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Asthma is a chronic inflammatory disease of the airways, resulting in bronchial hyperresponsivenesswith every allergen exposure. It
is now clear that asthma is not a single disease, but rather amultifaceted syndrome that results froma variety of biologicmechanisms.
Asthma is further problematic given that the disease consists of many variants, each with its own etiologic and pathophysiologic
factors, including different cellular responses and inflammatory phenotypes. These facets make the rapid and accurate diagnosis
(not to mention treatments) of asthma extremely difficult. Protein biomarkers can serve as powerful detection tools in both clinical
and basic research applications. Recent endeavors frombiomedical researchers have developed technical platforms, such as cytokine
antibody arrays, that have been employed and used to further the global analysis of asthma biomarker studies. In this review, we
discuss potential asthma biomarkers involved in the pathophysiologic process and eventual pathogenesis of asthma, how these
biomarkers are being utilized, and how further testing methods might help improve the diagnosis and treatment strain that current
asthma patients suffer.

1. Introduction

1.1. Asthma. Asthma is an increasingly prevalent chronic
disease of the conducting airways, affecting the lives of more
than 300 million individuals worldwide. Common asthma
symptoms include mucus overproduction, episodic airway
obstruction, bronchial hyperreactivity (BHR), and reduced
lung function.The disease has higher prevalence in wealthier
communities compared to more impoverished areas, with 8–
10% of adults and children being affected. This high disease
prevalence leads to considerable morbidity and also causes
significant economic burden on the affected families [1, 2].
This increased economic burden is estimated to cost more
than $18 billion dollars annually in the US alone with regard
to both direct medical bills and indirect productivity losses
[3]. Given current trends in disease development, asthma

could affect over 400 million people by 2025 if no further
interventions are developed [1, 2].

Traditionally asthma is divided into two phenotypes
based on the potential disease trigger, allergic asthma, or non-
allergic asthma. Children are predominantly affected by
allergic (extrinsic) asthma, while roughly 50% of adults have
allergic asthma. Allergic asthma is typically characterized by
high serum levels of IgE and predominantly type 2 CD4+
helper T cell (Th2) response [4]. This type of asthma begins
generally with itching, shortness of breath, and inflammation
of the lungs, often leading to rhinitis and worse asthma
symptoms over the course of many allergen exposures [5].
Instead, nonallergic (intrinsic) asthma often arises later in life
and is not generally associated with high levels of antiallergen
IgE. Intrinsic asthma is more associated with disease or stress
factors like obesity, anxiety, strenuous exercise, and even cold
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air. Given the noninflammatory nature of nonallergic asthma,
it is generally much more difficult to treat, as steroids and
other common therapies are not as effective as they are with
asthma caused by environmental and immunological triggers
[6].

Recent work over the last two decades has given the
community increased understanding of the pathophysiolog-
ical nature of asthma, leading to better classification of the
disease into groups called endotypes [7]. These endotypes
are characterized bymultiple disease related factors including
the clinical nature of disease, genetic susceptibility, environ-
mental risk factors, and the age of disease onset [6]. The
heterogeneity of asthma is therefore increasingly suggesting
that asthma itself is more of a syndrome, rather than a single
disease [8]. This heterogeneous disease type, however, makes
early and accurate diagnosis of asthma increasingly difficult.
Currently, the main means of disease confirmation relies on
tests of overall pulmonary function (spirometry), yet this
method is limited as there is a high degree of variability
in the extent of airway obstruction within patient groups.
Furthermore, measurements of lung function can reflect the
pathological seriousness of disease but may not correspond
precisely with different disease endotypes, creating only a
partial snapshot of the patient’s disease.

Treatment for asthma generally consists of systemic
steroids, a method that has been employed for over 30 years.
However, not all asthmatics respond to this generalized treat-
ment, further highlighting the nature of such a heterogeneous
disease. When considering the high cost and undesired side
effects of steroidal therapies, there is a need for better endo-
type screening that affords better targeted treatments with
more improved patient outcomes [9, 10]. Protein biomarkers
have recently been explored and discovered for a number of
diseases, and these markers have great advantages in clinical
diagnoses, disease progression prediction, and personalized
treatment. Given that these markers are often isolated and
detected fromnoninvasivemeans (serum, plasma, urine, etc.)
which limit the need for costly operations or surgeries, they
could be performed alongside more historical tests providing
more complete diagnostic profile of the patient. In fact, many
biomarkers are already in use for the diagnosis and treatment
of cardiovascular disease and certain cancers, as well as other
complex disease states. With the progress the community has
made over the past 25 years in understanding the cellular
and molecular mechanisms of asthma disease, more asthma
biomarkers could be just around the corner.

1.2. Biomarker. As with most diseases, the early, rapid,
and accurate assessment of a patient’s condition drastically
improves long-term prognosis and/or survival. In order to
provide a more accurate assessment of an individual’s dis-
ease condition/state, a comprehensive and accurate medical
diagnosis is needed, and asthma is no different. Such a
specific diagnostic test for asthma should allow for a more
accurately defined disease phenotype, with the ultimate goal
of leading to more targeted therapies and accurate prognosis.
With this goal in mind, biomarkers, defined as measurable
indicators that can define a biological state such as a disease,

infection, or environmental exposure, have attracted huge
attention in both basic research and clinical studies.There are
many types of biomarkers for a variety of disease pathways,
some of which are even accepted by the medical community
as standard means of disease detection. Other potential
biomarkers, like microRNAs, are rapidly emerging as pow-
erful markers for disease biology [11, 12]. Currently published
biomarkers includemicroRNAs, small biologicalmetabolites,
presence/absence of cellular populations, or levels of various
molecules or enzymes within a known sample.

Given their constant variation during disease develop-
ment and progression, proteins provide a rich potential bio-
marker pool for disease identification [13]. Proteins can even
provide multiple levels of disease information as they can
be differentially expressed and processed during different
disease states. By measuring changes in protein levels during
any biological state, we can directly compare healthy states
to various disease states, gathering a wealth of information
on how these proteins change over the course of disease.
This unique insight can showwhether increased or decreased
expression levels are present or whether there is a deviation
of the norm which might indicate a divergence in the
patient’s condition. For example, C reactive protein (CRP) is
a particularly valuable biomarker of inflammation which is
overexpressed during inflammatory responses caused by an
infection, by autoimmune diseases like lupus and RA, or in
some cancers [14].

Secondly, differential protein processing, like changes to
protein folding or protein glycosylation, can deviate from
normal posttranslational modifications during disease. Tau
aggregation into paired helical filaments in Alzheimer’s dis-
ease (AD) and other tauopathies is associated with increased
Tau protein phosphorylation in the brain [15]. Similarly,
the development of antibodies to self-proteins, as seen with
autoantibodies against rheumatoid factor (RF) in RA, can
be another molecule to identify disease development and
progression. Each of these can serve or have served as
valuable markers of disease states and highlight the unique
insight that proteins can provide to biological pathways and
for diagnostic purposes.

The application of biomarkers is not applicable solely to
the clinical diagnostic and prognostic fields but is also of
great interest to the basic biology of disease, as these markers
can also serve to evaluate drug toxicity and efficacy. Through
2012, the FDA has approved 23 protein tumor biomarkers
for clinical use, of which 9 are used in different tumor diag-
nosis, 6 are for monitoring disease progression, and 5 are
for prediction of response to therapies. 24 biomarkers were
approved in 2007 for drug evaluation and research, including
various effects related to toxicity and therapeutic effect
(http://www.fda.org/). Biomarker approval has slowed in
recent years, however, even while preclinical research and
clinic trial studies continue to identify them and put them
to use. Given this decline, it has been hypothesized that the
“low hanging” biomarkers have already been found. These
early biomarkers were easier to find as they were single
protein associatedwith a given disease such asRF. Biomarkers
to come will more likely be more complex, with multiple
proteins or othermolecules involved in various disease states,
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rather than a single marker. This multifactorial complexity
will therefore require a new tool that can simultaneously
measure multiple factors within a single sample.

1.3. Cytokines. Cytokines are among the most intensely stud-
ied protein families as they possess a myriad of local and
systemic functions and also offer vast potential applications
in biomedicine. In addition to playing critical roles in many
normal cellular events, cytokines are also noted to be involved
in the initiation, development, and progression of patholo-
gies, from the innocuous to the life-threatening. For this
reason, cytokines have long been explored and studied as
potential disease biomarkers.

Cytokines are secreted proteins that generate or transmit
cell-cell signals. These proteins include interferons, inter-
leukins, chemokines, growth and differentiation factors, pro-
and antiangiogenic factors, adipokines, adhesive molecules,
and extracellular matrix proteins. Cytokines play a critical
role in a number of cellular and bodily functions, from
homeostasis, growth, and wound healing to inflammation,
immunity, and angiogenesis [16–23]. Given their wide rang-
ing role in the body, it is no surprise that cytokines have
been associated with cancer, diabetes, and autoimmune and
infectious diseases. It has been suggested that chronic inflam-
mation plays a key role in neurodegenerative diseases, such
as Alzheimer’s and Parkinson’s diseases, insulin resistance
and type 2 diabetes, atherosclerosis, and other cardiovascular
diseases [16, 24–27].

Typically, cytokines function as a complex network of
specifically controlled signaling pathways. Their individual
and even global signals are modulated by each other through
cytokine specific receptors. Many cytokines are pleiotropic,
meaning that a single cytokine may induce a wide range
of effects in various cell and tissue types [28]. Interleukin-
6 (IL-6), for example, acts as proinflammatory factor to
stimulate macrophages and generate a Type 1 helper T cell
response but can also act as an anti-inflammatory cytokine
through its inhibitory effects on levels of TNF-alpha, IL-1,
and its activation of IL-1ra and IL-10 [29]. This pleiotropic
nature often leads as well to cytokine redundancy, wherein
multiple cytokines have similar effects on a single cell type.
For example, IL-4, IL-5, and IL-13 have similar activities
to induce the differentiation of Th2 cells [28]. Some of the
redundant nature of cytokines and their signaling events are
due to the homology within the protein sequences or the use
of the same or similar receptor types, each generating the
same signaling pathways upon cytokine binding. However,
other cytokines share minimal sequence homology but still
result in similar downstream signaling events, possibly due
to converging signaling pathways or differential distribution
of cellular receptors on the target cells [30].

A number of approved disease treatments actually work
via specific cytokine pathways, either targeting cytokines
directly for activation/blockade or through the use of recom-
binant cytokines in an effort to create a specific response
within the patient. These treatments include growth factors
like epithelial growth factor receptor (EGFR) which is over-
expressed in many tumors [31], tumor necrosis factor alpha

(TNF𝛼) which is a key proinflammatory protein in many
autoimmune diseases [32], interferon-alpha (IFN𝛼) which
is used to treat chronic viral hepatitis [33], and AIDS-
related Kaposi’s Sarcoma [34], to name a few. Because of
the complexity of cytokine biology, single cytokine analysis
and evaluation is becoming limiting for its ability to diag-
nose, evaluate, and treat diseases, requiring more multiplex
cytokine platforms to be used to consider the complexity of
disease involving multiple cytokine perturbations.

2. Biomarker Discovery in Asthma

Typically during an asthmatic response, inflammation in the
airway epithelium plays a central role in disease symptoms
and progression. This lining acts as the primary interface
between host and any environmental stimulus causing the
allergic hyperresponsiveness, be it from microbes, particles,
pollutants, and oxidants. These environmental insults trigger
pathogen recognition receptors and/or already generated
specific antibodies, stimulating the production of inflam-
matory cytokines and chemokines. Pollutants and oxidants
on the other hand generally stimulate an inflammatory
response via their direct impact on cells or the function
of proteins, lipids, and nucleic acids, together resulting in
cellular stress and injury [35–38]. In patients with asthma,
persistent inflammatory stimuli modulate the functions of
the airway epithelium, with both the innate and adaptive
immune systems, further augmenting the development of a
chronic allergic response. Once advanced enough, bronchial
hyperreactivity (BHR) (the tendency of smooth muscle cells
in people with asthma to react to nonspecific stimuli such
as cold air and exercise), mucus overproduction, airway wall
remodeling, and airway narrowing develop over the course of
chronic exposure [39].

The immunohistopathologic features of asthma include
epithelial injury and the infiltration of inflammatory cells,
generally the eosinophils, mast cells, and lymphocytes into
the lung. The adaptive immune response that develops is
typically polarized to a Th2 CD4+ T cell response, charac-
terized by elevated expression of IL-4, IL-8, and IL-10. This
T cell polarization preferentially promotes B cell activation
and antibody production favoring the allergic IgE and IgG
isotypes. The resulting elevation in serum IgE and corre-
sponding increases in infiltrating eosinophils, basophils, and
mast cells are all prototypical hallmarks of atopic asthmatics
[3, 39]. However, since heightened serum IgE levels are also
seen in nonasthma related hypersensitivities, sera IgE levels
may not be a suitable asthma biomarker when considered
alone [40]. Therefore, it is necessary to look for surrogate
biomarkers of this asthma endotype. As outlined in Table 1,
cytokines released by the epithelium and the populations
and numbers of activated inflammatory cells are of most
interest (in terms of biomarkers) for asthma studies, because
they recruit inflammatory cells to the airways and alter the
activation state of airway resident cells [41].

Data collected from people with asthma and also in
mouse models of asthma driven by inhalation of the model
antigen ovalbumin (OVA) have shown that IL-4, IL-5, and
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Table 1: Cytokines as biomarkers in asthma explored in these years.

Cytokine targets Typical physiologic functions Potential application Sample source

IL-4 Activating Th2 immunity; priming the
vessel wall for eosinophil extravasations Diagnosis, therapeutic Tissue, sputum, BALF, serum

IL-5 Promoting eosinophilia Diagnosis, therapeutic Tissue, sputum, BALF, serum
IL-13 Mounting BHR, goblet cell metaplasia Diagnosis, therapeutic Tissue, sputum, BALF, serum
IL-25 Activating innate lymphoid cells Diagnosis, therapeutic Tissue, sputum, BALF, serum
IL-33 Activating innate lymphoid cells Diagnosis, therapeutic Tissue, sputum, BALF, serum

TSLP Activating dendritic cells and promoting
Th2 immunity Diagnosis, therapeutic Tissue, serum

Eotaxin-1/CCL11 Eosinophil chemotaxis Diagnosis, prediction Tissue, sputum, BALF
Eotaxin-2/CCL24 Eosinophil chemotaxis Diagnosis Tissue, sputum, BALF
Eotaxin-3/CCL26 Eosinophil chemotaxis Diagnosis Blood, tissue

MCP-4/CCL13 Chemoattractant for eosinophils,
monocytes, lymphocytes, and basophils Diagnosis, prediction Sputum, BALF, plasma

IL-9 Promoting IL-4-driven antibody,
inducing goblet cell metaplasia Diagnosis, therapeutic Tissue, serum

CCL17 Recruitment of Th2 cells Diagnosis, prediction Sputum, serum

IL-13 have potential to serve as an allergic asthma biomarker
profile. Pulmonary Th2 polarization has long been consid-
ered as a typical characteristic of allergic asthma, which
has been supported by studies with bronchoalveolar lavage
(BAL) fluid, bronchial biopsies, and sputum from asthmatic
patients [42–45]. Patients with mild-to-moderate asthma
present with elevated levels of IL-4 and IL-5 in BAL fluid,
and pulmonary isolates found elevated numbers of CD4+ T
cells and a high degree of airway eosinophilia [46]. Careful
enumeration of the levels of IL-4, IL-5, and IL-13 together
and the levels of eosinophils in serum and tissue can classify
asthma endotypes into Th2hi and Th2lo subsets [40, 47].

Mouse models of asthma support the roles of IL-4, IL-
5, and IL-13 in disease development, as knockout mice for
these cytokines show reduction in overall asthma symptoms
[48]. In mice, IL-4 is necessary for the development of Th2
CD4 T cell response, the resulting IgG1 and IgE antibodies to
OVA (the allergen stimulus), and also for priming the vessel
wall for eosinophil extravasation [48, 49]. IL-4 also results
in the priming and activation of basophils and mast cells,
resulting in further release of inflammatory histamines and
leukotrienes, further exacerbating and extending the chronic
disease.

IL-13 has been reported to play an indispensable role
in mounting bronchial hyperreactivity (BHR) and goblet
cell hyperplasia, caused by elevated expression of the mucin
proteinsMUC5AC andMUC5B, leading ultimately tomucus
overproduction and airway obstruction [50, 51]. Inmoderate-
to-severe asthmatic patients with a high level of hematic
eosinophilia, treatment with amonoclonal therapy thatmod-
ulates the signaling of IL-4 receptor (dupilumab; Regeneron
Pharmaceuticals), lung function was dramatically improved.
With this treatment, the frequency of atopic dermatitis
exacerbations was also reduced significantly, so that the drug
received Breakthrough Therapy Designation from the FDA

in 2014 [52]. Similar effects were seen from lebrikizumab
(Genentech), an antibody blocking IL-13 in humans with
Th2hi endotype asthma [53]. Lastly, IL-5 promotes trafficking
and maintenance of eosinophils within the lung tissue by
directly recruiting eosinophils from the circulation and also
promoting eosinophil differentiation from the bone marrow.
A humanized monoclonal antibody that blocks IL-5 from
signaling its receptor (mepolizumab; GlaxoSmithKline) has
completed Phase III trials and is awaiting FDA and European
clearance for patients with severe eosinophilic asthma [54].
When IL-5 was blocked, improvements in airway remod-
eling were seen and this improvement occurred alongside
decreased eosinophils accumulation, further implying an
exacerbating role for both IL-5 and the levels of eosinophils
in the lungs [55].

Eosinophil induces BHR directly through eosinophil per-
oxidase and the resulting increases in inflammatory chloride
and bromide ions, both significantly affecting airway remod-
eling during allergen exposures. Together with the antigen
presenting nature of dendritic cells, the adaptive immune
response is primed to respond to repeat antigen insult and
airway hyperreactivity ensues. Eosinophil knockout mouse
models of asthma have confirmed this cell population’s role
in contributing to airway wall remodeling and subepithelial
membrane thickening [56, 57]. Eosinophilia in lung tissue
is driven partially by the recruitment of eosinophils to the
lung mucosa and interstitium due to airway produced IL-5,
as well as production of eotaxin (CCL11), eotaxin-2 (CCL24),
and eotaxin-3 (CCL26) [58, 59]. Eotaxins are CC chemokine
with high specificity for eosinophils populations given this
cell types preferential expression of eotaxin receptors, CCR2,
CCR3, and CCR5. Eotaxins were first discovered from the
purification of BAL fluid taken from allergen-challenged,
sensitized guinea pigs, and, after their discovery, they were
quickly identified in mouse and humans as well [60, 61].
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In animal models of pulmonary allergic inflammation,
eosinophil accumulation correlateswith local eotaxin genera-
tion and differentiation, increased recruitment of eosinophils
from circulation, and the rapid proliferation of eosinophils
within the bone marrow [62, 63]. Increased expression of
eotaxin at sites of allergic inflammation has been observed
in both atopic asthmatics and nonatopic asthmatics and is
also seen at increased levels in patient sputum [64–67]. Even
in occupational asthmatics, increased eotaxin mRNA levels
have been reported in sputum leukocytes, and Nakamura et
al. have reported a correlation between eotaxin levels and
compromised lung function in asthmatic patients [68, 69].
Similarly, patients with acute asthma are reported to display
significantly higher plasma eotaxin levels compared to those
with stable asthma [70].

There are also two functional homologues of eotaxin,
eotaxin-2, and eotaxin-3, which show 40% homology to
eotaxin at the amino acid level and also possess similar
eosinophil-selective properties via CCR3 signaling [71, 72].
In assays of eosinophil chemotaxis, eotaxin and eotaxin-2
exhibit similar potencies in their ability to recruit eosinophils.
Increased eotaxin-2 mRNA levels have been reported in
bronchial biopsies taken from atopic and nonatopic asthmat-
ics [65].The chemotactic role of eotaxin-3 is less clear as there
are contradictory results between various studies. In one
investigation, eotaxin-3 shows only around 10%of the activity
as eotaxin [72]; however, a more recent study by Provost et
al. found that eotaxin-3 is a more effective chemoattractant
than eotaxin and eotaxin-2 for eosinophils, specifically in
asthmatics when compared to healthy volunteers [73]. Indi-
vidually or collectively, these eosinophil chemokines could
prove to be potential biomarkers for diagnosis and prognosis
of asthmatic featured with eosinophilia, especially if eotaxin
profiles between asthmatic patient groups can be identified.

Allergen induced expression of monocyte chemoattrac-
tant protein-4 (MCP-4; CCL-1) within asthmatic airways has
also been shown recently as a potential biomarker [74].MCP-
4 signals through several receptors, including CCR2, CCR-
3, and CCR5 and is a potent chemoattractant for asthma
related cell populations including eosinophils, monocytes,
and basophils [65, 75, 76]. MCP-4 signaling induces the
release of histamine from IL-3-primed basophils and acti-
vates eosinophil respiratory burst. During allergic inflam-
mation, MCP-4 levels are significantly elevated in asthmatic
sputum, BAL fluid, and respiratory epithelium andwithin the
cells that line the airways [77, 78]. Following allergen induced
challenge, TNF𝛼 and IL-1𝛽 trigger the release ofMCP-4 from
the epithelium and endothelial cells that are inflamed, which
in turn facilitates the recruitment of other types of asthma
inducing inflammatory cells and the cytokines they produce.

The exacerbating role ofMCP-4 expression in asthma has
recently been supported by a large scale asthma study. Using
240 normal subjects, 356 chronic-stable asthma patients,
and 30 patients who required emergency asthma treatments,
the study found that plasma levels of MCP-4 in chronic-
stable asthma patients compared to normal patients were
significantly higher (399 pg/mL versus 307 pg/mL) [74].
Additionally, MCP-4 levels > 218 pg/mL marked a patient
group at increased risk of developing asthma (𝑃 < 0.001

odds ratio). In acute asthma patients, MCP-4 levels were
even higher during an exacerbation event when compared to
chronic but stable asthma sufferers (513 versus 355 pg/mL).
In conclusion, systemic levels of MCP-4 could prove an
excellent asthma biomarker that can predict susceptibility to
asthma, the severity of asthma exacerbations, and therefore
potentially the efficacy of asthma control medicines.

Another potent cytokine which is released by inflamed
epithelium and has been linked with asthma exacerbations
is thymic stromal lymphopoietin (TSLP). TSLP is required to
mount a normal CD4 T cell response where it acts directly
on naive, but not, memory CD4 T cells, promoting their
proliferation in response to cognate antigen [79]. However,
TSLP’s interaction with dendritic cell populations favors the
polarization of primed CD4 T cells into Th2 phenotype
[80, 81]. TSLP induces key changes in dendritic cells, such
that, during antigen ligation to cognate T cells, DCs also
are promoted to express the chemokine ligands 17 (CCL17)
and CCL22, as well as inducing surface expression of OX40
12 ligand [81, 82]. In concert with other epithelial-derived
inflammatory cytokines, such as TNF𝛼 and IL-1𝛽, TSLP also
activates mast cells which in turn can produce cytokines that
increase the preferentially progression of Th2 polarization
[41]. In mice genetically lacking the TSLP receptor, Th1
responses are elevated, including cytokine increases in levels
of interleukin- (IL-) 12, interferon-𝛾, and immunoglobulin
G2a (IgG2a), and also show lower expression ofTh2 cytokines
like IL-4, IL-5, IL-10, and IL-13. Furthermore, TSLPR KO
mice challenged with inhaled antigen exhibit reduced pul-
monary inflammation, a result that could be restored if
wild type CD4 T cells were added back [80]. Reversion of
pulmonary inflammation suggests that TSLP also can act
directly on CD4 T cells during an inflammatory response.
Collectively TSLP seems to play an important role in the
development of allergic airway responses, and monitoring
its levels in patient samples could provide another disease
biomarker [83].

While IgE levels in atopic asthmatics can be a valuable
disease indicator, IL-25 and IL-33 may be better surrogate
biomarkers of both asthmatic disease and even disease
stratification. In response to airway injury or allergen stim-
ulation, epithelial cells can produce IL-25 and IL-33, which
in turn can act on nearby innate lymphoid cells [84]. The
innate populations receive these signals and can initiate
degranulation of their cytokine and chemokine loaded gran-
ules, releasing additional allergen exacerbating factors.These
cytokines include TSLP, IL-4, IL-5, and IL-9, all classical Th2
polarizing cytokines, and all cytokines that significantly affect
the development of pulmonary inflammation. Interestingly,
this same population is capable of producing these sameTh2
cytokines (IL-5, IL-9, and IL-13) in response to mice infected
with helminthes, promoting an eosinophilic gut response
and enhanced mucus production [85]. These derived innate
lymphoid cells resemble Th2 polarized CD4 T cells but do
not express an antigen specific receptor [86–88]. It may be
these cells that are responsible for the ability of RAG KO
mice (i.e., mice lacking T and B cells) to generate a potent
Th2-like allergic response and eosinophilia independent of
any adaptive immune response. Data suggests that these cells
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originally develop from common lymphoid progenitors, and,
following their initial allergen exposure, they can rapidly be
activated to induce the features of atopic asthma following
antigen reexposure [89].

IL-9 has also been recently evaluated for its use as an
asthma biomarker given its heightened expression in the
lungs of asthmatic patients. IL-9 functions in multiple poten-
tial asthmatic roles, from promoting mast cell growth and
development to initiating IL-4 expression and subsequent B
cell production of allergic antibodies [90, 91]. Mouse models
of asthma have highlighted the role of IL-9, as treatment of
asthmatic mice with neutralizing antibodies to IL-9 signifi-
cantly alleviates symptoms [92, 93]. This blockade treatment
also reduced the levels of airway remodeling which occurs
during chronic asthma and also reduced the levels of infiltrat-
ing mast cells into the inflamed tissue [90]. Recent evidence
suggests that IL-9 may arise from the aforementioned innate
lymphoid cell population, and not directly from T cells [94,
95].However, the contribution(s) of IL-9 to asthmatic disease,
either from the innate or adaptive cell populations, remains to
be determined. While the alleviation seen in mouse models
of anti-IL-9 treatment provides a glimpse of promise for
potential treatments and diseasemonitoring, this therapeutic
effect has not yet been fully evaluated in asthmatic patients
[96].

Many other novel biomarkers for asthma are potentially
available from the current literature, as well as ongoing stud-
ies. For example, CCL-17 (TARC) is a dendritic and epithelial
cell derived cytokine that is initially released upon allergen
contact. CCL-17 is a potent chemoattractant for CCR4
expressingTh2 cells which then feed forward into the allergen
derived inflammatory response. Recent studies found that
CCL-17 levels were significantly elevated in asthmatic patient
sputum and also were elevated in serum samples from
children suffering from asthma [97, 98]. Interestingly CCL-
17 could also serve as an indicator of treatment efficacy, as its
levels significantly decline following steroidal treatment [98].

Cytokine biomarkers therefore hold significant promise
for their potential ability to predict, diagnose, and monitor
asthmatic disease. Because of the underlying heterogeneity
of the asthmatic phenotypes and the general complexity of
cytokine biology, examination of a single biomarker, or even
a small handful of molecules, to detect and/or treat asthmatic
patients is unrealistic. With their ability to be quantified
in noninvasive sample types, like serum, sputum, or even
exhaled breath condensates, cytokines could complement
current diagnostic and monitoring measures to give a more
complete profile of patient disease. Combining these two
methods of patient analysis, comparisons between healthy
and diseased patients may better help stratify potential
biomarkers to their respective disease states.

3. New Discovery in Asthma by
Antibody Array Technology

3.1. Antibody Arrays Technology. Traditionally, the measure-
ment of cytokine/proteinmediators involves the use of bioas-
says, enzyme assays, or immunoassays. Since these are single

target assays where simultaneous detection of other targets
is not possible, the use of these assays requires a sizeable
amount of sample and/or budget. Also, the investigator must
already have a fairly specific hypothesized protein biomarker
to evaluate. This makes true discovery of the unknown
increasingly difficult. If the initially chosen markers are not
differentially present in established sample groups (especially
small sample groups), entire sample sets or experiments may
be abandoned, all while some combination of these markers
with others may remain undiscovered.

In the past twenty years, the discovery, characterization,
and application of biomarkers in clinical and the basic
research fields have exploded with a number of critical
advancements and findings. Through the availability of DNA
sequencing technologies, the completion of the Human
Genome Project, and genetic sequencing platforms, the com-
prehensive and rapid detection of genes in a sample is now
possible. High-throughput gene microarray technology has
greatly expanded the ability to define nucleic acid biomarkers
of disease within a single sample, and the same is now coming
true with protein biomarkers. Protein microarrays have been
adapted from DNA microarray platforms and now offer the
ability to domultiplex protein biomarker discovery and to do
so in a high-throughput manner. These protein arrays, also
known as antibody arrays or antibody microarrays, are one
of the most promising platforms to break through the single
biomarker bottleneck that the field is currently stuck in.

The design principle of antibody arrays is usually based
on either a sandwich based ELISA immunoassay or a direct-
labeling of target proteins approach. Similar to common
single target sandwich ELISA platforms, multiplex antibody
array platforms utilize an antibody pair, where a capture
antibody is immobilized on the surface of glass slides or
nitrocellulose membranes and is paired with a labeled target
specific detection antibody in solution (Figure 1(a)). This
method has the advantages of excellent specificity and sen-
sitivity given the dual binding requirements for target signal
detection. The capture antibody is specific for one region of
the target protein, while the detection antibody recognizes a
different region of the target, combining to remove almost
all potential for epitope cross-reactivity. However, the com-
binations and the number of protein targets to be measured
in each array are limited because of cross-reactivity between
detection antibodies within a single array. To overcome
this restriction, multiple independent arrays with panels
of nonoverlapping and cross-reactivity compatible antibody
pairs can be employed to allow increasing numbers of
cytokines to be measured [99].

Alternatively, label-based strategies can be employed to
remove the need for a detection antibody and to dramatically
increase the size of the potential array [100]. In the label
based method, the sample itself is directly labeled with some
substrate that can later be measured (biotin for example),
while the capture antibody is still arrayed onto the solid
surface (Figure 1(b)). In this case, there is an increase in
sensitivity, as the dual binding requirement is removed,
but there is a simultaneous loss in some of the specificity
seen with a standard detection pair from a sandwich ELISA
format. With only a single antibody required for target
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Figure 1: The principle employed in most antibody arrays. (a) The sandwich method which requires an immobilized capture antibody and a
labeled detection antibody. (b) Direct-label method with capture antibody and labeled analyte.

detection, label based techniques are especially useful for
small peptides/molecules or for more novel proteins for
which an antibody pair may not be available. Both of these
platform types have been extensively published in the discov-
ery and analysis of disease biomarkers and offer the largest
simultaneous arrays available on the market [101, 102].

Glass slide based arrays provide several advantages in
comparison with membrane based or 96-well based multi-
plex platforms.The capability to spot the target antibody with
a diameter of <200𝜇m allows glass based antibody arrays to
be much smaller in size and require less sample for target
detection, while also allowing them to be robotically printed
inmass quantities suitable for high-throughput analysis [103].
Another advantage of the glass slide support format is the use
of fluorescence as a signal readout. Fluorescence detection
affords a much larger linear range of signal detection and
superior signal stability over the long term when compared
to chemiluminescent detection technologies [103–105]. This
platform is being promoted and explored by a number of
companies including RayBiotech, Abcam, Sigma-Aldrich,
R&D Systems, Full Moon Biosystems, Gentel, Whatman,
Aushon, MesoScale, and Quansys. These powerful platforms
have been extensively published in recent years since their
development in the early 2000s and have also been com-
prehensively applied in preclinical and basic research for
biomarker discovery [106–109].

3.2. New Discovery of Asthma Biomarkers by Antibody Array
Technology. The application of antibody arrays in biomarker
discovery has allowed significant progress on a number
of disease fronts, including cancer, neurodegeneration, car-
diovascular disease, as well as in asthma. As previously
described, the complex biology of asthma syndrome has
linked a number of cytokines and chemokines as potential
disease biomarkers. Additional asthma biomarker limitations

are due to a number of single target cytokine biomarker
studies that have been of limited use or yielded incomplete
definition of disease after further evaluation. This is where
multiplex analysis has such a broad appeal as it affords a large
nonbiased look at large numbers of proteins within a sample
and can include a broad array of protein factors. Published
biomarkers that have been explored and/or discovered with
antibody arrays have been partially compiled in Table 2. It
is of note that antibody arrays have both confirmed the
previously suggested biomarkers in a number of studies and
also unveiled a number of novel biomarkers as well.

Recently, Patil et al. used antibody arrays to study the se-
rological profiles fromnonsmokers withmoderate and severe
persistent asthma to sera of nonasthmatic healthy controls.
Using a 50-target protein multiplex array which included
detection of cytokines, chemokines, and growth factors, this
group found that several proteins could serve as potential
disease biomarkers (notably, FGF, HGF, and SCGF𝛽) for
the moderate and severe asthma groups. Furthermore, these
same biomarkers in addition to IL-18 were found to positively
correlate with poor asthmatic control and were associated
negatively with quality of life scores [110]. With the hopes
of identifying critically important inflammatory molecules
in COPD and asthma, Kim et al. analyzed asthma sputum
samples with a 79 target multiplex array. Among the tested
cytokines, asthmatic patient sputum displayed significantly
elevated levels of CXCL1, eotaxin-2, andCCL18. Interestingly,
the levels of CCL18 correlated significantly with the overall
levels of eosinophils in the sputum sample, which is a
significant marker of underlying disease [111]. This might
allow for a noninvasive and novel diagnostic measurement of
patient disease from a simple sputum sample and also further
highlights a role of CCL18 in asthmatic disease.

Given the influx of inflammatory cells into the lungs
during asthmatic exacerbations, noninvasive sputum sam-
ples could allow for biomarker detection of the underlying
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Table 2: Cytokine biomarkers in asthma explored by using antibody array technology.

Authors [reference] Cytokine panels Potential application Sample source

Patil et al. [110] Interleukin-18, FGF, HGF, and
SCGF𝛽 Diagnosis, prediction Serum

Kim et al. [111]
GRO𝛼/CXCL1,
Eotaxin-2/CCL24, and
PARC/CCL18

Diagnosis, therapeutic Sputum

Hastie et al. [112] BDNF, IL-1b, and MCP
3a/CCL20 Prediction Sputum

Matsunaga et al. [113, 114] RANTES/CCL5, TNF𝛼 and
TGF𝛽1 Therapeutic evaluation Exhaled breath condensate (EBC)

Nakamura et al. [115] TNF-𝛼 and RANTES Diagnosis BALF
Matsunaga et al. [116] IL-4 and RANTES Diagnosis, prediction Exhaled breath condensate (EBC)

Simcock et al. [117] Angiogenin, VEGF, and
MCP-1 Diagnosis, therapeutic BALF

inflammation within the lungs.This hypothesis was tested by
Hastie et al. using inflammatory antibody arrays in a cohort
of asthma patients in the Severe Asthma Research Program.
Sputum samples indicated that elevated levels of eosinophil
and neutrophil counts were associated with decreased lung
function and elevated cytokine levels of brain-derived neu-
rotrophic factor, IL-1b, and macrophage inflammatory pro-
tein 3a/CCL20 were associated with increased disease sever-
ity and were also linked to the increased neutrophil counts
[112]. Similarly Matsunaga et al. have also shown a strong
correlation between RANTES (CCL5) levels and FEV

1
, as

well as expression levels of TNF𝛼 and TGF𝛽1 with BHR
[113, 114]. In addition, the expression level of these cytokines
was also positively and specifically correlated with the disease
symptoms and disease severity in asthmatic patients.

A very unique study and sample type was recently
undertaken by Nakamura et al. Using exhaled breath con-
densates (EBC), this group compared this novel sample type
to the invasive BAL fluid samples taken from asthmatic
patients [115].They found that levels of cytokines in the EBC,
including TNF-𝛼 and RANTES, significantly correlate with
those presented in the patient’s BAL fluid. BAL collection in
patients is an extremely unpleasant and invasive procedure
requiring the flushing of patient’s lungs with fluid. However,
EBC could afford a nontraumatic sample type that is much
more easily obtained and also more economically viable
for patient disease monitoring. The authors also noted a
correlation of the levels of TNF-𝛼 and RANTES in EBC
samples with the levels of lymphocytes eventually extracted
from the BAL isolates. Lung lymphocyte counts are one of
the critical indicators associatedwith asthmatic disease states,
so EBC measurements might allow yet another option for
diagnostic disease monitoring.

Along these same experimental lines,Matusunaga’s group
also used a large antibody array to monitor the cytokine
profiles of asthmatic patients undergoing corticosteroid treat-
ment [116]. Patients treated with corticosteroids showed
decreased levels of CXCL10 and increased levels of IL-4 and
RANTES compared to untreated controls, and these changes
correlated to improved FEV

1
and overall airway obstruction.

These findings strongly suggest that IL-4 and RANTES levels

in EBC could not only be applied as predictive biomarkers for
the success of steroidal therapies but alsomark cytokines with
potential as therapeutic targets during disease intervention
and monitoring.

Like applications in other diseases, inflammatory anti-
body arrays have also been explored during the evaluation
of drugs for disease efficacy and other disease indicators.
Antibody arrays have even been used to study homeopathic
remedies against asthmatic disease, like in the case of the
antiasthmatic effect of mangiferin. Mangiferin is a major
bioactive ingredient in Mangifera indica Linn. leaves and is
currently used as an indigenous remedy for respiratory dis-
eases in traditional Chinese medicine. To study mangiferin’s
effects, the authors used amouse allergenmodel (Ovamodel)
to evaluate the levels of Th1/Th2 cytokine profiles during
disease. Mangiferin treatment reduced the inflammatory cell
influx of eosinophils, reduced the BAL fluid levels of PGD2,
and reduced the levels of serum ovalbumin specific IgE [118].
Antibody array analysis confirmed the downregulation of
Th2 related cytokines (IL-4, IL-5, and IL-13), and even the
upregulation of Th1 promoting cytokines like IFN-𝛾, IL-2,
and IL-12 during mangiferin treatment. These results suggest
mangiferin’s potential as an antiasthmatic therapy and might
also suggest its potential route of action, since the treatment
resulted in conversion of allergic Th2 response into a more
nonallergenic Th1 type response. These inflammatory array
panels, or even more broad panels, could be used to monitor
other antiasthmatic drugs for disease outcome, progression,
and efficacy.

While targeted inflammatory antibody arrays may seem
to be the most obvious candidates for asthmatic disease anal-
ysis, other arrays also have shown promise in asthma bio-
marker studies. Several studies have shown that asthmatic
airways have an increased number and size of vascular struc-
tures, which contribute to airflow obstruction and hyperre-
sponsiveness [119–121]. Therefore evaluation of angiogenic
markers in a multiplex array might prove of great utility in
monitoring patient airway remodeling.Using this hypothesis,
BAL samples from atopic asthma patients were found to con-
tain significantly elevated levels of angiogenic growth factors
including angiogenenin, VEGF, and MCP-1 when compared
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to nonatopic healthy controls. Healthy controls conversely
showed no change in the levels of common antiangiogenic
factors. This proangiogenic effect was confirmed in vitro
when the same group found that BAL taken from asthmatic
patients could support tubule vessel formation in a coculture
of human endothelial and dermal fibroblasts. This vessel
formation capability arose primarily due to the presence of
VEGF in the BAL sample. This observation suggests that a
panel of angiogenic markers, like angiogenin, VEGF, and
MCP-1, could serve as a novel diagnostic panel to monitor
vascular disease modeling and may be a good companion
study to other traditional diagnostic measures [117].

4. Conclusion

Over the past few years there have been numerous publica-
tions providing a substantial body of information collectively
revealing the multitude of biological pathways involved in
the pathogenesis of asthma. More recently the heterogeneous
nature of asthmatic disease has been identified and has sug-
gested the presence of many disease endotypes that warrant
special diagnostic measures and even specific treatments
for the best disease outcomes. Multiple aspects of host
immunity are involved in the development, exacerbations,
and eventual chronic nature of asthma. The major reasons
for allergic disease development include common allergens,
environmental triggers, and even respiratory viruses. These
sensitizing agents create specific disease outcomes, and our
current understanding of the disease implies that each may
need a specific disease treatment. Understanding these indi-
vidual disease cohorts and their underlying causes is critical
to making the best outcome for disease possible.

Diagnostic measures currently revolve around visual
inspection and spirometry, but a growing field of research
is finding that these two methodologies are insufficient for
the best classification of asthmatic disease. There are exten-
sive endeavors currently underway in discovering protein
biomarkers that could be used in asthma diagnosis, progno-
sis, and serving as therapeutic targets. No single protein target
is likely to be effective for all diseases, especially one of such
complexity, but targeted cytokine panels may provide hope
for the multiprotein detection panels needed for future basic
research and clinical trials for this debilitating syndrome.

Cytokine antibody arrays have gained popularity over the
past several years with hundreds of publications in scientific
journals.Their popularity is owed to their ability to approach
a sample in a nonbiased way and detect a wide range and
large number of cytokines simultaneously. This broad view
allows the best chance at discovering the vast network of
complex interactions occurring in disease states. As more
and more cytokines are evaluated for any disease state and
more and more samples probed, there is no doubt that we
can uncover complex and in-depth molecular pathways
involved in disease outcomes, disease progression, and dis-
ease therapies and cures.
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[7] J. Lötvall, C. A. Akdis, L. B. Bacharier et al., “Asthma endotypes:
a new approach to classification of disease entities within the
asthma syndrome,” Journal of Allergy and Clinical Immunology,
vol. 127, no. 2, pp. 355–360, 2011.

[8] S. E. Wenzel, “Asthma phenotypes: the evolution from clinical
to molecular approaches,” Nature Medicine, vol. 18, no. 5, pp.
716–725, 2012.

[9] A. J. Apter, “Advances in adult asthma diagnosis and treatment
in 2013,” Journal of Allergy and Clinical Immunology, vol. 133, no.
1, pp. 49–56, 2014.

[10] A. Bush, “Diagnosis of asthma in children under five,” Primary
Care Respiratory Journal, vol. 16, no. 1, pp. 7–15, 2007.

[11] H. S. Soifer, J. J. Rossi, and P. Sætrom, “MicroRNAs in disease
and potential therapeutic applications,”Molecular Therapy, vol.
15, no. 12, pp. 2070–2079, 2007.

[12] V. Rottiers and A. M. Näär, “MicroRNAs in metabolism and
metabolic disorders,” Nature Reviews Molecular Cell Biology,
vol. 13, no. 4, pp. 239–250, 2012.

[13] K. Novak, “Taking out the trash,” Nature Reviews Drug Discov-
ery, vol. 5, no. 2, pp. 104–105, 2006.

[14] B. Clyne and J. S.Olshaker, “TheC-reactive protein,”The Journal
of Emergency Medicine, vol. 17, no. 6, pp. 1019–1025, 1999.

[15] C.-X. Gong, F. Liu, I. Grundke-Iqbal, and K. Iqbal, “Post-
translational modifications of tau protein in Alzheimer’s dis-
ease,” Journal of Neural Transmission, vol. 112, no. 6, pp. 813–838,
2005.

[16] G. K. Hansson, “Inflammation, atherosclerosis, and coronary
artery disease,” The New England Journal of Medicine, vol. 352,
no. 16, pp. 1626–1695, 2005.

[17] G. Trinchieri, “Interleukin-12: a proinflammatory cytokine
with immunoregulatory functions that bridge innate resistance

and antigen-specific adaptive immunity,” Annual Review of
Immunology, vol. 13, no. 1, pp. 251–276, 1995.

[18] L. Van Parijs and A. K. Abbas, “Homeostasis and self-tolerance
in the immune system: turning lymphocytes off,” Science, vol.
280, no. 5361, pp. 243–248, 1998.

[19] B. Moser, M. Wolf, A. Walz, and P. Loetscher, “Chemokines:
multiple levels of leukocyte migration control,” Trends in
Immunology, vol. 25, no. 2, pp. 75–84, 2004.

[20] J. A. Belperio, M. P. Keane, D. A. Arenberg et al., “CXC
chemokines in angiogenesis,” Journal of Leukocyte Biology, vol.
68, no. 1, pp. 1–8, 2000.

[21] O. A. MacDougald and S. Mandrup, “Adipogenesis: forces that
tip the scales,” Trends in Endocrinology & Metabolism, vol. 13,
no. 1, pp. 5–11, 2002.

[22] K. A. Janes, J. G. Albeck, S. Gaudet, P. K. Sorger, D. A.
Lauffenburger, andM. B. Yaffe, “Cell signaling: a systemsmodel
of signaling identifies amolecular basis set for cytokine-induced
apoptosis,” Science, vol. 310, no. 5754, pp. 1646–1653, 2005.

[23] S. Werner and R. Grose, “Regulation of wound healing by
growth factors and cytokines,” Physiological Reviews, vol. 83, no.
3, pp. 835–870, 2003.

[24] H. Akiyama, S. Barger, S. Barnum et al., “Inflammation and
Alzheimer’s disease,” Neurobiology of Aging, vol. 21, no. 3, pp.
383–421, 2000.

[25] E. C. Hirsch and S. Hunot, “Neuroinflammation in Parkinson’s
disease: a target for neuroprotection?” The Lancet Neurology,
vol. 8, no. 4, pp. 382–397, 2009.

[26] K. E. Wellen and G. S. Hotamisligil, “Inflammation, stress, and
diabetes,”The Journal of Clinical Investigation, vol. 115, no. 5, pp.
1111–1119, 2005.

[27] J. S. Ross and J. A. Fletcher, “The HER-2/neu oncogene in
breast cancer: prognostic factor, predictive factor, and target for
therapy,” Stem Cells, vol. 16, no. 6, pp. 413–428, 1998.

[28] K. Ozaki and W. J. Leonard, “Cytokine and cytokine receptor
pleiotropy and redundancy,”TheJournal of Biological Chemistry,
vol. 277, no. 33, pp. 29355–29358, 2002.

[29] T. Kishimoto, S. Akira, M. Narazaki, and T. Taga, “Interleukin-6
family of cytokines and gp130,” Blood, vol. 86, no. 4, pp. 1243–
1254, 1995.

[30] J. Audet, “Adventures in time and space: nonlinearity and
complexity of cytokine effects on stem cell fate decisions,”
Biotechnology and Bioengineering, vol. 106, no. 2, pp. 173–182,
2010.

[31] J.Mendelsohn and J. Baselga, “Status of epidermal growth factor
receptor antagonists in the biology and treatment of cancer,”
Journal of Clinical Oncology, vol. 21, no. 14, pp. 2787–2799, 2003.

[32] M. Feldmann and R. N. Maini, “TNF defined as a therapeutic
target for rheumatoid arthritis and other autoimmune diseases,”
Nature Medicine, vol. 9, no. 10, pp. 1245–1250, 2003.

[33] J. H. Hoofnagle, “Therapy of acute and chronic viral hepatitis,”
Advances in Internal Medicine, vol. 39, pp. 241–275, 1994.

[34] H. C. Lane, J. Feinberg, V. Davey et al., “Anti-retroviral effects
of interferon-alpha in AIDS-associated Kaposi’s sarcoma,” The
Lancet, vol. 332, no. 8622, pp. 1218–1222, 1988.

[35] R. P. Schleimer, A. Kato, R. Kern, D. Kuperman, and P. C. Avila,
“Epithelium: at the interface of innate and adaptive immune
responses,” Journal of Allergy and Clinical Immunology, vol. 120,
no. 6, pp. 1279–1284, 2007.

[36] R. P. Schleimer, A. Kato, A. Peters et al., “Epithelium, inflam-
mation, and immunity in the upper airways of humans: studies



International Journal of Inflammation 11

in chronic rhinosinusitis,” Proceedings of the AmericanThoracic
Society, vol. 6, no. 3, pp. 288–294, 2009.

[37] A. Kato and R. P. Schleimer, “Beyond inflammation: airway
epithelial cells are at the interface of innate and adaptive
immunity,” Current Opinion in Immunology, vol. 19, no. 6, pp.
711–720, 2007.

[38] J. Ciencewicki, S. Trivedi, and S. R. Kleeberger, “Oxidants and
the pathogenesis of lung diseases,” Journal of Allergy andClinical
Immunology, vol. 122, no. 3, pp. 456–468, 2008.

[39] F. T. Ishmael, “The inflammatory response in the pathogenesis
of asthma,”The Journal of the American Osteopathic Association,
vol. 111, no. 11, pp. S11–S17, 2011.

[40] P. G. Woodruff, B. Modrek, D. F. Choy et al., “T-helper type 2-
driven inflammation defines major subphenotypes of asthma,”
American Journal of Respiratory and Critical Care Medicine, vol.
180, no. 5, pp. 388–395, 2009.

[41] P. J. Barnes, “The cytokine network in asthma and chronic
obstructive pulmonary disease,” The Journal of Clinical Inves-
tigation, vol. 118, no. 11, pp. 3546–3556, 2008.

[42] J. G. R. de Monchy, H. F. Kauffman, P. Venge et al., “Bron-
choalveolar eosinophilia during allergen-induced late asth-
matic reactions,” American Review of Respiratory Disease, vol.
131, no. 3, pp. 373–376, 1985.

[43] D. C. Webb, A. N. J. McKenzie, A. M. L. Koskinen, M. Yang,
J. Mattes, and P. S. Foster, “Integrated signals between IL-13,
IL-4, and IL-5 regulate airways hyperreactivity,” The Journal of
Immunology, vol. 165, no. 1, pp. 108–113, 2000.

[44] M. Wills-Karp, “Interleukin-13 in asthma pathogenesis,”
Immunological Reviews, vol. 202, no. 1, pp. 175–190, 2004.

[45] K. Minton, “Allergy and Asthma: what ’drives’ IL-4 versus IL-13
signalling?” Nature Reviews Immunology, vol. 8, no. 3, pp. 166–
167, 2008.

[46] D. S. Robinson,Q.Hamid, S. Ying et al., “Predominant TH2-like
bronchoalveolar T-lymphocyte population in atopic asthma,”
The New England Journal of Medicine, vol. 326, no. 5, pp. 298–
304, 1992.

[47] P. G.Woodruff,H.A. Boushey, G.M.Dolganov et al., “Genome-
wide profiling identifies epithelial cell genes associated with
asthma and with treatment response to corticosteroids,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 104, no. 40, pp. 15858–15863, 2007.

[48] M. T. Kasaian, K. Marquette, S. Fish et al., “An IL-4/IL-13 dual
antagonist reduces lung inflammation, airway hyperresponsive-
ness, and IgE production in mice,” The American Journal of
Respiratory Cell and Molecular Biology, vol. 49, no. 1, pp. 37–46,
2013.

[49] D. B. Corry, H. G. Folkesson, M. L. Warnock et al., “Interleukin
4, but not interleukin 5 or eosinophils, is required in a
murine model of acute airway hyperreactivity,” The Journal of
Experimental Medicine, vol. 183, no. 1, pp. 109–117, 1996.

[50] M.Wills-Karp, J. Luyimbazi, X. Xu et al., “Interleukin-13: central
mediator of allergic asthma,” Science, vol. 282, no. 5397, pp.
2258–2261, 1998.

[51] G. Grünig, D. B. Corry, J. Reibman, and M. Wills-Karp,
“Interleukin 13 and the evolution of asthma therapy,” American
Journal of Clinical and Experimental Immunology, vol. 1, no. 1,
pp. 20–27, 2012.

[52] S. Wenzel, L. Ford, D. Pearlman et al., “Dupilumab in persistent
asthma with elevated eosinophil levels,” The New England
Journal of Medicine, vol. 368, no. 26, pp. 2455–2466, 2013.

[53] J. Corren, R. F. Lemanske Jr., N. A. Hanania et al., “Lebrik-
izumab treatment in adults with asthma,” The New England
Journal of Medicine, vol. 365, no. 12, pp. 1088–1098, 2011.

[54] H. G. Ortega, M. C. Liu, I. D. Pavord et al., “Mepolizumab
treatment in patients with severe eosinophilic asthma,”TheNew
England Journal of Medicine, vol. 371, no. 13, pp. 1198–1207, 2014.

[55] P. Flood-Page, A. Menzies-Gow, S. Phipps et al., “Anti-IL-5
treatment reduces deposition of ECM proteins in the bronchial
subepithelial basement membrane of mild atopic asthmatics,”
The Journal of Clinical Investigation, vol. 112, no. 7, pp. 1029–1036,
2003.

[56] D. J. Song, J. Y. Cho, S. Y. Lee et al., “Anti-siglec-F antibody
reduces allergen-induced eosinophilic inflammation and air-
way remodeling,”The Journal of Immunology, vol. 183, no. 8, pp.
5333–5341, 2009.

[57] R. Fattouh, A. Al-Garawi, M. Fattouh et al., “Eosinophils are
dispensable for allergic remodeling and immunity in a model
of house dust mite-induced airway disease,” American Journal
of Respiratory andCritical CareMedicine, vol. 183, no. 2, pp. 179–
188, 2011.

[58] A. J. Coyle, S. J. Ackerman, R. Burch, D. Proud, and C. G.
Irvin, “Human eosinophil-granule major basic protein and
synthetic polycations induce airway hyperresponsiveness in
vivo dependent on bradykinin generation,” The Journal of
Clinical Investigation, vol. 95, no. 4, pp. 1735–1740, 1995.

[59] D. K. Chu, R. Jimenez-Saiz, C. P. Verschoor et al., “Indige-
nous enteric eosinophils control DCs to initiate a primary
Th2 immune response in vivo,” The Journal of Experimental
Medicine, vol. 211, no. 8, pp. 1657–1672, 2014.

[60] P. D. Ponath, S. Qin, D. J. Ringler et al., “Cloning of the
human eosinophil chemoattractant, eotaxin. Expression, recep-
tor binding and functional properties suggest a mechanism for
the selective recruitment of eosinophils,”The Journal of Clinical
Investigation, vol. 97, no. 3, pp. 604–612, 1996.

[61] M. E. Rothenberg, A. D. Luster, and P. Leder, “Murine eotaxin:
An eosinophil chemoattractant inducible in endothelial cells
and in interleukin 4-induced tumor suppression,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 92, no. 19, pp. 8960–8964, 1995.

[62] P. C. Fulkerson, C. A. Fischetti, M. L. McBride, L. M. Hassman,
S. P. Hogan, and M. E. Rothenberg, “A central regulatory
role for eosinophils and the eotaxin/CCR3 axis in chronic
experimental allergic airway inflammation,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 103, no. 44, pp. 16418–16423, 2006.

[63] S. M. Pope, N. Zimmermann, K. F. Stringer, M. L. Karow,
and M. E. Rothenberg, “The eotaxin chemokines and CCR3
are fundamental regulators of allergen-induced pulmonary
eosinophilia,” Journal of Immunology, vol. 175, no. 8, pp. 5341–
5350, 2005.

[64] D. Wu, J. Zhou, H. Bi et al., “CCL11 as a potential diagnostic
marker for asthma?” Journal of Asthma, vol. 51, no. 8, pp. 847–
854, 2014.

[65] S. Ying,Q.Meng,K. Zeibecoglou et al., “Eosinophil chemotactic
chemokines (eotaxin, eotaxin-2, RANTES, monocyte chemoat-
tractant protein-3 (MCP-3), and MCP-4), and CC chemokine
receptor 3 expression in bronchial biopsies from atopic and
nonatopic (Intrinsic) asthmatics,” The Journal of Immunology,
vol. 163, no. 11, pp. 6321–6329, 1999.

[66] N. Bhardwaj and G. Ghaffari, “Biomarkers for eosinophilic
esophagitis: a review,” Annals of Allergy, Asthma and Immunol-
ogy, vol. 109, no. 3, pp. 155–159, 2012.



12 International Journal of Inflammation

[67] H. Yamada, M. Yamaguchi, K. Yamamoto et al., “Eotaxin in
induced sputum of asthmatics: relationship with eosinophils
and eosinophil cationic protein in sputum,” Allergy, vol. 55, no.
4, pp. 392–397, 2000.

[68] C. Lemière, S. Chaboilliez, C. Trudeau et al., “Characterization
of airway inflammation after repeated exposures to occupa-
tional agents,” Journal of Allergy and Clinical Immunology, vol.
106, no. 6, pp. 1163–1170, 2000.

[69] H. Nakamura, S. T. Weiss, E. Israel, A. D. Luster, J. M. Drazen,
andC.M. Lilly, “Eotaxin and impaired lung function in asthma,”
American Journal of Respiratory and Critical Care Medicine, vol.
160, no. 6, pp. 1952–1956, 1999.

[70] C. M. Lilly, P. G. Woodruff, C. A. Camargo Jr. et al., “Elevated
plasma eotaxin levels in patients with acute asthma,” Journal of
Allergy and Clinical Immunology, vol. 104, no. 4, pp. 786–790,
1999.

[71] M. E. Scheicher,M.M. Teixeira, F. Q. Cunha et al., “Eotaxin-2 in
sputum cell culture to evaluate asthma inflammation,”European
Respiratory Journal, vol. 29, no. 3, pp. 489–495, 2007.

[72] J. M. Coleman, C. Naik, F. Holguin et al., “Epithelial eotaxin-2
and eotaxin-3 expression: relation to asthma severity, luminal
eosinophilia and age at onset,” Thorax, vol. 67, no. 12, pp. 1061–
1066, 2012.

[73] V. Provost, M.-C. Larose, A. Langlois, M. Rola-Pleszczynski, N.
Flamand, andM. Laviolette, “CCL26/eotaxin-3 ismore effective
to induce the migration of eosinophils of asthmatics than
CCL11/eotaxin-1 and CCL24/eotaxin-2,” Journal of Leukocyte
Biology, vol. 94, no. 2, pp. 213–222, 2013.

[74] O. Kalayci, L. A. Sonna, P. G. Woodruff, C. A. Camargo Jr., A.
D. Luster, and C. M. Lilly, “Monocyte chemotactic protein-4
(MCP-4; CCL-13): a biomarker of asthma,” Journal of Asthma,
vol. 41, no. 1, pp. 27–33, 2004.

[75] C. Stellato, P. Collins, P. D. Ponath et al., “Production of the
novel C-C chemokine MCP-4 by airway cells and comparison
of its biological activity to other C-C chemokines,”The Journal
of Clinical Investigation, vol. 99, no. 5, pp. 926–936, 1997.
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