of
fibroblasts.?!

Severe asthma is characterized by neutrophilic inflam-
mation (neutrophilic asthma). This phenotype can occur in
both the presence of eosinophilic inflammation or absence
of it (severe noneosinophilic asthma with increased neutro-
phils).!®?2 Neutrophilic inflammation is induced by type 2
T-helper (T ,2) cells.?>* Two distinct endotypes are currently
recognized — T 2-high (T, 2-positive) and T, 2-low asthma
— based on expression levels of genes encoding I1L13, ILS,
and IL4, cytokine expression, and responsiveness to ICSs.'
In addition, recruitment of neutrophils can also be medi-
ated by T 17 cells, which have been implicated in asthma
pathogenesis, particularly in asthmatics who fail to respond
to CS therapy and exhibit airway hyperresponsiveness and
decreased posttherapeutic improvement in airflow limitation
or forced expiratory volume in 1 second.?** In children with
the phenotype of severe noneosinophilic asthma character-
ized by increased neutrophils, neutrophilic inflammation may
result from comorbidities, such as bronchiolitis obliterans.!®
Other molecular mechanisms that contribute to neutrophil
recruitment in the airways and thus neutrophilic airway
inflammation include the action of reactive oxygen species,?
the effect of the imbalance between RAGE and its soluble
forms,?” and the role of DAMS.2%%

Secondly, severe asthma has also been characterized by
eosinophilic recruitment (eosinophilic asthma), and included
in the mechanism are mucus plugging and epithelial denu-
dation in the large-airway wall and lumen. It is associated
with increased expression of TGFP and reticular basement
membrane (RBM) thickness.!! The RBM is formed by the
fusion of alveolar basal lamina and pulmonary capillaries,
and constitutes the interface for oxygen and carbon diox-
ide diffusion. Active recruitment of eosinophils is largely
mediated by proteins secreted by the epithelia: the most
potent chemoattractant for eosinophils being eotaxin 1

(CCL11), which is responsible for 80% of TGFf expres-
sion in asthma.’0-32

The other subphenotype (severe paucigranulocytic
asthma) has a poorly understood mechanism and is better
described for adult populations.®® Its inflammation may be
localized to the distal airways only, where it is difficult to
obtain biopsy specimens for further analysis. It has been
described as having no thickening of the subepithelial BM
and lacking the classic inflammation with activation of other
cell types.'® Airway remodeling is an important mechanism in
severe asthma. The phenotype with fixed airway obstruction
resulting from airway remodeling has been highlighted as one
of the key features of many severe asthmatics.

In highlighting the role of distal lung inflammation and
remodeling in the disease, some investigators have reported
that rennin-positive mast cells are increased in the distal
airways of patients compared with a normal autopsied distal
lung.** Furthermore, inflammation and remodeling appear to
differ between the proximal and distal lung, as another study
had reported that fibroblasts (FGF2) from the distal lung
proliferated more rapidly at baseline and in response to TGF[3
than those from the proximal airway.** Galectin 3 has been
recognized as a marker of airway remodeling, while it is now
known that the gene-regulating molecule IRF4 also plays a
key role in the development of T,9 lymphocytes, which are
mainly implicated in the development of this chronic inflam-
matory airway disease.*

Research findings have further revealed that the assess-
ment of by-products of oxidative stress is a novel way to moni-
tor disease severity, a concept applicable to severe asthma in
terms of biomarkers. Protein—S-glutathionylation is an oxida-
tive modification of reactive cysteines that has emerged as an
important player in pathophysiological processes, and it has
been shown that genetic ablation of glutaredoxin 1 enhances
the resolution of airway hyperresponsiveness and mucus
metaplasia in mice with allergic airway disease.”” Glutare-
doxin 1/S-glutathionylation redox status in mice has thus been
noted as a critical regulator of airway hyperresponsiveness,
suggesting that avenues to increase S-glutathionylation of
specific target proteins may be beneficial to attenuate airway
hyperresponsiveness.*® Monitoring glutaredoxin 1 protein
levels in sputum may thus be an important biomarker for
assessing therapy in paucigranulocytic severe asthma. Despite
myriad potential biomarkers in severe asthma, they can still
be grouped as predictors of airway remodeling, epithelium-
derived biomarkers, tissue-associated biomarkers, biomarkers
of mixed origin (epithelium- and tissue-associated markers),
and exhaled breath condensate (EBC), as shown in Table 2.
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Table 2 Novel biomarkers for diagnostic purposes in severe asthma®

Examples of novel biomarkers

Potential samples

Tissue-associated biomarkers Neutrophil count
TLR2®

TLR4®

IL8RB (CXCR2)*
Eosinophil count
Galectin 3¢
Leukotrienes?
CXCL4¢

CCL5 (RANTES)?
Periostin

MMPs

Fibrinogen
Epithelium- and tissue-associated (mixed ILIB

origin) biomarkers

Epithelium-derived biomarkers

Osteopontin
VEGF

YKL40

Eotaxin | (CCLI1)
LTB

4

LXA

4
Nitric oxide

Exhaled breath condensate

Fractional exhaled nitric oxide

Sputum

Sputum

Sputum

Sputum

Sputum, blood

Sputum

Sputum

Sputum

Sputum

Sputum, blood, BALF, BB, nasal secretions/cells
Sputum, blood, BALF, BB, nasal secretions/cells
Sputum, blood

Sputum, blood, BALF, BB

Sputum, blood, BALF, BB

Sputum, blood, BALF, BB

Sputum, blood, BALF, BB

Exhaled breath

Exhaled breath

Notes: *From easily accessible body fluids; "surface markers of neutrophils; ‘eosinophil-surface marker; “platelet-derived mediators.
Abbreviations: LT, leukotriene; LX, lipoxin; BALF, bronchoalveolar lavage fluid; BB, bronchial biopsy.

Novel biomarkers in severe asthma
Reliable markers in severe asthma in children are predicated
upon the prospect of using noninvasive and inexpensive meth-
ods to obtain and estimate ideal biomarkers for identifying
either clinical phenotypes or treatment-response phenotypes,
evaluating changes in disease activity, or confirming a
diagnosis.® These biomarkers, which are useful for diagnos-
tic purposes, may be obtained from blood, bronchoalveolar
lavage, bronchial biopsies, induced sputum, and EB (eg,
such gases as fractional exhaled nitric oxide [FE, ] and
EBC) (Table 2). Induced sputum and EB are noninvasive
lower-airway sampling techniques that are easily applicable
in children. Gases in EB and other molecules in EBC also
stand out as biomarkers of disease. Biomarkers that are found
in more easily accessible samples in the pediatric population
are summarized in the following sections.

Tissue-associated biomarkers

Basophils, eosinophils, and neutrophils are considered fun-
damental effector cells that infiltrate the asthmatic airway in
conjunction with platelets.* Sputum neutrophil percentages
are highly reproducible in patients with moderate—severe
asthma, and can be used to evaluate novel anti-inflamma-
tory therapies; expectedly, targeting neutrophils has been
suggested as a therapeutic option for these patients.**4!
Although neutrophilic inflammation has been established
as a common occurrence in severe asthma, the use of this

specific biomarker in confirming severe asthma is not yet
a standard practice, as the functional role of these cells in
disease progression remains unclear. Nevertheless, several
novel surface biomarkers of neutrophils have been reported
as predictors of established disease and airway remodel-
ing (Table 2). Some of these surface markers are CD11b,
CD62L, CD274,* CD35,% CD14, TLR2, TLR4,* CXCR2,
and IL8RP.* Some of the more easily accessible ones have
also been highlighted in Table 2.

As shown in Table 2, eosinophils and their many surface
biomarkers have similar roles in severe asthma. They are quite
numerous, but a few examples with direct correlation are
worthy of note: C3AR,* CD13,* CD25,* CD29,* CD32,%
CD44/HCAM,’" and galectin 3.°? Similarly, multiple media-
tors derived from platelets, such as leukotrienes, CXCL4,
B-thromboglobulin, CCL5, RANTES, thromboxane, and
serotonin, have also been reported as potential markers.*-3-%
These mediators are directly correlated with severe asthma,
and thus CXCL4 may specifically serve as a disease bio-
marker for severe asthma.”® Despite the use of eosinophil
count in induced sputum as the method of choice to assess
eosinophilic lung inflammation (possibly making it a reliable
biomarker of airway inflammation),>” the current recom-
mendation is rather in favor of utilizing blood eosinophils
as biomarkers, as this could help to personalize asthma
management in patients with severe allergic asthma.® In
fact, some investigators have shown a relationship between
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blood eosinophil counts (but not sputum eosinophilia) and
response to an asthma medication.®® Nevertheless, asthma
severity might be linked to a relationship between TGF[3
expression and the presence of submucosal eosinophils.¢
This is supported by the observation of eosinophilic expres-
sion of TGF 3, isoforms in severe allergic asthma, where this
cytokine promotes fibrotic responses and modulates mucin
production.®’ Other tissue-associated biomarkers that have
equally been reported as predictors of disease and airway
remodeling are CRP ECP® IFNa,* IFNY,% TNFo.,* IL2,
IL4, IL18, and 1122656769

Epithelium-derived biomarkers

Again, several studies have reported the potential role of some
epithelium-derived biomarkers in severe asthma, especially
due to the relative ease of obtaining samples from the respi-
ratory epithelium. Prominent among them are periostin,’®”!
fibrinogen,”” MMPs,”>7¢ eotaxins,” and TIMPs™ (Table 2).
Specifically, periostin has attracted much scientific interest
and elucidation with respect to its role in allergic asthma.”®80
It is secreted in bronchial epithelial cells and lung fibroblasts
following induction by IL4 and IL13, and its expression is
directly related to RBM thickness.®"# Periostin is essentially
involved in amplifying and maintaining chronic inflamma-
tion arising from allergic diseases,* as well as initiating the
process of subepithelial fibrosis in bronchial asthma.’' Serum
periostin, which is a good marker of eosinophilic asthma, is
considered a promising biomarker in severe asthma, because
of its easy movement from inflamed tissues to blood circula-
tion, making its serum levels a reflection of its local produc-
tion in lesions induced by T,2-type immunoresponses.*>*
(Table 2).

Epithelium- and tissue-associated

biomarkers (biomarkers of mixed origin)

Several of these biomarkers have been reported, but the fol-
lowing are highlighted: IL1(, osteopontin,® TGE?® VEGE,”
and YKL40 (CHI3L1)*! (Table 2). Osteopontin is a cytokine,
originally described as a structural component of the extra-
cellular matrix, which is capable of binding to proteins and
most types of collagen.”? This biomarker is produced by most
cells of the immune system, including T cells, B cells, mac-
rophages, neutrophils, eosinophils, natural killer cells, and
mast cells, as well as structural cells, including fibroblasts and
smooth-muscle and epithelial cells.”® In the study that aimed
to estimate osteopontin levels in the serum, bronchoalveolar
lavage fluid, and bronchial tissue of healthy controls and asth-
matics, serum and bronchoalveolar lavage-fluid levels were

significantly elevated in all asthmatics in the steady state,
whereas serum levels decreased during exacerbations.®® In
addition, osteopontin was upregulated in the bronchial tissue
of all patients, and expressed by epithelial, airway, and vascu-
lar smooth-muscle cells, myofibroblasts, T lymphocytes, and
mast cells, and its expression correlated with RBM thickness
and was more prominent in subepithelial inflammatory cells
in severe asthma compared to mild—moderate asthma.®®
YKLA40 is a chitinase-like protein that regulates the
formation of collagen fibrils and increases smooth-muscle
proliferation.** It has also been linked with asthma and airway
remodeling.” In fact, some authors have suggested that this
biomarker with biological plausibility for airway remodel-
ing (when corrected for genotype) differentiates severe
treatment-resistant asthma from controlled persistent asthma
and correlates well with other markers for asthma control.”!
VEGF is highly expressed in the airway of patients with
bronchial asthma, and as it increases airway vascular perme-
ability, the resultant thickening of the airway-wall mucosa
may result in narrowing of the airway lumen. This finding has
been corroborated by investigators who noted that the VEGF
levels in induced sputum were not only increased in asthmatic
subjects but were also associated with the degree of airway
narrowing and airway vascular permeability®® (Table 2).

Exhaled breath condensate

EB mainly contains aerosolized, involatile particles of fluid
from airway lining, water-vapor condensation, inorganic
(O,,N,) and organic (CO,) atmospheric volatile water-soluble
gases, and endogenous and exogenous volatile organic com-
pounds.®® EBC is obtained after condensation of EB with a
commercially available refrigerating device based on Ameri-
can Thoracic Society/European Respiratory Society guide-
lines.”” Generally, it has been documented that the following
molecules in EBC are elevated in severe asthma: leukotrienes,
lipoxins, arachidonic acid metabolites, nitrogen oxides and
related products, cytokines, ammonia, oxidative stress mark-
ers, hydrogen peroxide, and adenosine.® Interestingly, few
studies that have evaluated and compared its composition in
patients with severe asthma and their healthy counterparts
show dissimilarities. For example, some authors reported that
such eicosanoids as proinflammatory leukotriene LTB4 and
anti-inflammatory LXA4 were elevated in asthmatics when
compared to healthy subjects, while the LXA4:LTB4 ratio
decreased remarkably in EBC in correlation with asthma
severity.” In addition, eotaxin 1 (CCL11) has been evalu-
ated in EBC (among other specimens like blood, sputum
and bronchoalveolar lavage fluid) and has been proposed as
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a tool for assessment of asthma severity.” Although collec-
tion of EBC is a procedure potentially influenced by several
endogenous and exogenous factors, its analysis may thus
emerge as a promising, safe, and noninvasive method for
monitoring severe asthmatics on treatment.®’

Fractional exhaled nitric oxide

FE,, levels in the respiratory tract are mainly determined by
epithelial inducible nitric oxide synthase.!®® Measurement of
nitric oxide concentration in EB is a quantitative, noninvasive,
simple, and safe method to evaluate airway inflammation,
to monitor responsiveness to ICS therapy in adults, and to
predict asthma-control status in children.!?!? Other studies
conducted in adults have also shown that FE | levels correlate
more with asthma control than disease severity.!%!* Given
the markedly hyperplastic bronchial mucosa, susceptibility
of the epithelium to destruction, and flaking and detachment
from the RBM seen in severe asthma, FE,  levels may be
underrepresented.'” Because of this limitation, elevated
FE,,, values are not considered an effective biomarker in the
management of severe asthma, but rather as a marker of T,;2
inflammation and atopy.?

Conclusion

The identification and utilization of ideal and defined bio-
markers in severe asthma remains inconclusive. Apart from
disease heterogeneity, the reasons for this include the diverse
and overlapping biological aspects of each prospective bio-
marker, its changing concentrations depending on disease
pathobiology, and methods of sample collection/evaluation,
as well as the invasiveness of sampling techniques that
need specific tools and skills. In children, the challenge of
sampling has been circumvented by the use of less invasive
methods of sample collection. Therefore, the development of
novel serum/sputum-based biomarker panels with enhanced
sensitivity and specificity may lead to prompt diagnosis of
severe asthma in future.
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