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Approximately 5-10% of asthmatics are barely controlled or
clinically and/or functionally uncontrolled despite a high
dose of inhaled corticosteroids (ICS) plus another controller
agent (e.g., long-acting beta2-agonists, LABA; leukotriene-
receptor antagonists, LTRA; long-acting muscarinic agents,
LAMA) or maintenance oral corticosteroid therapy. These
patients are defined as affected by “severe asthma” according
to the most recent recommendations of the European Respi-
ratory Society (ERS) and the American Thoracic Society [1].
The diagnosis of severe asthma is made after having ruled
out or having treated clinical conditions that may mimic
asthmatic symptoms (e.g., extra-thoracic hyperresponsive-
ness syndromes, vocal cord dysfunction), comorbidities that
may worsen disease control (e.g., allergic or nonallergic
rhinitis, chronic rhinosinusitis with or without nasal polyps,
bronchiectasis, and gastroesophageal reflux), possible incor-
rect inhaler techniques, and/or poor treatment adherence.
During the past decade, advanced research brought insight
into the heterogeneous mechanisms of severe asthma and
helped to reveal several potential therapeutic targets [2].

Following the introduction of the first available biologic
agents in clinical practice, the way of diagnosing and manag-
ing the majority of patients with severe asthma dramatically
changed from a “one-size-fits-all” approach to precision
medicine [3]. Presently, we are experiencing a new era in
the management of severe asthmatic patients, as subjects are

clinically characterized in phenotypes [4] or in treatable traits
[5] in order to personalize their disease-management.

In this special issue, the latest knowledge and novel
findings in severe asthma pathogenesis, pheno/endotyping
andmanagement with a particular focus on personalized and
precision medicine approaches, have been addressed.

The classification of patients according to their phe-
notypes and/or endotypes [4] is strictly dependent on the
identification of reliable biomarkers, ideally noninvasive and
available for point-of-care [6]. The article by E. Mortaz et al.
elegantly summarizes a plethora of possible new biomark-
ers from tissue-derived exosomes. These small membrane-
enclosed vesicles contain mRNA and miRNA, lipids, and a
vast array of different proteins depending on their cell of
origin. Furthermore, exosomes may also be potentially used
for developing novel therapeutic strategies. C. Galeone et al.
pointed their attention on how the new field of “omics” sci-
ences (including proteomics, metabolomics, transcriptomics,
and genomics)may provide new biomarkers, novel targets for
diagnostic tests, and pharmacological treatments.

This complex scenario of new technologies and biomark-
ers, applied to the process of identification of specific severe
asthma phenotypes and endotypes, is part of the precision
medicine approach to asthma. The direct consequence of a
better characterization of patients under the immunological
point of view is the possibility to treat them with novel
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biologic agents, acting directly towards those immunological
mechanisms that are involved in every single endotype of
severe asthma [7]. The first available biologic agent for
severe asthma was omalizumab, a fully humanized anti-IgE
monoclonal antibody. Its clinical efficacy and effectiveness
in severe allergic patients have been proved extensively.
There are some recent studies also suggesting effectiveness in
nonallergic severe asthmatics. C. C. Loureiro et al. reviewed
the current evidence on both of these possible uses of
omalizumab in this present Special Issue. In the past few
years, novel therapeutic targets have been addressed by
recently approved biologic agents: mainly, anti-IL5 strategies
are currently worldwide used for severe eosinophilic asthma
[8]. D. Bagnasco et al. overviewed the possible molecular
targets and related biologic drugs, blocking the IL5-mediated
eosinophilic inflammation in severe asthma. C. Pelaia et al.
dedicated their review article to the specific mechanism and
clinical effects of benralizumab, an afucosylated monoclonal
antibody towards the IL5-receptor, a newly approved drug
for treatment of severe asthma in 2018. This drug has a
remarkable affinity for the Fc𝛾RIIIa receptor of NK cells that
gives to the drug the ability to induce the apoptotic mecha-
nism named antibody-dependent cell-mediated cytotoxicity
(ADCC). L. Brussino et al. critically revised the published
literature on anti-IL5 treatment in asthma and highlighted the
still present unmet needs, critical points, and open questions
on efficacy and real-life effectiveness of this category of drugs
in severe asthmatics.

Beyond the use of biologic agents, among the approved
drugs for severe asthma, the inhaled LAMA tiotropium may
play a role, both before starting any biologic treatment and
for those patients not meeting the indication for any of the
currently available biologics. E. Hamelmann et al. reviewed
the evidence of the use of inhaled tiotropium in severe
asthmatics.

A critical point for all treatments for severe asthma is
the a priori identification of responder patients: this depends
on many variables (e.g., clinical, functional and immuno-
logical characteristics, associated comorbidities) that may
not correspond precisely to the features of the extremely
selected patients included into randomized-controlled trials.
Therefore, real-life big-data on severe asthma are needed
to improve the characterization of our patients and provide
them with adequate and tailored treatment. A very effective
approach to obtain real-life big-data is establishing national
and international registries [9, 10], as they will include a
large amount of information on “real” patients managed by
physicians in their daily clinical activity. A. Sá-Sousa et al., in
this special issue, described the protocol and the aims of such
an initiative, the Portuguese Severe Asthma Registry.

In conclusion, this special issue updates and summarizes
recent knowledge onmany different aspects of severe asthma.
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9 Pulmonology Department, Centro Hospitalar Lisboa Norte, EPE, Lisboa, Portugal
10VirtualCare, Porto, Portugal
11 Immunoallergology Department, Centro Hospitalar e Universitário de Coimbra, Coimbra, Portugal
12 Immunoallergology Department, Faculdade de Medicina, Universidade do Coimbra, Coimbra, Portugal
13 Immunology and Allergy Department, Hospital Prof. Doutor Fernando Fonseca, EPE, Amadora, Portugal
14Pulmonology Department, Hospital da Senhora da Oliveira, Guimarães EPE, Guimarães, Portugal
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The Portuguese Severe Asthma Registry (Registo de Asma Grave Portugal, RAG) was developed by an open collaborative network
of asthma specialists. RAG collects data from adults and pediatric severe asthma patients that despite treatment optimization and
adequatemanagement of comorbidities require step 4/5 treatment according toGINA recommendations. In this paper, we describe
the development and implementation of RAG, its features, and data sharing policies. The contents and structure of RAG were
defined in a multistep consensus process. A pilot version was pretested and iteratively improved.The selection of data elements for
RAG considered other severe asthma registries, aiming at characterizing the patient’s clinical status whilst avoiding overloading
the standard workflow of the clinical appointment. Features of RAG include automatic assessment of eligibility, easy data input,
and exportable data in natural language that can be pasted directly in patients’ electronic health record and security features to
enable data sharing (among researchers and with other international databases) without compromising patients’ confidentiality.
RAG is a national web-based disease registry of severe asthma patients, available at asmagrave.pt. It allows prospective clinical data
collection, promotes standardized care and collaborative clinical research, andmay contribute to inform evidence-based healthcare
policies for severe asthma.

1. Introduction

Severe asthma has been defined as asthma which requires
treatment with high dose inhaled corticosteroids plus a sec-
ond controller (and/or systemic corticosteroids), to prevent
it from becoming “uncontrolled” or asthma which remains
“uncontrolled” despite this therapy [1].

To improve care, a better understanding of the etiol-
ogy, burden and management patterns of severe asthma is
needed.Themanagement of severe asthma is challenging and
involves treatment of comorbidities, medication adherence,
allergens exposure avoidance, among others. One of the
greatest difficulties is the choice of the optimal treatment
for each given patient, although algorithms for treatment
decisions have been suggested [2, 3]. Monoclonal antibodies
targeting immunoglobulin-E (IgE) and interleukin-5 are
currently available and new biologics are under development.
However, it is not easy to choose between the biologics to
be the first-choice treatment, and head-to-head comparison

studies between them do not exist [4]. A trial involving the
direct comparison of two or more treatments is a pressing
needed, but it may never be carried out [4]. Hence, clinical
observational studies of real-world large patient populations
should contribute to the knowledge on how to select the best
biologic treatment for an individual patient.

Disease registries are recognized as powerful tools to
improve disease-related knowledge. They consist of orga-
nized systems that use observational studymethods to collect
uniform data aiming at evaluating specific outcomes for a
heterogeneous population defined by a particular disease
[5]. This type of study design enables the assessment of the
effect of different therapies in the context of a single dis-
ease. Severe asthma registries are being created throughout
Europe including in the United Kingdom (UK), Belgium,
Germany, Austria, Netherlands, Italy, and Spain (Table 1).
However, research aiming at reducing the disease-related
burden requires prospective long-lasting studies and the
coordination of a wide range of expertise, often only available
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at an international or even global level [6]. With the goal of
establishing a global collaborative initiative, the International
Severe Asthma Registry was created and the enrollment
of 10 national registries is expected by December 2018[7].
The European Respiratory Society (ERS) Research Agency
promotes collaborative Europe-wide research based on data
collected from disease registries [8]. Its actions include
the development of Standard Operational Procedures and
guidelines, consent forms to collect and handle data in
compliance with the EU legal and regulatory framework, and
establishing a central point to access datasets from multiple
projects. In 2016 the collaboration Severe Heterogeneous
Asthma Research collaboration, Patient-centered (SHARP)
was accepted as an ERS Clinical Research Collaborations
[9]. Taking this into consideration, new registries should be
designed to enable sharing information and coordination
among databases (e.g., federated databases).

Asthma affects 6.8% of the Portuguese population [10].
Using the data from the Portuguese National Asthma Survey
we estimate 7.4% of patients were on step 4 or 5 treatment
as defined by Global Initiative for Asthma (unpublished
data). Even though severe asthma patients represent only a
small proportion of those with asthma, they account for a
large proportion of asthma-related morbidity and health care
expenditures [11].

REAG, Rede de Especialistas em Asma Grave, is an open
collaborative network of asthma specialists (allergists, pedi-
atricians, and pulmonologists) who manage severe asthma
patients in Portuguese hospitals. The foundational principle
of REAG is the informal peer collaboration among col-
leagues with different medical specialties and backgrounds,
maintaining an unhierarchical organization and consensual
decision processes to improve sharing of medical experience,
data, and knowledge. Since 2011, this network of experts
has been working towards a better care of severe asthma
patients by (1) promoting a better coordination between
medical specialties for early diagnosis and referral of severe
asthma patients; (2) describing and implementing harmo-
nized procedures to adopt in severe asthma healthcare; and
(3) improving scientific knowledge on severe asthma in
Portugal. In 2015, REAG published a real-life prospective
study on Portuguese patients with severe persistent allergic
asthma, treated with omalizumab [12]. This was the first-
time specialists from different Portuguese centers who made
an effort to harmonize the registration procedures for severe
asthma. From this initial study, the necessity for a computer-
ized disease registry became even more evident.

The purpose of the Portuguese Severe Asthma Registry
(Registo de Asma Grave Portugal (RAG)) is to gather evidence
on severe asthma in Portugal contributing to eliminate the
information gaps and support the adoption of evidence-based
health care policies. Specifically, the registry aims at

(1) improving the healthcare delivery of severe asthma by
identifying the best diagnosis and treatment practices
and by standardizing disease management processes
and clinical records;

(2) supporting collaborative research projects by promot-
ing the cooperation between centers and assist with
the implementation of research projects.

In this paper, we describe the development and implementa-
tion of RAG, its features, and data sharing policies.

2. Material and Methods

RAG results from the collaboration between different stake-
holders: the medical experts from REAG, the investigators
from CINTESIS (Center for Health Technology and Services
Research), and the software development company Virtual-
Care.

The development and implementation processes of RAG
are summarized in Figure 1.

2.1. Definition of Contents. The criteria for patient inclusion
in RAG, the domains, and data elements to be registered were
defined by a multistep consensus method.

The patients’ inclusion criteria were based on the defini-
tion of Severe Asthma byGINA [1]: (1) patient with treatment
on step 4 or 5 according to GINA recommendations; and (2)
verified optimization of treatment adherence and comorbidi-
ties management. An additional inclusion criterion was (3)
the patient’s signed consent to have his/her data included in
the registry.

During a meeting (April 2016), the domains and data
elements were enumerated, based on the medical expertise
of the network and taking into consideration the variables
existing in three existing European Registries: the Belgian,
the German, and the UK Severe Asthma Registries. Both
data elements to be included in the initial patient registry
and relevant follow-up information were identified. Different
data entry methods were considered to reduce the burden of
response.

An online questionnaire sent to 79 medical specialists
from REAG was used to explore the importance of each
data element and adequacy of data entry method. A total
of 34 participants (43%) completed the questionnaire. For
each domain, data elements and methods for data entry were
chosen when gathering at least 80% of the votes. Comments
and suggestions regarding additional variables or different
data entry methods were also considered. The results of the
questionnaire were presented in a meeting (March 2017) and
disagreements were solved by consensus.

2.2. Features. Database specifications concerning data def-
initions and parameters and data validation rules were
determined. To assist confirmation of the first criterion
and support decision-making, an algorithm to automatically
determine the step of treatment based on currently used
asthma medication was created.

The following additional features were implemented:
(i) Support on data entry by automatic validation of the

inserted data and error messages
(ii) Creation of automatic reports, based on the informa-

tion stored, to be integrated into the institutional elec-
tronic health record (the data recorded are exportable
in natural language by generating a text that mimics
clinical notes)

(iii) Graphic display of aggregated data on patients’ inclu-
sion by healthcare center
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Figure 1: Development and implementation process of RAG.

(iv) Display for each physician a list of their patients and
date of the last medical appointment

(v) At follow-up visit, automatic display of the informa-
tion inserted in the last appointment for specified
measurements

(vi) Export features for potential data exchange with
international severe asthma databases and the phar-
macovigilance authorities

(vii) Automatic emails with status report of each registra-
tion

2.3. Security and Data Sharing Policies. Security features
compliant with the new European General Data Protection
Regulation (GDPR) [37] and required procedures according
to this legislation are being incorporated into the platform.

The registry was built on a framework residing in a server
hosted by VirtualCare. This server was configured with a
Secure Sockets Layer (SSL) certificate fromComodo Security
Solutions, Inc., ensuring that all data transferred between the
web server and browsers remain private and integral. The
access to the database is restricted, requiring authentication
(using health professional number and password) and all
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accesses to the database are stored and traceable. All changes
to the database are also stored; each change generates a new
document; the old document becomes out of date allowing
the tracking of changes (when, where, and by whom changes
were made to the documents).

RAG does not record any identifiable personal data
from patients (e.g., date of birth is replaced by the year of
birth, no ID numbers are registered, and patients’ names are
pseudoanonymized so replaced with a code number) [38].
The patients’ participation on RAG is free and voluntary,
and patients may, in any moment and without penalty,
withdraw the registry or verify and/or delete their data, by
contacting the technical support. Patients are informed on
the purposes of RAG, the data collected, and the implications
of participating in this registry. The informed consent form
is automatically generated at the time of inclusion. Only
patients that agree, by a clear affirmative consent given by a
written statement, to the storage, processing, and sharing of
data belonging to him/her are included in RAG. The signed
consent forms are upload into the application server file
system, encrypted using phpseclib’s library of PHP, which
allows the usage of one of its encryption algorithms combined
with a private key. When encrypted, the consent file cannot
be read unless the file decryption is activated with the correct
combination of algorithm and private key.The algorithm and
private key are known only to VirtualCare.

An informed consent is also required by physicians who
are registered in RAG since they provide identifiable personal
data for that registration, namely, name, health professional
number, and email address. At the time of registration,
physicians must indicate their acceptance by ticking a box
with a clear statement on the storage and processing of their
personal data. The registration of each physician in RAG
must be validated by at least one of five members of REAG,
designated coordinators of RAG.

Data within RAG belongs primarily to each patient and
then to the physician that inserted patients’ data into the
registry. Each physician is responsible for the management of
the data that he/she inputted, belonging to his/her patients.
Access to patients’ data by their physicians is based on the
Role Based Access Control (RBAC) model that associates
privileges and permissions to the roles (e.g., professional
categories). This model allows easier administration and
independence in relation to the system users and permissions
associated with its resources.

After authentication, each physician can access all the
registrations inserted by himself/herself, both for clinical and
research purposes. One local coordinator will be designated
in each center. Each center coordinator has access, for
pressing clinical purposes only, to all data inserted by the
physicians in that center. If a patient changes the attending
physician, the new physician, if interested in having access
to the previously inserted data, must request authorization
to the former physician, with patient’s consent. Local and
national coordinators and RAG technical support may assist
this contact.

Data inserted by other physicians may be shared within
REAG for research purposes, after authorization. For this,
the physician proposing the data analysis must fill-in a form

containing the aim and a brief description of the research
project and the principal investigator or research group.
When a request for abstracting data is filled, each physician
with data matching the request is notified by email and has a
period of 5 days to refuse the sharing of the data. In the case of
shared information, the privacy of the individual is assured,
as registry data cannot be individually identifiable.

2.4. Pilot-Test. After the implementation of the selected data
elements, the supporting features, and validation rules, a
beta version of RAG was presented during a REAG meeting
(December 2017) and, after adjustments, it was pilot-tested
for a month. The pilot version was tested by 22 REAG
members and 85 specific feedback comments were provided
by 8 testers. The first version of RAG became ready after
improvements being made based on the pilot-test feedback.

3. Results

The Portuguese Severe Asthma Registry is a national web-
based disease registry. The access is made from the website
of REAG, asmagrave.pt, after authentication.

RAG gathers data of adults and children with severe
asthma followed at specialized care centers which, after
treatment optimization and adequate management of comor-
bidities, require step 4 or 5 of treatment according to GINA
recommendations[1]. The implemented automatic algorithm
determines the step of treatment for patients aged under
6, between 6 and 12 and over 12 years, based on asthma
medication prescribed to the patient according to GINA rec-
ommendations (Figure 2.A). In any case, the physician makes
the decision about the inclusion in the registry indicating the
reason for inclusion (Figure 2.B). In fact, even if rarely used,
some therapeutic combinations are not explicitly considered
in any of the GINA 2018 treatment steps and in these cases,
the algorithm cannot present a result. The algorithm will be
updated in the future when these recommendations change.

The final data items of RAG are summarized in Table 2.
RAG allows collecting data on different asthma medication,
including Oral Corticosteroids (OCs), monoclonal antibod-
ies, and even new therapies that may become available
(Figure 3). Data considered as essential are compulsory,
whereas desirable but not essential data may be skipped.
The elements to be collected in the follow-up appointments
were also defined as RAG was designed to collect data
prospectively.

4. Discussion

The Portuguese Severe Asthma Registry is a national web-
based disease registry of adult and pediatric severe asthma
patients. It includes a comprehensive list of data elements
defined by a multistep consensus process, supported by
international definitions of severe asthma. The registry offers
features to facilitate data entry and to support decision-
making. The collected data belongs primarily to each patient
and then to the physician who inserted patients’ data into
the registry and can be shared for research purposes after
authorization. A thorough characterization of severe asthma
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A
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Figure 2: Screenshot of the implemented automatic algorithm to determine the step of treatment, based on asthma medication according to
GINA recommendations. A: treatment step calculated by the algorithm; B: the 3 criteria for patients’ inclusion.
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Figure 3: Screenshot of RAG, picturing asthma medication being collected by RAG.
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Table 3: RAG features useful to support severe asthma management.

Elements of chronic care management [36] RAG features
Current Future

Ensure regular follow-up
Displays for each physician
a list of their patients and
date of the last medical

appointment

Display a simple message with
the counting the months since
the last appointment and flag

patients without medical review
in more than 6 months

Facilitate individual patient care planning

For specified
measurements, displays the
information inserted in the
last appointment and its

progress over time

At the beginning of each
follow-up appointments, a brief

report of the previous
appointment will be displayed

Embed evidence-based guidelines into clinical practice
has a decision support tool
to identify patients treated
in step 4 or 5 according to
GINA recommendations

Monitor the performance of practice team
Displays aggregated data on

the number of patients
included by each center

Aggregated real-time data with
different graphic displays of

trends on specified management
and clinical outcomes will be
produced, to give a feedback to
physicians about the status of the

care of their patients and/or
healthcare center, towards

delivering the recommended
care for severe asthma.

patients, using a tool consensually defined to be applied
prospectively by specialists from Portuguese hospitals, is
ambitious but can improve the information on the disease
and contribute to the adoption of evidence-based policies for
severe asthma care. This harmonized approach is essential
to improve the management of the different phenotypes
this pathology. The Portuguese registry was designed to
enable future linkage with other databases, as registries from
other countries, as well as the Portuguese Pharmacovigilance
Authority.

The data elements included in RAG were selected to
reflect the current clinical status of the patient avoiding
unnecessary burden within the clinical workflow. Through a
multistep consensusmethod, a balancewas achieved between
the data commonly used by clinicians, the data included in
other severe asthma registries, the data needed for the RAG’s
reliability, and the expected overall burden for respondents.
Therefore, there was an effort to data collected by RAG
which can be compared to data collected by other registries
enabling comparisons across populations and settings. A
consensus method was used to summarize information from
different sources, to gather insights from experts and to
enable decision-making [39]. After the selection and imple-
mentation of the data elements and validation rules, RAGwas
pilot-tested and iteratively improved before release.

The patients’ inclusion criteria were also defined by
consensus and an automatic algorithm was implemented
to assist patients’ eligibility assessment, based on GINA
recommendations. Clinical guidelines provide a link between
the best available evidence and the clinical practice, having

the potential to improve enormously patient care [40]. How-
ever, these may have limitations especially for a particular
disease where evidence is still insufficient as in severe asthma
and cannot be used as a strict formula. During algorithm
development became clear that GINA 2018 treatment steps
do not account for all possible therapeutic combinations.
In the future, it would be important to assess if clinically
relevant combinations are not included in the GINA rec-
ommendations, to contribute to the improvement of the
recommendations concerning severe asthma.

Disease registries are used to support healthcare
providers on disease care and to gather evidence for scientific
and policy purposes. Therefore, a disease registry should
(1) facilitate the access to patient-specific information at
the point of care for healthcare delivery and provide status
reports of aggregated information to give feedback to
physicians or to medical groups about the patient population
[36] and (2) provide real-world data on clinical practice,
patient outcomes, safety, and/or comparative effectiveness for
research purposes[5]. RAG has several features to support
healthcare providers on severe asthma care (Table 3).
Additionally, as suggested by the members of REAG, RAG
includes the automatic generation of clinical notes based on
the inputted data that can be pasted into the institutional
electronic clinical record of the patient, avoiding duplication
of effort.

Real-world prospective observational research, including
long-term follow-up data provided by registries, is increas-
ingly considered important to generate evidence regarding
effectiveness, safety, and quality of care [41]. The utility of a
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registry relies on the quality of data collection and storage
[5]. RAG’s data are collected at the time of routine medical
appointments, in the same manner for every patient, with
specific and consistent data definitions. To minimize errors
related to data completeness and consistency, several logical
and validation rules have been implemented and periodic
data audits are being planned. An additional challenge is the
recruitment and retention of participants that is critical to the
generalizability of a registry [5]. Potential RAG users were
involved from the beginning in the development and imple-
mentation process and stated their motivation to include
patients. Nevertheless, to retain users’ interest, the burden of
participation was kept as low as possible and features wanted
by the physicians were implemented.

RAG was designed to comply with security and data
protection standards, including key challenges of the new
European GDPR. No individually identifiable information
of the patient is recorded in the database. Only the his/her
physician can link the recorded data to the patient that
remains the owner of the data. RAG’s data sharing policies
allow the use of data for research, requiring the consent of
the physician that recorded the data and a simple process to
gather this consent was implemented.

5. Conclusions

The Portuguese Severe Asthma Registry is a national web-
based disease registry of adult and pediatric severe asthma
patients. The development and implementation of the RAG
was a multistep consensus process. RAG includes automatic
assessment of eligibility, easy data input, and features for
exporting and sharing data. It allows prospective clinical data
collection, promotes standardized clinical records, and cre-
ates a secure virtual setting for collaborative clinical research.
RAG database is prepared for future data exchange with
international databases. In the future, the analysis of RAG
data may contribute to inform evidence-based healthcare
policies for severe asthma.
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The current developments of the new biological drugs targeting interleukin 5 (IL-5) and IL-5 receptor allowed to expand the
treatment options for severe hypereosinophilic asthma. Clinicians will then be able to choose between antibodies targeting either
circulating IL-5 or its receptor expressed on eosinophils and basophils. The available clinical trials consistently reported favorable
results about the reduction of exacerbations rate, improvement in quality of life, and sparing of the systemic steroid use, with a
favorable safety profile. Two of these new drugs are administered subcutaneously, mepolizumab every 4 weeks and benralizumab
every 8 weeks, whereas reslizumab is given intravenously monthly on a weigh-based dose. In the future, the research actions will be
involved in the identification of a single biomarker or multiple biomarkers for the optimal choice of biological agents to be properly
prescribed.

1. Introduction

The recent change in the definition of asthma, from a unique
disease characterized by a reversible airway obstruction to
a heterogeneous disease (encompassing numerous pheno-
types), prompted the research to look for more detailed
pathogenic aspects, as endotypic targets, especially in uncon-
trolled or severe patients. In this regard, two main different
phenotypes/endotypes of asthma could be distinguished,
based on their inflammatory characteristics, that are, T helper
lymphocyte type 2 (TH2)-high and TH2-low, depending
on the predominance of TH2 cytokines [1]. The more and
more detailed knowledge of the pathogenic mechanisms
led to the discovery of “targeted” treatments to be used in
subsets of non-controlled asthmatic patients. For historical
and cultural reasons the best known pathogenic mechanism
is mediated by eosinophils and IL-5. In fact, within the
TH2-high asthma, allergic asthma (early onset, eosinophilic

inflammation, and IgE mediated sensitization) remains a
paradigm. Two main approaches were evaluated to block
the action of IL-5 on eosinophil activation, survival, and
migration. The first one is to block the circulating cytokine,
and the second is to interfere with the IL-5 receptor alpha on
eosinophils. Although the earliest experimental data on the
effects of anti IL-5 in asthmatic patients were disappointing,
with the only evidence that anti-IL-5 reduced eosinophils in
peripheral blood, airways, and bonemarrow, but no effects on
airway hyperreactivity and bronchial allergen [2–5], a more
accurate analysis of the data related to the first studies has
allowed to highlight a better response to these drugs by those
who had high levels of serum eosinophils. The use of these
drugs has therefore been restricted to asthmatic patients with
these biochemical characteristics.

The subsequent available clinical trials have shown a good
efficacy in the above mentioned selected patients, with a
favorable safety profile, for all of the three drugs [6].
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2. IL-5 and Its Receptor Alpha

IL-5 is a 13-amino acid protein forming a 52-kDa homodimer,
which has long been evaluated as a valuable therapeutic
target [22], since it represents the main stimulus for growth,
differentiation, survival, and activation of the cells [23]. IL-
5, IL-3, and granulocyte-monocyte colony-stimulating factor
(GM-CSF) all belong to the 𝛽 common chain family and are
able to bind a receptor involving the interleukin-5Ra and the
common 𝛽 subunit 𝛽c [24–26]. While IL-5 is more specif-
ically involved in maturation and activation of eosinophils,
IL-3 and GM-CSF have a more broad action, as survival
factors for these cells [27]. Recently, IL-33 was found to play
a non-negligible role in eosinophils homeostasis, through the
activation of innate lymphoid cells type 2 (ILC2) [28].

3. IL-5 Antagonists

The awareness that IL-5 is involved in development, matura-
tion, and action of eosinophils prompted the research to eval-
uate this cytokine as a possible therapeutic target in severe
uncontrolled hypereosinophilic asthma. Two different mech-
anisms of action were identified, the former acting directly
on IL-5 and the latter directly on IL-5 receptor alpha (IL-
5Ra). Two different drugs are currently available to block IL-
5: mepolizumab (recently commercialized with brand name
Nucala; GSK) [2, 23] and reslizumab (proposed trade name
Cinqair; Teva). Another biological drug blocking the IL-5
receptor alpha was approved by Food and Drug Adminis-
tration (FDA) (Benralizumab, Fasenra) [29].The antagonism
to circulating IL-5 is intended to decrease the proliferation,
maturation, and survival of eosinophils, whereas the ILR-a
antagonism adds an antibody-dependent cell-mediated cyto-
toxicity (ADCC). Through this activity, essentially mediated
byNK cells, Benralizumab can induce a peripheral and tissue
destruction of both eosinophils and basophils [8]. The main
end point, in clinical trials, regarding anti IL-5 or anti IL-5R
drugs, ever was the reduction of exacerbations, the use of oral
corticosteroids (OCS), and the effects on quality of life (QoL).

4. General Therapeutic Aspects

First clinical trials about these drugs evaluated the intra-
venous route of administration with the above mentioned
results. After these trials a second route has been evaluated
for all of these drugs, the subcutaneous. For mepolizumab
and benralizumab, it was shown that both routes were equally
effective, with a better safety profile and a more convenient
use of the subcutaneous route.The same thing did not happen
for reslizumab; indeed recently two phase III studies (eval-
uating subcutaneous reslizumab, 110 mg) did not meet the
primary endpoint: the reduction of exacerbations in patients
with severe uncontrolled hypereosinophilic asthma (blood
eosinophils >300/mcL) in the first one (NCT02452190)
and the reduction of daily systemic steroids in the second
(NCT02501629) [30]. Therefore, so far, the optimal admin-
istration route for reslizumab remains the intravenous one
that, on the other hand, allows to adjust the dose according
body weight. Benralizumab is administered subcutaneously,

like mepolizumab, at an 8-week time interval. The possibility
to choose between two different routes (intravenous or
subcutaneous) and a different times of administration (4
or 8 weeks) would allow the clinicians to more properly
personalize the therapy according to the characteristics of the
drugs and the patients’ needs.

5. Exacerbations

Thereduction in exacerbation rate and in the dose of systemic
corticosteroids is usually the main endpoints in clinical
trials, according to the definition of severe asthma [31].
Omalizumab (anti-IgE [32]) remained for 10 years the only
biological treatment available for severe allergic asthma. The
first regulatory trial with mepolizumab involved 61 subjects
with a history of refractory hypereosinophilic asthma and
frequent exacerbations. Patients received a monthly dose of
750 mg mepolizumab for one year. There was a reduction of
the exacerbation rate in the active arm compared with the
placebo group (2.0 vs. 3.4 mean exacerbations per subject;
relative risk, 0.57; 95% confidence interval [CI], 0.32 to 0.92; P
= 0.02) [33]. In another trial, the efficacy of mepolizumab in
reducing exacerbations was tested in 20 adult patients with
severe asthma. All patients received 750 mg mepolizumab
or placebo for five months. At the end of the study, 12
exacerbations were recorded in the placebo group and two
in the mepolizumab group (p=0.008) with a mean duration
of exacerbation of 20 weeks in the active group and 12
weeks in the placebo one (P=0.003) [11]. The first trial with
exacerbation rate formally defined as primary endpoint was
DREAM. Six hundred and twenty-one patients with severe
asthma and signs of eosinophilic inflammation were enrolled
in this multicentric, double-blind, placebo-controlled trial.
Three different intravenous dosages of mepolizumab (75 mg,
250 mg, and 750 mg) and placebo were administered. The
exacerbations rate was significantly reduced in the active
groups as compared to placebo (48% reduction; <0⋅0001) [7].
There was no difference in the efficacy and safety among
the different doses in order to reduce exacerbations. SIRIUS
study, where primary endpoint was the reduction of oral
corticosteroids (OCS), evaluated also, as further endpoint,
the exacerbations showing a significant reduction (32% less)
in patients given mepolizumab compared with placebo [9].
The effects of mepolizumab, 75 mg intravenously or 100
mg subcutaneously, were assessed in the MENSA study. In
this study, in the intravenous group the exacerbation rate
was reduced by 32%, while in the subcutaneous group the
decrease was 53% versus placebo [10].

For Reslizumab, the reduction of exacerbations was
assessed in two duplicate, multicenter, double-blind, parallel-
group, randomized, placebo-controlled (DBRPC) phase 3
trials. The drug (or placebo) was given at 3.0 mg/kg intra-
venously every 4 weeks for 1 year. The trial reported a
significant reduction in asthma exacerbations in the active
group (study 1: RISK ratio [RR] 0.50 [95% CI 0.37–0.67];
study 2: 0.41[0.28–0.59]; both p<0.0001). In addition, the time
to first exacerbation was considerably longer in the active
than in the placebo group [13].
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Similarly tomepolizumab and reslizumab, several studies
with Benralizumab evaluated the exacerbation rate reduction
as primary endpoint. The results of a phase II DBRPC
showed a reduction of exacerbations. A significant reduction
of exacerbations rate (49%) and exacerbations requiring
hospitalization (60%; 1.62 vs 0.65; P=.02), was also reported
in another trial (3.59 vs 1.82; P=.01[18]).The SIROCCO study
was a double-blind, parallel-group, placebo-controlled phase
3 clinical trial, where patients were assigned to 400 every four
weeks and 398 every eight weeks Benralizumab 30 mg or
placebo subcutaneously. The active drug reduced the asthma
exacerbation rate, during the year of observation both in
the 4-week (RISK ratio 0.55, 95% CI 0.42–0.71; p<0.0001)
and in the 8-week group (0.49, 0.37–0.64; p<0.0001) [19].
Exacerbation reduction has been evaluated also in CALIMA
study, with the same inclusion criteria and dosing regimens
of SIROCCO, showing similar results with a significantly
lower annual exacerbation rate both in the group treated
with 30 mg every 4 weeks (0.60 [95% CI 0.48–0.74], rate
ratio 0.64 [95% CI 0.49–0.85], p=0.0018, n=241), and in the
one treated every 8 weeks, compared with placebo [20].
The latest published clinical trial on Benralizumab in severe
hypereosinophilic patients (ZONDA) reported a significant
reduction in exacerbation rate in both groups (30mg/4 weeks
or 30 mg/8 weeks), with a decrease of 55% in patients treated
every 4 weeks, and 70% in those who assume therapy every 8
weeks, versus the one treated with placebo [21].

6. The OCS Sparing Effect

Aspecial attentionwas recently devoted to steroid-dependent
patients; this was due to the well-known burden of steroid
related side effects (diabetes, hypertension, obesity, cataract,
etc.) [34]. In one study, all enrolled patients received a mean
daily dose of 10 mg of prednisone both in placebo and in
mepolizumab group. After the treatment period, the active
group had a mean reduction of their dose of 83.8 ± 33.4%,
as compared to 47.7 ± 40.5% in the control group (P=0.04)
[11]. In the SIRIUS study, in a cohort of 135 patients with
severe eosinophilic asthma those receiving mepolizumab
could reduce the dose of oral steroids 2.65 times versus those
receiving placebo (95% CI, 1.25 to 4.56; P=0.008) [9]. A trial
where reslizumab’s OCS sparing effect has been indicated
as primary endpoint is actually ongoing (NCT02501629).
Preliminary results of this trial have been recently published
in an official note, showing the failure of the drug in order to
reduce daily OCS dose [30]. The effect of Benralizumab, on
the reduction in the OCS dose, has been recently published.
The study design involved 28 weeks of Benralizumab (30
mg subcutaneously, either every 4 weeks or every 8 weeks
[with the first three doses administered every 4 weeks])
versus placebo. For both active groups, the median OCS
reduction at week 28 was 75% in active patients compared
with 25% in the placebo group.Thepercentage of patients that
could completely withdraw their OCS daily dose (secondary
endpoint) was 56% in the every 4 weeks and 52% in the every
8 weeks administration, as compared with 19% in the placebo
group [21].

7. Quality of Life (QoL)

In addition to exacerbations, lung function, and safety, the
effects on QoL are also relevant when a new drug is evalu-
ated. Within the above mentioned trials with mepolizumab,
Haldar et al. evaluated the effect of the medication on
QoL, measured by the Asthma Quality of Life Questionnaire
(AQLQ). After treatment, AQLQ improved from 0.55 in the
active group to 0.19 [33]. On the other hand, the DREAM
study failed to demonstrate a statistically significant effect on
FEV

1
and AQLQ [7]. MUSCA is the most recent large trial

assessing health-related quality of life (HRQOL) in severe
asthmatic patients as primary endpoint. It is a randomized,
double blind, placebo-controlled, parallel group, multicenter,
phase 3b trial, with 274 mepolizumab patients and 277
placebo patients enrolled. Inclusion criteria were a history of
at least two exacerbations in the previous year treated with
corticosteroids. The St George’s Respiratory Questionnaire
(SGRQ) was used to assess the changes in HRQOL. At week
24 a significant improvement in symptoms in the active group
was documented as compared with placebo [12]. One of the
first trials with reslizumab evaluated the effect of 0.03 mg/kg,
0.1 mg/kg, 0.3 mg/kg, or 1.0 mg/kg or placebo, in severe
asthmatic patients with persistent symptoms, needing OCS
and high-dose of inhaled steroids. With the 1 mg/kg dose a
decrease of peripheral eosinophils was seen, but no improve-
ment in symptoms [35]. A more recent study demonstrated
a significant reduction in ACQ-7 in patients treated with
reslizumab vs placebo (71% vs. 57%; p=0.01) [15]. In a similar
trial, where reslizumab was given at 0.3 mg/kg and 3 mg/kg,
an improvement inQoL, measured with ACQ,ACQ-5, ACQ-
6, and AQLQ, was demonstrated with the highest dose [16].
Concerning Benralizumab, an improvement in QoL (ACQ-
6 and AQLQ) was seen, especially in subjects with baseline
blood eosinophils≥300 cells per 𝜇L [19, 20]. An improvement
in QoL was confirmed also in the ZONDA study, where
active armACQ-6 scores decreased by 0.55 points vs. placebo
(p=0.001) [21] (Table 1).

8. Safety

The general safety of anti-IL biologicals, as assessed in
controlled trials, has been described and reviewed elsewhere
[36, 37]. Nonetheless, other special safety aspects have been
proposed as a matter of discussion.

For instance, the defensive role of eosinophils, especially
against helminthic infections, is well known, and for
this reason the effects of the drug-induced depletion of
eosinophils were debated. Indeed, several studies in guinea
pigs treated with eosinophils antiserum failed to demonstrate
an increased risk of helminth infestation [38]. Also, the long
term (more than 6 months) treatments in mice and primates
with antibodies abating eosinophils did not demonstrate
any observable adverse effects [39, 40]. The most common
non-serious AE in clinical trials with mepolizumab were
injection site reaction, headache, nasopharyngitis, and upper
respiratory tract infection, not different from placebo groups
[7, 9–12, 33]. In the largest clinical trials, some serious
adverse events (SAE) were described, mainly worsening

https://clinicaltrials.gov/ct2/show/NCT02501629
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of asthma [5, 9]. Three fatal events, all in the intravenous
mepolizumab groups, were reported, but none of these cases
were considered as drug-related [7]. No fatal event was
reported with the subcutaneous route. With reslizumab, four
cases of anaphylactic reaction were described in two different
trials [13, 15]. Also for reslizumab the main SAEs were
worsening of asthma, followed by pneumonia [10, 13, 14, 16].
One patient in the placebo group died due to multiple-drug
overdose [13]. Worsening of asthma appeared as the most
frequently described SAE also in the benralizumab studies
[20, 21]. In those trials, some fatal events (due to pneumonia,
acute cardiac failure, cerebral hemorrhage, asthma, opioid
overdose, suicide, road traffic accident, acute myocardial
infarction, colon neoplasm, and unknown causes) were in
the active group patients. Pulmonary embolism, myocardial
infarction, and unknown causes were in patients treated with
placebo [17, 19–21].

9. Anti-IL-5 Treatments: Practical Aspects
and Problems

All the available (or soon available) IL-5 antagonists
(mepolizumab, reslizumab, and benralizumab) show a favor-
able cost-to-benefit profile, in addition to clinical efficacy
and biological effects. When all drugs will be marketed,
we could choose between different kinds of administration
(intravenous or subcutaneous) and administration frequency
(4 or 8 weeks). For administration route, it has been already
said that reslizumab, at least at the moment, remains with the
only intravenous way; regarding the frequency of adminis-
tration it is interesting that benralizumab could be dispensed
every 8 weeks. In published clinical trials and documents
no pathophysiological motivation was provided to explain
the possibility to doubling administration time; however it
is evident that, with the same efficacy results shown in the
CALIMA and in the SIROCCO study [19, 20] at 4-week
and 8-week administration, the pathway every 8 weeks is
economically and operationally more sustainable for this
drug.

Regardless of the route and frequency of administration,
in the main clinical trials all the above mentioned IL-5
antagonists have proven to be more effective in the severe
form of asthma with high levels of blood eosinophils (300
cells/mm3 for Benralizumab and mepolizumab and 400
cells/mm3 for reslizumab). The fact that it has been proven
that all three drugs are more effective in the same types of
subjects (severe asthmatics with serum hypereosinophilia),
once on the market, could be a problem. Indeed if we have
three drugs with similar patient targets, and a very similar
efficacy between the different molecules, it will be difficult
to choose [41]. Moreover, regarding efficacy, it has been
shown that all anti-IL-5 drugs not only need high blood
eosinophils levels, but also highlight the fact that the number
of eosinophils present in patients’ serum correlates with
the effect of the drug administered. Indeed a secondary
analysis of MENSA and DREAM studies demonstrates that
the reduction in exacerbations rate is positively associated
with increasing blood eosinophil count at baseline [42].

Nevertheless, the clinical aspects (symptoms, pulmonary
function, exacerbations, and exhaled nitric oxide) still per-
ceived the only (and insufficient) predictive biomarkers to
guide the prescription of such expensive drugs. The coexis-
tence of chronic rhino sinusitis with nasal polyposis could
be a criterion for the choice of one drug or other biological
drugs. Also, the route of administration (intravenous or
subcutaneous) and the possibility of adjusting the dosage
would be possible suggestions for clinicians. In addition to
IL-5 antagonists, other biological drugs such as anti IL-4 and
IL-13 [43] were proposed, although the recent preliminary
results on Tralokinumab (anti IL-13) displayed unfavorable
results (STRATOS 2 (exacerbations) and TROPOS reduction
in OCS use) in severe asthma [44]. The possible answer
is biomarkers, some biological or clinical samples, able to
drive clinician to the choice [45]. Notwithstanding some
studies proposed several biomarkers, such as serum total
IgE levels (IgEs) [46], FeNO, blood, and sputum eosinophil
count [47, 48]; there is not a certain role of these samples
as predictive indicator of response for one or the other
drug. Other biological samples have been evaluated, like
periostin, both in bronchoscopy biopsies [49] and in less
invasive way [50], and are still under evaluation. Given that
clinical trials have shown promising efficacy for all three
drugs described, as already stated, once all these drugs are
marketed the challenge could be which one to choose to
provide an increasingly personalized medicine and choose
the one that preventively could be the best. At the moment,
due to the fact that no certain biomarker has been discovered,
to choose the better drug for our patients, we could use a
more clinic approach and we can rely on what emerged from
trials and literature. Several authors suggest that the single
dosage of mepolizumab could be a limit in overweight-obese
patients, and the possibility to a weight-adjustment could be
useful. About that Mukherjee and coauthors have described a
trial where ten patients, demonstrating a non-fully response
to mepolizumab after 1 year of administration, after a 1-year
period of wash-out, have been treated with 3.0 mh/Kg of
reslizumab with an increase of QoL and decrease of sputum
and blood eosinophilia after 4 months of administration [51].
This could be used as a discriminant to choose one drug
rather than another. On the other hand mepolizumab seems
to have the same efficacy in the patients treated in the trials
both at the marketed dosage (100 mg) and at higher doses,
confirming its effectiveness regardless of weight, making it
safe and effective to be prescribed independently of the body
mass index (BMI) value [7, 10]. Regarding the anti-receptor
drug, benralizumab, an advantage could be the periodicity
of administration; indeed, after a “run-in” period where for
three months the dosage is at 4-week frequency, the drug
will be injected every 8 weeks. This therapeutic scheme could
be advantageous due to the fact that the intake of the drug
with a 8-week frequency would decrease the indirect costs
(lost work days, visits made, etc.), and, depending on the
cost of the drug agreed upon with the local health ministries,
also the direct ones. We could have greater clarity on the
choice of drugs with the development of single biomarkers
or panels of laboratory and clinical parameters, and real life
studies.
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10. Conclusions

The wide variety of anti-IL-5 antagonists or IL-5 receptor
blockers allow to have alternative treatment options for
patients with severe hypereosinophilic patients. All the three
drugs herein reviewed displayed a good safety profile, and a
favorable clinical efficacy in the selected patients. It remains
true that we do not still have reliable predictive markers
to detect which single patient will respond individually to
each of such expensive treatments. Also, the different routes
of administrations would provide clinicians with the oppor-
tunity to choose the drug according to drug characteristic
and patient’s needs. At present, the best biomarker in patient
eligible for anti-IL-5 or IL-5ra is blood eosinophils, exhaled
nitric oxide, and clinical phenotyping (age of onset of asthma,
atopy, and presence of nasal polyposis). Predictive biomark-
ers allowing a better prescription of a personalized medicine
are needed, although the introduction in clinical practice of
novel biologics targeted to severe asthma represents a step
forward.
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Asthma is a chronic and heterogeneous disease, which is defined as severe disease whenever it requires treatment with a high dose
of inhaled corticosteroids plus a second controller and/or systemic corticosteroids to prevent it from becoming “uncontrolled”
or if it remains “uncontrolled” despite this therapy. Severe asthma is a heterogeneous condition consisting of phenotypes such as
eosinophilic asthma, which is characterized by sputum eosinophilia, associatedwith mild tomoderate increase in blood eosinophil
count, frequently adult-onset, and associated with chronic rhinosinusitis with nasal polyps in half of the cases. Eosinophilic
asthma is driven by T2 inflammation, characterized, among the others, by interleukin-5 production. IL-5 plays a key role in the
differentiation, survival,migration, and activation of eosinophils, and it has become an appealing therapeutic target for eosinophilic
asthma. In recent years two monoclonal antibodies (mepolizumab and reslizumab) directed against IL-5 and one monoclonal
antibody directed against the alpha-subunit of the IL-5 receptor (benralizumab) have been developed. All these IL-5 target drugs
have been shown to reduce the number of exacerbation in patients with severe asthma selected on the basis of peripheral blood
eosinophil count. There are still a number of unresolved issues related to the anti-IL5 strategy in eosinophilic asthma, which
are here reviewed. These issues include the effects of such therapy on airway obstruction and asthmatic symptoms, the level of
baseline eosinophils that predicts a response to treatment, the relationship between blood and airway eosinophilia, and, perhaps
most importantly, how to elucidate the pathogenetic role played by eosinophils in the individual patient with severe eosinophilic
asthma.

1. Introduction

Asthma is a chronic disease characterized by different clinical
presentations, comorbidities, and outcomes, affecting an
estimated 300 million people worldwide, of all ages, who
usually need many specialists in order to be well managed
[1–5]. Although asthma is generally mild and well controlled,
the severe form, which represents at most 10% of asthmatic
patients, can be refractory to conventional therapies, such as
inhaled corticosteroids (ICSs), inhaled bronchodilators, and
oral leukotriene modifiers [6, 7].

The outcome of asthma therapy becomes very important
in terms of public health, social impact, and quality of life,
particularly for those people suffering from severe asthma. It
is therefore becoming more and more important to identify

patients’ phenotypes and to target precisemolecules to obtain
a good asthma control.

2. Asthma Phenotypes and Endotypes

Asthma can be classified into different phenotypes, according
to its clinical presentation, concomitant comorbidities such
as nasal polyposis or obesity, identifiable triggers, including
allergen or aspirin sensitivity and response to therapy. Phe-
notypes, asmeasurable and observable features of asthma, are
also available in defining eosinophilic and noneosinophilic
asthma. In fact, the lack of knowledge of pathogenesis
underlying each different phenotype represents a limit in
understanding the mechanisms of Asthma subgroups and
in disease management. Recently it has been proposed that
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the definition of endotype represents a specific biological
mechanism which underlies a given phenotype.

The identification of different endotypes provides a con-
tribution to lead novel treatments, such as biologic therapies
to target specific inflammatory mediators (e.g., IL-5) [8, 9].

The two-main recognized asthma endotypes are based
on high or low T-helper 2 (TH2) cell airway inflammation.
Considering also type 2 innate lymphoid cells (ILC2), which
are outside the originally described Th2 cell population
but producing the same cytokines, (T2)-high or (T2)-low
has emerged as a more appropriate and inclusive term for
defining asthma endotypes.

The pathophysiology of T2 low asthma is not completely
understood, but it is thought that it could be characterized
by neutrophilic inflammation, suggesting a TH1 and/or TH17
cells activation.

On the other hand, in T2 high asthma, overproduction of
eosinophils, driven by an overproduction of type 2 cytokines
from T-helper 2 and innate lymphoid cells, is commonly
found in many patients, and it correlates with more severe
disease, with airway dysfunction [10].

3. Eosinophilic Asthma and IL5

In more than 50% of patients affected by severe eosinophilic
asthma (SEA), both blood and sputum eosinophilia are
associated with worse disease control and prognosis [11]. In
addition, blood eosinophilia often reflects asthma severity
[12] and the relationship between the reduction in sputum
eosinophils and the reduction of exacerbations after ICS
therapy is well recognized [13].

Interleukin 5 (IL-5) is a cytokine produced by limited
types of cells, such as CD4+ T cells, innate lymphocytes
type 2 (ILC-2), mast cells, and eosinophils, which are all
involved in the airway inflammation of asthma. Whatever
the source, IL-5 plays a major role in the differentiation,
survival, migration, and activation of eosinophils. This is the
reason why IL-5 represents an appealing therapeutic target
for hypereosinophilic conditions.

4. Anti-IL5 Strategy in Eosinophilic Asthma

At the beginning of 2000s, the therapeutic role of IL-5
antagonists in asthma was postulated following the obser-
vation in rats of the eosinophils reduction in BAL and
lung tissue and reduction of airway hyperresponsiveness
after treatment with anti-IL5 monoclonal Antibodies (mAbs)
intranasally, intravenously, or intraperitoneally, suggesting a
good outcome also in treatment of human asthma [14].

Leckie et al. analyzed the effects of mepolizumab, an anti-
IL5 monoclonal antibody, in 24 patients with mild asthma,
observing a reduction of eosinophils in sputum and blood
after allergen challenge, but they did not find a decrease in
airway hyperresponsiveness to histamine or in late reaction
after allergen challenge [15]. A few years later, it was observed
that mepolizumab induced reduction in blood eosinophilia
and a slight improvement in FEV1 in asthmatic patients
taking high doses of ICS and/or oral corticosteroids, without
significant changes in other clinical outcomes [16].

The efficacy ofmepolizumab in patients with eosinophilic
asthma has been preliminary reported in in 2009 in 2
randomized double-blind, placebo controlled studies. In the
first one,Haldar demonstrated the reduction of exacerbations
and the improvement in AQLQ scores in 29 patients with
refractory eosinophilic asthma. The second study by Nair
and Coll reported the reduction of eosinophils in blood and
sputum, as well as prednisone sparing in 9 patients who had
asthma with sputum eosinophilia despite prednisone treat-
ment. In both studies patients received 750 mg intravenously
of mepolizumab for 12 and 5 months, respectively [17, 18].

Later, in 2012 another study reported the efficacy of
mepolizumab in a group of patients affected by eosinophilic
asthma [19]. These observations placed the basis for the
selection of patients based on the disease phenotype to
achieve a tailored therapy. Furthermore, the knowledge of
eosinophils involvement in asthma and the potential to block
IL-5 stimulated other research studies to better identify the
field of application of the new anti-IL5 mAbs [20].

In the last two years two similar biologics therapies
targeting IL-5, mepolizumab and reslizumab, have been
approved, as well as anti-IL-5 alpha receptor, benralizumab.
These agents can be used as add-on therapy in subjects with
an eosinophilic asthma phenotype, poorly controlled with
standard therapy. Mepolizumab and reslizumab both target
and bind to IL-5 directly, whereas benralizumab targets the
IL-5 receptor alpha subunit. [21, 22].

The primary outcome in mepolizumab registration stud-
ies was the reduction of annual frequency of significant
asthma exacerbations, which was defined as worsening of
asthma which needed to be treated with systemic gluco-
corticoids for at least 3 days or when the patient visited
an emergency department or was hospitalized. Secondary
endpoints were the effects of treatment on blood eosinophil
counts, asthma control evaluated by ACQ-5 score, asthma-
related quality of life, and forced expiratory volume in 1 s
(FEV1) [19]. Due to the hierarchical gatekeeping in the study
design, the secondary endpoints were not analyzed in the
registration study, not having reached the significant differ-
ence in reduction of exacerbation requiring ED admission
between iv mepolizumab and placebo [23].

On the other side, primary outcome for reslizumab
registration studies was the change from baseline in pre-
bronchodilator FEV1 over 16 weeks. Secondary endpoints
included ACQ scores, FVC, forced expiratory flow at 25%
to 75% of FVC (FEF25%-75%), patient-reported control of
asthma symptoms, short-acting 𝛽-agonist (SABA) use in the
three days before the visit, blood eosinophil levels, and safety
[24]. All the secondary endpoints were reached except for
ACQ, which did not show any difference between reslizumab
and placebo.

Lastly, the primary outcome in benralizumab registration
studies was annual exacerbation rate ratio versus placebo for
patients receiving high-dosage ICS plus LABA with baseline
blood eosinophils 300 cells per 𝜇L or greater (intention-
to-treat analysis), while secondary efficacy endpoints were
prebronchodilator FEV1 and total asthma symptom score
for patients receiving high-dose inhaled corticosteroids plus
LABA with baseline blood eosinophils 300 cells per 𝜇L or
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greater. Additional secondary endpoints were time to first
asthma exacerbation, annual rate of asthma exacerbations
associated with emergency department visit, urgent care visit,
or admission to hospital (defined as an admission to an
inpatient facility and/or evaluation and treatment in a health-
care facility for 24 hours or longer), postbronchodilator
FEV1, ACQ-6 score, and AQLQ(S)+12 score. The annual
rate of asthma exacerbations requiring an ED admission
did not differ between the benralizumab and placebo, and
benralizumab treatment did not alter the time to first asthma
exacerbation requiring an emergency department visit or
admission to hospital [25].

Analyzing the efficacy studies of the threeAnti-IL5mAbs,
it is important to focus on the primary outcome, which is,
for mepolizumab and benralizumab [19, 21], the reduction
in annual asthma exacerbation numbers and, limited to
reslizumab, the improvement in lung function test [24].

The study design for mepolizumab considered only
patients with at least two exacerbations in the last year,
showing a significant reduction rate in exacerbation of 53%
for the group receiving subcutaneousmepolizumab [19], with
an exacerbation rate of 0.93/year.

A secondary (post hoc) analysis of data from two ran-
domized, double-blind, placebo-controlled studies of at least
32 weeks duration, DREAM and MENSA, was performed to
evaluate the relationship between baseline eosinophil counts
and efficacy of Mepolizumab, stratifying patients by different
baseline eosinophil thresholds (count and ranges) in the
blood, specifically baseline ≥150, ≥300, ≥400, and ≥500 cells
per 𝜇L, and baseline blood eosinophil ranges (<150 cells per
𝜇L, ≥150 cells per 𝜇L to <300 cells per 𝜇L, ≥300 cells per 𝜇L
to <500 cells per 𝜇L, and ≥500 cells per 𝜇L).

It was observed that the exacerbation rate reduction with
mepolizumab versus placebo increased progressively from
52% in patients with a baseline peripheral eosinophil count of
at least 150 cells per𝜇L to 70% in thosewith a baseline count of
at least 500 cells per 𝜇L. When the baseline eosinophil count
was less than 150 cells per 𝜇L, the efficacy of mepolizumab
was clearly reduced [26].

5. Unresolved Issues Related to the Anti-IL5
Therapy in Eosinophilic Asthma

5.1. Annual Exacerbation Rate Reduction. One important
question is the clinical meaning of 50% reduction of annual
exacerbation rate and the primary outcome of mepolizumab
studies, in the patients who report just two exacerbation/year.

Even if exacerbation as defined in clinical trials is an
“all-or-nothing” parameter, it is well recognized that patients
with high symptom burden have more frequent exacerba-
tions. The decrease of annual exacerbations per se does not
automatically imply a comparable decrease of daily asthmatic
symptoms, even if a 50% decrease in asthmatic symptoms has
been reported in the same registration studies.

Other clinical endpoints, in addition to annual exacer-
bation rate, as the need of frequent oral corticosteroid use,
asthmatic symptoms and quality of life, should be taken into
account by clinicians who consider anti-IL-5 therapy for their
patients with severe asthma.

5.2. FeNO as a Marker of T2 Inflammation. Outcomes which
have been explored in secondary registration studies were
the reduction in blood eosinophil count, the improvement
in quality-of-life, the increase of forced expiratory flows,
and the reduction in using of SABA. Markers of tissue
eosinophilia which have been investigated in these studies
were the sputum eosinophilia and, in one study only, the
change of exhaled nitric oxide (FeNO) after mepolizumab
therapy.

FeNO measurement is esteemed to be particularly useful
to identify a high T2 state. The official ATS clinical practice
guideline recommends that high FeNO > 50 ppb in adults
and > 35 ppb in children can be used to indicate eosinophilic
inflammation [27] in subjects, not in steroid therapy.

However, in spite of the expected correlation between
the FeNO values and the number of eosinophils in the
sputum of patients with eosinophilic asthma, in clinical
setting a discrepancy is often observed between the two
aforementioned values: high FeNO values may be sometimes
observed in patients with normal sputum eosinophils count
and vice versa.

Mepolizumab has been shown to decrease consistently
blood and sputum eosinophil counts in patients with
eosinophilic asthma, with no effect on FeNO levels [17].

A possible explanation of the absence of efficacy of
mepolizumab on FeNO is that the molecular pathways that
lead to an increase in FeNO are different from those that
underlie the recruitment and activation of eosinophils, as
the FeNO is mainly related to the pathways involved in T2
mediated asthma, while peripheral eosinophilia in asthmatic
patients depends also upon the activity of lymphoid cells
(ILC2) type 2 [28].

Recent evidence shows indeed that, in atopic asthma, the
production of FeNO is stimulated by proinflammatory T2-
cytokines, other than IL-5, such as IL-4 and IL-13, making
NOabiomarker of T2-driven inflammation [29], which is not
susceptible to the action of the anti-IL5 mAbs [30].

5.3. Eosinophil Count for the Assessment of Anti-IL5 Efficacy.
Peripheral blood and sputum eosinophil counts have been
shown to be consistently decreased by anti-IL5 drugs in all
the three registration studies [23–25].

It is well known that both blood and pulmonary
eosinophils are increased in patients with eosinophilic
asthma. Whether peripheral blood eosinophils mirror
bronchial tissue eosinophilia is not known. Also how
important is the pathogenetic role played by eosinophils in
asthma is not completely known. Bronchial eosinophilia may
persist even when peripheral blood eosinophil count has
been reduced by anti-IL-5 treatment [31].

Even the reduction of bone-marrow eosinophils,
obtained by benralizumab treatment, was not able to
abolish eosinophils infiltration in bronchial biopsies [13] or
ECP levels in the sputum [32]. This observation suggests the
important role of local mechanisms and/or of other cytokines
in promoting eosinophils priming, recruitment, activation,
and survival in the tissues. Nevertheless, as the source of
eosinophil in the tissue is from the blood it is conceivable as
a cumulative benefit on tissue eosinofil level with persistent
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blockade of blood eosinophils, but the duration of blockade
required for measurable benefit on tissue eosinophils has not
been evaluated.

The best predictor of response to ICS/OCS in patients
with airway diseases, not only asthma, but also COPD and
chronic cough of eosinophilic bronchitis, is the presence of
eosinophils into the bronchial tissue, which is also predictive
of response to therapies that indirectly target eosinophils such
as anti-(IL-5) monoclonal antibodies [33, 34].Whether blood
or sputum eosinophils levels are the best predictor of therapy
response need to be assessed in specific studies.

Any asthma therapy which had eosinophils as target
will be much more effective the more it decreases airway
eosinophils and the more airway eosinophils are primary
players of airway inflammation. Unfortunately, markers of
airways eosinophils activation are not currently available,
and this is probably a great limitation to identify the
asthmatic patients who could benefit more from anti-IL5
therapies.

Free eosinophil granules (FEGs), released after
eosinophils’ lysis, are detectable in sputum of patients
with uncontrolled and severe asthma and the measure of
sputum FEGs could be a new marker of eosinophilic airway
inflammation [35].

FEGs contain toxic proteins which are responsible for
bronchial epithelial damage, and their presence in the sputum
is the consequence of eosinophils degranulation, which
is an important mechanism of tissue damage driven by
eosinophils [33, 36]. Moreover, the release of eosinophils’
peroxidase (EPX) has been related to local airway autoim-
munity, following the production of anti-EPX antibodies.
This autoimmune mechanism has been related not only
to failure of mepolizumab therapy but even to wors-
ening of asthma control in some patients with severe
eosinophilic asthma [37, 38] who receive the standard dose
of mepolizumab (100 mg s.c.). The same patients had been
shown to respond to higher dose or to i.v. reslizumab
[18, 23].

It has been suggested that lower doses of anti-IL-5 drugs
might not neutralize completely IL-5, which could still be
able to promote local airway eosinophilia, in spite of the
normalization of the blood eosinophil count [39, 40].

Another possibility is that a lower dose of anti-IL5 Mab
could drive airway eosinophilia through the production of
immune-complex and/or complement activation [38]. Such
immune complexes could act as depot of IL5, leading to an
increase in biological activity of the bound IL-5 [41]. This is
a theoretical risk that has not been corroborated by clinical
studies.

It has been recently demonstrated [42] that levels of Ig-
bound IL-5 in the sputum of mepolizumab nonresponder
patients was associated with increase in sputum eosinophils
count.

In conclusion, anti-IL-5 treatment is a novel therapeu-
tic strategy which may offer many clinical benefits to an
asthmatic patients, selected on the basis of recurrent asth-
matic exacerbation due to eosinophilic airway inflammation.
Certainly, such a strategy is not an option for patients
suffering from moderate persistent asthma, particularly if

they do not need frequent oral corticosteroid courses to
obtain asthma control. On the other hand, patients who,
despite receiving systemic glucocorticoids, had peripheral
blood eosinophil count well above 150 cells/mcL and frequent
asthma exacerbations would experience better control of
asthma symptoms along with reduced exacerbation rates [23,
43, 44].

Furthermore, the glucocorticoid-sparing effect of anti-
IL-5 therapy [44] may prevent the serious, often irreversible
adverse effects of glucocorticoids.
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Severe asthma is associated with substantial morbidity and mortality. Therapies must be maximized to gain control of a patient’s
severe asthma; however, avoiding overtreatment is also important. The mainstays of asthma maintenance treatment are inhaled
corticosteroids (ICS) and long-acting 𝛽2-agonsits (LABAs), with the option of supplementary add-on treatments. New add-on
treatments for severe asthma have emerged over the past two decades, including personalized biological therapies that are guided
by a patient’s asthma phenotype. In addition, the long-acting muscarinic antagonist tiotropium has been recommended as an add-
on treatment for severe asthma. Phase III clinical trials have shown tiotropium in combination with ICS/LABA to be efficacious in
patients with severe asthma. Further analyses of clinical trial data have indicated that there is no benefit in stratifying patients by
phenotype to predict tiotropium efficacy. Furthermore, health economic studies suggest tiotropium to be a cost-effective treatment
in patients with severe asthma. This review will present the evidence surrounding the role of tiotropium in severe asthma and will
discuss the use of tiotropium add-on therapy before personalized medicine strategies in the stepwise process of gaining asthma
control.

1. Introduction

For the estimated 358 million patients worldwide who live
with asthma, management of their disease has the over-
arching goal of gaining complete control and minimizing
future risk [1]. Control is defined as the suppression of
asthma symptoms and exacerbations, the removal of rescue
medication need, restoration of normal lung function, and
the reversal of activity limitation due to asthma [2].Moreover,
control of asthma includes reductions in the future risk of
exacerbations, lung function decline, worsening control, and
medication increase. In fact, current control has been shown
to predict future risk of exacerbations, instability, and future
lung function decline [3, 4]. However, asthma severity varies
greatly between patients [5]. Accordingly, recommended
treatment strategies also vary, withmore aggressive treatment
recommended for more severe asthma in order to gain
control of the disease. Furthermore, the aim is for the patient
to achieve asthma control whilst experiencing minimal treat-
ment side effects [5].This means patients should receive only

the therapy required to achieve complete control and not
unnecessary additional interventions.

Despite treatment in accordance with guidelines, includ-
ing the use of inhaled corticosteroids (ICS) and/or long-
acting 𝛽2-agonists (LABA), a proportion of patients continue
to have impaired control and experience the symptoms of
asthma [2, 5, 6]. For these uncontrolled patients, treatment
may be increased in the form of dosage or employing addi-
tional therapies [5]. Extrinsic factors such as low adherence
to therapy, a reluctance of patients and carers to use corticos-
teroids, insufficient patient and clinician disease education,
comorbidities, and environmental risk factors (for example,
allergens and tobacco smoke) also contribute to uncontrolled
asthma [5, 7–9]. Poor management of these extrinsic factors
defines difficult-to-treat asthma [5].

The Global Initiative for Asthma (GINA) 2018 asthma
management strategy follows a stepwise escalation in therapy
so as to gain control of a patient’s asthma (Figure 1) [5].
GINA 2018 defines severe asthma as asthma that remains
uncontrolled despite, or that is only controlled by, Steps
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tiotropium,∗†
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Figure 1: Stepwise asthma management in adults, adolescents, and children aged 6–11 years. Notes. ∗Not for children aged 12 years; ∗∗for
children aged 6–11 years (preferred Step 3 treatment medium-dose ICS); #for patients prescribed BDP/formoterol or BUD/formoterol
maintenance and reliever therapy; †tiotropium by mist inhaler is an add-on treatment for patients aged ≥12 years with a history of
exacerbations. Copyright ©2018 Global Initiative for Asthma. Reproduced with permission from. Global Initiative for Asthma. Global
strategy for asthma management and prevention. 2018. Abbreviations. BDP, beclomethasone dipropionate; BUD, budesonide; ICS, inhaled
corticosteroid; LABA, long-acting 𝛽2-agonist.

4–5 of treatment; these steps are comprised of two or more
controllers, usually medium-to-high dose ICS/LABA, plus
as-needed reliever medication (Figure 1, Steps 4–5) [5]. The
morbidity and mortality of patients with severe asthma are
substantial: 26% of patients are not working due to their
disease, and an estimated 39%of asthmadeaths are of patients
with severe asthma [10, 11]. Severe refractory asthma—a
subset of severe asthma cases, defined as uncontrolled asthma
despite management of extrinsic factors—represents an esti-
mated 3.6% of asthma cases, equating to 12.9 million cases
worldwide [1, 6].

Over the past two decades, the available spectrum of
add-on drugs approved for use in asthma has broadened.
These include small-molecule leukotriene modifiers and
monoclonal antibodies, both of which target the immune
component of asthma, as well as bronchodilators [12]. In

addition to the development of new drugs, research into
the pathology of asthma has revealed the disease to be a
complex and heterogeneous disease. Patients can now be
stratified into different subtypes of asthma, such as allergic
or type 2-high (T2-high) phenotypes [13]. This involves the
measurement of biomarkers such as blood eosinophil count,
blood immunoglobulin E (IgE) levels, and the fraction of
exhaled nitric oxide [13]. Personalized therapy plans can then
be tailored to each patient in accordance with their subtype
of the disease (see other reviews in this special issue). Clinical
guidelines reflect these developments, with the GINA 2018
report suggesting patients with severe asthma who remain
uncontrolled on ICS/LABA may be phenotyped and treated
with appropriate biological therapies [5]. However, pheno-
typing patientsmay be time-consuming, and phenotypesmay
not be stable over time [14, 15]. Furthermore, personalized
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therapies are expensive, primarily constituting monoclonal
antibody-based drugs, and are not widely available for
patients under the age of 18.

Long-acting muscarinic antagonists (LAMAs) are a class
of bronchodilators with amechanism of action that is distinct
from LABAs. Inhibition of the muscarinic receptors of the
bronchioles causes relaxation of the smooth muscle; further-
more, inhibition has been shown to reduce inflammation and
asthma-related airways remodelling in preclinical asthma
models [16–19]. Tiotropium is the first LAMAadd-on therapy
approved for use in asthma. This review will present the
evidence surrounding the role of tiotropium add-on therapy
in severe asthma management and discuss how it may be
a broadly effective and economical therapy for use before
personalized medicine strategies.

2. Where Do LAMAs Fit into Severe Asthma
Management?

As described in the GINA 2018 report, achieving asthma
control requires a cyclical approach to patient management
(Figure 1) [5]. Patients are initially assessed for asthma
control: if their disease is uncontrolled, new treatment may
be provided; if the patient has had 3 months of asthma
control, a reduction in treatment may be considered [5].
Reviewing the impact of changes in treatment on asthma
control allows patients and clinicians to make a judgement
on whether treatment should be adjusted, thereby restarting
the assessment cycle. However, this process relies upon the
clinician and the patient ensuring all symptoms are accurately
reported and assessed, appropriate treatments are trialled,
and treatments are properly adhered to. In fact, an estimated
79.5% of uncontrolled asthma cases are thought to be due
to failure to adhere to asthma medications and poor inhaler
technique, rather than truly medication-resistant disease [6].

Tiotropium is a new addition to the range of treatments
that may be trialled in asthma patients experiencing subopti-
mal asthma control. First approved for use in asthma in 2014,
tiotropium is licenced for use as a once-daily maintenance
add-on therapy in patients aged 6 years and older in the US
and EU and in patients aged 15 years and older in Japan
[20–22]. GINA recommends tiotropium for use in severe
asthma (Steps 4 and 5) as an add-on treatment to medium-
to-high dose ICS/LABA in patients aged ≥12 years (Figure 1)
[5]. Specifically, GINA placed tiotropium beginning with
Step 4 treatment and before biologics or oral corticosteroids
(OCS) (Figure 1). Similarly, German, Spanish, andUKasthma
guidelines recommend tiotropium add-on use in patients
with severe asthma as an option for add-on therapy when
high-dose ICS/LABA therapies fail to gain asthma control;
however, this recommendation is for adults only [2, 23, 24].

2.1. Clinical Studies Investigating Tiotropium in Patients with
Severe Asthma. Current guidelines have based their rec-
ommendations on evidence from Phase III clinical stud-
ies investigating the use of tiotropium add-on therapy in
severe asthma (Table 1). In the two replicate Phase III
PrimoTinA-asthma trials, 912 adult patients with symp-
tomatic severe asthma received either tiotropium 5 𝜇g or

placebo, delivered by the Respimat Soft Mist inhaler, as add-
on maintenance therapy to at least ICS/LABA [25]. The first
co-primary endpoint—change from baseline (response) in
peak forced expiratory volume in 1 second (FEV1) within 3
hours after dose (FEV1(0–3h)) at Week 24—was significantly
greater in patients receiving tiotropium add-on compared
with placebo (86–154 mL, P<0.05). The second co-primary
endpoint—trough FEV1 response at Week 24—was signifi-
cantly greater in the tiotropium add-on arm compared with
the placebo arm (88–111 mL, P<0.05). The third co-primary
endpoint—the time to the first severe asthma exacerbation
(an exacerbation was defined as deterioration of asthma
requiring OCS for ≥3 days)—was increased with tiotropium
by 56 days compared with placebo (282 days versus 226 days).
This corresponded to a reduction in risk of exacerbation
of 21% with tiotropium compared with placebo (odds ratio
[OR] 0.79, P=0.03), with the total number of exacerbations
per patient-year being 0.53 and 0.66 for patients receiving
tiotropium or placebo, respectively. This result shows that
tiotropium can reduce the number of patients with severe
asthma requiring OCS. This effect was despite inclusion
criteria for the trials where patients were only required to
have had a minimum of one exacerbation in the past year.
Therefore, in contrast to recent trials for biologics [26–29],
patients with a subtype of asthma that was highly prone
to exacerbation were not specifically selected. Nonetheless,
an increased median time to first asthma worsening—a
secondary endpoint defined as either a progressive increase in
symptoms or a decline of ≥30% in morning peak expiratory
flow at screening for 2 consecutive days—was also found
(hazard ratio 0.69, P<0.001). In linewith this, the PrimoTinA-
asthma trials showed some indication that tiotropium pro-
vides improvements in asthma symptom control, a secondary
endpoint for the trials. Trial 2 of PrimoTinA-asthma showed a
significant improvement in patients’ seven-question Asthma
Control Questionnaire (ACQ-7) score (–0.2, P=0.003), even
though the effect in trial 1 did not reach statistical significance
(–0.13, P=0.06). In a post hoc pooled analysis of both trials,
ACQ-7 responder rate (a responder was defined by having
a decrease in ACQ-7 score from baseline ≥0.5, which is
considered the minimum clinically important difference)
was significantly improved at Week 24 (OR 1.32, P=0.04)
and at Week 48 (OR 1.68, P<0.001) [30]. Taken together,
the lung function improvements, exacerbation and asthma
worsening reductions, and symptom reductions reported in
the PrimoTinA-asthma trials show that tiotropium has utility
in gaining asthma control for adult patients with severe
asthma.

Efficacious add-on therapies for paediatric patients with
severe asthma are of particular interest as they may reduce
the need to increase ICS dose, which is associated with
a reduction in growth [31, 32]. A Phase III trial in adult
patients has shown tiotropium to be superior to dou-
bling ICS dose in terms of the proportion of days with
asthma control, improvement in lung function, and improve-
ments in asthma symptoms [33]. Phase III trials inves-
tigating tiotropium efficacy and tolerability in the paedi-
atric setting have shown positive results across a range
of severities, including symptomatic severe asthma. In the
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VivaTinA-asthma trial, a 12-week study involving 400 chil-
dren (aged 6–11 years) with symptomatic severe asthma
receiving ICS plus ≥1 controller therapy as maintenance
treatment, tiotropium 5 𝜇g add-on improved peak FEV1(0–3h)
response at Week 12 versus placebo add-on (adjusted mean
difference: 139 mL, 95% confidence interval [CI] 75–203,
P<0.001) [34]. Tiotropium has also been evaluated in 392
adolescent patients (aged 12–17 years) with symptomatic
severe asthma receiving ICS plus ≥1 controller therapy
in the PensieTinA-asthma trial [35]. This 12-week parallel
assignment trial did not meet the primary endpoint, with
tiotropium 5 𝜇g add-on therapy only numerically improving
peak FEV1(0–3h) response versus placebo add-on at Week 12
(90 mL, 95% CI −19 to 198, P=0.104). However, the lower
dose of tiotropium 2.5 𝜇g did show nominally significant
improvement in peak FEV1(0–3h) response versus placebo
add-on atWeek 12 (111 mL, 95%CI 2–220, P=0.046). Both the
VivaTinA-asthma and PensieTinA-asthma trials investigated
the effect of tiotropium add-on treatment on symptoms via
the interviewer-administered version of the Asthma Control
Questionnaire (ACQ-IA) and the ACQ-7, respectively. Both
trials reported no significant difference in responder rate
between tiotropium add-on and placebo [34, 35]; however,
there was improvement in ACQ-AI or ACQ-7 score in
all treatment arms, including the placebo groups, possibly
due to improved background medication compliance in
the trial setting [36, 37]. This strong placebo effect makes
interpretation of these trial results challenging. Importantly,
both the PensieTinA-asthma and VivaTinA-asthma trials
found that tiotropiumadd-on therapywaswell tolerated, with
comparable or lower numbers of patients reporting adverse
events compared with placebo.

A recent meta-analysis of the PensieTinA-asthma and
VivaTinA-asthma trials, pooling data from 792 paediatric
patients, found that peak FEV1(0–3h) response at Week 12
was significantly improved in patients receiving tiotropium
add-on versus placebo (tiotropium 5 𝜇g: 117 mL, P=0.0005;
tiotropium 2.5 𝜇g: 74 mL, P=0.0273) [38]. Similarly, trough
FEV1 response was significantly greater with tiotropium 5 𝜇g
add-on versus placebo (tiotropium 5 𝜇g: 71 mL, P=0.0395;
tiotropium 2.5 𝜇g: 64 mL, P=0.0617). Patients receiving
tiotropium add-on versus placebo were found to have sig-
nificantly greater forced expiratory flow at 25–75% of forced
vital capacity (FVC) (FEF(25–75%)) response (tiotropium 5
𝜇g: 296 mL/sec, P<0.0001; tiotropium 2.5 𝜇g: 211 mL/sec,
P=0.0012) and trough FEV1/FVC ratio (tiotropium 5 𝜇g:
1.921%, P=0.0040; tiotropium 2.5 𝜇g: 1.930%, P=0.0038).

Asthma exacerbations and worsening were not primary
endpoints in either the PensieTinA- or VivaTinA-Asthma tri-
als, and thus the trials were not powered toward detecting an
effect. In particular, the trial lengths of 12 weeks, agreed upon
with the regulatory bodies, were insufficient to detect signifi-
cant effects on exacerbations in the single trials. Nevertheless,
a meta-analysis pooling data from the PensieTinA- and
VivaTinA-asthma trials has indicated tiotropium may have
some activity in reducing asthma worsening in the paediatric
severe asthma setting [39]. Time to first asthma worsening in
this pooled analysis of 792 patients was significantly increased

with tiotropium compared with placebo (tiotropium 2.5 𝜇g:
P=0.009; tiotropium 5 𝜇g: P=0.029).

These data underline the efficacy of tiotropium in severe
paediatric asthma and, in line with this, tiotropium 5 𝜇g
add-on therapy has recently been approved in the EU for
use in children aged 6 years and older with symptomatic
asthma [21]. Furthermore, the data from these paediatric
trials support those from the PrimoTinA-asthma trials in
showing that tiotropium is an efficacious therapy for the
treatment of severe asthma, with a significant effect on
improving lung function across a broad range of ages. How-
ever, this conclusionmust be applied within the context of the
patient populations studied, namely, adult patients with per-
sistent symptoms and reversible airways obstruction despite
receiving high-dose ICS/LABA and paediatric patients aged
6–17 years with persistent symptoms and reversible airways
obstruction despite receiving high-dose ICS plus additional
controller therapies.

3. The Role of LAMAs in Personalized Therapy

Stratifying patients for personalized treatment, especially
those with severe asthma, is being discussed as the treatment
approach of choice (see other reviews in this special issue).
This raises the question: should a personalized treatment
approach be applied to tiotropium therapy?

To address this question in an adult patient population
with severe asthma, Kerstjens and colleagues performed
post hoc analyses using pooled data from the PrimoTinA-
asthma trials to determine whether baseline characteristics
influenced tiotropium efficacy [30]. The analysis focused on
the endpoints peak FEV1(0–3h) response and trough FEV1
response at Week 24 and time to first asthma exacerbation
and first asthma worsening over 48 weeks. None of these
endpoints were significantly influenced by any baseline char-
acteristic investigated, including sex, age, body mass index,
disease duration, age of asthma onset, or smoking status, thus
supporting the efficacy of tiotropium across a broad range of
patients with severe asthma.

Inflammation, both allergic and nonallergic, is a signif-
icant feature of asthma. Elevated eosinophilic inflammation
and elevated IgE levels, as well as the release of cytokines
such as interleukin-5 (IL-5) and interleukin-13, define the
T2-high asthma phenotype [40]. The T2-high phenotype is
used in clinical practice to stratify patients for biological
therapies such as anti-IgE and anti-IL-5 antibodies [41].
Casale and colleagues recently investigated whether the
efficacy of tiotropium was influenced by the T2 phenotype
status [42]. Their post hoc analysis used data from four
large Phase III trials: PrimoTinA-asthma (two replicate trials
involving 912 adult patients with symptomatic severe asthma
where patientswere receiving at least ICS/LABAmaintenance
therapy) andMezzoTinA-asthma (two replicate trials involv-
ing 2100 adult patients with symptomatic moderate asthma
where patients were receiving at least ICS maintenance
therapy). The analysis found that tiotropium improved lung
function versus placebo in all trials regardless of baseline phe-
notype. Analysis of the PrimoTinA-asthma (severe asthma)
trials revealed that tiotropium improved peak FEV1(0–3h) by
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102 mL (P<0.01) and 148 mL (P<0.001) versus placebo in
patients with both high (>430 𝜇g/L) and low (≤430 𝜇g/L)
baseline serum IgE, respectively. Trough FEV1 was improved
by 89 mL (P<0.01) and 127 mL (P<0.001) in patients with
both high and low serum IgE levels, respectively. Baseline
serum IgE levels also had no significant effect on the risk
of exacerbation for tiotropium versus placebo (interaction
P=0.17) [30]. The authors reported similar improvements in
peak FEV1(0–3h) response and trough FEV1 response for all
patients, irrespective of whether they were categorized as
having allergic asthma by clinician judgement at baseline.
Casale and colleagues also modelled the treatment effect of
tiotropium over continuous ranges of phenotype biomarkers
[42]. Their analysis found improvements in peak FEV1(0–3h)
response and trough FEV1 response in patients across a
broad range of serum IgE levels and blood eosinophil counts
at baseline. In addition to lung function improvements,
the analysis indicated that asthma symptoms measured by
the ACQ-7 score and the risk of asthma worsening were
consistently improved with tiotropium therapy in patients
with severe asthma across a range of serum IgE levels. This
analysis suggests that there is no benefit in determining T2
phenotype status for the selection of patients with severe
asthma who will benefit from tiotropium therapy.

A similar post hoc analysis has been conducted using
pooled data from clinical trials involving paediatric patients
(aged 6–17 years) with moderate or severe asthma receiving
placebo or tiotropium add-on therapy [43]. As with Casale et
al., modelling of lung function endpoints across a continuum
of baseline blood eosinophil counts and serum IgE levels was
performed. The study found that peak FEV1(0–3h) response,
trough FEV1 response, FEV1/FVC ratio, FEF25–75% response,
and in-clinic trough (evening) peak expiratory flow response
improved with tiotropium therapy regardless of eosinophil
blood count or IgE serum levels.

These findings in adult and paediatric patients, across a
range of baseline characteristics, are perhaps to be expected
because, as a bronchodilator, tiotropium should be beneficial
in any patient with reversible airway obstruction. However,
the results do provide important evidence that tiotropium
is efficacious independent of disease subtype, negating the
need for patient stratification. As such, tiotropium may be
ideally placed as a therapy to be trialled in patients with
uncontrolled severe asthma before undergoing phenotyping
tests and pursuing personalized biological therapies. An
important consideration is that we are unable to determine
from current studies the extent to which tiotropium add-
on therapy could reduce the number of patients requiring
biologic treatment, although such data would be of great
interest. However, the evidence presented would imply that
a proportion of patients would gain benefit, and that this is
irrespective of T2 status and therefore would not require prior
phenotyping of patients.

4. LAMAs: A Cost-Effective Therapy for
Severe Asthma?

An important consideration for biological therapy is cost.
These therapies come with a significant economic burden

for healthcare providers; for example, the estimated cost for
the anti-IgE omalizumab and the anti-IL-5 mepolizumab
monoclonal antibodies is $437 and $625 per patient per
week, respectively [44, 45]. It is therefore prudent to tailor
treatment strategies in such a way that the only patients to
receive these expensive biological therapies are those that will
benefit from them. As treatment is escalated for uncontrolled
asthma, patients should trial each therapy in a systematic
manner, as recommended in the 2018 GINA report [5].
As discussed above, tiotropium is an efficacious LAMA for
patients with severe asthma irrespective of various phenotype
characteristics. Tiotropium is therefore an obvious choice
to be trialled during treatment step-up for patients with
uncontrolled severe asthma, and the guidelines reflect this
[2, 5].

Analysis of the cost-effectiveness of tiotropium in terms
of improving asthma control and preventing exacerbations
for patients with uncontrolled severe asthma has been con-
ducted in the context of the UK healthcare system [46, 47].
Using 2012 prices, the authors reported the cost of tiotropium
per patient per week to be m8.28, with lifetime cost over
standard care to be m5389.Guidelines by the UK regulator, the
National Institute for Health and Care Excellence, stipulate
that an intervention must have a maximum threshold of
m30,000 per quality-adjusted life year (QALY) in order to
be classed as cost-effective. Analysis of tiotropium benefit
revealed the addition of 0.19QALYs over standard care, giving
tiotropium a cost-effectiveness of m28,383 per QALY in the
model. The authors therefore concluded this was a cost-
effective intervention.

Recently, a study investigated the cost effectiveness of
tiotropium in the US healthcare setting in patients with
uncontrolled severe asthma [48].The study used pricing data
adjusted to the 2013 US consumer price index, reporting
tiotropium cost per patient per week to be $13. The model
estimated the lifetime cost of tiotropium therapy to be $3103
more than standard care. Furthermore, the authors reported
that tiotropium add-on therapy added 0.09 QALYs over
standard care. The cost-effectiveness of tiotropium add-on
therapy in the analysis was $34,478 perQALY compared with
standard care. The authors concluded that tiotropium was
below a willingness-to-pay threshold of $50,000 per QALY
and is therefore not a cost-effective treatment. The authors
also compared tiotropium with omalizumab therapy in their
cost-effectiveness model. Based on a price per patient per
week of $437, the estimated lifetime cost of omalizumab
compared with standard care or tiotropium was $179,415 and
$176,312, respectively. Omalizumab added 0.38 QALYs over
standard care and 0.29 QALYs over tiotropium. However, the
high cost of omalizumab therapy meant cost-effectiveness
was found to be $463,605 per QALY when compared with
standard care and $593,643 per QALY when compared with
tiotropium. The authors therefore concluded that tiotropium
add-on therapy was more cost-effective than omalizumab
and a cost-effective option compared with standard treat-
ment.

Together, these studies suggest tiotropium is a rela-
tively inexpensive and cost-effective therapy when stepping
up treatment for patients with severe asthma. However,
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this cost-effectiveness calculation is only applicable in a
scenario where the use of tiotropium in patients with
severe uncontrolled asthma results in sufficient quality of
life improvements such that a step-up to a personalized
biologic treatment is negated. Confirmatory studies are
required to demonstrate such a biologic-sparing cost-benefit
advantage for tiotropium. These would provide a better
measure of the cost-effectiveness of tiotropium as a step-
up treatment positioned between ICS/LABA and biolog-
ics.

5. Conclusions

An important aspect of severe asthma management is the use
of add-on treatment to gain control of a patient’s disease.This
process should be stepwise and continuously reassessed, with
appropriate therapies trialled to ensure patients receive the
optimum treatment level required to control their asthma.

There is a substantial volume of data indicating that
the LAMA tiotropium is an efficacious add-on treatment
for use in patients whose severe asthma remains uncon-
trolled despite combination therapy with ICS and addi-
tional controller therapies. The evidence shows improve-
ments in lung function measures, as well as an indication
of reductions in risk of and time to asthma exacerbation or
worsening and symptom reduction. Importantly, post hoc
analyses have suggested that tiotropium is broadly effica-
cious irrespective of asthma phenotype, meaning tiotropium
may be utilized without additional characterization of a
patient’s asthma. Since better daily control and higher lung
function act in a protective manner against loss of con-
trol/exacerbation in the long run, tiotropium might help
to stabilize patients. As such, the GINA 2018 report rec-
ommends tiotropium as an add-on therapy to ICS/LABA
before stepping up to biologics for patients with uncontrolled
asthma.

Tiotropium is cost-effective and substantially less expen-
sive than biological therapies. Hence, it seems that tiotropium
is ideally placed as an add-on therapy that can be trialled in
patients prior to additional phenotype-guided therapies or
increased ICS dose.This is particularly important in children
and adolescents, inwhomhigh-dose ICS is linked to impaired
growth. There is a need to conduct further studies in this
area to confirm that treatment with tiotropium can reduce
the need to step up treatment to phenotype-guided therapies
and to calculate the possible cost savings associated with
this, in patients with severe asthma. Despite this, escalation
to phenotype-specific personalized biological therapies may
still be required when asthma remains uncontrolled despite
active management and comprehensive trialling of add-on
therapies.
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Different subsets of asthma patients may be recognized according to the exposure trigger and the frequency and severity of clinical
signs and symptoms. Regarding the exposure trigger, generally asthma can be classified as allergic (or atopic) and nonallergic (or
nonatopic). Allergic and nonallergic asthma are distinguished by the presence or absence of clinical allergic reaction and in vitro
IgE response to specific aeroallergens.Themechanisms of allergic asthma have been extensively studied with major advances in the
last two decades. Nonallergic asthma is characterized by its apparent independence from allergen exposure and sensitization and
a higher degree of severity, but little is known regarding the underlying mechanisms. Clinically, allergic and nonallergic asthma
are virtually indistinguishable in exacerbations, although exacerbation following allergen exposure is typical of allergic asthma.
Although they both show several distinct clinical phenotypes and different biomarkers, there are no ideal biomarkers to stratify
asthma phenotypes and guide therapy in clinical practice. Nevertheless, some biomarkers may be helpful to select subsets of atopic
patients whichmight benefit from biologic agents, such as omalizumab. Patients with severe asthma, uncontrolled besides optimal
treatment, notwithstanding nonatopic, may also benefit from omalizumab therapy, although currently there are no randomized
double-blind placebo controlled clinical trials to support this suggestion. However, omalizumab discontinuation according to each
patient’s response to therapy and pharmacoeconomical analysis are questions that remain to be answered.

1. Introduction

Asthma is a heterogeneous disease, usually characterized by
chronic airway inflammation. It is defined by the history of
respiratory symptoms such as wheeze, shortness of breath,
chest tightness, and cough that vary over time and in inten-
sity, together with variable expiratory airflow limitation [1].

The prevalence of asthma, one of the most common
chronic diseases in the world [2, 3], has increased during
the 1970s and 1980s. Epidemiologic studies from the 90s
suggested that the prevalence of asthma was around 7.7% in

the United States (US)—over 22 million people—and lethal-
ity rate was estimated at 5.2 per 100,000 asthmatic patients
per year. Worldwide, 200–300 million people suffer from
asthma [1–3], and severe asthma comprises 5-10% of all
asthmatic patients [4]. In Portugal, the prevalence of asthma
is estimated to be of 6.8% [5], affecting around 1 million
people. Of these, only 57% have controlled disease, which
means that around 300,000 Portuguese asthmatics need a
better intervention to control their disease.

The number of hospitalizations due to asthma was 2,728
in 2016, from a total of 262,229 asthmatic patients registered
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in the Portuguese National Health Service. The standardized
mortality rate was, in 2015, of 4.0/100,000 inhabitants for
patients above 65 years of age, and of 0.1/100,000 inhabitants
for patients below 65 years of age. Nevertheless, and accord-
ing to the latest Organisation for Economic Co-operation
and Development (OECD) report, Portugal is among the
countries with less mortality and the country with less
hospitalizations due to asthma [6].

The high prevalence of asthma, the impairment of quality
of life, the absenteeism, and the large health resources needed
tomanage this disease makes the economic burden of asthma
one of the highest among all chronic diseases. Asthma-related
costs have been estimated at up to 2% of the economic cost of
all diseases in developed countries [7]. A recent systematic
review examined 68 papers on the economic burden of
asthma between 1966 and 2008 and concluded that despite
the availability of effective preventive therapies, the cost of
asthma treatment has increased significantly over the last few
decades [8]. A study conducted in Portugal in 2010 concluded
that asthma in adults poses a significant economic burden
on the Portuguese healthcare system. Total costs amounted
to a grand total of €386,197,211.25, with direct costs repre-
senting 93% or €359,093,559.82, 2.04% of the total Portuguese
healthcare expense in 2010. The major costs were acute care
usage (30.7%) and treatment (37.4%). A considerable portion
of this burdenmight be eased by improving asthma control in
patients, as uncontrolled patients’ costs are more than double
those of controlled asthma patients [9].

Severe asthma has a heterogeneous definition. TheWorld
Health Organization (WHO) suggests that severe asthma
includes three groups: (1) untreated asthma; (2) incorrectly
treated asthma (as a result of nonadherence, persistent trig-
gers, or comorbidities); and (3) difficult-to-treat asthma.
It is also important to distinguish between severe asthma,
comprising patients requiring medium/high doses of inhaled
corticosteroids in combination with LABA or other con-
troller, and uncontrolled asthma, resulting from inappro-
priate therapy or persistent problems with adherence or
comorbidities [1]. According to the British Guidelines for
Asthma, difficult asthma is defined as that with persistent
symptoms and/or frequent asthma attacks despite treatment
with high-dose therapies or continuous or frequent use of oral
steroids [10]. Untreated patients have been recently omitted
in the 2014 revision document produced by the task force of
the European Respiratory Society (ERS) and the American
Thoracic Society (ATS) [11].

Regarding the exposure trigger, generally asthma can be
classified as allergic (or atopic) and nonallergic (or nonatopic
or intrinsic) asthma. Allergic and nonallergic asthma are
distinguished by the presence or absence of clinical allergic
reaction and in vitro IgE response to specific aeroallergens
[12, 13]. The triggering of an inflammatory cascade mediated
by Immunoglobulin E (IgE) mast cells’ activation, with
eosinophils andTh2 lymphocyte synthesis, mobilization, and
activation in the airways with IL-4, IL-5, and IL-13 produc-
tion, leads to bronchial constriction and mucus production
with airways narrowing [14–21]. The mechanisms of allergic
asthma have been extensively studied with major advances
happening in the last two decades. Nonallergic asthma is

characterized by its apparent independence from allergen
exposure and sensitization, but also by a higher degree of
severity [12, 13].

Of note, it is important to distinguish nonallergic asthma
from aspirin exacerbated respiratory disease (AERD) which
also has its own epidemiology, physiopathology, and clinical
features: these patients often develop asthma symptoms years
after developing rhinitis and nasal polyps due to increased
production of cysteinyl–leukotrienes most probably as a
result of a polymorphism of the cysteinyl–leukotriene syn-
thase gene [22].

Whether these different clinical subsets of asthma are due
to different etiopathogenesis or a different spectrum (or phe-
notype) of the same disease resulting from different under-
lying unrecognized mechanisms is still a matter of ongoing
debate [15, 23].

This review was prepared and discussed by a group of
specialists belonging to the Portuguese Network of Severe
Asthma Specialists—REAG.

1.1. Allergic versus Nonallergic Asthma. There are similar
clinical and physiopathological phenomena between allergic
and nonallergic asthma: both can be triggered by exercise,
inhaled irritants, or upper airway tract infection; both are
associated with rhinitis and both can have higher total
serum IgE, airways IgE, airways Th2 cells and Th2, and
eosinophilic chemokines and cytokines. Recently, different
studies have tried to find a common pathophysiological and
immunobiological pattern between both forms of asthma.
According to these studies, nonallergic patients may produce
the same inflammatory mediators as allergic patients after
local IgE production by T lymphocytes at the bronchial and
lung mucosal surface where antigens are presented. This
was demonstrated comparing bronchial biopsies samples
of nonatopic asthma patients, atopic asthma patients, and
nonasthmatic controls [12, 24–27].

Clinically, allergic and nonallergic asthma are virtually
indistinguishable during exacerbations, since both lead to
signs and symptoms of variable lower airways narrowing
and obstruction, which is reversible, at least partially, with
bronchodilators [14, 18, 20, 21, 28].

By definition, allergic asthma is clearly associated with
allergenic triggering, positive skin prick test, and raised
specific IgE (sIgE) [15, 23, 29]. On the other hand, nonallergic
asthma is usually of late onset, shows no familial patterns and
no genetic trends have been recognized [15, 23, 30], has a
higher female prevalence, and tends to be of difficult control
and with more severe relapses. A patient with asthma is
diagnosed with nonallergic asthma if skin prick tests are
negative and no circulating sIgE are found [14, 18, 20, 21, 28,
31, 32].

The relationship between allergic and nonallergic asthma
prevalence is difficult to ascertain. In some studies, non-
allergic asthma prevalence appears to be increasing more
than allergic asthma [15]. According to the Swiss Sentinel
Surveillance Network (SSSN), the consultations for asthma
have decreased over time mainly due to a decrease of allergic
asthma. Consultations for nonallergic asthma did not change
significantly between 1999 and 2005 [33].
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Table 1: Severe asthma phenotypes proposed by Campo et al. [42].

Clinical phenotypes Characteristics
Asthma with frequent severe
exacerbations

Frequent severe exacerbations with periods of relative stability
between exacerbations

Asthma with fixed airflow obstruction Irreversible persistent and progressive airflow obstruction

Corticosteroid-dependent asthma
Symptoms cannot be controlled, despite high doses of ICS, and
patients require daily doses of OCS. Reducing the dose of OCS can
often lead to clinical worsening and exacerbations

Inflammatory phenotypes

Persistent severe eosinophilic asthma

Eosinophilia in bronchial biopsies and induced sputum despite high
doses of ICS or OCS. Characterized by more symptoms, lower FEV

1

values, and more severe exacerbations than the non-eosinophilic
subtype

Non-eosinophilic severe asthma with
increased neutrophils

Eosinophils are either absent from the airway or suppressed by
treatment despite the presence of several symptoms, with
inflammation of the airway characterized by an increased percentage
of neutrophils

Severe paucigranulocytic asthma

It does not involve inflammation by the classical cell types in the
bronchial biopsy. Inflammation may be located in the distal airway,
which is inaccessible for biopsy, or it may be due to a
bronchiolitis-type disease. No thickening of the subepithelial
basement membrane or signs of classic inflammation are observed.
Other inflammation pathways and other cell types could also be
activated

ICS: inhaled corticosteroids; OCS: oral corticosteroids.

The true prevalence of severe asthma among nonallergic
patients compared to allergic asthma patients is uncertain.
Most of the studies assume that severe disease is more preva-
lent among nonatopic asthma patients. There are conflicting
data regarding prevalence trends of asthma and atopy over
the last 10–15 years [33]. The proportion of asthmatics with
severe disease and a negative skin prick test varies from 17 to
34% in the Severe Asthma Research Program (SARP) study
[34] to 50% in the ENFUMOSA study [35]. In the ENFU-
MOSA study, a cross-sectional analysis, it was found that
patients with severe asthma were less likely to be skin prick-
positive and more likely to have high levels of neutrophils in
sputum than patients with less severe asthma [35]. On the
other hand, the U-BIOPRED cohort [36] reported a 76.6%
incidence of atopy in severe asthma, including nonsmokers,
smokers, and ex-smokers.

Although the prevalence and social and financial burdens
of nonallergic asthma seem to be lower than in allergic
asthma [19], from a clinical point of view, nonallergic asthma
is a true challenge: these patients are usually the most difficult
to diagnose, due to their specific epidemiologic features, and
the most difficult to treat and control.

1.2. Phenotypes. There is a complex network of different
mechanistic and clinical features which are likely linked by a
common pattern of reversible respiratory distress associated
to distal airways narrowing. In the last decades efforts
have focused on the classification of different subsets of
asthma patients according to its epidemiology, immunology,
biomarkers, response to specific pharmacotherapies, and
long-term prognosis. These are broadly called phenotypes:
a set of clinical features of a specific genetic pattern in

a specific environment. The main goal of the phenotype
and endotype philosophy is the development of targeted
and personalized pharmacological approaches. Phenotype
definition is particularly important in patients with moderate
to severe disease and who are not controlled with usual
therapy. A detailed and systematic clinical history, including
comorbidities, spirometry with bronchodilator test, a skin or
blood test panel for sIgE to common regional airborne aller-
gens, and a peripheral blood eosinophil count are very useful
for establishing phenotypes. With this information, allergic
and nonallergic asthma and eosinophilic or noneosinophilic
asthma can be distinguished. This distinction has prognostic
and therapeutic implications.

However, although the above-mentioned four pheno-
types are considered to be themajor ones, research on asthma
phenotypes has increased exponentially in the last years and
cluster analysis has identified several distinct clinical pheno-
types of asthma [34, 37–39]. There is, nonetheless, a clear
heterogeneity regarding asthma phenotypes. GINA considers
five phenotypes [1] and Wenzel et al. proposed thirteen
in 2006 [40]. However, in 2012, these thirteen phenotypes
have been reduced to five, due to the evolution towards
linking biology to phenotype, namely, at the molecular and
genetic levels [41]. In 2013, Campo et al. [42] proposed 6
severe asthma phenotypes subdivided in clinical and inflam-
matory phenotypes—Table 1. Smoking is not a phenotype
but a disease modifying factor with prognostic implications
[42].

1.3. Biomarkers. Several biomarkers have been tested for
diagnosis and prediction of clinical response to therapy in
asthma, with the aim of achieving personalized therapy.
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Severe asthma is usually characterized by a type 2 disease,
associated with atopy and/or eosinophilic inflammation of
the airways [43]. However, inflammation in severe asthma is
not always characterized by the presence of eosinophils and
cytokines of the high-Th2 endotype; in many cases, it may
be low-Th2 neutrophilic or low-Th2 paucigranulocytic (type
1 disease) [42].

Currently there are several biomarkers for severe high-
Th2 asthma, but there is a clear need to identify and select
biomarkers of the low-Th2 endotypes. However, this is not
an easy task, and several studies in severe asthmatics, such as
the ENFUMOSA [35], TENOR [44], SARP [34], and, more
recently, the U-BIOPRED [36], have shown a remarkable het-
erogeneity in the clinical presentation and in the underlying
pathophysiological mechanisms of severe asthma.

1.3.1. High-Th2Endotypes. Although heterogeneous, the clas-
sification of the high-Th2 endotypes is mainly based on
sputum and systemic eosinophilia [45], and this is considered
to be a relevant biomarker.These endotypes also show higher
epithelial expression of total IgE [15, 44] and Th2 cytokines
such as interleukines IL-4, IL-5, and IL-13 [15], two of
which, IL-4 and IL13, directly contribute to IgE class switch,
thereby increasing IgE [46]. Other known and established
biomarkers of Th2 predominant asthma are exaled nitric
oxide (FeNO) [47–50] and serum periostin [51]. In a recent
study by Busse et al. [52], the authors defined high-Th2 as IgE
≥100 IU/ml, eosinophils count ≥ 300/𝜇l, and FeNO ≥30 ppb.
Currently, total IgE and serum eosinophils are used not only
as disease biomarkers but also as variables on the treatment
algorithm of a specific subgroup of severe asthmatic patients
who are eligible for anti-IgE omalizumab [53] or anti-IL5
mepolizumab [54]. Indeed, an analysis of biomarkers of the
EXTRA study [55] showed that combining biomarkers on the
high-Th2 endotypes had therapeutic response implications:
patients with severe atopic asthma with high IgE values and
Th2 biomarkers (high blood eosinophils and periostin and
high FeNO values) showed a better response to omalizumab
therapy.

1.3.2. Low-Th2 Endotypes. Although high-Th2 asthma with
atopy and eosinophilia is easy to identify, there is no accepted
and consensual definition for the low-Th2 endotypes [56–
58], which comprise around one-third of severe asthmatic
patients [59].

Low-Th2 endotypes are currently identified in clinical
practice as the absence of biomarkers of atopic asthma and/or
eosinophilia. In the majority of cases, the low-Th2 endotypes
are defined by the absence of Th2 inflammatory biomarkers
and characterized as neutrophilic inflammation and, less
frequently, by paucigranulocytic inflammation [42, 56].

Although there is no consensus regarding the percentage
of sputum neutrophils that would define the neutrophilic
asthma phenotype, some reports mention values between 40
and 70% [59].

Beyond the sputum leukocyte content, other specific
biomarkers that are able to discriminate high-Th2 from
low-Th2 are currently under investigation, but are still not
applicable in clinical practice.

IL-8 is a cytokine associated with chemotaxis and neu-
trophilic degranulation and has been found to be elevated in
the sputum of patients with severe resistant asthma [60–62].
CXCR1 and CXCR2 have been also found to be elevated in
neutrophilic asthma [62]. Other potential biomarkers of neu-
trophilic asthma are myeloperoxidase [62] and neutrophilic
elastase [61, 62] that can be assessed in sputum of this
subgroup of severe asthmatics.

IL-17 is a biomarker of activation of theTh17 pathway, and
correlations between the presence of IL-17 and the level of
neutrophils in induced sputum and in circulation have been
found in patients with severe asthma [62, 63].

There are currently no biomarkers for the subgroup of
patients with paucigranulocytic asthma [62]. In this popula-
tion of patients there is no predominant inflammatory type,
and it is possible that other biomarkers of severe asthma,
namely, biomarkers of airway remodelling such as osteopon-
tin and angiopoietin, are relevant.

It is necessary to unravel the pathophysiological mech-
anisms of low-Th2 endotypes in order to identify future
biomarkers of these subtypes of asthma [41, 56, 62].

Currently there are no accurate or precise biomarkers
to stratify asthma phenotypes and guide therapy in clinical
practice, as illustrated in Figure 1.

1.4. Effect of Interaction of Comorbidities. Uncontrolled aller-
gic rhinitis, gastroesophageal reflux disease (GERD), obesity,
vitamin D deficiency, noncompliance to therapy, and trigger
exposure are among the most important effect modifiers of
asthma. Of these, due to its prevalence, obesity is one of the
most feared comorbidities in asthma patients.

Obese asthma patients show synergy among the two
pathologies, i.e., the complexity of the disease is higher than
the sum of the diseases, and this interaction worsens the
prognosis. Obesity worsens preexisting asthma, through both
biochemical and mechanical effects, and potentially impairs
response to treatment, and obese patients are more likely
to suffer from nonallergic asthma than nonobese patients
[64, 65].

Even in obese asthmatic patients it seems to be possible
to distinguish two different clinical courses based on age
of onset and Th2 related biomarkers: early-onset asthma
tends to have a more atopic disease, higher IgE, and greater
bronchial hyperresponsiveness. These patients seem to have
allergic asthma that is complicated by obesity. On the other
hand, obese patients with late-onset asthma tend to have less
atopy, bronchial hyperresponsiveness, and lower levels ofTh2
inflammation. These patients have asthma that has developed
in the setting of obesity [66].

2. Treatment Options for Severe Allergic and
Nonallergic Asthma

The aim of therapy in asthma is achieving disease control.
Disease control is considered by the British Thoracic Society
[10] as

(i) no daytime symptoms
(ii) no night-time awakening due to asthma
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Figure 1: Proposed biomarkers to stratify asthma by phenotypes are still not robust enough to guide therapy in clinical practice.

(iii) no need for rescue medication

(iv) no asthma attacks

(v) no limitations on activity including exercise

(vi) normal lung function (in practical terms FEV1 and/or
PEF>80% predicted or best)

(vii) minimal side effects from medication.

The clinical management of nonallergic asthma is similar to
that of allergic asthma. It comprises a combination of non-
pharmacological approaches, namely, trigger avoidance and
control of comorbidities and pharmacological approaches
[1, 10, 67]. Pharmacological approach initiates with ICS as
the mainstay of therapy with the addition of LABA if this is
insufficient to control symptoms [1, 10, 67]. Additional add-
on therapy to ICS and LABA according to disease control
includes increasing doses of ICS or add-on LAMA, LTRA,
or theophylline [1, 10]. Almost 90% of asthma patients can
generally be controlled with ICS and LABA.Of the remaining
10%, between 17% and 50% are nonallergic asthma according
to the SARP and ENFUMOSA studies [34, 35]. The U-
BIOPRED study reported a 30% incidence of nonatopy in the
asthma groups [36].

The presence of comorbidities should prompt the initia-
tion of nonpharmacological and pharmacological strategies
towards comorbidities, namely, obesity and GERD.

With the breakthrough of monoclonal antibodies (mAbs)
therapies on the verge of the 21st century new pharma-
cological approaches have been developed and tested in
these patients [24, 68]. Therapy with mAbs is a specific
subset of immunotherapy using passive immunity in which
preformed antibodies against a target antigen are injected
into the body. MAbs can efficiently target an antigen blocking
or initiating a biochemical cascade event and through this
mechanism achieve a clinical response [24, 68]. This implies
a much higher linkage between pathophysiology, clinical
and pharmacotherapy to select the subset of patients who
will benefit the most from biological therapy, which revisits
phenotypes, immunobiology and endotypes.

2.1. Treatment Options in Severe Allergic Asthma. Sputum
analysis and FeNO are very useful in predicting Th2 asthma
phenotype, even if no eosinophilia is present. This is of
utmost importance to therapeutic strategy definition: allergic
asthma with elevated eosinophils and FeNO is more likely
to respond to ICS [16] and omalizumab [55]. Allergic Th2
phenotype poorly controlled asthmatic patients should be
considered good candidates for omalizumab therapy after
add-on ICS/LABA/leukotriene/theophylline therapy [69–
71].

Omalizumab is a monoclonal antibody designed to bind
and inactivate IgE and was approved by EMA in 2009. For
patients ≥6 years old omalizumab is indicated as add-on
therapy to improve asthma control in patients with severe
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persistent allergic asthma who have a positive skin test or in
vitro reactivity to a perennial aeroallergen and frequent day-
time symptoms or night-time awakenings and who have had
multiple documented severe asthma exacerbations despite
daily high-dose inhaled corticosteroids, plus a long-acting
inhaled beta2-agonist. For patients ≥12 years of age a reduced
lung function (FEV

1
<80%) is also required [72].

Omalizumab blocks free serum IgE and limits its binding
to the Fc𝜀RI receptor on the surface of mast cells and
basophils. This blockade leads to a reduction in the specific
inflammatory response induced by activation of effector cells
during the encounter with the allergen [73].

Omalizumab has been also demonstrated to reduce the
expression of Fc𝜀RI on the surface of circulating mast cells
and basophils [74, 75] which results in a decrease in the
release of mediators induced by allergenic stimuli in vitro and
in vivo [74, 76, 77]. Omalizumab also seems to intervene in
the regulation of the number of circulating basophils which
decreases in the treated child [78].

Beyond the anti-IgE mechanism centered on basophils
and mast cells, several recent experimental data and clinical
observations show that the mechanism of action of oma-
lizumab is more complex than just blocking the allergic
response, some of which are mentioned below.

Several studies have shown a decrease in the number of
circulating eosinophils and bronchial tissue eosinophils in
asthmatics treated with omalizumab [79–82]. Patients with
steroid-resistant asthma have been shown to have higher
levels of eosinophils, and in these cases omalizumab is a very
effective treatment, reducing circulating eosinophils [83].
A proapoptotic effect of omalizumab on eosinophils may
contribute to this decrease [84]. Moreover, a study exploring
the potential of three biomarkers ofTh2-driven inflammation
(FeNO, peripheral blood eosinophils, and serumperiostin) to
predict response to treatment to omalizumab in patients with
severe allergic asthma concluded that patients in the high-
biomarker subgroup showed a significant decrease in the
percentage of exacerbations compared to the low-biomarker
subgroup, suggesting that these patients may achieve greater
benefit from omalizumab therapy. However, the benefit
of such a predictive biomarker of efficacy of omalizumab
therapy is currently not established [55].

In a recent study of 673 patients, high levels of periostin
and NO exhaled before treatment with omalizumab were
associated with a significant decrease in the number of exac-
erbations [55]. Omalizumab appears to be targeting this Th2
inflammation and a decrease in exhaled NO after treatment
has been found in various studies [85]. High levels of
these markers prior to initiation of omalizumab have been
proposed as biomarkers that predict efficacy with this therapy
[55].

Various in vitro, ex vivo, and/or in vivo studies from
blood samples, bronchial biopsies, or exhaled air condensates
have shown mainly a decrease in the cytokines involved in
the recruitment, activation, and survival of eosinophils and
IL-5, IL-13, IL-4, IL-8, GM-CSF, eotaxin, RANTES, and the
Th2 orientation of the immune response. IFN-𝛾, an anti-
inflammatory cytokine, was not modified in two ex vivo
studies after 16 weeks of treatment with omalizumab [81, 86].

A modulation of the transcription and/or secretion of these
different cytokines could thus contribute to a decrease in the
recruitment and activation of the inflammatory cells involved
in the late inflammatory stage of asthma and reduce long-
term remodelling of the airways [87].

In addition to the above, omalizumab has a preventive
effect on viral-induced exacerbations in children with aller-
gic asthma, since blocking IgE decreases susceptibility to
rhinovirus infections and illness [88]. Dendritic cells play a
crucial role in innate immune defence against infections, par-
ticularly viral infections [89]. During the respiratory allergic
response, dendritic cells ensure the presentation of antigens
to T lymphocytes and are also capable of polarizing näıve T
lymphocytes inTh2 lymphocytes [90].Dendritic cells express
the Fc𝜀RI receptor on their surface, such as basophils and
mast cells [91]. The binding of IgE to dendritic cells inhibits
their antiviral capacities [92, 93]. A decrease in the expression
of Fc𝜀RI on dendritic cells induced by omalizumab may
enhance antiviral immune responses and participate in the
prevention of a significant number of asthma exacerbations
as demonstrated [88].

2.2. Treatment Options in Severe Nonallergic Asthma. Pa-
tients with nonallergic asthma are usually more severe and
require higher doses of ICS to control symptoms, which may
reflect the fact that there may be a degree of corticosteroid
resistance as a result of superantigen exposure and activation
of MAP kinase pathways [15, 24]. Although patients with
severe asthma represent “only” 10% of asthmatic patients,
they are the most challenging and with most impairment of
quality of life and absenteeism [1, 8, 19].

Severe asthma patients with a non-Th2 phenotype with
sputum neutrophilia might benefit from macrolide therapy
[16]. A very recent study showed that azithromycin reduced
asthma exacerbations in both severe eosinophilic and
noneosinophilic asthma, suggesting an immunomodulatory
effect ofmacrolides [94].This immunomodulatory effectmay
be a possible mechanism of action of omalizumab in both
eosinophilic and noneosinophilic asthma. On the other hand,
patients with nonallergic but with clear high-Th2 features
might be considered good candidates for biotherapies against
IL-5, such as mepolizumab or reslizumab [69–71].

In nonallergic asthma, there is frequent elevation of total
IgE, including at the bronchial tissue level [95] and it is now
established that dendritic cells participate in its pathophys-
iology [96, 97]. As in allergic asthma, omalizumab reduces
the expression of Fc𝜀RI on the dendritic cells of nonallergic
asthma patients [12]. It is likely that other cells expressing
Fc𝜀RI involved in the pathophysiology of certain nonaller-
gic asthma phenotypes are targeted by omalizumab [98].
Evidence and especially good quality evidence is emerging
regarding the efficacy and safety of off-label uses of omal-
izumab in severe nonallergic asthma [12, 24, 53, 68, 99–106].

The field of action of omalizumab is therefore not limited
to a simple anti-IgE activity. The molecule can inflect airway
remodelling on one hand and induce clinical efficacy in non-
allergic pathologies, but the mechanisms of action at the cel-
lular and cytokine level, anti-Th2 and anti-inflammation, still
need to be clarified. In-depth knowledge of the mechanisms
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of action of omalizumab would make it possible to identify
predictive biomarkers of efficacy, which are valuable in the
phenotyping and therapeutic management of patients with
severe asthma.

3. Conclusions

Although no good quality evidence is currently available
to determine which patients with severe nonatopic asthma
should be selected for omalizumab treatment, some issues
should always be kept in mind: (a) the diagnosis of nonatopic
asthma is not easy and should be carefully confirmed; (b)
the definition of severe asthma is heterogeneous and should
always be carefully assessed; (c) biomarkers may be helpful
to select subsets of patients which might benefit from oma-
lizumab treatment; (d) poor adherence and comorbidities,
mainly obesity, interact negatively with asthma and should
always be addressed with specific pharmacological and non-
pharmacological measures. Based on literature and clinical
experience of the authors, there is a clear benefit for allergic
asthma patients to be treated with omalizumab. Moreover,
those patients with severe nonatopic asthma (including those
with high FeNO as a marker of IL-13 inflammation, high
eosinophils, and periostin), uncontrolled besides optimal
nonpharmacological and pharmacological treatment, may
benefit from omalizumab therapy. However, when to sus-
pend omalizumab according to response to therapy in each
patient and pharmacoeconomical analysis are questions that
remain to be answered.
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[79] R. Djukanović, S. J. Wilson, M. Kraft et al., “Effects of treatment
with anti-immunoglobulin E antibody omalizumab on airway
inflammation in allergic asthma,” American Journal of Respi-
ratory and Critical Care Medicine, vol. 170, no. 6, pp. 583–893,
2004.



10 BioMed Research International

[80] M.Massanari, H.Nelson, T. Casale et al., “Effect of pretreatment
with omalizumab on the tolerability of specific immunotherapy
in allergic asthma,”The Journal of Allergy and Clinical Immunol-
ogy, vol. 125, no. 2, pp. 383–389, 2010.

[81] Y. Takaku, T. Soma, F. Nishihara et al., “Omalizumab attenuates
airway inflammation and interleukin-5 production bymononu-
clear cells in patients with severe allergic asthma,” International
Archives of Allergy and Immunology, vol. 161, pp. 107–117, 2013.

[82] M. Massanari, S. T. Holgate, W. W. Busse, P. Jimenez, F. Kiani-
fard, and R. Zeldin, “Effect of omalizumab on peripheral blood
eosinophilia in allergic asthma,” Respiratory Medicine, vol. 104,
no. 2, pp. 188–196, 2010.
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According to the current guidelines, severe asthma still represents a controversial topic in terms of definition and management.
The introduction of novel biological therapies as a treatment option for severe asthmatic patients paved the way to a personalized
approach, which aims at matching the appropriate therapy with the different asthma phenotypes. Traditional asthma phenotypes
have been decomposing by an increasing number of asthma subclasses based on functional and physiopathological mechanisms.
This is possible thanks to the development and application of different omics technologies. The new asthma classification patterns,
particularly concerning severe asthma, include an increasing number of endotypes that have been identified using new omics
technologies.The identification of endotypes provides new opportunities for themanagement of asthma symptoms, but this implies
that biological therapieswhich target inflammatorymediators in the frameof specific patterns of inflammation should be developed.
However, the pathway leading to a precision approach in asthma treatment is still at its beginning.The aimof this review is providing
a synthetic overview of the current asthma management, with a particular focus on severe asthma, in the light of phenotype and
endotype approach, and summarizing the current knowledge about “omics” science and their therapeutic relevance in the field of
bronchial asthma.

1. Introduction

Severe asthmamanagement still represents amatter of debate,
due to asthma heterogeneity and complexity. Today, asthma
is classified and assessed according to both phenotypes and
endotypes approaches. The last reflects the complex interac-
tion of inflammatory molecules and multiple pathways and
systems that are involved in the pathogenesis of asthma. The
use of omics technologies represents an effective way for
better exploring and defining asthma endotypes. More in
general, the omics approach and the application of systems
biology methods provide unbiased tools allowing for better
understanding of asthma pathophysiology and for develop-
ing “precision medicine” approaches. In contrast with the
more general but still used “one size fits all” approach, pre-
cision medicine consider a specifically targeted therapy that

includes specific biological profiles together with patient’s
exposure and lifestyle. The omics technologies are contribut-
ing to the identification of new biomarkers that compose
these biological profiles and consequently to the development
of targeted biological therapies. For a decade, omalizumab
has been the only available therapy for severe allergic asthma.
Recently, new promising drugs such as mepolizumab and
reslizumab have been introduced as a targeted treatment
option for Eosinophilic asthma.

The aim of this review is to offer an overview regarding
themanagement of asthma, fromphenotype to inflammatory
endotypes. We will focus on pathophysiology mechanisms
of severe asthma and on new treatment options based on
different endotypes.Wewill finally discuss the current knowl-
edge about “omics” science and its relevance in exploring new
biological endotypes, which will represent the basis for the
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development of new promising asthma therapies. The tran-
sition from new biomarkers discovery and understanding
and the development of new successful therapies is still very
difficult. Our review will help the clinician to understand
how it will be possible to improve the management of severe
asthma thanks to the most advanced research tools and what
to do to optimize what is already available.

1.1. DataCollection Strategy. For this review, a highly sensitive
search strategy has been developed, and validated keywords
filters have been applied to retrieve articles pertaining to
severe asthma definition and management.

In particular a selective search on PubMed and Medline
was carried out, and research papers, international guide-
lines, recommendations, position papers, systematic reviews,
and Cochrane meta-analyses relevant to the topic have been
included in the review.

We applied a search strategy for identifying the following
keywords.

Keywords for part 1 are as follows: asthma phenotypes,
asthma endotypes, T2-low and T2-high subtypes, targeted
therapies and bronchial thermoplasty coupled with severe
asthma.

Keywords forpart 2 are as follows: genomics, pharmacoge-
nomics, transcriptomics, epigenomics, proteomics andmeta-
bolomics coupled with severe asthma

To retrieve international and European large-scale pro-
jects hand searches were performed of the reference lists of
all pertinent reviews and studies examined. Abstracts from
relevant conferences were searched.

2. External Phenotypes and Endotypes

A phenotype is defined as the set of an organism's observ-
able characteristics or traits, such as its morphology and
development. As a basic definition, the phenotype is mainly
influenced by the interactions between genomic asset and the
influence of several environmental factors. At a molecular
level, the phenotype is the outcome of the expression and
interaction of different endotypes, which are defined by a
distinct functional or pathophysiological mechanism [1].

External Phenotypes of Asthma. Asthma symptoms are tra-
ditionally defined by shortness of breath, wheeze, chest
tightness, and cough. However, it is well known that there are
different asthma phenotypes. Historically, bronchial asthma
was classified as allergic (extrinsic) or nonallergic (intrinsic).
Extrinsic atopic asthma generally develops under the age of
40, and it is triggered by inhaled allergens and is usually
associated with other allergic diseases, such as rhinitis and
dermatitis [2]. On the other hand, intrinsic asthma typically
develops later in life (>40 years old) and is usually less recog-
nizable. By definition, intrinsic asthma is not associated with
allergic sensitization, but aspirin-intolerance often triggers
disease exacerbations. Nowadays, asthma phenotyping also
includes several clinical information such as age, concomi-
tant comorbidities (obesity, allergic rhinitis, and sinusitis),
exacerbations factors (exercise, allergens, and infections), and
response to the treatment.

Endotypes. An endotype is specifically defined by the patho-
physiologic mechanisms underlying the phenotype(s). The
management of severe asthma is benefitting from the char-
acterization of an increasing number of different endotypes,
which represent the targets of specific therapies [3].

3. T2 Subtypes

Asthma phenotyping based on inflammatory cell count
(Eosinophilic, Neutrophilic, and Paucigranulocytic) in tissue
and blood is gaining an increasing interest. Nowadays, two
main subtypes of type 2 inflammation have been defined: T2-
high (T helper type 2 cell high) and T2-low (T helper type 2
cell low) [4, 5].

The T2-high subtype is characterized by the presence of
high eosinophil level in airways and includes the following:
1. early onset, allergic sensitization, responsiveness to inhaled
corticosteroids (ICS); 2. late-onset, absence of allergic sensiti-
zations, sinusitis, and lack of ICS responsiveness; 3. exercised-
induced asthma.

The T2-low subtype is characterized by Neutrophilic or
Paucigranulocytic airway inflammation and may consist of
the following: 1. obesity-related asthma, late-onset; 2. asthma
and chronic obstructive pulmonary disease overlap syn-
drome (ACO)/Neutrophilic, late-onset; 3. smoking-related
asthma; 4. paucigranulocytic, associated with smoothmuscle
(Figure 1) [4].

4. T2-High

4.1. Pathogenesis and Potential Biomarkers. Most of the new
biologic drugs target the Th2 cytokines pathway. These
cytokines (IL-3, IL-4, IL-5, IL-9, and IL-13) are expressed
in bronchial submucosa and could trigger the release of
mediators that could support other inflammation patterns
as well, such as thymic stromal lymphopoietin [6]. Type 2-
high asthma involves different important inflammatory cells
including type 2 innate lymphoid cells, Th2 cells, natural
killer T cells, and mast cells. Cytokines contribute to the
activation and recruitment of immunoglobulin (Ig) E anti-
body-producing B-cells, which sustain the allergic airway
inflammation. Recently, McKenzie and colleagues described
group 2 lymphoid cells producing these cytokines, defining
another pathway which contributes to the T2 high profiling
(Figure 1) [7]. At present, several biomarkers can identify
inflammatory characteristics of T2-high endotypes (serum
IgE, serum periostin, blood eosinophil, and exhaled nitric
oxide eNO) both for adult and in children asthma (Table 1)
[8]. However, the most validated method to assess airway
inflammation is currently the sputum cytometry. At present,
four inflammatory patterns can be defined based on the
granulocytes detected in the sputum: 1. Eosinophilic, 2.
Neutrophilic, 3. Mixed-granulocytic (both neutrophils and
eosinophils are elevated), and 4. Paucigranulocytic (neither
neutrophils nor eosinophils are elevated).

According to several studies, Eosinophilic asthma is
defined by the presence of elevated sputum eosinophil
count (>3% with or without degranulation) and/or blood
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Figure 1: T2-high and T2-low asthma pathway.The T2-high subtype is characterized by the presences of high level of eosinophils in airways,
and the T2-low subtype is characterized by Neutrophilic or Paucigranulocytic airway inflammation. APC antigen presenting cell, ILC2 type
2 innate lymphoid cells, TSLP thymic stromal lymphopoietin, and TNF (tumor necrosis factor).

eosinophil count (≥400 cells/𝜇L) detected at least in two con-
secutive controls and by symptoms and exacerbations control
obtained with treatment aimed at suppressing eosinophils
[9]. However, for the other three patterns, there is no indica-
tion of minimum thresholds.

4.2. TargetedTherapy. In recent years, the therapeutic options
that target the T2-high subtype have been significantly
increasing. At present, the best biomarker predicting a good
response to anti-IL-5, anti-IgE, anti-IL-4/IL-13, corticos-
teroids, and receptor for prostaglandin D

2
(CRTH2) is the

blood eosinophils count, while periostin and dipeptidyl pep-
tidase-4 (DDP-4) can predict response to anti-IL-13 [5].

IgE Blockers. Omalizumab, the first biological approved
for asthma, is a humanized monoclonal antibody (mAb),
approved in 2003 by US Food and Drug Administration
(FDA). It depletes IgE antibodies and blocks their action
on effector cells, by reducing the density of high-affinity
IgE receptors [10]. Omalizumab is effective in patients aged
6–75 years with allergic asthma and sensitized to perennial

allergens and present levels of IgE serum ≥30UI/mL≤1500
UI/m. Omalizumab showed efficacy and safety in random-
ized clinical trials (RCTs) and real-life setting, in terms of
reduction of exacerbation rates and steroid-sparing effect [11].
Furthermore, it indirectly decreases airway eosinophilia and
for this reason it is more effective in patients with higher
levels of exhaled oxide nitric, blood eosinophils, or blood
periostin [11, 12]. These combined biomarkers also showed
a predictive value for clinical response, and discontinuation
of anti-IgE treatment in patients with these features demon-
strated a more rapid loss of asthma control [13]. Severa
studies confirm that a long-term treatment with omalizumab
allows an improvement of symptom control and a sustained
reduction of exacerbation risk in adult patients. [13, 14]. On
the opposite, there is still a lack of biomarkers that can guide
the clinician in continuing or suspending treatment with
patient growth in pediatric populations. However, Baena-
Cagnani and coworkers showed that omalizumab may have
a disease-modifying effect in children with moderate/severe
uncontrolled asthma. During the first 3 years of follow-up,
after the treatment with this drug, they were completely free
of asthma symptoms [15].
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Quilizumab, a humanized IgG1 mAb, targets the M1-
prime segment of membrane-expressed IgE causing the
depletion of IgE-switched and memory B-cells. Unfortu-
nately, clinical studies did not confirm a significant clinical
efficacy in patients with uncontrolled refractory allergic
asthma [16]. Ligelizumab (QGE031), an IgG1k anti-IgE mAb,
has a major suppressor effect on free IgE compared with the
gold standard omalizumab, with a better pharmacodynamic
effect in allergic subjects, even in the case of higher IgE levels.
These improvements could allow a successful treatment in pa-
tients who show inadequate response or unresponsiveness to
omalizumab [17].

Anti-IL-5. Mepolizumab and reslizumab are two mAbs that
bind IL-5 with high specificity and affinity and have been
recently approved for the treatment of severe uncontrolled
Eosinophilic asthma. Mepolizumab is a N-glycosylated IgG1/
k humanized mAb, approved as an add-on subcutaneous
therapy in patients aged at least 18 years with severe
Eosinophilic asthma and blood eosinophil levels of 300 cells/
mcL or greater and 150 cells/mcL during the previous 12
months [18]. Mepolizumab showed efficacy in the reduction
of exacerbations, it exerts an oral glucocorticoid-sparing
effect, and it determines the improvement of quality of life.
However, data on the increase of Forced Expiratory Volume
in 1 Second (FEV1) were contradictory except in theMUSCA
study [19]. Reslizumab, an IgG4/kmAb, has been approved as
an add-on intravenous monthly treatment in patients aged at
least 18 years with severe Eosinophilic asthma, with baseline
blood eosinophilia ≥400 cells/𝜇L [20]. It improves asthma
control, FEV

1
, and quality of life (QoL) [21, 22]. However,

there are still concerns about the route of administration and
the real positioning of this drug in the general context.

Benralizumab, an anti-eosinophil mAb approved in 2017
by FDA, is an IgG1/k antagonist of the 𝛼 chain of human
IL-5 receptor [23, 24]. This drug is the only one that can
induce apoptosis by means of cellular toxicity mechanisms
(antibody-dependent cell-mediated cytotoxicity or ADCC)
in its target cells, reducing the level of eosinophils in tissues by
90–100. Furthermore, its clinical effect is independent of the
IL-5 circulating levels, which usually tends to increase during
asthma exacerbations [25]. Data from RCTs confirmed the
efficacy of benralizumab in reducing annual exacerbations
rates and improving FEV1. Moreover, benralizumab showed
a significant systemic steroid-sparing effect [26, 27].

Anti-IL-4, AntiIL-13. Dupilumab, a fully humanized mAb
anti-IL-4 receptor currently investigated in phase 3 studies,
inhibits the biologic effect of both IL-4 and IL-13 by prevent-
ing their interaction with IL-4 receptor 𝛼 subunit. Several
studies have demonstrated its efficacy in the reduction of
asthma exacerbations and improvement of symptoms, QoL,
and respiratory function [28, 29] irrespective of their baseline
blood Eosinophilic count. There are still doubts about its
safety profile, in particular regarding the evident rise of blood
eosinophil levels which happens predominantly in patients
with asthma and elevated baseline serum eosinophilia [30].

Antibodies targeting free circulating IL-4 (pascolizumab,
altrakincept) [31, 32] or IL-13 (anrukinzumab, IMA-026,

GSK679586) have been studied and appear safe and tolerable,
but they have been discontinued due to failure in reaching
primary outcomes [33–35].

Lebrikizumab and tralokinumab, two IgG4 anti-IL-13
mAb binding free-IL-13, are still under development but, so
far, did not show any clinical improvement in asthma exac-
erbation rate and only a modest clinical effect has been de-
monstrated [36, 37].

Novel Therapies. Several other drugs are currently under
development, including antithymic stromal lymphopoietin
(TSLP) such as AMG157-tezepelumab [38] that mitigates the
early and the late-onset-phase responses to allergens. TSLP,
IL-33, and IL-25 are key mediators of type-2 inflammation
diseases (such as asthma, nasal polyposis, and Eosinophilic
esophagitis); therefore they are deserving an increasing inter-
est as potential target of new drugs. IL-25 and L-33 inhibitors
have unfortunately not reached the clinical outcomes [39].

The stimulation of prostaglandin antagonist’s receptor
(CRTH2), present on lymphocytes, eosinophils, and baso-
phils surface, induces chemotaxis of these inflammatory cells
and the release of mediators. There is a growing interest in
exploring drugs targeting this receptor (fevipiprant, setip-
iprant, and OC000459) and some results are emerging, such
as the improvement in FEV

1
demonstrated by Pettipher et al.

when a specific CRTH2 antagonist was used for patients with
eosinophils count > 250 cells/𝜇L [40, 41].

New interest is emerging around interferon, as it is well
known that respiratory viruses, especially rhinovirus, are
implicated, not only in asthma exacerbations but also in the
pathogenesis of asthma and Th2 inflammation. A phase 2
RCT with IFN-𝛽 treatment has been shown to be effective
in enhancing innate immunity both systemically and in the
lung (it has been demonstrated by serum concentration of
CXCL10 as well as through the improvement of morning
peak-expiratory flow (PEF)) in severe asthmatic patients [42].
The nebulized IFN-𝛽 treatment seems to act on the viral-
response pathway and, administrated at the early onset of cold
symptoms, prevents worsening of asthma symptoms.

T2-high blockers are responsible for clinical benefit in
many patients with T2-high asthma but this may cause recur-
rence of the symptoms [43], so that a true immunomodula-
tion has not yet been demonstrated. However, there is still the
need of further studies that involve larger group of patients
to detect and evaluate new endotypes, particularly for pa-
tients that are unresponsive to the treatments so far avail-
able.

The modern medicine is increasingly moving towards
precision therapy, because it is unlikely that one therapeutic
approach will be able to offer clinical benefit to all T2-high
asthmatic patients. Clinical trials will benefit from a careful
assessment of the targeted pathway and this should be reached
by means of molecular phenotyping approach.

5. T2-Low

5.1. Inflammatory Mechanisms. Neutrophilic asthma is char-
acterized by elevated neutrophils (≥64%), but not eosinophils
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(<3%), by increased total cell count (≥9.7 million cells/g)
detected at least two times, and by unresponsiveness to treat-
ments suppressing eosinophils.

Mixed-granulocytic asthma is identified when there is
evidence of both neutrophils and eosinophils on at least two
detections, independently or concurrently.

Paucigranulocytic asthma has low eosinophils (<3%) and
lowneutrophils (<64%). In that case treatments aimed at sup-
pressing both inflammatory patterns are ineffective in con-
trolling symptoms [3]. On the basis of inflammatory mech-
anisms, two different patterns can be identified: Th1 and
Th17.Th1 cells release IFN𝛾, which is involved in intracellular
infections and autoimmunity.Th17 cells are CD4+ T lympho-
cytes expressing IL-17A, IL-17E, IL-17F, and IL-22, which can
activate neutrophils through the production of IL-8 (Figure 1)
[44]. Airway damage associated with Neutrophilic inflam-
mation leads to mucus gland hyperplasia and hypersecre-
tion, airway hyperreactivity, remodelling, and corticosteroid
insensitivity [45].

Regarding airway remodelling, it can be considered as a
result of an impairedmucosal repair process, characterized by
increased airway smooth muscle mass, subepithelial fibrosis,
and increased number of mucous glands and goblet cells
caused by Th2 cytokines as well as by growth factors and
cytokines produced by epithelial cells and macrophages.
These structural modifications alter airway mechanism and
contribute to airway hyperresponsiveness [44].

5.2. Pathogenesis and Treatment Options. T2-low field rep-
resents a new evolving research area, and to date there are
no effective therapies.This endotype is characterized by non-
Eosinophilic airway inflammation. It occurs in nearly 50%
of patients with asthma [46, 47]. T2-low can be subdivided
into Neutrophilic, characterized by mediators implicated in
the pathogenesis of Neutrophilic inflammation, such as IL-8,
IL-23, and IL-17, and Paucigranulocytic inflammation. These
patients show not optimal response to corticosteroids, but
they have demonstrated good responsiveness to a group of
antibiotics, macrolides (azithromycin and clarithromycin).
The Neutrophilic inflammation in asthma may be due to
corticosteroids treatment inducing impaired apoptosis of
neutrophils and Th17-mediated Neutrophilic inflammation,
pulmonary infections, smoking habit or occupational expo-
sition, and altered airway microbiome [48].

Therapies for non-Eosinophilic inflammation may in-
clude macrolides, statins, and theophylline but data are still
controversial [49, 50].

Other novel small molecules targeting Neutrophilic in-
flammation were investigated, such as C-X-C-chemokine
receptor (CXCR2) antagonists, CXCL8 (IL-8), and perox-
isome proliferator-activated receptor-𝛾 (PPAR𝛾) [51]. Pub-
lished results are contradictory [52, 53].

As for themonoclonal antibodies brodalumab and secuk-
inumab (both anti-IL-17A), no improving in asthma symp-
toms has been shown [54] and daclizumab (anti-CD-25) is
effective in improving symptoms and function, but it is un-
clear to which patients it should be addressed [55]. Studies
that investigated TNF𝛼 blockers (etanercept, golimumab)
did not demonstrate a significant clinical effect in treated

patients [56, 57]. Some other chemokines could be targeted,
including IL-1𝛽 or IL-6 [58] FLAP (5-lipoxygenase-activating
protein) inhibitors such as GSK-2190915, which prevents the
formation of LTB4 [59], involved in response to allergen. No
active clinical trial is currently in development.

Phosphodiesterase (PDE) andProteinKinase Inhibitors. PDE4
inhibitors and dual PDE3 and PDE4 inhibitors exert im-
mune-modulatory effect potentially effective on asthma in-
flammation. RPL554 is a molecule registered in a clinical trial
for the treatment of asthma and COPD [60]. Proteins kinases
are involved in the cellular pathway of proinflammatory
cytokines. Different molecules are under development [61],
including PIK3 kinase inhibitors. PIK3 inhibition partially
shares the mechanisms of action of low dose of theophylline
[62] and some studies have demonstrated a potential effect in
restoring corticosteroid sensitivity [63].

There are no active phase 3 clinical trials for the target
molecules of the T2-low type. It seems that the knowledge
on the pathophysiology of this endotype is still poor and no
treatments are currently available. Understanding the biology
and the pathophysiology of the disease will require a closer
collaboration between clinical specialists and biologists, in a
multidisciplinary effort.

6. Bronchial Thermoplasty

Bronchial thermoplasty (BT) is a nonpharmacological endo-
scopic procedure based on controlled heat release.The poten-
tial effect is an appreciable change in airway wall structure,
by reducing the amount of smooth muscle with a device
called Alair�Catheter (Boston Scientific, Natick, MA, USA).
BT is delivered in 3 short sessions, and no incisions or full
anaesthesia is necessary. Each session is routinely performed
under deep sedation administered by an anaesthesiologist
and typically it takes 30–40 minutes to be completed. The
procedure consists in the treatment of right lower lobe, left
lower lobe, and right and left upper lobe in three different
sessions. Sessions are performed every three or four weeks.

BT was approved by FDA in 2010 and according to last
ERS/ATS guidelines it is recommended in adults with severe
refractory asthma after approval by an Institutional Review
Board [64]. The mechanism of action remains unclear. The
literature reports reduction of ASM as a BT target [65].
Recently our team demonstrated a reduction of nerve fibers
in epithelium and ASM.This result could explain the clinical
improvement of patient that underwent BT [66].

Today literature addressing BT treatment of the T2-low
endotype characterized by Neutrophilic or Paucigranulocytic
airway inflammation is poor [3]. In our experience, patients
were included into BT pathway first in the context of a clinical
trial and subsequently as a clinical practice procedure.

Patients were also enrolled for BT treatment when not
responsive to mAbs. Moreover, BT may be considered as
a preferential treatment for patients who could not be
addressed to other therapies, or who decided to perform a
once-in-a-lifetime therapy [67]. On the basis of our experi-
ences and clinical data, BT shows long-term effectiveness [68]
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and, therefore, it should be considered not only an experi-
mental procedure but rather an important treatment option
for adult patients with severe asthma [69].

7. Biomarker Discovery: Through the Detection
of Novel Endotypes

Omics are a neologism that defines a new “global” molecular
biology point of view that through a single analysis can
characterize large-scale members of biochemical pathways
andmolecular functional activities. FromDNAmicroarray to
Next Generation Sequencing (NGS), the omics sciences are
increasing, and they involve new techniques and approaches
in order to better understand the disease and therefore
enabling more effective drugs and therapies [70].

Omics technology is providing new biomarkers that may
be used as novel targets for diagnostic tests and pharmaco-
logic treatments. This will happen through the increasing of
the knowledge of biological mechanisms and the microenvi-
ronment of asthma inflammation. This path is moving for-
ward to the development of “precision medicine” approaches
[70, 71].

Omics are contributing to help precision medicine to
identify the right therapy to the proper clinical phenotype.
The added value of omics technologies is particularly evident
in severe asthma studies aimed at identifying novel endo-
types.

Suffix “ome” derives from “chromosome” and today in-
cludes genomics, transcriptomics, proteomics,metabolomics,
and epigenomics (Figure 2).

Genomics is a branch of genetics that studies the sequenc-
ing and analysis of an organism's genome.

Transcriptomics is the study of complete set of RNA
transcripts that are produced by the genome.

Proteomics refers to the systematic identification and
quantification of the complete complement of proteins (the
proteome) of a biological system (cell, tissue, organ, biological
fluid, or organism).

Metabolomics concerns the scientific study and analysis of
the metabolites produced by a cell, a tissue, or an organism.

Epigenomics is the study of all of the epigenetic changes
in a cell [72].

8. Large-Scale Projects and
the Development of Databases

Todate several international projects that involve hundreds of
adult and children asthmatic patients have been developing
in several countries, in order to better understand severe
asthma, determine differences among asthma patients, and
gain new finding to create new therapeutics options.

One example of these projects is the Severe Asthma
Research Program (SARP), supported by the NIH (National
Heart, Lung and Blood Institute) in the United States. This
program is a network enrolling over 700 patients both adults
and children coming from several states [73].

Another example is the “Unbiased Biomarkers for the
Prediction of RespiratoryDiseaseOutcomes” (U-BIOPRED).

This is a European project involving 16 centers in 11 European
countries. The goal of this large-scale dataset is to increase
the numbers and types of asthma biomarkers by integrating
clinical data with inflammatory biomarkers derived from
omics. U-BIOPRED provided an unbiased algorithm that
trough system biology technology matches an exponential
quantity of data that will enable phenotyping severe asthma
and will pave the way to new tailored therapeutic approach
[74, 75].

Within the European Union, national databases have
been starting to develop. For example, Italian researchers
have recently created the Severe Asthma Network in Italy
(SANI). It is a multicenter register, which involves referral
centers for the treatment of severe asthma. Up to now 549
adults and children patients with different types of asthma
have been included [76, 77]. The aim of this registry is to
identify and characterize patients eligible for biological treat-
ments (biomarkers evaluation and causal-endotype identifi-
cation), to evaluate cost/benefit optimization in the field of
new and traditional treatments, and to investigate treatment
adherence and its determinants. SANI Network provides
the opportunity to create international collaborations with
networks of clinical researchers, in the respiratory field, in
the framework of the SHARP program (Severe Heterogenous
Asthma Research Collaboration, Patient Centers) or ISAR
(International Severe Asthma Registry) [78].

Many other countries have activated severe asthma reg-
istries, such as United Kingdom, Belgium, Germany, and
Australia. These initiatives are providing a huge amount of
information for large-scale experiments, with the hope that
this data will be freely accessible [79–82].

9. Genomics of Asthma

Different genes have been associated with asthma severity.
Genome-wide association studies (GWASs) contributed to
identifying several asthma risk loci. To date, several studies
have been performed trying to link the disease with portions
of the genome through the use of a high number of Single
Nucleotide Polymorphisms (SNPs) [83]. Amajor study of the
GABRIEL consortium in Europe involved 10,365 patients and
16,110 healthy controls who were where genotyped of 582,892
SNPs. One of the major findings was the identification
of the ORMDL3 (ORM1-like protein 3) and the GSDMB
(Gasdermin-B) genes within 17q21 locus and CDK12 (Cyclin-
dependent kinase 12) as candidate genes for childhood-onset
severe asthma [84]. The same 17q21 locus was also associated
with asthma exacerbations, and treatment response, and
ORMDL3 was proposed as candidate gene [85]. ORMDL3
negatively regulates the expression of IL-2. Considering the
role of IL-2 in the differentiation of TH2 cell subsets, this
effect on IL-2 production could represent a genetic risk for
asthma and autoimmunity [86]. As a major finding of these
projects, asthma onset has been associated with a number
of genes coding for HLA, IL-13, IL-33, thymic stromal
lymphopoietin [TSLP], IL-1 receptor-like 1 [IL-1RL1], ST2,
and the receptor for IL-33. Furthermore RAR-related orphan
receptor A [RORA], SMAD family member 3 [SMAD3],
and GATA3 were identified [87]. CDHR3 gene has also
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Figure 2: From omics technology to personalized medicine. From DNA microarray to Next Generation Sequencing (NGS), system biology
provides for management and data analysis. This path is moving forward to the development of “precision medicine” approaches.

been described in severe asthma in addition to GSDMB, IL-
33, and IL-1RL1. Furthermore, CDHR3 gene expression was
associated with exacerbation in children asthma population
from 2 to 6 years of ages [88, 89].

A study conducted on severe asthma in Italian patients
found a significant association between the SNP rs848 within
the IL-13 gene and severe asthma symptoms [90]. A corre-
lation between HLA-II genes and different asthma pheno-
types has also been described. In particular, HLA-DRB1 is
associated with allergic asthma, HLA-DQB1 with occupa-
tional asthma, and HLA-DPB1 with aspirin-sensitive asthma
[91].

10. Pharmacogenomics of Asthma

One of the most important applications of genomic asso-
ciation studies outcomes for severe asthma is pharmacoge-
nomics. This omics science studies genetic variations influ-
encing treatment response to the most commonly used
asthma therapies. For this reason, several studies have already
been successfully performed. For example, BARGE (Beta-
Adrenergic Response by Genotype) trial showed that patients
with an ARG16 variant of ADRB2 gene had a small decline in
lung function compared to Gly16gly genotype. The response
to the short-acting beta-2 agonist (SABA) therapy has been
correlatedwith amutation in the coding sequence of the beta-
2 adrenoceptor [ADRB2] gene that causes aGlycine/Arginine
substitution at position 16 of the receptor protein (Gly16Arg)
[92]. In line with response to SABA, pharmacogenetic works
on response to long acting beta-2 agonist (LABA) have
addressed the ADRB2 gene but no effect on lung function
was found [93].However, theArg16 variant showed an impact
on LABA in pediatric population [94]. Several GWASs on
inhaled corticosteroids (ICS) response in asthmatic popu-
lation were performed but no clinically significant results
were reported [95, 96]. Although Mosteller and coworkers

[95] did not find any significant genetic markers in their
study, other studies have identified a novel SNP, rs10044254,
associated with both decreased expression of the F-Box and
Leucine Rich Repeat Protein 7 [FBXL7] gene and improved
symptomatic response to ICSs in pediatric subjects [97].
These very interesting findings suggest that there might be a
specific genetic mechanism regulating symptomatic response
to ICSs in children not present in adults.

On the opposite, variations of theGLCCI1 gene, encoding
for glucocorticoid-induced transcript 1 protein, have been
associated with a reduction of pulmonary functions. Unfor-
tunately, these results were not confirmed by other clinical
trials. The rs2872507 SNP, which influences ORMDL3 gene
expression at locus 17q21, may be a possible marker for ICS
treatment response in childhood asthma [98]. The rs2872507
T variant of this gene was found in the SHARP population
and is associated with an improvement in FEV1 in asthmatic
patient on ICS therapy. Many clinical trials investigated the
response to leukotriene modifiers, and, despite a quantity of
candidate gene, only 5-lipoxygenase (ALOX-5), transporter
gene (MRP1), and ATP-binding cassette (ABCC1) trans-
porters were found to be involved in the LTRA response
[98]. Despite the efforts dedicated to the investigation of
genetic variations associated with asthma, so far there is no
evidence of strong association with treatment heterogeneity
of response and no pharmacogenetic marker seems to be able
to reach clinical relevance. Further investigations are there-
fore needed to identify specific genetic variation influencing
treatment response and to provide new distinct asthma phe-
notypes.

11. Transcriptomics

Bigler and collaborators recently performed a whole genome
expression of blood cell in asthma. In this research, 1,693
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genes were differentially expressed in severe asthmatic
patients [99]. Using bronchial epithelium and induced spu-
tum samples, several case/control studies tried to define
the different asthma subtypes through differential expres-
sion of messenger RNA (mRNA). Woodruff and coworkers
identified the two most popular asthma subgroups, “T2-
high” and “T2-low,” through the different expression of IL-
5 and IL-13 transcripts in bronchial biopsies. Furthermore,
epithelial expression of POSTN (periostin), CLCA1 (calcium-
activated chloride channel regulator 1), and SERP1NB2 gene
transcripts may be predictive of a Th2 driven inflammation
[100]. Shikotra et al. found an upregulation of the CEACAM6
(carcinoembryonic antigen related cell adhesion molecule 6)
transcript in bronchial biopsies of asthmatic patients; it was
associated with airway epithelial cells and tissue neutrophils,
showing that theCEACAM6 expression levels could be linked
to a Neutrophilic asthma phenotype [101].

In the past few years, some studies aimed at identifying
a “T2 gene-based discrimination” in induced sputum sam-
ples, which is less invasive than bronchial biopsies [102].
Other studies detected seven gene transcripts [COX-2 (cyclo-
oxygenase-2), ADAM-7 (disintegrin and metalloproteinase
domain-containing protein 7), SLCO1A2 (solute carrier
organic anion transporter family member 1A2), TMEFF2
(transmembrane protein with epidermal growth factor like
and two follistatin like domains 2), TRPM-1 (transient recep-
tor potential cation channel subfamilyMmember 1), and two
unnamed] in bronchial brushing samples with expression
levels that were moderately correlated with submucosal
eosinophils [103].

Severe asthma in adults is characterized by inflammatory
pathways involving mast cells, eosinophils, and group 3
innate lymphoid cells detected in induced sputum, endo-
bronchial, and nasal brushing [104]. Baines et al. identified
transcriptional inflammatory asthma phenotypes (TAPs) by
studying the gene expression profile from induced sputum
of adult stable asthma. Three distinct TAPs groups were
identified: TAP 1 Eosinophilic, TAP2 Neutrophilic, and TAP3
Paucigranulocytic [105]. When the TAP profiles were com-
paredwith gene expression analyses of sputum, a 92%of over-
lap was detected.

MicroRNAs. MicroRNAs (miRNAs) are small noncoding
single RNAs strands that regulate gene expression at the
posttranscriptional level. MiRNAs are involved in all of
the most important cells functions including the control of
inflammatory processes; therefore numerous studies have
been conducted to better understand the involvement of
miRNAs in several diseases. The characterization of miRNAs
and their rolemay represent an important tool for endotyping
the complex asthma phenotype picture, when investigated
in tissues whose collection is less invasive than common
bronchial biopsies and induced sputum, such as peripheral
blood.

MicroRNA expression in the peripheral blood has been
investigated in a small study that compared seven mild
asthmatics and four healthy subjects. This study detected an
underexpression of microRNA 192 when study population
underwent allergen inhalation challenge [106].

The interest in miRNA study as potential source of bio-
markers is increasing. It has been shown in serum a differen-
tial expression of miR-1248 in asthmatic versus nonasthmatic
patients and it has been demonstrated that miR-1248 is
directly involved in the regulation of IL-5 transcript [107].

So far, severity of asthma had a minor impact on miRNA
expression when it was evaluated on nasal biopsies of asthma
patient [108]. However, a recent case-control study that inves-
tigated severe equine asthma identified 11 miRNAs differen-
tially expressed. One of this miRNAs was the MiR-128 [109],
which is part of a regulatory miRNA network and it has been
already shown to be downregulated in bronchial epithelial
cells of asthmatic patients. These results were confirmed by
a significant increase of interleukin-6 (IL-6) and interleukin-
8 (IL-8) that are associated with pathophysiology of asthma
[110].

A preliminary miRNA study has also been performed for
pediatric asthma (12 cases and 6 controls) that showed an
upregulation ofMiRNA-221 andmiRNA-485-3p in asthmatic
patient [111].

12. Epigenomics

Epigenetic mechanisms include DNA methylation, histone
modifications, and noncoding RNAs, and they can control
gene expression acting on DNA structure and subsequent
regulation. The set of nucleic acid methylation modifications
in an organism's genome is known as methylome. Several
genes linked to asthma are regulated by epigenetic mecha-
nism, such as genes involved in T-effector pathways (inter-
feron INF-𝛾, interleukin-4 (IL-4), IL-13, and IL-17), T-regu-
latory pathways (forkheadbox P3 [FoxP3]), and airway in-
flammation (arginase [ARG]) [112].

A study on African American inner-city children identi-
fied 81 differentiallymethylated regions (DMRs) in peripheral
blood mononuclear cells (PBMCs) related to allergic asthma.
Several immune genes were hypomethylated including IL-13,
RUNX3, and TIGIT [113].

Breton’s group in 2011 studied the DNA methylation of
specific genes and investigated biomarkers of airway inflam-
mation.They foundmethylation levelsof severalCpG (regions
with a high frequency of CpG site) loci located in promoter
regions of ARG genes associated with FeNO. This finding
could explain a possible role of DNA methylation in the
regulation of nitric oxide production [114].

An epigenetic association between serum IgE levels and
methylation at different loci using DNA from peripheral
blood leukocytes demonstrated that genes annotated to these
loci encode known eosinophil products.This finding suggests
that methylation differed significantly in isolated eosinophils
from subjects with and without asthma and high IgE levels
[115].

13. Proteomics

The currently available literature provides several examples
of detection of proteins involved in inflammatory mecha-
nisms of asthma; they are commonly profiled using mass
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spectrometry. Proteome analyses research so far has been
conducted in limited sample-size studies on bronchoalveolar
lavage fluid (BALF) [116, 117], bronchial biopsies [118], and
sputum supernatants [119, 120]. A large-scale study stratified
severity of asthma relying on granulocytes inflammatory in
sputum. Patients were divided into different groups: <2% or
>2% eosinophils and<40%or> 40%neutrophils.Microarray
data showed different inflammatory proteins between groups
[118]. The SARP group was able to identify four groups of
asthma from mild-moderate to severe using the protein ex-
pression level of 18 targeted cytokines [121].

Proteomics signatures have been investigated also in bio-
psies of omalizumab responder (OR) versus nonomalizumab
responder (NOR) phenotypes after 36 months of treatment.
Baseline galectin-3 expression was found in OR patients but
not inNOR.Galectin-3 detectionwas related to an improving
of respiratory function in OR and it could be considered as
a potential biomarker of long-term response to omalizumab
[122].

14. Metabolomics

In order to differentiate asthma endotypes, many studies
recently suggested that a measure of metabolic profiles in dif-
ferent samples including exhaled breath, urine, plasma, and
serum may be applied [123]. Nowadays the most attractive
area ofmetabolomics is “breathomics” [124]. It is based on the
use of an electronic nose that recognizes a profile of volatile
organic compounds (VOCs) in exhaled breath and is able to
discriminate asthmatics from healthy controls [125, 126].

One of the studies in the field obtained a fingerprint of
VOCs for asthma atopic patients by employing mass spec-
trometry combined with electronic nose [127].

Another small size study (25 patients) compared the
eNOSE performance to sputum eosinophils and exhaled
nitric oxide (FeNO). The eNOSE was able to discriminate
asthmatics fromhealthy subjects and to predict corticosteroid
response in asthmatics [126]. Furthermore, the fingerprint
identified by the eNOSE correlated with the percentage of
sputum eosinophils [127, 128]. Metabolomics seems to be
a promising tool in identifying asthma endotypes and bio-
markers; however additional studies are needed in order to
enhance the knowledge and obtain a standardized approach.

15. Conclusions

From the conventional definition of asthma to the inclusion
of new contemporary endotypes, science has been making
huge strides in the field of asthma. To date, the endotyping
dichotomy between T2-high and T2-low based on inflamma-
tory and pathophysiology pathways improved asthma man-
agement. Currently, T2-high endotype is better understood
andmost of new biological therapies address T2-high asthma
treatment. Among biological treatments, omalizumab has a
well-documented efficacy, safety, and effectiveness. However,
many studies have been conducted on other drugs targeting
the T2-high pathway and this includesmepolizumab (already
available on themarket) and reslizumab. Both target IL-5 and

their long-term efficacy is now confirmed by many studies.
Benralizumab and dupilumab, addressing as well Th2-high
inflammation, will be available in the near future.

On the other hand, the pathogenesis and pathophysiology
of T2-low endotypes remain so far unclear and treatment
options specifically addressing T2-low pattern are still lack-
ing, except for BT.

Although the knowledge concerning asthmamechanisms
is increasing, biomarkers research needs to be improved, in
order to identifymolecules univocally selective for the appro-
priate therapies and predicting response to treatment. Achiev-
ing that goal is much more needed in the frame of mAbs
sustainability.

A great support could come from the omics technologies.
This is a new way to approach science and data analysis.
Omics technologies are facilitating rapid advance in under-
standing the molecular details of asthma pathogenesis and
pathophysiology. It implies a commercial counterpart both
in pharmaceutical and in biotechnology research, aimed at
offering system biology solutions to drug developers and
diagnostics companies.

Although the interest in omics technologies is increasing,
several limitations still restrict their wide clinical use. Indeed,
none of the above-mentioned omics signatures have been
translated into clinical practice. Large-scale studies and spe-
cific RCTs are necessary in order to find a real clinical utility
and application of omics science as a biomarker and pro-
gnostic factor. For example, a study conducted in a cohort of
194 asthmatic patients identified 6 clinical and pathobiolog-
ical clusters based on blood and induced sputum measures
[129].

From the omics, circulating miRNA deserves a specific
interest. Circulating miRNAs might be a noninvasive bio-
marker useful to diagnose and characterize asthma. Hyper-
link’s team studied the expression of miRNA in the blood
of asthmatic patients compared with nonasthmatic patients.
Their results showed a subset of circulating miRNA (miR-
125b, miR-16, miR-299-5p, miR-126, miR-206, andmiR-133b)
expressed in patients with allergic rhinitis and asthma [130].

The power of the new miRNA’s technology consists in
easy sampling, exposing the patient to the lowest possible
risk and the cheap and reproducible method of quantifying
miRNA blood levels.

The recent Italian register, as well as the European (U-
BIOPRED) and American (SARP) ones, can represent an
excellent source for data and future studies. T2-low endotypes
management represents the most urgent unmet need to be
addressed through the use of these new technologies, which
however provide a formidable support for better under-
standing and treating any asthma type.

We need to consider that real-life applicability of omics
technologies is still far from the levels that could be expected.
In the last two decades we have witnessed an exponen-
tial increase of biological therapies in oncologic fields and
regarding therapies for treatment of rheumatic diseases, solid,
and blood cancer. On the opposite, in asthma area from
2006 to 2017 omalizumab has been the only available mAb.
Recently, both clinical and preclinical researches have literally
exploded.
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Indeed only in recent years have severe asthma therapeu-
tics options expanded their potential thanks to development
of new drugs.

Despite an increasing interest in omics technology, we
need to take into account the fact that none of the omics
signatures mentioned above has been translated into clinical
practice and that it is one of the major limits. For this reason,
development of large-scale studies is urgently needed. Partic-
ularly, specific Randomized Controlled Trials (RCTs) would
be necessary to definitively confirm the clinical relevance
of omics and reinforcing omics role in searching for new
biomarkers and prognostic factors. The need for correctly
selecting the right mAb for the right patient is one of the key
points in severe asthma management.

The challenge in the “omics era” is to translate frombench
to bedside this huge amount of data coming from the above-
mentioned dataset. Translation in clinical practice through
RCT is needed to emphasize omics’ role in precisionmedicine
and to predict response to treatments.

Finally, the study of the interaction between the different
biomarkers will be extremely important for better under-
standing asthma progress and evaluating the possible nega-
tive impact of some therapies. For these purposes, the appli-
cation of mathematical models that gather the interaction
of the different biomarkers will provide a great help, as well
as the application of machine learning approaches that will
help to decide themost successful therapies.These promising
fields seem to be still far from application in the asthma field,
but we are confident they will be widely investigated in the
upcoming years, similarly to other medical fields.
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ORMDL3 gene expression, 17q21 polymorphism and response
to treatment with inhaled corticosteroids in children with
asthma,”The Pharmacogenomics Journal, vol. 13, no. 6, pp. 523–
529, 2013.

[99] J. Bigler, M. Boedigheimer, J. P. R. Schofield et al., “A severe
asthma disease signature from gene expression profiling of
peripheral blood fromU-BIOPRED cohorts,”American Journal
of Respiratory and Critical Care Medicine, vol. 195, no. 10, pp.
1311–1320, 2017.

[100] P. G. Woodruff, B. Modrek, and D. F. Choy, “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.

[101] A. Shikotra, D. F. Choy, S. Siddiqui et al., “A CEACAM6-high
airway neutrophil phenotype and CEACAM6-high epithelial
cells are features of severe asthma,”The Journal of Immunology,
vol. 198, no. 8, pp. 3307–3317, 2017.

[102] M. C. Peters, Z. K. Mekonnen, S. Yuan, N. R. Bhakta, P. G.
Woodruff, and J. V. Fahy, “Measures of gene expression in
sputum cells can identify TH2-high and TH2-low subtypes of
asthma,” The Journal of Allergy and Clinical Immunology, vol.
133, no. 2, pp. 388.e5–394.e5, 2014.

[103] S. J. Wilson, J. A. Ward, A. R. Sousa et al., “Severe asthma
exists despite suppressed tissue inflammation: Findings of the
U-BIOPRED study,” European Respiratory Journal, vol. 48, no.
5, pp. 1307–1319, 2016.

[104] PP. Hekking, MJ. Loza, and S. Pavlidis, “Pathway discovery
using transcriptomic profiles in adult-onset severe asthma,”The
Journal of Allergy and Clinical Immunology, vol. 679, no. 17, p.
31195, 2017.

[105] K. J. Baines, J. L. Simpson, L. G. Wood, R. J. Scott, and P. G.
Gibson, “Transcriptional phenotypes of asthma defined by gene
expression profiling of induced sputum samples,”The Journal of
Allergy and Clinical Immunology, vol. 127, no. 1, pp. 153–e9, 2011.

[106] M. Yamamoto, A. Singh, J. Ruan et al., “Decreased miR-192 ex-
pression in peripheral blood of asthmatic individuals undergo-
ing an allergen inhalation challenge,” BMC Genomics, vol. 13,
no. 1, p. 655, 2012.

[107] RPL. Panganiban, MH. Pinkerton, and SY. Maru, “Differential
microRNA expression in asthma and the role of miR-1248
in regulation of IL-5,” American Journal Clinical Experimental
Immunology, vol. 1, no. 2, pp. 154–165, 2012.

[108] H. Suojalehto, I. Lindström, M.-L. Majuri et al., “Altered micro-
RNA expression of nasalmucosa in long-term asthma and aller-
gic rhinitis,” International Archives of Allergy and Immunology,
vol. 163, no. 3, pp. 168–178, 2014.

[109] A. Pacholewska, M. F. Kraft, V. Gerber, and V. Jagannathan,
“Differential expression of serumMicroRNAs supports CD4+ t
cell differentiation intoTh2/Th17 cells in severe equine asthma,”
Gene, vol. 8, no. 12, 2017.

[110] R. T.Martinez-Nunez, V. P. Bondanese, F. Louafi et al., “Amicro-
RNA network dysregulated in asthma controls IL-6 production
in bronchial epithelial cells,” PLoS ONE, vol. 9, no. 10, Article ID
e111659, 2014.

[111] F. Liu, H.-B. Qin, B. Xu, H. Zhou, and D.-Y. Zhao, “Profiling of
miRNAs in pediatric asthma: Upregulation of miRNA-221 and
miRNA-485-3p,” Molecular Medicine Reports, vol. 6, no. 5, pp.
1178–1182, 2012.

[112] S. Lovinsky-Desir and R. L. Miller, “Epigenetics, asthma, and
allergic diseases: A review of the latest advancements,” Current
Allergy and Asthma Reports, vol. 12, no. 3, pp. 211–220, 2012.

[113] I. V. Yang, C. A. Lozupone, and D. A. Schwartz, “The envi-
ronment, epigenome, and asthma,” The Journal of Allergy and
Clinical Immunology, vol. 140, no. 1, pp. 14–23, 2017.

[114] C. V. Breton, H. Byun, X.Wang, M. T. Salam, K. Siegmund, and
F. D. Gilliland, “DNAMethylation in theArginase–NitricOxide
Synthase Pathway Is Associated with Exhaled Nitric Oxide in
Children with Asthma,” American Journal of Respiratory and
Critical Care Medicine, vol. 184, no. 2, pp. 191–197, 2011.

[115] L. Liang, S. A. G.Willis-Owen, C. Laprise et al., “An epigenome-
wide association study of total serum immunoglobulin e con-
centration,” Nature, vol. 520, no. 7549, pp. 670–674, 2015.

[116] J. Wu, M. Kobayashi, E. A. Sousa et al., “Differential proteomic
analysis of bronchoalveolar lavage fluid in asthmatics following
segmental antigen challenge,”Molecular & Cellular Proteomics,
vol. 4, no. 9, pp. 1251–1264, 2005.

[117] C. Cederfur, J. Malmström, K. Nihlberg et al., “Glycoproteomic
identification of galectin-3 and -8 ligands in bronchoalveolar



BioMed Research International 15

lavage of mild asthmatics and healthy subjects,” Biochimica et
Biophysica Acta (BBA) - General Subjects, vol. 1820, no. 9, pp.
1429–1436, 2012.

[118] S. E. O’Neil, B. Sitkauskiene, A. Babusyte et al., “Network anal-
ysis of quantitative proteomics on asthmatic bronchi: Effects of
inhaled glucocorticoid treatment,” Respiratory Research, vol. 12,
article no. 124, 2011.

[119] S. A. Gharib, E. V. Nguyen, Y. Lai, J. D. Plampin, D. R. Goodlett,
and T. S. Hallstrand, “Induced sputum proteome in healthy
subjects and asthmatic patients,” The Journal of Allergy and
Clinical Immunology, vol. 128, no. 6, pp. 1176–1184.e6, 2011.

[120] T.-H. Lee, A.-S. Jang, J.-S. Park et al., “Elevation of S100 calcium
binding protein A9 in sputum of neutrophilic inflammation
in severe uncontrolled asthma,” Annals of Allergy, Asthma &
Immunology, vol. 111, no. 4, pp. 268.e1–275.e1, 2013.

[121] A. R. Brasier, S. Victor, G. Boetticher et al., “Molecular phe-
notyping of severe asthma using pattern recognition of bron-
choalveolar lavage-derived cytokines,” The Journal of Allergy
and Clinical Immunology, vol. 121, no. 1, pp. 30–e6, 2008.

[122] A. M. Riccio, P. Mauri, L. De Ferrari et al., “Galectin-3: an early
predictive biomarker of modulation of airway remodeling in
patients with severe asthma treated with omalizumab for 36
months,” Clinical and Translational Allergy, vol. 7, no. 1, 2017.

[123] R. S. Kelly, A. Dahlin, M. J. McGeachie et al., “Asthma Meta-
bolomics and the Potential for Integrative Omics in Research
and the Clinic,” CHEST, vol. 151, no. 2, pp. 262–277, 2017.

[124] M. P. Van Der Schee, T. Paff, P. Brinkman, W. M. C. Van
Aalderen, E. G. Haarman, and P. J. Sterk, “Breathomics in lung
disease,” CHEST, vol. 147, no. 1, pp. 224–231, 2015.

[125] S. Dragonieri, R. Schot, B. J. A. Mertens et al., “An electronic
nose in the discrimination of patients with asthma and con-
trols,”The Journal of Allergy and Clinical Immunology, vol. 120,
no. 4, pp. 856–862, 2007.

[126] P. Montuschi, M. Santonico, C. Mondino et al., “Diagnostic
performance of an electronic nose, fractional exhaled nitric
oxide, and lung function testing in asthma,” CHEST, vol. 137,
no. 4, pp. 790–796, 2010.

[127] M. P. Van der Schee, R. Palmay, J. O. Cowan, and D. R. Taylor,
“Predicting steroid responsiveness in patients with asthma
using exhaled breath profiling,”Clinical & Experimental Allergy,
vol. 43, no. 11, pp. 1217–1225, 2013.

[128] B. Ibrahim, M. Basanta, P. Cadden et al., “Non-invasive phe-
notyping using exhaled volatile organic compounds in asthma,”
Thorax, vol. 66, no. 9, pp. 804–809, 2011.

[129] T. S. C. Hinks, T. Brown, L. C. K. Lau et al., “Multidimensional
endotyping in patientswith severe asthma reveals inflammatory
heterogeneity inmatrix metalloproteinases and chitinase 3–like
protein 1,” The Journal of Allergy and Clinical Immunology, vol.
138, no. 1, pp. 61–75, 2016.

[130] R. P. Panganiban, Y. Wang, J. Howrylak et al., “Circulating
microRNAs as biomarkers in patients with allergic rhinitis and
asthma,” The Journal of Allergy and Clinical Immunology, vol.
137, no. 5, pp. 1423–1432, 2016.



Review Article
Benralizumab: From the Basic Mechanism
of Action to the Potential Use in the Biological Therapy of
Severe Eosinophilic Asthma

Corrado Pelaia,1 Cecilia Calabrese,2 Alessandro Vatrella ,3 Maria Teresa Busceti,1

Eugenio Garofalo,1 Nicola Lombardo,1 Rosa Terracciano,4 and Girolamo Pelaia 1

1Dipartimento di Scienze Mediche e Chirurgiche, Università degli Studi “Magna Græcia”, Catanzaro, Italy
2Dipartimento di Scienze Cardio-Toraciche e Respiratorie, Università degli Studi della Campania “Luigi Vanvitelli”, Naples, Italy
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Asthma is a very frequent chronic airway disease that includes many different clinical phenotypes and inflammatory patterns. In
particular, eosinophilic bronchial inflammation is often associated with allergic as well as nonallergic asthma.The most important
cytokine involved in the induction,maintenance, and amplification of airway eosinophilia in asthma is interleukin-5 (IL-5), released
by both T helper 2 (Th2) lymphocytes and group 2 innate lymphoid cells (ILC2). Hence, IL-5 and its receptor are suitable targets for
selective biologic drugs which can play a key role in add-on treatment of severe eosinophilic asthma refractory to corticosteroids.
Within such a context, the anti-IL-5 monoclonal antibodies mepolizumab and reslizumab have been developed and approved for
biological therapy of uncontrolled eosinophilic asthma. In this regard, on the basis of several successful randomized controlled
trials, the anti-IL-5 receptor benralizumab has also recently obtained the approval fromUS Food and Drug Administration (FDA).

1. Introduction

Asthma is a chronic obstructive airway disorder character-
ized by inflammatory and structural changes which cause a
usually reversible airflow limitation responsible for recurrent
episodes of dyspnea, wheezing, and chest tightness [1–4].
This very common disease affects more than 300 million
people worldwide and originates from complex interactions
between genetic and environmental factors [2]. The resulting
phenotypes/endotypes include different patterns of airway
inflammation, among which the eosinophilic subtype is
quite frequent. Indeed, although the exact prevalence of
eosinophilic asthma is not known, among patients with
severe asthma who represent about 5–10% of the entire
asthmatic population, eosinophilia in either sputum (≥2%) or
blood (≥300 cells/𝜇l) can be detected within a 32–40% range
[5, 6]. In many asthmatic patients, airway eosinophilia devel-
ops as a consequence of the biological activity of bothTh2 and

ILC2 cells, which are crucially implicated in the pathogenesis
of type-2 inflammation underlying eosinophilic allergic and
nonallergic asthma. Differently from neutrophilic asthma
mainly sustained by non-type-2 mechanisms driven by Th1
and especially Th17 cells, type-2 eosinophilic asthma is gen-
erally well controlled by corticosteroids that induce the apop-
totic death of eosinophils via inhibition of the production of
essential survival cytokines for these cells, such as IL-5, IL-3,
and granulocytemacrophage colony-stimulating factor (GM-
CSF) [7, 8]. Nevertheless, some patients with eosinophilic
airway inflammation are refractory to corticosteroids, thus
manifesting a severe, uncontrolled asthma featured by recur-
rent exacerbations. It is very likely that in these subjects
with difficult-to-treat eosinophilic asthma a very intense
activation of type-2 inflammatory pathways occurs, leading
to an exaggerate overexpression of IL-5, which remarkably
decreases eosinophil sensitivity to corticosteroids [9]. In
fact, the proapoptotic effect exerted by corticosteroids on
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Figure 1: Main biological effects exerted by IL-5 on eosinophils.

eosinophils vanishes when these cells are subjected to the
antiapoptotic action of high IL-5 levels [10].

These considerations thus strongly indicate that IL-5 is
of paramount importance for the development, persistence,
and amplification of eosinophilic asthma associated with a
type-2 inflammatory/immune response.This implies that IL-
5 and its receptor currently represent key molecules to be
targeted by useful biological drugs for the treatment of severe
eosinophilic asthma [11, 12]. Indeed, two humanized anti-IL-
5 monoclonal antibodies (i.e., mepolizumab and reslizumab)
have been designed, developed, and approved for add-on
therapy of refractory eosinophilic asthma, whereas a third
biologic drug (benralizumab) acts via a blockade of the
IL-5 receptor [13–20]. These pharmacological options may
thereby satisfy the unmet needs of patients with severe
eosinophilic asthma who cannot achieve an adequate control
of their disease, despite the use of high doses of therapeutic
combinations of inhaled corticosteroids (ICS) and long-
acting 𝛽

2
-adrenergic agonists (LABA), eventually integrated

by the addition of other controller medications including
inhaled anticholinergics, as well as oral corticosteroids and
leukotriene inhibitors [21, 22].

Therefore, the aim of the present review article is to briefly
outline the role of IL-5 in eosinophilic asthma and especially
to discuss the mechanism of action and the clinical effects of
the IL-5 receptor antagonist benralizumab.

2. The Pathobiologic Role of IL-5 in
Eosinophilic Asthma

IL-5 is mainly produced by Th2 lymphocytes and ILC2 cells
[27–31]. Th2 lymphocytes synthesize and release IL-5 when
they are activated by antigen-presenting dendritic cells, in the
presence of IL-4 acting via stimulation of the transcription
factors STAT6 and GATA3, whilst ILC2 produce IL-5 upon
activation mediated by airway epithelium-derived alarmins
including IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP), which also activate GATA3 [32].

Themain biological effects exerted by IL-5 on eosinophils
are summarized in Figure 1. In the bone marrow, as well

as in the airways of patients with allergic asthma, IL-
5 induces eosinophil differentiation and maturation from
CD34+ hematopoietic progenitor cells [33, 34]. Indeed,
high amounts of IL-5, eosinophil progenitors, and mature
eosinophils can be found in the induced sputum obtained
from these subjects. Moreover, by synergistically cooperating
with powerful chemoattractants for eosinophils such as
eotaxins 1, 2, and 3, IL-5 significantly contributes to the
recruitment of these cells into the airways of asthmatic
patients [15]. In particular, IL-5 promotes the interaction of
eosinophils with vascular endothelial cells and their subse-
quent extravasation by upregulating the expression of key
adhesion molecules such as 𝛼L integrin (CD11a), 𝛼M integrin
(CD11b), 𝛽

2
integrin (CD18), and P-selectin glycoprotein

ligand-1 (PSGL-1/CD162) [35]. Recruitment of eosinophils
into asthmatic airways is also favoured by IL-5-induced
eosinophil adhesion to protein components of the extracel-
lular matrix like periostin, whose expression is stimulated by
type-2 inflammatory/immune response [35]. When released
from ILC2 cells, IL-5 is also remarkably involved in the
pathogenesis of late onset, nonallergic eosinophilic asthma
[29, 30].

The biological actions performed by IL-5 on eosinophils
are mediated by activation of the IL-5 receptor, a membrane
protein consisting of two components, an 𝛼 subunit (IL-
5R𝛼), which is specific for IL-5, and a 𝛽c chain, which
can bind not only IL-5 but also IL-3 and GM-CSF [36–
40]. IL-5 binding to IL-5R𝛼 induces the dimerization of 𝛼
and 𝛽c receptor components and the subsequent activation
of a complex signaling network including Janus kinase 2
(JAK2) with the associated signal transducers and activators
of transcription (STAT) 1, 3, and 5, as well as several other
kinases such as Lyn and Raf-1, mitogen-activated protein
kinases (MAPK), phosphoinositide 3-kinase (PI3K), and
protein kinase C (PKC) [41–50]. Through these mecha-
nisms, IL-5 stimulates eosinophil differentiation, survival,
proliferation, adhesion, chemoattraction, and degranulation,
the latter being responsible for the release of cytotoxic
proteins such as eosinophil cationic protein (ECP), major
basic protein (MBP), eosinophil-derived neurotoxin (EDN),
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Figure 2:Mechanisms of action of benralizumab. Via its Fab fragments, the humanizedmonoclonal antibody benralizumab specifically binds
to IL-5R𝛼, thereby preventing the interaction between IL-5 and its receptor. In addition, through its Fc constant region, benralizumab binds
to the Fc𝛾IIIRa receptor expressed by natural killer cells, thus inducing eosinophil apoptosis operated by the release of proapoptotic proteins
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and eosinophil peroxidase (EP), which damage the airway
epithelial cell layer. As a result of these cellular processes,
high eosinophil counts can be found in bronchial specimens,
induced sputum, and peripheral blood of patients with
asthma triggered by type-2 inflammatory pathways [51–54].

3. Benralizumab: Mechanism of Action

Benralizumab (MEDI-563) was designed and produced by
AstraZeneca/MedImmune by means of hybridoma tech-
nology [55–57]. This biologic drug is a humanized IgG1k
monoclonal antibody generated in mouse and characterized
by the specific feature of selectively binding to the amino
acid residue isoleucine-61 included in domain 1 of human IL-
5R𝛼. Via this linkage, benralizumab thus interacts with an
extracellular IL-5R𝛼 epitope that is situated in close proximity
of the IL-5 binding site [58, 59].This high-affinity interaction
between benralizumab and IL-5R𝛼 impedes IL-5 binding to
its receptor and the consequent heterodimerization of 𝛼 and
𝛽c subunits (Figure 2), thereby preventing the stimulation of
the intricate signaling mechanisms coupled to IL-5 receptor
activation.

Besides linking IL-5R𝛼 through its Fab regions, ben-
ralizumab also binds via the constant Fc fragment to the
Fc𝛾RIIIa receptor, located on cell membrane of natural killer
(NK) cells (Figure 2) [60, 61]. In this regard, it is worth
noticing that benralizumab was developed in Chinese ham-
ster ovary cells not expressing the 𝛼-1,6-fucosyltransferase
enzyme. As a consequence, lack of the fucose molecule in the
sugar component of the CH2 domain of the constant segment
of the monoclonal antibody is responsible for a remarkable
enhancement (5 to 50 times) of benralizumab affinity for the
Fc𝛾RIIIa receptor of NK cells [59]. In particular, with regard
to the original fucosylated antibody, afucosylation makes
benralizumab capable of inducing a ≥1000-fold amplification
of the apoptoticmechanism named antibody-dependent cell-
mediated cytotoxicity (ADCC). Indeed, benralizumab is a
potent inducer of eosinophil apoptosis operated by NK cells

through the release of the proapoptotic proteins perforin
and granzyme B (Figure 2) [59]. Afucosylation-dependent
ADCC has also been demonstrated by benralizumab-
induced increase in eosinophil staining with annexin V, a
well-known biomarker of apoptosis [59].

It can thus be argued that benralizumab is capable of
killing eosinophils via a dual mechanism: the blockade of IL-
5-mediated survival of these cells and the enhancement of
eosinophil apoptosis induced by activation of the Fc𝛾RIIIa
receptor of NK cells (Figure 2). By acting via such very
powerful modalities, benralizumab rapidly and effectively
depletes eosinophils in patients with asthma, thereby dras-
tically reducing cell counts in both airways and peripheral
blood [27].

4. Benralizumab: Clinical Trials in Asthma

In an early phase 1 study, Busse et al. evaluated the phar-
macokinetics and pharmacodynamics of benralizumab by
measuring eosinophil counts in peripheral blood throughout
12 weeks after intravenous injection to subjects with mild
asthma of single doses ranging from 0.0003 to 3mg/kg
[62]. Benralizumab induced a dose-dependent and long-
lasting depletion of blood eosinophils, which persisted at
least 8 or 12 weeks at dosages of 0.03 to 0.1 or 0.3 to
3mg/kg, respectively, whilst no significant effect was elicited
by doses included within a range of 0.0003–0.003mg/kg.
Utilized at dosages ranging from 0.03mg/kg to 3mg/kg,
the mean maximum concentration (1–82 𝜇g/mL) of benral-
izumab resulted to be dose-proportional. The mean distribu-
tion volume (52–93mL/kg) of the drug was greater than the
plasma volume, thus suggesting that benralizumab probably
binds to circulating cells that express IL-5R𝛼, and can also
moderately penetrate into extravascular tissues. Consistent
with the pharmacokinetic profile of human IgG antibodies,
benralizumab had a mean elimination half-life of 2-3 weeks.

Another phase 1 trial was later carried out by Lavio-
lette et al. who studied 26 asthmatics enrolled because of
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their ascertained airway hyperresponsiveness or reversible
airflow limitation [63]. 8 participants, treated with a sin-
gle intravenous injection of 1mg/kg of benralizumab, were
comparatively evaluated with 5 patients randomized to
receive placebo.Moreover, benralizumabwas subcutaneously
administered every month for 3 months at dosages of 100 and
200mg to 4 and 5 subjects, respectively, who were compared
to 4 patients treated with placebo. In order to assess airway
eosinophilia, bronchial mucosal and submucosal samples
were obtained via bronchoscopy at baseline and 28 days after
the conclusion of therapy. In addition, eosinophil counts
were also performed in peripheral blood. In some patients,
eosinophils were also measured in induced sputum and bone
marrow specimens. Given either intravenously or subcu-
taneously, benralizumab effectively depleted eosinophils in
both peripheral blood and bone marrow. When compared
to placebo, benralizumab also lowered eosinophil counts in
induced sputum and bronchial samples, though such reduc-
tions did not result to be statistically significant. Hence, these
findings indicate that, differently from bone marrow cells,
which were completely sensitive to benralizumab, bronchial
eosinophils did not completely respond to this drug. There-
fore, it could be inferred that airway eosinophils, because
of their more advanced stage throughout the maturation
process, are less responsive to biological therapies targeting
either IL-5 or its receptor [64]. Benralizumabwas also capable
of significantly decreasing the numbers of IL-5 receptor
expressing blood basophils [63], which have been shown to
be increased in bronchial walls of allergic asthmatic patients
[65, 66].

Subsequently, a phase 2a study was conducted by Park
et al. in asthmatic subjects with ≥ 2% sputum eosinophils or
FeNO ≥ 50 ppb (parts per billion), treated withmedium/high
doses of ICS/LABA combinations, who had manifested 2–6
exacerbations of asthma during the previous 12 months [67].
In particular, 27 patients were randomly assigned to receive
placebo, whereas benralizumab was administered via the
subcutaneous route at doses of 2mg, 20mg, and 100mg to
27, 26, and 26 subjects, respectively. Treatments with either
drug or placebo were carried out at baseline and after 4,
8, 16, 24, 32, and 40 weeks. When compared to placebo, at
the 52nd week, benralizumab decreased the annual asthma
exacerbation rates by 33, 45, or 36% when utilized at dosages
of 2, 20, or 100mg, respectively. Moreover, lung function was
improved during this study by all dosages of benralizumab,
which enhanced forced expiratory volume in one second
(FEV

1
), thus inducing the highest increase at the 52nd

week after administration of the 100mg dosage, especially
in patients having blood eosinophil levels ≥ 300 cells/𝜇L
(mean FEV

1
increase: 28.1%). Furthermore, benralizumab

markedly reduced blood eosinophil counts. At all dosages,
benralizumab was well tolerated and its safety profile did not
result to be significantly different with respect to placebo.

Castro et al. performed a phase 2b study, which was
completed by 324 eosinophilic and 282 noneosinophilic
patients with uncontrolled asthma, treated with medium-
high doses of ICS/LABAcombinations, whoduring the previ-
ous 12months hadmanifested 2–6 disease exacerbations [68].
Eosinophilic patients were randomly subdivided into four

groups, assigned to receive placebo (𝑛 = 80) or benralizumab
at dosages of 2 (𝑛 = 81), 20 (𝑛 = 81), or 100mg (𝑛 = 82),
respectively. Noneosinophilic subjects were randomized to
receive either placebo (𝑛 = 142) or benralizumab (𝑛 = 140)
at a dose of 100mg, respectively. Both benralizumab and
placebo were injected subcutaneously every 4 weeks with
regard to the first 3 administrations (1st, 4th, and 8th weeks)
and subsequently every 8 weeks (16th, 24th, 32nd, and 40th
weeks). When compared with placebo, at the 52nd week,
benralizumab decreased the annual rates of asthma exacerba-
tions in eosinophilic participants who had been treated with
drug dosages of 100mg but not 20mg or 2mg. Benralizumab
lowered asthma exacerbations to a greater extent in patients
with blood eosinophil numbers ≥ 300 cells/𝜇L. In these
subjects, exacerbations were decreased by both drug doses
of 100mg and 20mg. In noneosinophilic asthmatics, at the
dosage of 100mg, benralizumab did not reduce the annual
exacerbation rate. In eosinophilic patients, all dosages of
benralizumab lowered blood eosinophil numbers, improved
symptom control, and enhanced FEV

1
values. With respect

to placebo; benralizumab caused a slightly higher number
of mild-to-moderate adverse reactions; nasopharyngitis and
local irritations at injection sites were the most frequently
observed events.

Another phase 2 study was performed by Nowak et al.
who assessed the impact on hospitalization for acute asthma
and/or on recurrence of disease exacerbations of a single
intravenous administration of benralizumab prescribed as
add-on biological therapy on discharge from emergency
department [69]. The 108 participants who completed the
study were subdivided into 3 groups of 36 patients, randomly
assigned to receive either placebo or benralizumab at a
dosage of 0.3mg/kg or 1.0mg/kg, respectively. The recruited
asthmatic subjects were selected on the basis of specific
features referring to the previous year, including at least one
asthma exacerbation needing an urgent care visit, as well as
an access to emergency department for acute asthma, only
partially responsive to standard therapy. When compared
with placebo, after 12 weeks of treatment, benralizumab
induced significant decreases of 49% and 60% in the rates
of asthma exacerbations and exacerbations requiring hos-
pitalization, respectively. These effects were associated with
drastic reductions in blood eosinophil counts and also in
serum concentrations of the eosinophilic cytotoxic proteins
ECP and EDN. Such findings were reported with regard to
administration of both benralizumab dosages (0.3mg/kg and
1.0mg/kg). Benralizumab was characterized by a good safety
pattern. In fact, only mild-to-moderate and self-limiting
adverse reactions occurred, such as cough, bronchitis, fever,
headache, muscle spasms, dizziness, hyperhidrosis, and anx-
iety. After 12 weeks of treatment, anti-benralizumab antibod-
ies were found in 6 patients, but no clinical consequence
was reported. In addition to Nowak et al., also Pham et al.
showed that benralizumab significantly reduced the serum
concentrations of ECP and EDN [70]. Therefore, such results
further validate the concept that benralizumab can be able
not only to decrease blood eosinophil counts but also to
inhibit eosinophil degranulation and the consequent release
of cytotoxic proteins.



BioMed Research International 5

Table 1: Benralizumab: summary of the main phase 3 clinical trials.

Authors and trial name Duration Number of patients Main results
Bleecker et al. (2016) [23], SIROCCO 48 weeks 1205 Fewer asthma exacerbations, higher FEV

1

FitzGerald et al. (2016) [24], CALIMA 56 weeks 1306 Fewer asthma exacerbations, higher FEV
1

Nair et al. (2017) [25], ZONDA 28 weeks 220 Lower intake of oral corticosteroids, fewer asthma exacerbations
Ferguson et al. (2017) [26], BISE 12 weeks 211 Smaller numbers of blood eosinophils

In addition to phase 1 and phase 2 trials, many phase
3 studies have recently led to the approval of benral-
izumab by US FDA for the add-on biological therapy of
severe eosinophilic asthma. In this regard, six phase 3
trials (SIROCCO, CALIMA, ZONDA, BORA, BISE, and
GREGALE) are included within the so-called WINDWARD
program [19]. The main phase 3 trials are summarized in
Table 1.

In the SIROCCO study, Bleecker et al. randomized
1205 asthmatics, receiving high doses of ICS/LABA, to
be treated for 48 weeks with one of the following add-
on subcutaneous therapies: 407 subjects received placebo;
400 participants were treated with 30mg of benralizumab
every four weeks (Q4W); 398 patients were assigned to
receive 30mg of benralizumab every eight weeks (Q8W)
[23]. When compared with placebo, after 48 weeks of treat-
ment, benralizumab lowered the annual rates of asthma
exacerbations by 45% and 51% in participants belonging to
Q4W and Q8W groups with ≥300 blood eosinophils/𝜇L,
respectively. It is also worth noticing that the annual rate
of asthma exacerbations diminished by 17–30% in patients
with <300 blood eosinophils/𝜇L. Furthermore, with respect
to placebo, at the 48th week, both regimens of benralizumab
significantly increased prebronchodilator FEV

1
, with mean

changes above baseline values of 106mL and 159mL in Q4W
and Q8W dosage schemes, respectively. When compared to
placebo, benralizumab induced a better control of asthma
symptoms only in the Q8W group. The most commonly
reported adverse reactions were nasopharyngitis detected in
12% of subjects receiving either placebo or benralizumab and
worsening of asthma observed in 13% of patients receiving
benralizumab and in 19%of participants treatedwith placebo,
respectively.

FitzGerald et al. carried out the CALIMA trial, another
study that recruited patients with asthma not adequately con-
trolled bymedium-to-high doses of ICS/LABA combinations
who manifested two or more disease exacerbations during
the previous 12 months [24]. Similar to the SIROCCO study,
throughout 56 weeks, 440 participants received placebo,
whilst 425 and 441 patients were treated subcutaneously
with 30mg of benralizumab every four (Q4W) or eight
weeks (Q8W), respectively. When compared with placebo,
Q4W and Q8W dosage schemes significantly lowered the
annual rates of asthma exacerbations by 36% and 28%,
respectively. Furthermore, in subjects having ≥300 blood
eosinophils/𝜇L, Q4W and Q8W regimens induced mean
improvements in prebronchodilator FEV

1
of 125mL and

116mL, respectively.Moreover, both dosages of benralizumab
drastically decreased blood eosinophil numbers, whereas
only the Q8W schedule elicited a better control of asthma

symptoms with respect to placebo. Nasopharyngitis (21% in
the Q4W regimen, 18% in the Q8W arm, and 21% in the
placebo group, resp.) and asthmaworsening (14% in theQ4W
cohort, 11% in the Q8W regimen, and 15% in the placebo
group, resp.) were the most frequent adverse events.

Pooled results from SIROCCO and CALIMA trials have
been recently analyzed by Chipps et al. who showed that
benralizumab effectively decreased asthma exacerbations and
also improved both lung function and quality of life in
patients with eosinophilic asthma, regardless of serum IgE
levels and atopic status [71].Therefore, these findings indicate
that benralizumab can be very useful for the management of
severe eosinophilic asthma, associated or not associated with
an allergic trait.

Nair et al. conducted the ZONDA study with the aim of
evaluating, in severe uncontrolled asthmatics, the eventual
ability of benralizumab to decrease the consumption of
oral corticosteroids [25]. In particular, 220 patients were
randomly assigned to a subcutaneous treatment, performed
every 4 (Q4W) or 8 (Q8W) weeks for 28 weeks, with
either placebo or benralizumab 30mg. At the beginning of
the trial, all participants were on maintenance treatment
with oral glucocorticoids (median dose: 10mg/day; range:
7.5–40mg/day), whose median daily dosage resulted to be
reduced at the end of the study by 75% in both groups
of patients receiving benralizumab and by 25% in subjects
treated with placebo, respectively (𝑝 < 0.001) [25]. Moreover,
with respect to placebo, benralizumab lowered the annual
rates of asthma exacerbations by 55% and 70% in Q4W
andQ8Wsubgroups, respectively. Benralizumab and placebo
did not differ with regard to their effects on FEV

1
. Finally,

benralizumab and placebo were characterized by similar
profiles of safety and tolerability; with both treatments,
the most frequent adverse events were asthma worsening,
nasopharyngitis, and bronchitis.

The aim of the BORA trial (ClinicalTrials.gov Identifier:
NCT02258542) is to evaluate the safety and tolerability
pattern of benralizumab in subjects with asthma already
enrolled in either SIROCCO, CALIMA, or ZONDA.

The BISE study was carried out by Ferguson et al. in
patients with mild-to-moderate persistent asthma, receiving
low-to-medium ICS dosages, who were randomly treated via
the subcutaneous route, every 4 weeks for 12 weeks, with
either placebo or 30mg of benralizumab [26].With respect to
placebo, at the 12th week, benralizumab induced a prebron-
chodilator FEV

1
increase of 80mL. FEV

1
changes did not

result to be different with regard to baseline blood eosinophil
counts higher or lower than 300/𝜇L. Furthermore, differently
from placebo, benralizumab completely and persistently (up
to the 20th week) depleted blood eosinophils. Patient groups

https://clinicaltrials.gov/ct2/show/NCT02258542
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receiving benralizumab or placebo experienced similar inci-
dences of adverse reactions, mostly consisting of upper
respiratory tract infections, nasopharyngitis, headache, and
asthma worsening.

TheGREGALEopen label trial has recently demonstrated
that the majority of severe asthmatic patients and their
family members, recruited in the study, were able at home to
efficiently use an accessorized prefilled syringe, prepared for
subcutaneous injections of benralizumab 30mg [19].

A meta-analysis referring to 1951 subjects with eosin-
ophilic asthma, enrolled in several different phase 1, 2, and
3 randomized controlled trials, demonstrated that, when
compared to placebo, benralizumab induced significant score
improvements of asthma control questionnaire-6 (ACQ-
6) and asthma quality of life questionnaire (AQLQ) and
enhanced FEV

1
and also decreased the annual rate of disease

exacerbations [72]. In addition, this meta-analysis showed
that the dosage schedule of benralizumab 30mg every 8
weeks produced better results than the same dose injected
every 4 weeks. Furthermore, benralizumab and placebo
induced similar patterns of adverse effects.

Besides the WINDWARD program, other ongoing phase
3 trials are ANDHI, MIRACLE, and SOLANA [19]. The
ANDHI study (ClinicalTrials.gov Identifier: NCT03170271)
aims to assess, in patients with severe eosinophilic asthma,
the effects of benralizumab on asthma exacerbations, lung
function, and quality of life. In addition, some subjects
enrolled in this trial will be also studied with regard to the
effects of benralizumab on relevant comorbidities of asthma,
such as nasal polyposis and chronic rhinosinusitis. TheMIR-
ACLE study (ClinicalTrials.gov Identifier: NCT03186209) is
another trial designed to primarily investigate, in severe
asthmatics receiving medium-to-high doses of ICS/LABA
medications, the eventual ability of benralizumab to lower the
annualized rate of asthma exacerbations. SOLANA (Clinical-
Trials.gov Identifier: NCT02869438) is currently assessing,
in patients with severe eosinophilic asthma, the impact
of benralizumab on symptom score, quality of life, lung
function, and blood eosinophils.

Finally, a very recent study performed by Sehmi et al.
on 18 patients with severe eosinophilic and corticosteroid-
dependent asthma showed that 30mg of benralizumab,
administered subcutaneously every 4 or 8 weeks, when
compared to placebo, significantly decreased the counts
of mature eosinophils in both blood and induced sputum
[73]. In blood, benralizumab also significantly reduced the
number of eosinophil progenitors. A similar result was also
detected in induced sputum, where, however, this effect
of benralizumab did not reach the threshold of statisti-
cal significance, probably because of the small number of
matched data sets [73]. Moreover, in blood, benralizumab
significantly lowered the number of ILC2 cells expressing
IL-5R𝛼, and a similar effect was also observed in induced
sputum, where, however, only a trend, and not a significant
difference, was found. Serum EDN concentrations were
also significantly diminished by benralizumab. In addition,
benralizumab significantly increased the levels of granzyme
B and interferon-𝛾 in cell-free sputum supernatants. There-
fore, the latter findings suggest that benralizumab was able

to stimulate the activity of NK cells. All these biological
effects of benralizumab were paralleled by relevant clinical
and functional improvements, including a decrease in the
maintenance dosage of oral corticosteroids, a better asthma
control, and an increased ratio of prebronchodilator FEV

1
to

FVC (forced vital capacity).

5. Conclusions

It is currently clear that, given the pivotal functions exerted
by IL-5 in the induction, maintenance, and amplification
of airway eosinophilia driven by type-2 inflammation, such
a cytokine and its receptor represent key molecules to be
targeted by monoclonal antibodies with therapeutic proper-
ties of add-on biological treatments for severe eosinophilic
asthma. In particular, because of its very effective action as IL-
5R𝛼 antagonist, benralizumab has been shown to be capable
of significantly inhibiting eosinophil differentiation in the
bone marrow, as well as eosinophilic infiltration of airways.
These eosinopenic effects are further potentiated by ADCC-
mediated eosinophil apoptosis, operated by NK cells, and
stimulated by benralizumab. At clinical and functional levels,
such a dual mechanism of action of benralizumab translates
into relevant improvements, including a significant decrease
of asthma exacerbations, a better symptom control, a marked
sparing effect on the intake of oral corticosteroids, and an
important attenuation of airflow limitation [74–76]. All these
features, associated with a very good safety and tolerability
profile, make benralizumab a valuable therapeutic option for
add-on biological treatment of severe eosinophilic asthma.
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resolution of human interleukin-5,” Nature, vol. 363, no. 6425,
pp. 172–176, 1993.

[38] K. Takatsu, S. Takaki, and Y. Hitoshid, “Interleukin-5 and Its
Receptor System: Implications in the Immune System and
Inflammation,”Advances in Immunology, vol. 57, no. C, pp. 145–
190, 1994.

[39] J. Rossjohn, W. J. McKinstry, J. M. Woodcock et al., “Structure
of the activation domain of the GM-CSF/IL-3/IL-5 receptor
common 𝛽-chain bound to an antagonist,” Blood, vol. 95, no.
8, pp. 2491–2498, 2000.



8 BioMed Research International

[40] J. M. Murphy and I. G. Young, “IL-3, IL-5, and GM-CSF
Signaling: Crystal Structure of the Human Beta-Common
Receptor,” Vitamins & Hormones, vol. 74, pp. 1–30, 2006.

[41] K. Pazdrak, S. Stafford, and R. Alam, “The activation of the Jak-
STAT 1 signaling pathway by IL-5 in eosinophils,”The Journal of
Immunology, vol. 155, no. 1, pp. 397–402, 1995.

[42] B. A. Stout, M. E. Bates, L. Y. Liu, N. N. Farrington, and P. J.
Bertics, “IL-5 and granulocyte-macrophage colony-stimulating
factor activate STAT3 and STAT5 and promote Pim-1 and cyclin
D3 protein expression in human eosinophils,” The Journal of
Immunology, vol. 173, no. 10, pp. 6409–6417, 2004.

[43] K. Pazdrak, B. Olszewska-Pazdrak, S. Stafford, R. P. Garofalo,
and R. Alam, “Lyn, Jak2, and Raf-1 kinases are critical for the
antiapoptotic effect of interleukin 5, whereas only Raf-1 kinase
is essential for eosinophil activation and degranulation,” The
Journal of Experimental Medicine, vol. 188, no. 3, pp. 421–429,
1998.

[44] K. Pazdrak, D. Schreiber, P. Forsythe, L. Justement, and R.
Alam, “The intracellular signal transduction mechanism of
interleukin 5 in eosinophils: The involvement of lyn tyrosine
kinase and the ras-raf-1-MEK-microtubule-associated protein
kinase pathway,”The Journal of Experimental Medicine, vol. 181,
no. 5, pp. 1827–1834, 1995.

[45] T. Adachi and R. Alam, “The mechanism of IL-5 signal trans-
duction,” American Journal of Physiology-Cell Physiology, vol.
275, no. 3, pp. C623–C633, 1998.

[46] K. Takatsu and H. Nakajima, “IL-5 and eosinophilia,” Current
Opinion in Immunology, vol. 20, no. 3, pp. 288–294, 2008.

[47] M. E. Bates, V. L. Green, and P. J. Bertics, “ERK1 and ERK2
activation by chemotactic factors in human eosinophils is
interleukin 5-dependent and contributes to leukotriene C4
biosynthesis,” The Journal of Biological Chemistry, vol. 275, no.
15, pp. 10968–10975, 2000.

[48] G. Pelaia, G. Cuda, A. Vatrella et al., “Mitogen-activated protein
kinases and asthma,” Journal of Cellular Physiology, vol. 202, no.
3, pp. 642–653, 2005.

[49] T. Adachi, B. K. Choudhury, S. Stafford, S. Sur, and R. Alam,
“The differential role of extracellular signal-regulated kinases
and p38 mitogen-activated protein kinase in eosinophil func-
tions,”The Journal of Immunology, vol. 165, no. 4, pp. 2198–2204,
2000.

[50] M. Sano, A. R. Leff, S. Myou et al., “Regulation of interleukin-
5-induced 𝛽2-integrin adhesion of human eosinophils by phos-
phoinositide 3-kinase,”American Journal of Respiratory Cell and
Molecular Biology, vol. 33, no. 1, pp. 65–70, 2005.

[51] J. Bousquet, P. Chanez, J. Y. Lacoste et al., “Eosinophilic
inflammation in asthma,”TheNew England Journal of Medicine,
vol. 323, no. 15, pp. 1033–1039, 1990.

[52] P. H. Howarth, P. Bradding, S. Montefort et al., “Mucosal
inflammation and asthma,”American Journal of Respiratory and
Critical Care Medicine, vol. 150, no. 5, pp. S18–S22, 1994.

[53] G. J. Gleich, “Mechanisms of eosinophil-associated inflamma-
tion,” The Journal of Allergy and Clinical Immunology, vol. 105,
no. 4, pp. 651–663, 2000.

[54] C. N. McBrien and A. Menzies-Gow, “The biology of
eosinophils and their role in asthma,” Frontiers in Medicine,
vol. 4, article 93, 2017.

[55] M. Koike, K. Nakamura, A. Furuya et al., “Establishment of
humanized anti-interleukin-5 receptor alpha chainmonoclonal
antibodies having a potent neutralizing activity,” Human Anti-
bodies, vol. 18, no. 1-2, pp. 17–27, 2009.

[56] A. Ghazi, A. Trikha, and W. J. Calhoun, “Benralizumab - A
humanizedmAb to IL-5R𝛼with enhanced antibody-dependent
cell-mediated cytotoxicity - A novel approach for the treatment
of asthma,” Expert Opinion on Biological Therapy, vol. 12, no. 1,
pp. 113–118, 2012.

[57] F. Menzella, M. Lusuardi, C. Galeone, N. Facciolongo, and L.
Zucchi, “The clinical profile of benralizumab in the manage-
ment of severe eosinophilic asthma,” Therapeutic Advances in
Respiratory Disease, vol. 10, no. 6, pp. 534–548, 2016.

[58] T. Ishino, G. Pasut, J. Scibek, and I. Chaiken, “Kinetic Inter-
action Analysis of Human Interleukin 5 Receptor 𝛼 Mutants
Reveals a Unique Binding Topology and Charge Distribution
for Cytokine Recognition,”The Journal of Biological Chemistry,
vol. 279, no. 10, pp. 9547–9556, 2004.

[59] R. Kolbeck, A. Kozhich, M. Koike et al., “Medi-563, a
humanized anti-IL-5 receptor a mAb with enhanced antibody-
dependent cell mediated cytotoxicity function,” The Journal of
Allergy and Clinical Immunology, vol. 125, no. 6, pp. 1344–1353,
2010.

[60] R. L. Shields, J. Lai, R. Keck et al., “Lack of fucose on human
IgG1 N-linked oligosaccharide improves binding to human
Fc𝛾RIII and antibody-dependent cellular toxicity,” The Journal
of Biological Chemistry, vol. 277, no. 30, pp. 26733–26740, 2002.

[61] T. Shinkawa, K. Nakamura, N. Yamane et al., “The absence
of fucose but not the presence of galactose or bisecting N-
acetylglucosamine of human IgG1 complex-type oligosaccha-
rides shows the critical role of enhancing antibody-dependent
cellular cytotoxicity,” The Journal of Biological Chemistry, vol.
278, no. 5, pp. 3466–3473, 2003.

[62] W. W. Busse, R. Katial, D. Gossage et al., “Safety profile,
pharmacokinetics, and biologic activity of MEDI-563, an anti-
IL-5 receptor 𝛼 antibody, in a phase I study of subjects withmild
asthma,” The Journal of Allergy and Clinical Immunology, vol.
125, no. 6, pp. 1237–1244, 2010.

[63] M. Laviolette, D. L. Gossage, G. Gauvreau et al., “Effects
of benralizumab on airway eosinophils in asthmatic patients
with sputum eosinophilia,” The Journal of Allergy and Clinical
Immunology, vol. 132, no. 5, pp. 1086–1096, 2013.

[64] A. H. Assa’ad and M. E. Rothenberg, “Eosinophilic asthma:
Insights into the effects of reducing IL-5 receptor-positive cell
levels,”The Journal of Allergy and Clinical Immunology, vol. 132,
no. 5, pp. 1097-1098, 2013.

[65] P. Korosec, B. F. Gibbs, and M. Rijavec, “Important and
specific role for basophils in acute allergic asthma,” Clinical &
Experimental Allergy, 2018.

[66] C. Pelaia, A. Vatrella, N. Lombardo et al., “Biological mech-
anisms underlying the clinical effects of allergen-specific
immunotherapy in asthmatic children,” Expert Opinion on
Biological Therapy, vol. 18, no. 2, pp. 197–204, 2018.

[67] H.-S. Park, M.-K. Kim, N. Imai et al., “A phase 2a study of ben-
ralizumab for patients with eosinophilic asthma in South Korea
and Japan,” International Archives of Allergy and Immunology,
vol. 169, no. 3, pp. 135–145, 2016.

[68] M. Castro, S. E. Wenzel, E. R. Bleecker et al., “Benralizumab,
an anti-interleukin 5 receptor 𝛼 monoclonal antibody, versus
placebo for uncontrolled eosinophilic asthma: a phase 2b ran-
domised dose-ranging study,”The Lancet Respiratory Medicine,
vol. 2, no. 11, pp. 879–890, 2014.

[69] R.M.Nowak, J.M. Parker, R. A. Silverman et al., “A randomized
trial of benralizumab, an antiinterleukin 5 receptor 𝛼 mono-
clonal antibody, after acute asthma,” The American Journal of
Emergency Medicine, vol. 33, no. 1, pp. 14–20, 2015.



BioMed Research International 9

[70] T.-H. Pham, G. Damera, P. Newbold, and K. Ranade, “Reduc-
tions in eosinophil biomarkers by benralizumab in patientswith
asthma,” Respiratory Medicine, vol. 111, pp. 21–29, 2016.

[71] B. E. Chipps, P. Newbold, I. Hirsch, F. Trudo, and M.
Goldman, “Benralizumab efficacy by atopy status and serum
immunoglobulin E for patients with severe, uncontrolled
asthma,” Annals of Allergy, Asthma & Immunology, 2018.

[72] T. Liu, F. Wang, G. Wang, and H. Mao, “Efficacy and safety
of benralizumab in patients with eosinophilic asthma: a meta-
analysis of randomized placebo-controlled trials,” Frontiers of
Medicine, pp. 1–10, 2017.

[73] R. Sehmi, H. F. Lim,M.Mukherjee et al., “Benralizumab attenu-
ates airway eosinophilia in prednisone-dependent asthma,”The
Journal of Allergy and Clinical Immunology, vol. 141, no. 4, pp.
1529.e8–1532.e8, 2018.

[74] M. Kupczyk and P. Kuna, “Benralizumab: an anti-IL-5 recep-
tor 𝛼 monoclonal antibody in the treatment of asthma,”
Immunotherapy, vol. 10, no. 5, pp. 349–359, 2018.

[75] L. D. Tan, J. M. Bratt, D. Godor, S. Louie, and N. J. Kenyon,
“Benralizumab: A unique IL-5 inhibitor for severe asthma,”
Journal of Asthma and Allergy, vol. 9, pp. 71–81, 2016.

[76] M. Khorasanizadeh, M. Eskian, A. H. Assa’ad, C. A. Camargo
Jr., and N. Rezaei, “Efficacy and Safety of Benralizumab, aMon-
oclonal Antibody against IL-5R𝛼, in Uncontrolled Eosinophilic
Asthma,” International Reviews of Immunology, vol. 35, no. 4,
pp. 294–311, 2016.



Review Article
Exosomes in Severe Asthma:
Update in Their Roles and Potential in Therapy

Esmaeil Mortaz ,1,2 Shamila D. Alipoor,3 Mohammad Varahram,4 Hamidreza Jamaati,5

Johan Garssen,6,7 Sharon E. Mumby,8 and IanM. Adcock 8,9

1Department of Immunology, Faculty of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran
2Clinical Tuberculosis and Epidemiology Research Center, National Research Institute of Tuberculosis and Lung Diseases,
Shahid Beheshti University of Medical Sciences, Tehran, Iran
3Institute of Medical Biotechnology, Molecular Medicine Department, National Institute of Genetic Engineering and
Biotechnology (NIGEB), Tehran, Iran
4Mycobacteriology Research Center, National Research Institute of Tuberculosis and Lung Diseases (NRITLD),
Shahid Beheshti University of Medical Sciences, Tehran, Iran
5Chronic Respiratory Diseases Research Center, National Research Institute of Tuberculosis and Lung Diseases,
Shahid Beheshti University of Medical Sciences, Tehran, Iran
6Division of Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Faculty of Science, Utrecht University, Utrecht, Netherlands
7Nutricia Research Centre for Specialized Nutrition, Utrecht, Netherlands
8Cell and Molecular Biology Group, Airways Disease Section, Faculty of Medicine, National Heart and Lung Institute,
Imperial College London, London, UK
9Priority Research Centre for Asthma and Respiratory Disease, Hunter Medical Research Institute, University of Newcastle,
Newcastle, NSW, Australia

Correspondence should be addressed to Ian M. Adcock; ian.adcock@imperial.ac.uk

Received 28 January 2018; Accepted 25 March 2018; Published 8 May 2018

Academic Editor: Enrico Heffler

Copyright © 2018 Esmaeil Mortaz et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Exosomes are nanosized vesicles and have recently been recognized as important players in cell-to-cell communication. Exosomes
contain differentmediators such as proteins, nucleic acids (DNA,mRNA,miRNAs, and other ncRNAs), and lipidmediators and can
shuttle their exosomal content to both neighboring and distal cells. Exosomes are very effective in orchestrating immune responses
in the airways and all cell types can contribute to the systemic exosome pool. Intracellular communication between the broad
range of cell types within the lung is crucial in disease emphasizing the importance of exosomes. In asthma, exosomes affect the
inflammatorymicroenvironmentwhich ultimately determines the development or alleviation of the pathological symptoms. Recent
studies in this area have provided insight into the underlying mechanisms of disease and led to interest in using exosomes as
potential novel therapeutic agents.

1. Introduction

Asthma is a heterogeneous syndrome involving inflamma-
tion and obstruction of the airways that affects 300 million
people worldwide [1, 2]. Limited knowledge of the disease
mechanisms is the greatest obstacle to the development
of novel treatments. Although two forms of asthma have
been traditionally defined in the clinic (T2 and non-T2),
this ignores the broad range of phenotypes that have been

described and the underlying pathophysiology of these phe-
notypes. As a result, asthma is increasingly recognized as
a syndrome rather than a single disease [3, 4]. The goal of
asthma research is to link asthma classification based on
phenotypes with pathophysiological mechanism and thereby
define asthma endotypes which will predict drug efficacy
[4]. Several asthma phenotypes have been described such
as allergic bronchopulmonary mycosis and severe late-onset
hypereosinophilic asthma [4, 5]; however, a small group of
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patients have asthma that is uncontrolled or only partially
controlled despite intensive treatment [6]. This form of
asthma is commonly referred to as severe asthma [7] which
is often associated with serious morbidity and even mortality
[6].

The emergence of biomarkers such as blood eosinophils
linked with T2-asthma targeted biologic therapies opens new
hopes for patients with severe asthma. However, further
research is required to understand the mechanisms underly-
ing pathophysiology of severe non-T2 asthma and to define
the optimal biological treatment. In addition to this it is
important to have readily accessible biomarkers that define
patient subsets to ensure that the correct drug is given to the
right patient at the right time.This is essential for the patients’
perspective and for the healthcare provider where the current
blunt measures such as blood eosinophils do not distinguish
differences in underlying pathophysiological processes.

Exosomes are small vesicles (30–100 nm in diameter)
that enable cell-to-cell communication by shuttling different
molecules such as nucleic acids (DNA, mRNA, and micro
(mi)RNAs), lipids, proteins such as heat shock 70-kDa pro-
tein (HSP)70, and specific cell surface markers reflecting the
exosome cell of origin.These would include CD9, CD63, and
CD81 if the exosome was endosomal in origin [8]. Exosomes
can, therefore, significantly affect target cell function result-
ing in the development of a pathological state [9].

Exosomes have been most extensively studied in associa-
tion with the pathogenesis of diverse diseases, such as cancer
[10, 11] and infectious disease [12–14] as well as in asthma
[15]. Exosome biology has provided us with fundamental
insights into the mechanisms of cellular crosstalk in asthma
and may also act as important biomarkers of the disease. In
this reviewwe summarize recent advances regarding the roles
of exosomes in the pathogenesis of severe asthma and discuss
their potential as biomarkers for targeted treatments.

2. Asthma Pathogenesis

Asthma is a complex disease whose underlying pathophys-
iology is not completely understood [16]. As a chronic
inflammatory airway disease, asthma involves many cells
from the innate and adaptive immune systems which act on
airway epithelial cells to trigger bronchial hyperreactivity and
airway remodeling in response to environmental stimuli such
as allergens, infections, or air pollutants [3, 17]. The main
features of allergic asthma are increases in the numbers and
activity of airway mast cells and eosinophils which are due to
the pathophysiological effects of proinflammatory cytokines
such as interleukin- (IL-) 4, IL-5, and IL-13 released by acti-
vated CD4+ T-cells (Th2 cells) in response to environmental
allergens [3]. In addition to lymphocytes and plasma cells, a
large number of eosinophils and neutrophils are observed in
the bronchial tissues and mucus of asthmatic airways [18].

During an asthma attack, airway provocation with aller-
gens triggers a rapid decrease in bronchial airflow with
an early immunoglobulin E- (IgE-) mediated reaction that
may be followed by a late-phase IgE-mediated decrease
in bronchial airflow for 4–8 hours [19]. Based on our
understanding of the pathophysiology of allergic asthma,

activated CD4 T-lymphocytes recruit leukocytes to the
airway from the bloodstream and the presence of these
stimulated leukocytes results in the secretion of inflammatory
mediators from eosinophils, mast cells, and lymphocytes
within the airway. The expression of Th2 cytokines from
activated T-lymphocytes also directs the switch from IgM
to IgE antibody production [20]. Mast cell activation and
degranulation are triggered following cross-linking of the
membrane bound high affinity IgE receptor (Fc𝜀RI) on mast
cells which causes them to release inflammatory lipid medi-
ators such as histamine and leukotrienes (LTs). In addition,
IL-5 directs the recruitment of eosinophils from the bone
marrow to the site of airway inflammation [21, 22]. Chronic
inflammation in the asthmatic airway leads to repeated
cycles of tissue injury and repair which results in structural
alterations and remodeling of the airways over time [23, 24]
(Figure 1).

3. Exosome Properties and Function

Exosomes are small 30–100 nmmembrane-enclosed vesicles.
They were discovered in 1983 and initially were described
as small vesicles that bud from reticulocytes during their
maturation and thought to function as the cell’s “garbage bin”
[8]. Further studies indicated that exosomes are released from
most mammalian cells and are found in nearly all biological
fluids [25]. Later studies determined the biological function
of exosomes [26, 27] and highlighted their involvement in
many pathological conditions such as cancer and neurode-
generative and infectious diseases as well as in immune-
modulatory processes [28, 29]. The watershed moment in
the study of exosomes came in 2007 with the finding that
exosomes contained more than 1200 mRNAs which were
translated into proteins following delivery to recipient cells
[29, 30]. The crucial importance of exosomes, therefore, lies
in their capacity to shuttle information between cells and
influence the function of recipient cells [12]. Exosomes have
also recently been implicated in cell homeostasis and the
removal of unwanted molecules [31].

Exosome-derived signaling molecules include proteins,
lipids, nucleic acids, and miRNAs whose packaging together
gives an advantage of simultaneous delivery of multiple com-
ponents to target cells [32]. An important feature of exosomes
is that they are highly stable in biological fluids [33]. In
addition, their content and composition resemble their cell of
origin and thesemay change according to the physiological or
pathological conditions the cell is exposed to [34]. Exosomes
may contain many bioactive agents including prostaglandins
and LTs, lipids, transmembrane receptors such as integrins
𝛽1 and 𝛽2, costimulatory molecules, membrane-localized
classes I and II major histocompatibility complexes (MHC),
signal transduction proteins, and nucleic acids (mRNA and
miRNAs) [12] (Figure 2).

Extensive investigations have elucidated the role of exo-
somes in intercellular communication and the regulation
of physiological functions and homeostasis as well as their
contribution to various pathological conditions [32]. It is
within this context thatwe review the function of exosomes in



BioMed Research International 3

Airway 
Epithelial 
Cells

Airway 
Smooth 
Muscle cells

IgE

�2 

Naïve T cell

IL4
IL5

IL13

Antigen presentation Induction of Proliferation and 
Th2 cytokine production

Increase in number and 
activity of mast cells

Blood Vessel

Recruitment of eosinophils
basophils and lymphocytes

IL-10

IL-8IL-13

TGF-

Allergens

Basophil

Eosinophil

Lymphocyte

Hyper responsiveness, Remodeling, Bronchoconstriction

Figure 1:Thepathogenicity of asthma.The entry of allergens into the airway triggers theTh2 response through the antigen presenting cells and
induce the differentiation of näıve CD4+ T-cells into CD4+Th2 cells in the presence of IL-4, IL-5, and IL-13. Activated CD4 T-lymphocytes
recruit leukocytes to the airway from the bloodstreamwhich will follow with the secretion of inflammatory mediators from eosinophils, mast
cells, and lymphocytes within the airway. The expression ofTh2 cytokines directs the switch from IgM to IgE antibody production. Mast cell
activation and degranulation are triggered following cross-linking of the membrane bound high affinity IgE receptor on mast cells. Chronic
inflammation in the asthmatic airway leads to repeated cycles of tissue injury and repair which results in structural alterations and remodeling
of the airways over time.

the development of asthmawith particular reference to severe
disease.

4. Exosomes in Severe Asthma

The lung is a complex organ composed of a wide range of
immune and structural cells within the parenchyma and air-
way [35]. For optimal functioning, cell-cell communication
is essential and so exosomes are expected to play crucial
role in lung biology and function [36]. In relation to the
pathobiology of asthma, exosomes are released from the key
cells implicated in disease such as mast cells, eosinophils,
dendritic cells (DCs), T-cells, and bronchial epithelial cells.
These in turn can trigger the activation, or repression, of other
asthma-associated cells and enhance allergic responses [37].

DC-derived exosomes have costimulatory molecules on
their surfaces that can activate allergen-specificTh2 cells [33,
38]. In addition, eosinophil-derived exosomes have impor-
tant roles in the modulation of asthma and their numbers
are increased in asthmatic patients [39, 40]. Analysis of

exosomal miRNAs in patients with severe asthma compared
with healthy subjects showed an altered miRNA content.
The dysregulated miRNAs were involved in pathways related
to airway integrity as well as being correlated with some
clinical features such as eosinophil count or FEV1 [41]. In a
separate study, the differential exosomal miRNAs profile in
SA patients were associated with TGF-ß signaling pathway,
the ErbB signaling pathway, and focal adhesion [42].

BAL exosomes from asthmatic patients express the
epithelial marker mucin 1 on their surface indicating that
they are derived from bronchial epithelial cells [43]. They
were able to induce the production of CXCL-8 and LT C4 in
target bronchial epithelial cells [44].Whether this is a natural
autocrine effect of these exosomes or whether other cells are
the physiological target cell is unknown but BAL exosomal
miRNAs from asthmatics were involved in IL-13-mediated
events [45]. In a feedback manner, IL-13 promotes exosome
production by airway epithelial cells and these exosomes sub-
sequently enhance the proliferation of undifferentiated lung
macrophages [44]. Thus, both structural and effector cells
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produce exosomes that modulate the chronic inflammatory
processes involved in asthma [15].

4.1. Exosomes from Immune Effector Cells. Inflammation
is the main pathogenic driver in asthma. Exosomes can
promote inflammation via regulating the function of immune
cells at the level of their recruitment, activation, or dif-
ferentiation. A broad range of cells in lung are involved
in asthmatic inflammation including airway epithelial cells
[46–48], eosinophils [39, 49], lymphocytes [32, 46, 50],
macrophages [46, 51], and DCs [48].

Eosinophils are multifunctional granulocytes that have
an important role in both allergy and asthma due to their
production, storage, and release of a range of inflammatory
mediators. These include chemokines, lipid mediators, and
cytotoxic granule proteins such asmajor basic protein (MBP),
eosinophil peroxidase (EPX), eosinophil cationic protein
(ECP), and eosinophil-derived neurotoxin (EDN), which
together result in several key features of asthma.

Eosinophils from asthma patients release a greater num-
ber of exosomes in comparison with those released from
cells of healthy subjects. These exosomes contain the main
eosinophilic proteins such as EPO, MBP, and ECP and may,
therefore, play a similar role in driving the progression of

asthma as their parent cell [39]. Eosinophil-derived exo-
somes isolated from asthmatics may have both autocrine
and paracrine functions as they increase in the production
of chemokines, reactive oxygen species (ROS), and nitric
oxide (NO) from target eosinophils as well as enhancing
eosinophil migration by upregulating the expression of adhe-
sion molecules such as intercellular adhesion molecule 1
(ICAM-1) and integrin 𝛼2 [49] which is a critical step in
asthma development [15].

Lymphocytes are key players in the inflammatory response
in allergy and asthma. B-lymphocytes produce antigen spe-
cific immunoglobulins E (IgE) following Th2 cell activation
and release of Th2 cytokines [52]. B-lymphocytes can also
trigger an asthmatic response by acting as an antigen pre-
setting cell (APC) without the involvement of IgE and T-
lymphocytes [53]. In addition, B-lymphocytes are involved
in the differentiation of näıve Th0-lymphocytes into Th1-
or Th2-lymphocytes by releasing IFN-𝛾 or IL-4, respectively
[54]. Finally, IL-10-producing B-cells or Breg (B regulatory)
downregulate inflammation in hyperresponsiveness airway
and suppress allergic inflammation by recruitment of natural
Treg (CD4+ CD25+ FoxP3+) cells to the lung [55].

B-cell-derived exosomes resemble their parent phenotype
and carryMHCclasses I and II and integrins𝛽1 and𝛽2 aswell
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as the costimulatory molecules CD40, CD80, and CD86. As
a result, they can specifically present antigenic peptides to T-
cells and induce T-cell responses [56]. B-cell exosomes also
contain HSP70 which is important in DC maturation [57].
B-cell-derived exosomes can also modulate the proliferation
and production of Th2 cytokines from T2 cells due to the
presence of exosomal antigens such as birch peptide (Bet v1)
to the same degree as observed upon direct contact between
B- and T-cells. This highlights the important roles of B-cell-
derived exosomes in asthmatic inflammation as they can
bypass the need for direct cell-to-cell contact [56].

Like other immune cells, T-lymphocytes can release
exosomes [58–60]. Cytotoxic CD8+ T-cells release granules
containing cytolysis mediators [60]. However, the bioactivity
and potential immune-regulatory effect of T-cell-derived
exosomes is not clear [61, 62]. Exosome released by T-cells is
a selective and highly regulated process since T-cell receptor
(TCR) activation, but not stimulation with mitogenic signals
such as phorbol esters, greatly increases exosome production
[58].

Exosomes released by activated CD4+ T-cells suppress
the cytotoxic responses and antitumor immunity by CD8+
T-lymphocytes. These activated T-cells release 5–100 nm
saucer-shaped exosomes that contain many proteins includ-
ing lysosomal-associated membrane protein 1 (LAMP-1) and
lymphocyte function associated antigen-1 (LFA-1) as well as
CD4+ T-cell markers such as CD4, TCR, CD25, and Fas
ligand [63]. Recent studies emphasize the importance of
lipids in mediating T-cell-derived exosome production and
function.These exosomes are enriched in sphingomyelin and
cholesterol [64] and ceramide, tetraspanins, and myelin and
lymphocyte (MAL) protein are important in T-cell exosome
biogenesis [61]. MAL is a 17 KDa hydrophobic proteolipid
located in the endoplasmic reticulum of T-cells and is
involved in T-cell signal transduction. MAL was initially
thought to be expressed only in T-cells but later was found
also in myelin-forming cells and in polarized epithelial cells
where it has a role in the apical transport of secretory proteins
[65]. Activated CD3+ T-cells also release biologically active
exosomes. These exosomes together with IL-2 triggered the
proliferation of autologous resting CD3+ T-cells and induced
a distinct cytokine profile [63].

In addition, several studies have shown that exosomes
originating fromother cell types canmodulateT-cell function
and subsequently affect the allergic asthmatic response [66–
68]. For example, exosomes originating from B-cells [15],
DCs [32], and epithelial-derived BALF exosomes [43] trigger
T2 cytokine production along with increased proliferation
and activation.

Mast cells are key immune cells in the development
of allergic reactions and Th2 responses [69]. Activation of
mast cells leads to the release of bioactive mediators such
as histamine, prostaglandins, and LTs which subsequently
trigger the allergic response. Mast cells also contribute to the
secretion of proinflammatory cytokines such as TNF-𝛼 and
IL-13 which drive the innate and adaptive immune responses
in asthma [70, 71].

Mast cells constitutively release exosomes which have
downstream effects on other immune cell types. For example,

mast cell-derived exosomes induce DCs to acquire costim-
ulatory MHC class II, CD80, CD86, and CD40 molecules
enabling them to have an antigen presenting capacity for T-
cells [72]. These exosomes can also modulate the activation
of B- and T-lymphocytes and stimulate the production of
cytokines such as IL-2, IL-12, and IFN-𝛾 by these cells [73].

Mast cell-derived exosomes can enable target cell signal-
ing from cell surface receptors upon contact with immune
effector cells. For example, mast cell-derived exosomes trig-
ger IgE production by B-cells in the absence of T-cells
through their CD40 surface ligand [74]. Moreover, exosomes
originating from bone marrow-derived mast cells (BMMCs)
contain CD63 and OX40L on their surface and so can ligate
withOX40 on the surface of T-cells and induceT-cell prolifer-
ation and differentiation of näıve T-cells toTh2 cells. BMMC-
derived exosomes modulate the airway inflammation and
remodeling responses seen in murine models of allergic
asthma [75]. Mast cell-derived exosomes carry Fc𝜀RI which
can bind to free IgE. This can result in decreased serum
levels of IgE and limit the effects of mast cell activation. This
indicates the potential of mast cell-derived exosomes as a
novel anti-IgE factor in controlling the pathogenesis of severe
asthma [75].

Lastly, mast cell-derived exosomes can also modulate T-
cell function by donation of their contents [76] and induce
the secretion of proinflammatory cytokines by human airway
smooth muscle cells (ASMCs) which leads to preservation of
asthmatic features [77].

Basophiles are a population of basophilic leukocytes and
are likemast cells in that they are granular and are involved in
allergic immune responses [78]. Basophiles comprise 0.5–1%
of circulating white blood cells; however, upon inflammatory
or chemotactic stimuli they increase in number and are
recruited to the site of infection, for example. As with
mast cells, basophils modulate the immune response by
affecting other immune effector cells. Basophils can induce
the proliferation and survival of näıve B-cells and direct their
differentiation into antibody-producing cells. The crosstalk
between these cells can be mediated via direct cell-to-cell
contact as well as through soluble mediators and exosomes
[79]. It was known for a long time that basophils release
granules that resemble exosomes [80]; however there is
limited evidence of exosome production by basophils [78].

Dendritic cells are specialized effector cells in the immune
system. Acting as antigen presenting cells (APC) they process
and present antigens to T-cells as well as having the capacity
to phagocytose dead cells and bacteria and thereby contribute
to innate immunity [81, 82]. Exosomes derived from DCs
resemble their parent’s morphology by possessing MHC
classes I and II molecules on their surface enabling them to
stimulate T-cell responses [66] or they may be captured by
other APCs to induce immune responses [66]. DC-derived
exosomes can present allergens and trigger the induction of
Th2 responses [83]. For example, exosomes released from
DCs obtained from subjects allergic to cat dander induce IL-
4 responses in peripheral blood mononuclear cells (PBMCs)
[38].

DC-derived exosomes contain HLA-DR, MHC, CD86,
and CD54 on their surface.The presence of the costimulatory
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molecule CD86 indicates the potential of these exosomes to
induce T-cell proliferation and differentiation whilst CD54
enables exosomes to interact with T-lymphocytes via LFA-1
[84]. These exosomes also contain enzymes that can convert
LT A4 to other LTs such as LTB4 and LTC4 [84].

These exosomes also contribute to the recruitment and
migration of granulocytes and leukocytes to the site of
inflammation. This process is mediated by metabolites of
arachidonic acid (5-keto eicosatetraenoic acid, KETE, and
LTB4) that are produced following transfer of exosome-
derived enzymes. These proinflammatory lipid metabolites
are important in triggering asthma pathogenesis [84].

4.2. Exosomes from the Lung Structural Cells. Exosomes
released from structural lung cells also contribute to fine-
tuning of the immune response in asthma viamanaging inter-
cellular communication [8]. Exosomes released by bronchial
fibroblasts can be taken up by bronchial epithelial cells.
Intriguingly, although the levels of transforming growth
factor- (TGF-) 𝛽2 in exosomes derived from severe asthmatic
fibroblasts were lower than that in exosomes derived from
healthy subjects, fibroblast-derived exosomes from severe
asthmatics induced increased proliferation of epithelial cells.
The level of TGF-𝛽2 in the fibroblast-derived exosomes was
significantly related to the level in the cell of origin which
controlled the exosome effect on bronchial epithelial cell
proliferation. Thus, modulation of fibroblast TGF-𝛽2 levels
by overexpression or knockdown had concomitant effects on
exosome levels of TGF-𝛽2 and on epithelial cell proliferation
[85].

The production of exosomes by lung cells and their
protein content was higher in a mouse model of asthma.
In this model IL-13 augmented the secretion of exosomes
by lung epithelial cells and these exosomes enhanced the
proliferation and differentiation of macrophages. Inhibition
of exosome production by GW4869 alleviated the induction
of asthmatic features in this model [44].

5. Exosomal miRNAs in Severe
Asthma Pathogenesis

Exosomes as important mediators of cell communication can
deliver miRNAs from one cell to a distinct target cell at a
neighboring or distal site and subsequently affect the function
of the target cell [86]. miRNAs modulate both innate and
adoptive immune response with miR-21, miR-146a, and miR-
155 being reported as key miRNAs in the asthmatic immune
response [87]. Each miRNA can target hundreds of genes; so
any changes in miRNAs level can influence many signaling
pathways and have profound effects on disease pathogenesis
[88].

In asthma, dysregulated miRNA expression has been
observed in many cells and compartments including airway
biopsies, lymphocytes, epithelial cells, and peripheral blood
[89]. For example, in a murine model of asthma upregulation
miR-21 was associated with altered IL-12 expression and a
heightened Th2 response [90, 91]. Overexpression of miR-
21 along with miR-126 was also detected in airway epithelial
cells of asthmatic patients [92]. Other dysregulated miRNAs

include miR-1248, miR-let7a, miR-570, miR-133a, and miR-
328 which are decreased in plasma of asthmatic patient
[93] whilst miR-221 was increased in ASMC from patients
with severe asthma and regulated ASM proliferation and the
secretion of proinflammatory mediators such as IL-6 [94].

Similarly, the exosomal miRNA content may also be
altered in pathological conditions. For example, an analysis of
BAL-derived exosomalmiRNAs in asthma reveals the altered
expression of 24 miRNAs in asthmatic patients compared to
healthy subjects which are implicated in the regulation of IL-
13-mediated functions [95]. In addition, CD8+ cells released
exosome like vesicles that contain miR-150 and are coated
with antigen specific antibody [87]. Internalization of these
vesicles by the T-cells leads to antigen specific tolerance in
mice [87].

Analysis of circulating exosomal miRNAs by next-
generation sequencing demonstrated upregulation of miR-
128, miR-140-3p, miR-196b-5p, and miR-486-5p in severe
asthma patients in comparison to healthy subjects. These
differentially expressed miRNAs were mostly involved in
ErbB signaling pathway and focal adhesion [42]. In another
study, the altered severe asthma exosomal miRNA content
was associated with airway epithelial cell integrity and feature
of asthma such as peripheral blood granulocyte counts [41].

6. The Therapeutic Potential of
Exosomes in Asthma

Exosomes can regulate homeostasis and vital immune func-
tions in the lungmicroenvironment. Exosomal contents have
recently been suggested as potential diagnostic biomarkers in
multiple diseases. In addition, as described above, exosomes
can act as traps to prevent immune activation. Mast cell-
derived exosomes possess FC𝜀R1 on their surface which can
bind free serum IgE and limit the effects ofmast cell activation
[75]. Furthermore, CD8+ cells releasemicrovesicles that con-
tain miR-150 which can suppress allergic contact dermatitis
(ACD) and induce an antigen specific tolerance in mice [87].

Mesenchymal stem cells (MSC) release exosomes with
the capacity to accelerate wound healing and lung tissue
regeneration and this may be of use in alleviating airway
remodeling in asthma [96]. These exosomes also have anti-
apoptotic and anti-inflammatory properties indicating that
they may be effective in other lung chronic inflammatory
conditions [97]. Clinical trials using exosome-based therapy
in acute respiratory distress syndrome (ARDS) are being
conducted [98]. In an animal model of ARDS, exosomes
derived from MSC reduce lung inflammation via induction
of keratinocyte growth factor (KGF) expression in the injured
alveolus and thereby improve the lung protein permeability
[99].

Immunotherapy for non-small-cell lung cancer (NSCLC)
using dexosomes is also undergoing clinical trials. Dexo-
somes are DC-derived exosomes that are loaded with tumor
antigen [100]. The data to date indicate that exosome therapy
is feasible and safe andmay represent an alternative approach
to traditional therapeutic methods in inflammatory diseases
such as asthma. Further studies are required to examine
the effect of exosomes on the different pathological features
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associated with patients with distinct phenotypes of severe
asthma.

7. Conclusion

In recent years, exosomes have emerged as an important
area in biomedical research. Exosomes play a key role in
local and distant intracellular communication and have been
implicated as having a crucial role in the regulation of normal
cellular function and increasingly in pathological conditions.
These nanovesicles are also being increasingly recognized
as potentially powerful tools for the prognosis, diagnosis,
monitoring, and treatment of patients in many therapeutic
areas.

Within the lung microenvironment cell-to-cell commu-
nication is of upmost importance. In asthma, exosomes can
regulate immune and inflammatory responses in a beneficial
and detrimental manner. The severity of asthma has been
linked with distinct exosomal pools and/or content which
have important roles in disease at least in primary cells and in
in vivomodels of disease. In addition, the unique constituents
of exosomes indicate their potential as biomarkers or as novel
therapeutic agents. However, there are still many unsolved
problems in the area including the selectively packaging of
exosomal content and themechanisms involved in the precise
delivery to target cells; these need to be elucidated.
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