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Preface

Asthma is a chronic lung disease characterized by episodes of airway narrowing

and obstruction, causing wheezing, coughing, chest tightness, and shortness of
breath [1]. The National Institute of Allergy and Infectious Disease (NIAID) in the
United States specifies why asthma research is its priority. Asthma significantly
reduces the quality of life. In addition to high medical expenses, asthma has sub-
stantial effects on work/school attendance and performance. Patients with asthma
exacerbation often require emergency room visits and/or hospitalization. NIAID is
especially committed to reducing the burden of this disease and its complications by
supporting targeted research aimed at understanding asthma mechanisms, devel-
oping new prevention and treatment strategies, and understanding the involvement
of environmental factors and human genetics in asthma initiation, progression,

and severity.

Asthma triggers

Asthma is a Th2-driven systemic immunologic disease manifesting in lung
pathology. Several factors bias the development of Th2 response to air pollution,
traffic emissions, ozone, cigarette smoke, changes in the microbial environment,
nutrition, and increased exposure to allergens [2]. NIAID supports research
programs aimed at identifying the factors that contribute to asthma development
and severity. It funds the Inner City Asthma Consortium (ICAC), a nationwide
clinical network that conducts asthma research in nine US cities [3]. One of the
studies from this Consortium determined the differences in clinical characteristics
between easy-to-control and difficult-to-control asthma [4]. There was a relatively
equal distribution of such asthma cases among the study participants, whereas
around 22% of them fell into neither group. The study clearly points to allergen
sensitizations as a major trigger of asthma exacerbations and the direct association
of poorly controlled asthma with bronchodilator responsiveness, pulmonary
physiology, rhinitis, and atopy. The more recent international study on the role

of allergy in severe asthma by the Allergy and Asthma Severity EAACI Task

Force was published in 2016 as a position document [4]. The document, in part,
states that the proportion of severe asthma cases related to allergen exposure

may be overestimated and other triggers such as fungal sensitization, smoking,
and pollution contribute to severe asthma and must be considered during disease
evaluation in patients.

The discussion by the international research expert group at the World Health
Organization (WHO) meeting on the respiratory syncytial virus (RSV) and asthma
was published in the journal Vaccine [5]. The main conclusions of the article are:

(a) the casual association between lower respiratory tract infection with RSV and
recurrent wheeze of early childhood in asthma is not fully established and requires
further investigations; (b) there is no sufficient evidence that RSV monoclonal
antibodies (mAbs) and potential future RSV vaccines will have a significant effect
on asthma outcomes; and (c) there is a substantial public health threat from a
severe acute RSV disease in young children, which requires the development of
good clinical practice guidelines.



During the recent COVID-19 pandemic, taking into account that the SARS-CoV-2
virus primarily affects the respiratory system, reasonable concern was generated
among health professionals on the viral effect on asthma patients, especially disease
severity and exacerbation. One of the chapters in this book provides relevant infor-
mation on this topic [6]. According to the International Primary Care Respiratory
Group (IPCRG), which consists of 78 experts from 43 countries, patients are still
struggling to differentiate their symptoms between asthma flare-ups and COVID-19
and might delay seeking care for either condition [7]. The IPCRG supports previ-
ous multiple observations concluding that asthma is not a risk factor for severe
COVID-19, but patients taking oral corticosteroids may be at greater risk of severe
COVID-19. The IPCRG recommendations include the use of protective equipment,
lung function testing procedures, long-term use of oral steroids, and the application
of biologics.

Asthma phenotypes and biologics

Asthma is widely recognized as heterogeneous inflammatory lung disease. One of
the chapters in this book is dedicated to asthma phenotypes and biologics [8]. It
focuses on high and low Th2 endotypes and provides a detailed overview of current
biologics, their safety, and effectiveness.

The recently published article by Conrad and associates [9] details the clinical
characteristics of asthma clusters in adults and in children. The article also provides
an approach to asthma diagnosis and management in children where a healthcare
provider defines asthma severity and control according to the National Heart, Lung,
and Blood Institute (NHLBI) guidelines based on symptom frequency and medica-
tion use. The presence of comorbidities and the results of pulmonary function tests
are also incorporated into this systemic approach, which can be used in any given
patient.

Another asthma classification proposed by the multi-institutional research team
supported by the NHLBI’s Severe Asthma Research Program is based on imaging
cluster analysis and its association with known clinical parameters [10]. To identify
the patient’s clinical clusters, the authors developed lung tissue imaging-based
clusters using multiple variables that reflect the airway and parenchymal patholo-
gies. The observed structural and functional alterations were associated with the
pathophysiology of asthma, which provided a meaningful association of airway
structural pathologies with clinical metrics. Asthma clustering can be used as a
basis for the development of novel and efficient immunotherapeutic measures to
fight the disease.

Tay and Foster [11] defined four asthma groups based on the cellular composition
of lung inflammatory infiltrates: (1) eosinophilic (T2), (2) neutrophilic (T1),

(3) mixed eosinophilic/ neutrophilic, and (4) paucigranulocytic. The authors
state that current treatments for asthma are non-specific and not often effective;
therefore, there is a great need for the development and application of novel
therapies. The wide range of new-generation biologics showed promising results
as effective treatments for severe asthma. Those biologics specifically target the
critical molecules of the Th2 immune response such as IgE, IL-4, IL-5, and IL-13.
The authors also admit that biologics for non-Th2 asthma are difficult to develop
and assess, as it is unclear what drives such asthma. Nevertheless, a chapter by
Dr. Agkin Giilsen [8] discusses IL-17-, IL-9-, TSLP-, and PGD2-directed therapies
and their potential in the treatment of eosinophilic and non-eosinophilic asthma.
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Selected B7 and semaphorin molecules might provide new targets for biologics or
serve as new biologics (reviewed in [12]). Another chapter in this book summarizes
current knowledge concerning the roles of B7 family immunomodulatory ligands

in asthma and analyzes the potential functions of emerging new B7-H4, B7-H5, and
B7-H7 molecules. It also provides insight into the roles of neuroimmune semaphorins
in allergy and asthma. The discussed data will help to design more specific and

efficient novel therapies to fight these diseases, which represent a significant public
health burden.

Several research groups examined the roles of selected miRNAs, IncRNAs, and
circRNAs in Th2-mediated inflammation in asthma (reviewed [13]). Another
chapter summarizes the most significant advances in RNA research over the past
years focused on miRNA-19a, -106a, -145, -146a, -155, -214, and others. The chapter
discusses the regulation of a Th1/Th2 balance by several IncRNAs such as MALTA1,
LNC_000127, PVT1, and others. The mechanistic interplay between miRNAs and
IncRNAs and the effect of circRNAs on Th2 response in asthma showed that all
studied RNAs play important regulatory roles in disease and need to be evaluated
further as potential druggable targets for therapeutic intervention.

Several mobile applications are currently available for monitoring and collecting
patient data [14, 15]. One such advanced application useful for physicians and
patients, kHealth: Knowledge-enabled Digital Healthcare Framework, is reported
in this book [16]. This mobile app is aimed at monitoring and managing asthma
symptoms, medication adherence, lung function, daily activity, sleep quality, and
indoor and outdoor environmental triggers. Physicians can use kHealth technology
for both in-person and telemedicine appointments and patients can use it to moni-
tor, evaluate, and manage their asthma symptoms and treatments continuously.

Summary

There have been many advances in our understanding of asthma genetics and
immunologic mechanisms over the past several decades. Many scientific advances
have been made in defining the distinct asthma phenotypes, which require person-
alized treatment strategies with available therapeutics. The identification of novel
biologics can potentially lead to the development of better therapeutics. This book
discusses some of these novel findings.

Svetlana P. Chapoval, MD, Ph.D.

Assistant Professor,

Department of Microbiology and Immunology,
Center for Vascular and Inflammatory Diseases,
University of Maryland School of Medicine,
Baltimore, Maryland, USA

Founder, SemaPlex LLC,
Ellicott City, Maryland, USA
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Chapter1

Costimulation in Allergic Asthma:
The Roles of B7 and Semaphorin
Molecules

Svetlana P. Chapoval and Andrei 1. Chapoval

Abstract

It is well established that allergic asthma is T cell-driven disease where CD4+ T
cells of Th2 phenotype play a critical role in disease initiation and maintenance.
There are several critical steps in the induction of Th2 type immune response to
the allergen. The first critical step is the antigen processing and presentation of
allergen-derived peptides in the context of specific major histocompatibility Class II
(MHCII) molecules by antigen-presenting cells (APC). Recognition of this complex
by T cell receptor (TCR) and interaction of costimulatory ligands with correspond-
ing receptors represents the second step in T cell activation. As the third part of
optimal T cell differentiation, proliferation, and expansion, several cytokines,
integrins, and chemokines get involved in the fine-tuning of DC-T cell interaction
and activation. Multiple recent evidences point to the selected members of B7 and
semaphorin families as important checkpoints providing a fine-tuning regulation of
immune response. In this book chapter, we discuss the properties of costimulatory
molecules and address their roles in allergic asthma.

Keywords: asthma, immune response, costimulation, immune checkpoints,
B7 family molecules, semaphorins

1. Introduction

Allergic asthma is a Th2-driven, immunological chronic disease [1]. CD4+ T
cells of Th2 phenotype secreting Th2 cytokines such as IL-4, IL-5, and IL-13 play
a critical role in asthma initiation and propagation [2]. In this book chapter, we
address the question of how different costimulatory molecules influence the allergic
immune response which is central to asthma pathogenesis.

The initial step in the immune response is the antigen capture and processing by
APC. APC subdivide into “professional” such as dendritic cells (DC), B cells, and
macrophages, and “unprofessional” such as epithelial cells, fibroblasts, basophils,
eosinophils, ILC2 (type 2 innate lymphoid cells), which normally have other functions
in tissues and do not act as APC [3-5]. Antigenic epitopes derived from a captured
allergen are presented to T cells in the context of specific MHC (human leukocyte
antigen, HLA, for human cells) molecules [1]. This is the first signal for T cell activa-
tion, whereas a second signal is derived from costimulation where specific costimula-
tory molecules on APC interact with their receptors on T cells (Figure 1) [6]. The first

1 IntechOpen



Recent Advances in Asthma Research and Treatments

A No response

No response
B (anergy,
ignorance)
Response
C :
(activation)
Figure 1.

The two-signal model of the T-cell activation. (a) Functions of the immune checkpoint molecules (IChMs)
are completely dependent on the first signal because the interaction of the receptor (Co-R) on T-cells with the
ligand (Co-L) on APCs (the second signal) do not result in an activation of T-cells without the first signal.
(b) T-cell activation has not occurred in the absence of the second signal. In several cases, the absence of the
second signal leads to T-cell tolevance and anergy. (c) the correct activation of T-lymphocytes occurs after the
TCR interaction with the MHC-presented peptide (Ag) (the first signal) and after the interaction of a ligand
of the By family (Co-L) with its receptor (Co-R) (the second signal). A synergism of the two signals results in
an optimal activation of T-cells.

signal alone does not lead to the immune response to allergen (Figure 1), it rather
induces T cell unresponsiveness or “anergy” [6, 7].

The members of the B7 family are the most characterized immunomodulatory
ligands that bind to receptors on lymphocytes. They can act as costimulators or
inhibitors/checkpoints. Currently, there are eleven known representatives of the
B7 family, namely: B7-1 (CD80), B7-2 (CD86), B7-H1 (PD-L1, CD274), B7-DC
(PDCD1LG2, PD-L2, CD273), B7-H2 (B7RP1, ICOS-L, CD275), B7-H3 (CD276),
B7-H4 (B7x, B7S1, Vtenl), B7-H5 (VISTA, Platelet receptor Gi24, SISP1), B7-H6
(NCR3LG1), B7-H7 (HHLA2), and ILDR?2 (the synonyms of IChM names of the
B7 family are given in parentheses) [7, 8]. Two molecules of B7 family proteins
[9], B7-1 and B7-2, are the best characterized costimulators [7, 8]. Their ligation
of CD28 expressed on T cells leads to T cell activation whereas interaction with
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) functions as an inhibi-
tory signal.

Multiple recent reports pointed to selected semaphorin family [10, 11] members
acting as checkpoints in the immune response regulating optimal T cell activa-
tion and cytokine production [10, 12]. Semaphorins alone are unable to induce or
suppress T cell activation regulated by a combination of signals 1 and 2 but can
significantly potentiate or downregulate it [10, 12]. Moreover, their involvement in
asthmatic disease development has been supported by several recent publications
(reviewed in [13-15] establishing them as potential immunomodulatory targets.

The goal of this book chapter is to discuss the roles of these molecules in asthma
and provide the ground for their therapeutic use in disease prevention, manage-
ment, or treatment.
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2. B7 family members in asthma
2.1B7:1and B7:2

Asthma is Th2 cell-driven disease with Th2 type cytokines such as IL-4, IL-5,
and IL-13 driving the disease pathology [2]. The effect of costimulation in asthma
has been a subject of several decades’ of research. The differential role of two B7
family members in allergic response has been extensively studied and described in
multiple articles published in the late 1990-s (16-19, reviewed in 20, 21). The work
by Freeman et al. [16] questioned the functional necessity of two known at that
time B7 family members. Using the in vitro cell cultures and distinct transfectants,
they reported that both B7-1 and B7-2 effectively and equally costimulate T cells
to produce IL-2 and IFNy, however, B7-2 was more efficient in costimulation of
IL-4 production with cell priming and especially with a repetitive cell stimulation,
whereas B7-1 was efficient for GM-CSF production. Similarly, anti-B7-2 mAb sig-
nificantly reduced the induction of IL-4 mRNA in a primary human allogeneic MLR
whereas anti-B7-1 mAb failed to do so. The work by Van Neerven [17] addressed
the same question as the discussed above research but in different experimental
settings, namely the stimulation of human PBMC obtained from allergic and
non-allergic persons iz vitro with house dust mite allergen (HDM) in the presence
or absence of B7-1 or B7-2 blocking Abs, or CTLA-Ig. CTLA4-Ig was efficient in
inhibiting allergen-induced cell proliferation and cytokine production. The prolif-
eration of CTLA4-Ig-treated cells was partially restored by stimulating them with
anti-CD28 mAb which indicated that CTLA4-Ig inhibits the interaction of CD28
with both, CD80 and CD86. Interestingly, anti-CD86 mAb inhibited the HDM-
induced cell proliferation similarly to CTLA4-Ig but with less degree of inhibition.
However, the addition of anti-CD80 blocking mAb to the anti- CD86 mAb treated
cells resulted in identical inhibition as with CTLA4-Ig. This report suggested that
the costimulation inactivation could be efficient in the downregulation of allergen-
dependent Th2 responses in asthmatic patients (Figure 2). The research by Larche
etal. [18] used allergen stimulation of human PBMC and cells obtained by alveolar
lavages to examine B7-1 and B7-2 dependence of T cell immune response. While
allergen-induced PBMC proliferation and cytokine production were inhibited by
the use of CTLA4-Ig and anti-B7-2 Ab in cell cultures, anti-B7-1 Ab showed no
effect. Moreover, HDM-induced broncho-alveolar lavage (BAL) T cell proliferation
was also B7-2 but not B7-1 dependent. This study further supported the notion
that T cell costimulation-targeted therapy could be beneficial in asthma manage-
ment. The study by Jaffar et al. [19] stimulated with HDM allergen the explants
from endobronchial mucosal biopsies obtained from asthmatic patients. Although
this study did not address the requirement of individual B7-1 or B7-2 molecules in
anti-allergic T cell response, it clearly demonstrated the requirement of B7/CD28
costimulation in IL-5 and IL-13 production using a novel tool for asthma research,
the bronchial explant system. Moreover, they were the first to demonstrate a
significant difference in cytokine profile in bronchial explants between asthmatic
and non-asthmatic lungs.

2.2 B7-H1 (PD-L1) and B7-DC (PD-L2)

The B7 homolog 1 (B7-H1) shares the same inducible PD-1 receptor on T cells
with B7-DC (reviewed in 20, 21). While B7-H1 is constitutively expressed on
monocytes and is downregulated with cell activation, B7-DC expression is induced
by cell activation (reviewed in 7, 8, 20). Functionally, it was speculated that PDL-1
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‘ Cytokines
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Figure 2.

Ro%e of costimulation in T cell immune response and asthma. a. B7—1 and B7—2 interaction with CTLA-4
contributes to suppressive activity of allergen-specific Treg cells whereas their interaction with CD28
costimulates Th1 and Th2 responses. b. ICOS-L — ICOS interaction regulates Th2 effector cell function; it is
efficient in stimulation of IL-4 and IL-10 production but not IFNY. It vegulates Thz cell infiltration into lungs,
promotes B cell differentiation and IgE production, contributes to AHR. This pathway also regulates IL-10
production in Treg cells. c. PD-L1 interaction with PD-1 receptor play a protective role in allergic asthma as
it was reported to drive a differentiation of Treg cells and to downregulate contact hypersensitivity reaction.
On the other hand, the use of neutralizing anti-PD-1 ab in vivo decreased eosinophilic lung infiltration but
increased AHR and lung neutvophilia. d. PD-L2 interaction with PD-1 receptor downregulates allergic
asthmatic response by suppressing Th2 cell activation, AHR, eosinophil infiltration, and IgE production. e.
B7-H3 interaction with unknown receptor promotes Th2 and Thay cell differentiation, lung infiltration by
eosinophils, AHR, IL-4 and IL-17 production.

may suppress Thl-mediated inflammation and PDL-2 may suppress Th2-mediated
inflammation (Figure 2) [20, 21]. The expression and regulation of PD-L1 and
PD-L2 in asthma were analyzed using a segmental challenge of human lungs with
allergen followed by BAL [22]. This study was initiated to clarify the importance of
these costimulators in human asthma as previous reports using mouse models of the
disease gave conflicting results [23-25]. The mouse lung expression levels of PD-L1
and PD-L2 were significantly upregulated by the OVA challenge [25]. However,

the treatment of DC with CPG DNA, CD40L, GM-CSF, LPS, and IFN-y led to the
increased expression of PD-L2 on the cell surface whereas IL-4 and IL-13 induced
the highest PD-L2 expression on DC among all mentioned above stimuli [25].
Interestingly, Th2 cytokines induce PD-L2 expression on DC but not B7-1 or B7-2
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expression suggesting a regulatory role of this costimulatory in Th2 cell activation.
In vivo treatment of mice with recombinant PD-L2-Fc resulted in a Th2-like inflam-
mation in murine lungs. Such effect of PD-L2-Fc could be explained by a potential
PD-L2-Fc blocking of the inhibitory interaction of cell-associated PD-L2 or PD-L1
with PD-1 or by a potential PD-L2-Fc interaction with a second receptor and
enhancement of T cell activation via a PD-1-independent mechanism. This alterna-
tive yet unidentified receptor may dominate the inhibitory PD-1 receptor in vivo.
The observed negative correlation between PD-1 expression by circulating CD4+

T cells and IgE concentrations in serum in asthma patients suggested a protective
role of PD-L1 in allergic asthma [22]. However, there was an increase in blood

and a decrease in BAL of PD-1+ CD4+ T cells after segmental bronchial challenge
with the allergen [22]. The authors concluded that the up-regulation of PD-L1 and
downregulation of PD-L2 on endobronchial DC subsets favor a Th2 inflammation
in their human asthma model based on a segmental lung allergen challenge. They
propose that modulating PD-1 ligand-mediated pathways by blocking PD-L1 or
activating PD-L2 signaling could be a promising immunomodulatory approach in
allergic asthma management. A more recent study has shown that in the iz vivo
experimental model of HDM-induced asthma anti-PD-L1 mAb completely abro-
gated eosinophil recruitment and PD-1/PD-L1 blockade by the use of neutralizing
mADb to either PD-1 or PD-L1 led to the enhanced airway hyperreactivity (AHR)
due to activation of Th17 cells and resulting increase of airway neutrophilia [26].
The authors identified the increased frequency of CD4 + IFNy + and CD4 + IL-17A+
cells in PD-1-deficient (Pdcd1—/—) mice which directly correlated with higher levels
of circulating IFNy and IL-17A. This study goes in accord with previous research
establishing allergic asthma as a mix Th2/Th17 response. Clinical observation in
patients with chronic occupational asthma showed a persistent PD-L2 expressing
mDC-mediated Th2 response that was partially PD-L2-dependent [27]. This sug-
gests that other costimulators participate in Th2 activation in the asthmatic setting.

2.3B7-H2and ICOS

Another pair of the B7 family ligand and its receptor involved in the regula-
tion of T cell activation comprises of B7-H2 and ICOS (Inducible CO-Stimulator)
(Figure 2). It was originally shown that the engagement of ICOS by B7-H2 on CD4+
T cells increased the production of Thl (IFN-y and TNFa) and Th2 (IL-4, IL-5, and
IL-10) cytokines [28-30]. ICOS-deficient mice were unable to induce the allergen-
specific IgE responses when compared to WT mice which demonstrated an impor-
tant role of ICOS:B7-H2 interaction in the induction of IgE production [31]. It was
shown recently that the injection of anti-B7-H2 mAb resulted in the reduction of
inflammation and Th2 cytokines production in the mouse model of allergic asthma
[32]. Moreover, blocking the ICOS:B7-H2 interaction on human ILC2s reduced AHR
and lung inflammation in the experimental asthma model [33]. In addition, it was
demonstrated that in contrast to wild-type counterparts, B7-H2 deficient mice did
not develop AHR after OVA sensitization and challenge [34].

2.4 B7-H3 and other B7-H molecules

To investigate the contribution of B7-H3 to the development of allergic asthma,
mice were treated with antiB7-H3 blocking Ab during the course of OVA sensitiza-
tion and challenges [35]. Anti-B7-H3 mAb treatment of mice at the experimental
asthma induction phase (days 7-18 after allergen priming) suppressed allergic
lung inflammation including eosinophilic infiltration, airway mucus hypersecre-
tion, downregulated the number of B7-H3+ cells in the lung tissues as compared
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with the immunoglobulin G (IgG) treated control group. In addition, anti-B7-H3
mADb inhibited IL-4 and IL-17 levels and increased the expression IFN-y in BALF
of allergen-treated mice. However, anti-B7-H3 mAb treatment did not show

an inhibitory effect on any measured asthma parameters at the effector phase
(days 21-27 after priming). Nevertheless, B7-H3 blockage can provide a novel
therapeutic approach for allergic asthma especially if used in a combination with
immunotherapies that work in the effector phase. Two years later the same group
of scientists reported an association of asthma exacerbation with increased levels
of B7-H3 expression in the peripheral blood of asthmatic children which was sig-
nificantly decreased by the use of steroids [36]. Their further studies in an animal
model of asthma showed that recombinant B7-H3 administration to the mouse
lungs in the time-frame of allergen priming (days O to 14), but before challenge
(days 21, 27), significantly upregulate all parameters of allergic response such as
inflammatory cell infiltration to the lung tissues, Th1 and Th2 cytokine levels in
BAL and plasma, allergen-specific IgE production, and Th2/Th17 cell proliferation
and cytokine levels [37].

The roles of other B7 family members such as B7-H4, B7-H5, and B7-H7 in
asthma have never been investigated. Conflicting data on B7-H7 costimulation
results led to a proposed concept of dual functionality as it is in the case of B7-1/
B7-2 and CD28/CTLA-4. As an example, B7-H7 receptor CD28H could serve as an
immunostimulatory receptor for T cell activation whereas KIR3DL3 could inhibit
immune responses upon ligation of B7-H7 [38]. On the other hand, CD28H which
is a CD28 homolog absent in mice but present in human serves as a functional
receptor for B7-H5 [39]. B7-H5/CD28H interaction selectively costimulates human
T-cell growth and cytokine production via an AKT-dependent signaling cascade.
Interestingly, CD28H is constitutively expressed on all naive T cells and its expres-
sion decreased with cell activation and is lost on terminally differentiated effector
CD45RA + CCR7 — T cells [39]. Basically, the effector cytokine-producing CD4+
T helper cells and FoxP3+ CD4+ T reg cells lack CD28H expression. The authors
associate such loss of expression for effector cells with repetitive cell stimulation.
Moreover, the pattern on B7-H5 expression in peripheral tissue suggests that B7-H5/
CD28H interaction is critical for the co-stimulation of newly generated effector or
effector/memory T cells at the periphery. B7-H6 was not detected in normal human
tissues but was expressed on human tumor cells [40]. B7-H6 triggers NKp30-
mediated activation of human NK cells [40]. In summary, the roles of B7-H4,
B7-H5, B7-H6, and B7-H7 in allergic asthma are long overdue to be determined.

2.5ILDR?2 in the immune response

I1dr2 (Ig-like domain-containing receptor 2), the gene encoding the murine
ortholog (formerly designated “Lisch-like”) was originally identified as a modi-
fier of susceptibility to type 2 diabetes in obese mice [41]. Its expression level was
associated with reduced f- cell number and reproduction and with persistent mild
hypoinsulinemic hyperglycemia [41]. A new immunomodulatory function of this
B7-like homolog protein has been recently reported by Hecht and associates [42].
They showed that the administration of a recombinant ILDR2-mFc protein to mice
displayed a therapeutic effect in a model of rheumatoid arthritis. It induced an
increase in the IgG1/IgG2a ratio which suggested a shift from the proinflammatory
pro-rheumatic Thl responses to anti-inflammatory Th2 responses. The ILDR2
upregulation was reported previously for DC cultures when they were stimulated to
become DC2-like cell that promotes Th2 response [43]. Therefore, ILDR2 has a pro-
moting effect on allergic diseases, however, it has never been investigated directly.
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3. Neuroimmune semaphorins in asthma

Several neuronal guidance proteins, known as semaphorin molecules, function
in the immune system. This dual tissue performance has led to them being defined
as “neuroimmune semaphorins” [44]. They have been shown to regulate T cell
activation by serving as immune checkpoints (Figure 3) [12]. Neuroimmune sema-
phorins are either constitutively or inducibly expressed on immune cells. The T cell
co-stimulatory action of neuroimmune semaphorins requires the presence of two
signals: signal one provided by TCR/MHC engagement and signal two arises from
B7/CD28 interaction. Thus, neuroimmune semaphorins serve as a “signal three” for
immune cell activation by supporting their polarization, expansion, differentiation,
and regulating the intensity of immune response. This book chapter summarizes
the current knowledge on the structure and receptors for several neuroimmune
semaphorins involved in the immune response and their role in allergic asthma.

3.1 Sema3A and Sema3E

Sema3A, previously known as chick collapsin 1, SemD, or Sema III, was dis-
covered in the 1990s. In the nervous system, it functions either as a repulsive agent
for axonal outgrowth or an attractive agent for apical dendrite growth [45-48].
Sema3A is a glycoprotein with an Ig-like C2-type domain, a PSI (cysteine-rich
module in extracellular portion) domain, and a Sema domain. Antipenko and
associates [49] reported the crystal structure of Sema3A and identified a neuro-
pilin (NRP) binding site and a potential plexin interaction site. Further studies
demonstrated the physiologic receptors for Sema3A which consist of NRP/Plexin
complexes where NRP1 serves as a ligand-binding receptor whereas Plexin Al
functions as a signaling receptor [50, 51]. The secreted 95 kDa forms of Sema3A can
further undergo a proteolytic cleavage forming the 65 kDa forms [49], which have
decreased activity toward neurons [52, 53]. The cryoEM of extracellular complex of
Sema3A, PlexinA4, and NRP1 at 3.7 A resolution demonstrated a large symmetric
2:2:2 molecular assembly in which each subunit makes multiple interactions with
others [54].

The immunomodulatory role of Sema3A in allergic asthma has been extensively
studied by the laboratory of Dr. Vadasz at Technion, Israel [55-57]. When examin-
ing the serum levels of Sema3A in asthmatic patients with different stages of disease
severity they have determined that Sema3A was significantly downregulated in
both severe and moderate asthmatic patients when compared to that of healthy
individuals [55]. Low levels of Sema3A correlated with asthma severity. Purified
CD4 + T cells from asthmatic patients were incubated with recombinant human
(rh) Sema3A protein for 24 h what led to a higher number of Treg cells as com-
pared to similarly conditioned cell cultures from healthy controls [55]. Moreover,
rhSema3A affected Treg cells directly by inducing a higher Foxp3 expression.
Considering the results of these clinical studies and established downregulatory
role of Treg cells in asthma, it is logical to conclude that Sema3A plays an inhibitory
role in allergic disease in part by inducing and stabilizing Treg cells. Indeed, the low
expression of Sema3A was noticed in the nasal epithelium in the animal model of
allergic rhinitis as compared to control mice [58]. Re-introduction of recombinant
Sema3A to the mouse nose alleviated sneezing and nasal rubbing symptoms in
allergic mice. When rhSema3A was administered intraperitoneally to the mice
treated with allergen, a downregulation of lung inflammatory response and angio-
genesis was observed [56, 57]. However, the full understanding of the mechanisms
of lung inflammation and angiogenesis suppression by Sema3A is still ill-defined.
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Figure 3.

Neuroimmune semaphorins in T cell — DC crosstalk. a. SemazA. SemazA inhibits T cell activation. Low
constitutive levels of SemazA on DC are upregulated with cell activation. DC surface-expressed and soluble
Sema3zA inhibit T cell proliferation presumably acting through NRP-1. Sema3A inhibits DC activation and
chemotaxis. Inducible T cell-expressed and soluble Sema3A use NRP-1 and NRP-2 as ligand-binding receptors
and NRP-associated Plexin A1 and A2 as signaling receptors to vegulate DC activation and chemotaxis. b.
SemasE. Sema3E regulates DC subsets. Higher numbers of CD11b + DC and lower numbers of CD103+ DC
were detected in the lungs of Sema3E—/— mice at the steady-state condition and after allergen sensitization.
The DC receptor involved in such Sema3E action is Plexin D1. c. Sema4A. SemaqA-mouse Tim2 (mTimz2) or
human ILT4 (hILT4) pathways costimulate T cells. Sema4A on DC directly binds mTim-2 or hILT4 on T cells.
This leads to optimal T cell activation, proliferation and cytokine production. d. Sema4D. Distinct receptor-
dependent effects of T cell-expressed SemaaD on DC functions. Sema4D costimulates T cells. SemaqD serves
as an indirect costimulatory molecule for T cell activation. Sema4qD on T cells stimulates DC to accelerate their
activation and maturation. Stimulated DC, in their turn, enhance T cell activation. The main receptor for
such Sema4D action is believed to be CDy2. Sema4D costimulates DC. T cell-expressing and soluble Sema4D
ligation of DC-expressing Plexin B1 and B2 receptors stimulates DC proinflammatory cytokine production and
migration. e. Sema6D. Sema6D acts as indirect T cell costimulatory molecule. T cell expressed Sema6D activates
DC through Plexin A1 receptor. Polyclonally- or Ag-stimulated T cells upregulate Sema6D expression. Sema6D
stimulates T cell viability, proliferation and cytokine production on late stages of immune response. f. SemazA.

SemazA in T cell-DC interaction. Indivect T cell stimulation by T cell expressed SemayA ligation of Plexin
C1on DC.
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In summary, these experiments indicated that sema3A is a potential novel therapeutic
agent for the treatment of bronchial asthma.

Sema3E (originally termed M-SemaH) was first identified in the metastatic
cell lines using a differential display technique which allowed to identify 2 splice
variants encoding the same 775 a.a. protein [59]. The protein consists of a puta-
tive signaling sequence in NH- terminus followed by a large semaphorin domain,

a c2 immunoglobulin-like domain at the amino acids 595-659, approximately 20
residues serving as a transmembrane domain, and positively charged residues in
the COOH-terminus [59]. Sema3E contains 13 conserved cysteine residues and 3
potential A’-glycosylation sites. The amino acid sequence of Sema3E was found to
be 82% identical to the reported partial sequence of chick collapsin 5 and 44-48%
to all other members of the subclass III of the family [59]. Also, the AU-rich motif
(AUUUA) conferring protein instability has been defined.

The extensive work by Movassagh and associates from the laboratory of Dr.
Gounni at the University of Manitoba, Canada [60] defined the effect of Sema3E
deficiency in experimental mouse model of asthma. Such deficiency resulted in
substantial airway eosinophilia in untreated Sema3E "~ mice whereas the numbers
of alveolar macrophages, T, B, NK, and NKT cells were comparable to those in WT
mice. Therefore, the absence of Sema3E predisposed mice to allergic inflamma-
tion. Indeed, repeated inhalational exposure to HDM increased many components
of asthmatic response in Sema3E ™~ mice. This increase involved peribronchial
inflammation, AHR to methacholine challenges, goblet cell hyperplasia, collagen
deposition, and Th2/Th17 cytokine levels. All these features of asthmatic response
were significantly downregulated when recombinant Sema3E was administered to
the allergen sensitized mice intranasally [61]. A higher frequency of CD11b + pul-
monary DC, a Th2- promoting subtype of DC, was observed in Sema3E—/— mice in
both, the steady-state and allergen sensitized conditions as compared to WT control
animals. When adoptively transferred to naive mice, these Sema3E—/— CD11b + DC
were able to induce the highest allergic lung inflammatory response especially when
the DC recipients were Sema3E—/— mice. While examining the generated bone
marrow chimeric mice, the authors defined the contribution of Sema3E on bone
marrow-derived inflammatory cells in allergen-induced lung pathology. This work
aligns with their previous study demonstrating Sema3E-mediated inhibition of
human ASM cell proliferation and migration and defining the signaling pathways
involved in such effect [62]. Moreover, their recent study clearly demonstrated a
suppressed Sema3E expression in human severe asthma using bronchial biopsy
and lung tissue histology specimens [63]. These data suggest that Sema3E plays an
important regulatory role in allergic asthma. Targeting this molecule could be a
novel approach to treat allergic asthma.

3.2 Sema4A and Sema4D

The Sema4A molecule is a 761 aa long glycoprotein of 150 kDa molecular weight
with an NH2-terminal 32 aa signal peptide, a Sema domain, and an Ig domain of the
C2 type (both 651 aa), a hydrophobic 21 aa transmembrane region, and a 57 aa cyto-
plasmic tail (Swissprot Accession # Q9H3S1). Its functions are the most complicated,
diverse, and least studied. Sema4A has six known receptors (reviewed in 12). Sema4A
exists in both membrane-bound and soluble forms [64, 65]. On the cell surface, it is
expressed as a monomer and a dimer [65].

The role of Sema4A in asthma has been evaluated in the laboratory of
Dr. Chapoval at the University of Maryland, USA [64, 66, 67]. It has been shown
previously that lung-specific vascular endothelial growth factor (VEGF) expression
induced asthma-like pathologies in the murine lungs [68, 69]. The experimental



Recent Advances in Asthma Research and Treatments

models of OVA-induced and VEGF-mediated allergic airway inflammation were
used to assess the changes in expression of immune semaphorins and their receptors
in mouse lung tissues [64]. We reported Sema4A expression was detected on bron-
chial epithelial cells, smooth muscle cells, and accessory-like cells. Both external
allergen and lung local VEGF upregulated the expression of Sema4A and its recep-
tors in the lung tissue. Allergen treatment led to a detection of a whole Sema4A
protein plus its dimer in the bronchoalveolar (BAL) fluids under inflammation
which was not found in the control mouse group. Iz vivo allergic response which
consisted of eosinophilic BAL and lung tissue infiltration, mucous cell hyperpla-
sia, AHR to methacholine challenges, sera Ag-specific IgG1/IgG2b/IgE contents,
and IL-13 levels in BAL, sera, and cell cultures, was significantly upregulated in
Sema4A—/— mice as compared to similarly treated WT mice [66]. In our next study,
we employed iz vivo re-introduction of rhSema4A to Sema4A-deficient and suf-
ficient mice before the allergen challenge which was sufficient to downregulate the
number of BAL eosinophils and the levels of BAL cytokines such as IL-6, IL-17A
and TNFa [67]. Moreover, using rhSema4A in a chronic model of allergen exposure,
we showed that it retains a potent anti-inflammatory effect even when lung tissue
damage and remodeling are established [67]. The observed i vivo critical regula-
tory effect of Sema4A in acute and chronic allergic responses suggests that Sema4A-
related pathways may be used for an immunotherapeutic asthma intervention.

A recent study by Lynch and associates [70] examined the role of Sema4A in
respiratory syncytial virus (RSV)-induced bronchiolitis which is a predisposition
for asthma. The authors used BDCA2-diphtheria toxin receptor (DTR) transgenic
mice to induce the specific and reversible depletion of plasmacytoid DC (pDC)
with intraperitoneal DT injections. They showed that pDC depletion in neonatal,
but not adult, mice increased bronchiolitis severity and was sufficient to evoke an
asthma-like phenotype upon viral challenge thus conforming that severe bronchi-
olitis in early life predisposes to subsequent asthma upon viral exposure. They also
demonstrated that pDC from virus-infected mice expand Foxp3 + NRP1+ Treg cells
and such expansion is effectively inhibited by the use of anti-Sema4A neutralizing
Ab. Moreover, NRP1+ Treg cells transfer from infected to naive mice prevents
the recipients from viral bronchiolitis and subsequent asthma. This study further
strengthens the importance of the Sema4A-mediated Treg cells expansion pathway
and its important role in asthma protection and/or suppression.

Sema4D, also known as Cluster of Differentiation 100 (CD100), was the first
semaphorin with defined expression and function in the immune system ([71, 72],
reviewed in [12, 44, 73]). Several studies pointed to its critical regulatory role in
the immune system ([74, 75], reviewed in [12, 44, 73, 76]). Sema4D consists of
an NH2- terminal signal peptide, a sema domain, an Ig domain of the C2 type, a
hydrophobic transmembrane region, and a cytoplasmic tail [71, 72]. The molecule’s
crystal modeling demonstrates the presence of a conserved seven-blade p-propeller
structure [77] which is the structure of a conserved sema domain and is shared
by all semaphorin family members. There is an 88% amino acid identity between
human and murine Sema4D homologs [72]. Sema4D exists in both, membrane-
bound and soluble forms, which are both biologically active [78, 79].

The recent report from Dr. Chapoval’s laboratory at the University of Maryland
has demonstrated an important regulatory role of Sema4D in asthma pathogenesis
[80]. We exposed Sema4D-deficient and WT mice to OVA injections and chal-
lenges in the well-defined mouse model of OVA-induced experimental asthma.
Sema4D-deficient mice demonstrated a significant decrease in eosinophilic airway
infiltration after allergen challenge relative to WT mice. This reduced allergic
inflammatory response was associated with decreased BAL Th2 and Th17 cytokine
levels. The reduced T cell proliferation in OVAs23-330-restimulated Sema4D—/— cell
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cultures suggested lower T cell activation. Sema4D deficiency led to the increased
number of Treg cells in mice after the allergen challenge. Surprisingly, Sema4D
deficiency had no effect on airway hyperreactivity (AHR) to methacholine chal-
lenges in either acute or chronic experimental disease settings. Moreover, the lung
DC number and activation were not affected by Sema4D deficiency. Our research
data provided new insight into Sema4D biology and defined Sema4D as an impor-
tant regulator of Th2-driven lung inflammation and as a potential target for disease
immunotherapy.

3.3 Sema6D and Sema7A

Molecular cloning, mapping, and functional analysis of Sema6D together with
Sema6C have been carried out more recently if compared to other semaphorins
with costimulatory properties ([81], reviewed in [12]). Amino acid sequence
alignment analysis of human semaphorin (HSA)SEMAG6C, rat Sema6C, and mouse
Sema6C showed the existence of the class VI semaphorin characteristic of the
extracellular domain and PSI domain, which differ from all known members of
semaphorin family. Predicted structure (HSA)SEMAG6D isoforms were compared
with related semaphorin proteins. Five isoforms of SEMA6D have been isolated and
the significance of the alternatively spliced variants was evaluated by RT-PCR and
Northern blots. The expression of different isoforms was found to be regulated in
a tissue- and development-dependent manner. Sema6D consists of a signal pep-
tide, a PSI domain, a transmembrane segment, an Ig domain, and a sema domain.
Sequence analysis has shown that the translated polypeptides are composed of
a 1-21 aa signal peptide followed by a 59-477 aa sema domain, a 508-563 aa PSI
domain, a transmembrane segment, and a long cytoplasmic region.

The role of Sema6D in asthma has never been investigated. Based on the
published data claiming a costimulatory role of Sema6D in T cell activation, we
assume it regulates a disease severity. Regulation of T cell activation by Sema6D
was examined iz vitro and in vivo [82]. Upon T cell activation, after an initial
decrease in Sema6D mRNA expression, they observed its stable upregulation and,
later, a protein expression on the surface of T cells. This upregulation was relevant
to both anti-CD3/CD28-stimulated and Ag-stimulated T cells. Using Sema6D-Ig,
the authors identified Plexin A1 on DC as a Sema6D receptor. Interestingly, when
anti-Sema6D blocking Ab was added to the cell cultures, it affected T cell prolifera-
tion in late stages (4-6 days of culture) whereas in the early stages (2-4 days), T cell
viability and proliferation, as well as cytokine (IL-2) production, were not different
from those without Ab in the culture. Specific targeting of Sema6D decreased T
cell activation iz vivo in the OTII cell adoptive transfer model. In this model, OTII
T cells were obtained from the aTCR-transgenic strain that contains rearranged
TCR-Va and -V genes in the germline DNA encoding a TCR specific for chicken
ovalbumin (OVA) peptide 323-339 bound to I-A molecules in a context of H-2b
haplotype (CD45.2). These CD45.2 cells were adoptively transferred to congenic
B6-Ly5.2/Cr (CD45.1) recipients. The splenocyte proliferation was assessed as an
expansion of donor OTII T cells in the recipient mice and expressed as the percent-
age of TCR+ CD4+ CDA45.2+ cells in the isolated splenocyte population. The donor
cell numbers were significantly lower when the recipient (CD45.1) mice received
Sema6D-Ig at the time of cell plus OVA protein injections. Interestingly, Sema6D-Ig
treatment did not affect an early T cell activation (day 4) but significantly reduced
CD45.2+ T cell expansion on day 7. It is still unclear, however, if Plexin Al is the only
functional receptor for Sema6D on DC.

It is well established that macrophage polarization is a result of and a contributor
to asthma pathogenesis [83]. Macrophages consist of more than 70% of lung cells
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and increased M2 macrophage polarization mirrored by increased Th2 response
leads to further heightening of asthma pathology [83]. Macrophages and DCs
expressed high levels of Sema6D [84]. Sema4D deficiency led to a downregulation
of M2 polarization by bone marrow-derived macrophages accompanied by signifi-
cant reductions in expression of Argl, chitinase 3 like-1 (Chi3I1), Retnla, and I110,
as determined by qRT-PCR [84]. In vivo, Sema6D ™'~ mice demonstrated an exagger-
ated inflammatory response to LPS-induced sepsis accompanied by elevated levels
of proinflammatory cytokines, including IL-12p40, TNF, and IL-6 as compared

to WT mice. This study indirectly demonstrated the important role of Sema6D in
asthma in part by regulation of macrophage polarization and activation.

The cDNA clone containing the entire coding sequence of the Sema7A gene and
its molecular characteristics were first reported by Yamada and associates [85]. The
human Sema7A cDNA clones were identified through the screening of a plasmid
library generated from a leukemic T cell line. The 1998-base pairs of the cloned
DNA’s open reading frame encoded a 666 aa protein. This protein contained a 46 aa
signal peptide and a 19 aa GPIanchor glycophosphatidylinositol linkage motif. The
membrane-anchoring form of Sema7A was 602 aa long. The estimated molecular
mass of the nonglycosylated form was 68 kDa. The authors located an “RGD (Arg-
Gly-Asp) cell attachment sequence and the five potential N-linked glycosylation sites
on the membrane-anchoring form” The expression of a native Sema7A form in trans-
fected cells was confirmed by immunoprecipitation and flow cytometry analyses of
cell transfectants. The Sema7A gene was identified on chromosome 15 (15q23-24) by
radiation hybrid mapping. The 88.0% similarity at the nucleotide level was detected
between murine and human Sema7A or 89.3% similarity at the amino acid level of
corresponding proteins [86]. Both human and mouse SEMA7A contain a seven-
bladed B-propeller semaphorin N- terminus domain, a plexin, semaphorin, and
integrin domain (PSI), an immunoglobulin-like domain, and the characteristic for
this particular semaphorin molecule GPI anchor in their C-terminus [87].

The extensive examination of a costimulatory function of Sema7A in T cell
proliferation established this neuroimmune semaphorin as an inhibitor of T cell
activation [88]. Sema7A™~"~ T cells demonstrated an enhanced proliferation upon Ag
re-stimulation iz vitro. However, no significant differences were observed in WT
and Sema7A—/— DC maturation induced by various TLR ligands. Moreover, Sema7A
deficiency in DC did not affect their ability to activate WT T cells. Furthermore,
Sema7A ™"~ Treg cells were functional and actively comparably to WT Treg cells
suppressed experimental colitis iz vivo. This further points to a specific defect in
the naive CD4 T cells associated with Sema7A deficiency. The proposed model of
Sema7A function in T cell signaling is that Sema7A interacts with the components of
the TCR complex and with a putative receptor on APCs which stabilizes TCR/CD3
complex and promotes inhibitory signals that limit T cell proliferation. The role of
Sema7A in asthma has been reported in two recent publications [89, 90]. Sema7A
was found to be expressed on the surface of circulating eosinophils and upregulated
on bronchoalveolar lavage eosinophils obtained after segmental bronchoprovoca-
tion of asthmatic patients with allergen. Moreover, among all BAL cells, eosinophils
were the predominant source of Sema7A. Among the members of the IL-5-family
cytokines such as IL-3, IL-5, and GM-CSF, Sema7A protein on the surface of blood
eosinophils was increased most by IL-3 exposure. The adherence of IL-3-activated
eosinophils to the plate-bound receptor plexin C1 was doubled from the initial 30%
in inactivated cells to 60% which proves the functional effect of Sema7A expressed
on the eosinophil surface. Interestingly and relevant to asthma pathophysiology,
arecombinant Sema7A induced alpha-smooth muscle actin production in human
bronchial fibroblasts. These studies established semaphorin 7A as an important
modulator of eosinophil profibrotic functions in the airway remodeling of patients
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B7 family member Rolein Function Reference
asthma
B7-1/B7-2 Stimulatory Stimulates T cell activation and [17,18]
inflammatory cytokines production
B7-H1 (PD-L1)/ Inhibitory Downregulates inflammatory cytokines [22, 25, 26]
B7-DC (PD-L2) production and airway hyperreactivity
B7-H2 Stimulatory Induces Th2 cytokines and IgE productions [28,29]
B7-H3 Stimulatory Increases Th2 and Th17 cytokine production [35, 36]
B7-H4 Unknown
B7-H5 Unknown
B7-H6 Unknown
B7-H7 Unknown
ILDR2 Stimulatory Promotes Th2 response [42, 43]
Table 1.

Role of the By family members in asthma.

Semaphorin Role in Function Reference
asthma
Sema3A Inhibitory Stimulates Treg cells. [55-58]

Low serum levels correlate with asthma severity
Downregulates lung inflammatory response

Sema3E Inhibitory Sema3E deficiency upregulates asthmatic response, [60-63]
led to a high frequency of Th2 promoting DC.
Sema3E inhibits ASM cell proliferation. Low lung
tissue expression is associated with higher asthma
severity.

Sema4A Inhibitory Sema4A deficiency led to increases in many asthma [66, 67]
parameters. Recombinant Sema4A applications
in vivo led to a suppression of asthmatic response.
Stimulates Treg cells i vitro and in vivo, induces
new Treg cells in the in vitro CD4 + T cell cultures

Sema4D Stimulatory Sema4D deficiency led to a lower lung inflammatory [80]
response to allergen challenges, lower T cell
activation, and increased number of Treg cells

Sema6D Unknown
Sema7A Inhibitory Expressed on eosinophils. Regulates ASM [89, 90]
contractility. Eosinophils are predominant source
of Sema7A in the lungs. Lung Sema7A expression is
upregulated by allergen bronchoprovocation
Table 2.

Role of neuroimmune semaphorins in asthma.

with chronic asthma. The interference with the described pathway holds the poten-
tial to modulate asthma inflammation in the future (Tables 1 and 2).

4, Conclusions

Analysis of costimulatory molecules critically involved in asthma, a chronic
respiratory Th2-driven disease, will help us to underline the immune mechanisms

13
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of disease development and progression. A complete understanding of these
mechanisms will guide the development of novel therapeutic strategies to combat
asthma and related allergies. Studies aimed to characterize the functions of sev-
eral B7 family members and semaphorin family members in allergic asthma are
either incomplete or ongoing. Further studies of the interplays between different
individual costimulatory pathways should provide clearer insights into the disease
pathology and guide the development of precise therapeutics.
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Chapter2

Asthma and COVID-19

Gulfidan Uzan

Abstract

Asthma is a heterogeneous disease developed against various stimuli (indoor
and outdoor allergens, cigarette, air pollution, etc.), associated with airway
hypersensitivity and characterized by chronic airway inflammation. COVID-19 isa
disease caused by a coronavirus strain called Severe Acute Respiratory Syndrome-
coronavirus-2 (SARS-CoV-2). There may be some clinical confusions in proper
diagnostics due to certain similarities of both diseases’s symptoms such as, for
example, a difficulty of breathing, cough, and shortness of breath. The current data
on asthma being a risk factor for COVID-19 are controversial. It has been reported
that asthma is not a risk factor for COVID-19 as the course of COVID-19 in patients
with asthma is similar to that observed in the normal population. On the other
hand, a current guidance from the World Health Organization (WHO) suggests
that asthmatic patients can get more severe illness from COVID-19. Moreover, as
with all respiratory tract infections, SARS-CoV-2 virus can certainly impair asthma
control. However, recent studies suggest a potential beneficial effect of corticoste-
roids on SARS-CoV-2 infection as they suppress type II inflammation and restore
anti-viral immunity. Prolonged use of a high dose of systemic steroids can increase
susceptibility to infection and the occurrence of systemic side effects. However,
patients with asthma should definitely continue their prescribed treatment with
inhaler steroids and other additional medicines they use during SARS-CoV-2
infection. In asthmatic patients infected with SARS-CoV-2, the most significant
risk factor is the loss of asthma control and subsequent presentation to healthcare
centers due to the lack of asthma control. Therefore, the asthmatic patients using
biological agents are recommended to continue their prescribed treatment such as
omelizumab, mopelizumab and prolong the treatment intervals during the peak of
infection.

Keywords: asthma, COVID-19, pandemic, asthma treatment, inflammation

1. Introduction

COVID-19 is a disease caused by a novel coronavirus strain [1-10], which has
been named by the International Committee on Taxonomy of Viruses (ICTV) as
SARS-CoV-2. It has caused a severe viral pandemic worldwide since March 2020
[8, 11]. The virus was first reported in Wuhan, China. Its source is thought to be a
live animal market, namely bats [12]. The transmission is via respiratory droplets
[8, 9]. The mean incubation period is 2 to 7 days and the main symptoms include
fatigue, shortness of breath, fever, coughing, loss of smell and taste, sore throat,
muscle pain, headache, vomiting and diarrhea [2, 13]. The course of disease is
highly variable. Comorbidities seen in infected individuals are important in terms
of the healing time, going to intensive care, and affecting mortality. Among these
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comorbidities, particular conditions such as hypertension, ischemic heart diseases,
diabetes, and chronic obstructive pulmonary disease represent the most important
risk factors for a severe course of disease [13, 14].

Asthma is one of the most common chronic respiratory tract diseases [15]. It is
considered to affect approximately 300 million people across the world. Prevalence
rates vary to a great extent, ranging from 1% to 18% in children and adults in
different countries [16]. Asthma exacerbation is an important reason for emer-
gency admission [15, 16]. It is defined by respiratory symptoms such as wheezing,
shortness of breath, tightness in the chest and/or coughing and expiratory air flow
limitation. These signs vary in in time. Usually, exacerbations are observed due to
various factors like allergy or irritants, exercise, change of air or respiratory tract
infections. Symptoms and airway limitation are frequently resolved with treatment
or spontaneously and may be absent for weeks or months. On the other hand, such
exacerbations may be life-threatening, i.e. the disease may have various clinical
presentations and severities which are specific to each patient [16]. For an effec-
tive treatment and control of the disease, it is important to educate the patient and
help to cooperate with the doctor. The education includes preparation of a written
asthma action plan and medical evaluation at regular intervals. A written asthma
action plan is a document prepared specifically for the patient by the doctor to show
how to monitor his/her symptoms and respiratory functions at home, and it should
be reviewed by the physician at regular intervals. This plan helps the patients recog-
nize the aggravation of their asthma and use suitable treatment options [16]. This
is very important for minimizing asthmatic patients’ visits to healthcare centers
during the pandemic and decreasing the risk of transmission [16, 17].

In pandemic the patients with asthma should be managed in two groups: the
patients who have asthma but have not yet contracted COVID-19, and those who have
asthma and have contracted COVID-19 [18]. COVID-19 and subsequent association
between asthma and COVID-19 is a challenging clinical condition with more questions
than answers. However, we can make some predictions based on the available data.

2. Management of a patient with asthma who has not contracted
COVID-19

The main objective for patients should be to avoid COVID-19 infection. At first,
the patient should be informed that asthma does not pose an extra risk for contract-
ing COVID-19 as well as leading to a severe course of disease [19, 20]. Social isola-
tion and adherence to hygiene rules are the most important factors in prevention
of disease transmission. Patients with asthma are recommended to remain isolated
in their home environment, if possible. They should be instructed to self-monitor
symptoms using a PEFmeter [21]. Thus, visits to healthcare centers should be kept
at minimum. If patients do not have serious problems during this period, scheduled
visits should be delayed as much as possible and physicians should be consulted
by telephone, if necessary. In case of any increase in coughing and/or shortness of
breath, first of all, it should be made sure that the bronchodilators are delivered at
adequate doses and the bronchodilator device (nebulizer) is used correctly. The
patients should be instructed by their physician about what to do when their asthma
gets worse by means of a written action plan. Considering that an asthma patient
whol is on a control-visit may be a potential COVID-19 carrier, it is very impor-
tant not to perform a respiratory function test unless it is extremely necessary.
Otherwise, it is recommended to keep the room very well ventilated, provide the
test technician with appropriate protective equipment, particularly an N95 mask,
and perform the test in a negative pressure room, if possible [22].
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Approximately 80% of patients with asthma have allergic rhinitis and
approximately 40% of patients with allergic rhinitis have allergic asthma. It is
important to keep the symptoms of allergic rhinitis under control for control of
asthma [22-24]. Patients with allergic rhinitis can also use their nasal steroids
and antihistamines safely during this pandemic [23, 25]. During the quarantine,
patients may have trouble gaining access to their medications due to outgoing
restrictions and risk of contamination. In Turkey, the validity of the medication
reports for patients with asthma has been extended from March 1st, 2020 by the
Turkish Ministry of Health and Social Security Institution so that patients can
obtain their medicines from pharmacies without prescription [8]. The validity of
disability reports has been also automatically extended. If patients with allergic
rhinitis do not use their drugs for symptom control especially during the pollen
season, their sneezing will increase. The same also applies for patients allergic
to house dust mites. Spring time poses a risk for asthma attacks in patients with
pollen allergy while similarly prolonged isolation and quarantine is a risk factor for
an attack and loss of asthma control in asthma patients allergic to house dust mites.
If patients with pollen allergy follow the rules of isolation and avoid going out,
their symptoms will be under control due to reduced contact with pollens. These
patients should ventilate their rooms in the afternoon and, if they have to ventilate
it in the morning, they should stay in another room. In patients with allergic rhini-
tis who use masks effectively when they go out, exposure to pollens will be reduced
and thus their symptoms and the need for medications will also be decreased.
Patients with allergic rhinitis sensitized to house dust mites are unfortunate
during this period because of a prolonged stay in closed environments. Therefore,
itis very important that they use their allergic rhinitis medications regularly and
follow the measures to protect themselves from house dust mites. While hand
disinfectants containing chlorhexidine are not effective in SARS-CoV-2 [26], they
may also lead to asthma attacks in those allergic to this chemical [26]. Use of latex
hand gloves for hand hygiene may also lead to asthma attacks in patients with latex
allergy, therefore the washing hands with soap and water should be preferred [26].

As a result asthma patients who have not contracted COVID-19 should definitely
continue their inhaler steroid treatments and additional prescribed medications,
and should follow the protection and hygiene rules as much as possible even when
they are clinically stable [8, 16]. Discontinuation of controlling medications leads to
disease exacerbation, increases the risk of having an asthma attack and eventually
poses a higher risk for SARS CoV-2 contamination by hospital admission. Doses
of inhaler steroids should not be reduced even when asthma is under control. The
disease may also be controlled with non-steroidal treatments in some patients with
asthma. In these patients, other treatments should be continued without steroids
or in combination with low dose steroids [18]. Systemic steroids should be used as
short as possible in patients with severe asthma. Because in long-term use, suscepti-
bility to infection and steroid side effects may occur [15, 18].

3. Management of a patient with asthma who has contracted COVID-19

Pathophysiology of the coronaviruses (CoVs) and asthma comorbidity is com-
plex and many aspects are unknown. In this book chapter we review the available
literature on the pathogenesis of asthma and COVID-19.

Asthma is characterized by chronic airway inflammation [16], mainly a type 2
inflammation. Type 2 immunity involves helper T cells (Th 2), type 2 B cells, type 2
innate lymphoid cells, type 2 macrophages, IL-4 releasing natural killer (NK) and
natural killer T (NKT) cells, basophils, eosinophils and mast cells [3, 4]. In general,
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antiviral and allergic responses are two separate branches of immunity and interact
in a comprehensive network of interactions. Type I IFNs are the family of antiviral
cytokines that play an important and central role in this network. In asthma, release
of type I IFNs from bronchial epithelial cells and plasmacytoid dendritic cells is
disrupted [3, 4].

It is well known that eosinophils play a central role in allergic diseases includ-
ing asthma [4]. The possible effects of eosinophils on CoV are also remarkable.
Eosinophils have a potential role in enhancing viral clearance and antiviral host
defense. Recombinant eosinophil-derived neurotoxin (a major eosinophil ribo-
nuclease) is capable of reducing the infectivity of respiratory syncytial virus (RSV).
In addition, eosinophils can be activated with ssRNA through triggering the TLR-
7-MyD88 signaling pathway, which might result in RSV clearance and limitation
of virus-induced lung dysfunction. The low prevalence of COVID-19 in asthma
patients may be due to eosinophils’ defense against the virus. Eosinopenia occurs
in COVID-19, pathophysiology is unclear [27]. Blockade of eosinophil release from
bone marrow during acute infection, decreased expression of chemokine recep-
tors or direct eosinophil apoptosis may caused by type 1 IFNs may be responsible.
There is little indication that eosinophils play a protective or aggravating role during
SARS-CoV-2 infection. Eosinopenia, however, may be a prognostic indicator for
more severe SARS-CoV-2 infection [27]. Additionally, it is not known whether
eosinopenia is a consequence of impaired immunity or biologics intake. The role of
eosinophils in the course of eosinophilic inflammation associated with SARS-CoV-2
infection and allergy needs to be investigated further [4].

In theory, asthma as a lung-targeted chronic disease should increase the vulner-
ability of lung tissue to COVID-19 infection and should lead to a worse course
of COVID-19 and reduced anti-viral immune response. But, interestingly, it was
reported that asthma produces a type 2 inflammatory cytokines (IL-4,-5 and — 13)
and accumulation of eosinophils in the airways and their number increases systemi-
cally, what provides a protection against COVID-19 [4]. As with SARS and other
seasonal coronaviruses, SARS-Cov-2 also uses the cellular receptors of angiotensin
converting enzyme 2 (ACE2) to invade the cells. Upregulated ACE-2 expression
increases the sensitivity of receptor-expressing cells to infection. However, ACE-2
expression in the respiratory tract epithelium is decreased in patients with asthma
as compared to normal control subjects, and this protects from COVID-19 [4, 5, 28].
Allergic diseases do not predispose to COVID-19 and does not increase COVID-19
severity. Asthma also does not pose a risk to COVID-19, and there is no differ-
ence between asthma patients with and without COVID-19 in terms of hospital
admission and severity of the course of disease [15, 28-30]. When patients with
asthma contract COVID-19, they have a disease course similar to that of the normal
population [15, 31]. But as with all viruses causing respiratory tract infections,
SARS-CoV-2 is also a risk factor for asthma attacks and disrupts asthma control
[16, 32]. Despite proper and adequate treatment bronchodilator therapy, patients
with increased symptoms, additional symptoms and/or contact history should be
admitted to the hospital and undergo appropriate examination and investigations.

Exacerbation of asthma and allergic rhinitis may also be confused with COVID-
19 clinically [8, 23]. Dry coughs and shortness of breath may be seen asthma,
allergic rhinitis and COVID-19. Seasonality of symptoms and history of symptom
development in the presence of exposure to a certain allergic agent are quite helpful
in the differential diagnosis of allergic rhinitis. Atopy test also supports the diagno-
sis. It is also very important to distinguish between an asthma attack and COVID-19
infection attack in a patient with a prior diagnosis of asthma as both display inter-
fering symptoms such as shortness of breath and coughing. Therefore, differential
diagnosis is extremely significant in the group of patients with such comorbidity.
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In addition to the clinical presentation, laboratory findings (such as eosinophil and
lymphocyte count, C reactive protein, D Dimer) may also be beneficial in the dif-
ferential diagnosis. While presence of lymphopenia and eosinopenia in hemogram
may favor COVID-19 [8] increased eosinophil levels may indicate asthma. While an
asthma patient presenting with symptoms such as coughing, shortness of breath,
wheezing and stridor without any additional finding should be primarily evaluated
for an asthma attack; considering that everybody may be infected in such a pan-
demic, extra care should be exercised regarding social isolation, distance and the
use of personal protective equipment for the safety of both patient and healthcare
personnel [8]. Asthmatic patients who develop weakness, loss of smell and taste
should have chest X-ray and blood tests for COVID-19 [8].

4. Symptoms of asthma, COVID-19 and allergic rhinitis

Corticosteroids hold a significant place in the treatment of asthma [2]. High-
dose corticosteroids have been used o during the SARS and MERS outbreaks and
in COVID-19 to suppress lung inflammation during critical illness of infected
patients. Corticosteroids (inhaled or systemic) can inhibit production of the critical
antiviral mediators type I and III interferons [3]). At the same time its suppress type
2 inflammation and their use in COVID-19-associated exacerbation may lead to the
beneficial effect of secondary restoration of impaired antiviral immunity. However,
clinical evidence of corticosteroid use in COVID-19 is still insufficient [3].

In patients with asthma who have contracted COVID-19, inhaled corticosteroid
dose may be increased 4-fold depending on the severity of the disease or use of sys-
temic administration of steroids is recommended [18, 30]. In patients with severe
asthma, systemic steroid therapy should be used as short as possible, as in asthma
patients without COVID-19.

Steroid therapy preferably should be taken in the form of metered-dose inhalers
containing dry powder rather than nebulizers [5, 33]. Metered-dose inhalers are
ideal devices thanks to their ease of use and low risk of viral transmission, but they
may not be effective in cases of severe dyspnea, cognitive or neuromuscular disor-
ders and respiratory failure with inadequate inspiratory strength [33]. Dry powder
inhalers are able to reach the lungs in low inspiratory flow and do not require
hand-breath coordination (squeezing the inhaler medication at the same time while
breathing deeply). On the other hand, dry powder inhalers may lead to irritation in
the airways and coughing, and a by creating aerolization potential viral transmis-
sion is also of question. It is contradictory whether the treatment with a nebulizer
is risky in terms of viral transmission due to aerosolization [34]. As a result, a
metered-dose inhalator with a valved reservoir or dry powder inhaler is preferred
for reducing the auto-aerosolization and spread of the virus [35].

Leukotriene receptor antagonists with their beneficial anti-inflammatory and
bronchodilator activities may also be added to the treatment of the patients with
COVID-19 and asthma admitted to the hospital [5, 30, 36].

Azithromycin has been shown to be an effective treatment in decreasing the fre-
quency of exacerbations and improving the quality of life in asthma patients whose
condition cannot be controlled with standard treatment [31, 37]. Azithromycin
decreases the risk of COVID-19-related severe outcomes by increasing the IFN
production associated with a natural antiviral immunity in respiratory tract cells
[37]. However, azithromycin is not recommended for prophylactic treatment of
COVID-19 [37].

An asthma patient receiving allergen immunotherapy who is infected with
COVID-19 or in contact with an infected person may continue to receive his/her

25



Recent Advances in Asthma Research and Treatments

treatment in the absence of any symptoms [38]. It has been reported that immune
response to virus can be improved and cytokine storm can be prevented by this
treatment [4, 30, 39]. But if there are any signs of respiratory tract infection, it is
recommended to treat this infection [39].

Use of Anti-IgE, anti-IL-5/IL-5 alfa, anti-IL-4 alfa is not risky for patient with
asthma who has contracted COVID-19, therefore such medications may be safely
used to control asthma [30, 40]. Although patients using biologic agents are recom-
mended to continue their treatment. During the period of COVID-19 peak, biologi-
cal agent treatment is applied less frequently. Biological agent therapy continues as
before when symptoms are improved or COVID-PCR becomes negative [22, 23].
Since patients with severe asthma may be at higher risk of severe COVID-19 infec-
tion, they should avoid any activities which may disrupt their asthma control and
they should use their asthma therapies properly.

In conclusion, asthma does not represent a risk factor for COVID-19 and asthma
does not adversely affect the course of COVID-19. However, it is extremely impor-
tant to keep asthma under control particularly during the pandemic period. Patients
with asthma should be recommended to continue to use inhaler steroids that keep
their asthma under control along with other prescribed medications. Patients
should be provided with a written emergency action plan because nowadays a
visit to a healthcare center carries a risk for the SARS-CoV-2 infection. In order to
prevent the risk of transmission of infection, training should be given on maintain-
ing social isolation and distance, avoiding contact, hand hygiene and correct use
of masks.
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Personalized Digital Phenotype
Score, Healthcare Management
and Intervention Strategies Using

Knowledge Enabled Digital Health
Framework for Pediatric Asthma
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Abstract

Asthma is a personalized, and multi-trigger respiratory condition which requires
continuous monitoring and management of symptoms and medication adherence.
We developed kHealth: Knowledge-enabled Digital Healthcare Framework to
monitor and manage the asthma symptoms, medication adherence, lung function,
daily activity, sleep quality, indoor, and outdoor environmental triggers of pediatric
asthma patients. The kHealth framework collects up to 1852 data points per patient
per day. It is practically impossible for the clinicians, parents, and the patient to
analyze this vast amount of multimodal data collected from the kHealth frame-
work. In this chapter, we describe the personalized scores, clinically relevant asthma
categorization using digital phenotype score, actionable insights, and potential
intervention strategies for better pediatric asthma management.

Keywords: Pediatric patients, Asthma management, Multimodal data,
Personalization, Intervention, Digital phenotype, Actionable information,
Self monitoring, Self management

1. Introduction

Asthma is a multi-trigger disease with or without co-morbities such as obstruc-
tive sleep apnea, increase in body mass index (BMI), rhinitis, sinusitis, gastro-
esophageal reflux disease, psychopathologies etc. [1]. 8.3% of children in United
States suffer from asthma [2]. Pediatric asthma affects the child’s quality of life
with reduced activity, lack of concentration, growing up with missed school days,
emergency room visits, etc. [3].

As per the current clinical practice, the clinician does not get the holistic view of
the asthma patient’s health condition during the clinic visit scheduled once in every
one to two months for severe persistent and once in six months for mild persistent
asthma patient [4]. However, with the advent of Internet of Things (IoTs) sensors
and mobile applications for collecting Patient Generated Health Data (PGHD) it
has become convenient for patients (parents in the case of children below age 12)
to log their daily symptoms, medication intake, and daily activity. The multi-modal
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PGHD is big data which suffers from challenges of velocity, volume, and variety [5].
The data is collected at different intervals for each sensor, is of different variety and
volume. It is challenging to integrate this overwhelming data for analysis. It is impos-
sible for the clinicians alone to analyze this data coming in with different velocity,
variety, and volume along with their existing duties. It is challenging and practically
impossible for the clinicians and the patients to generate actionable insights from this
vast amount of data due to lack of time, resources, and data analysis skills [6].

In this chapter, we introduce a knowledge enabled healthcare framework,
kHealth, which is being used by the pediatric asthma patients for self monitoring
and by the clinicians to derive real time insights into patient’s healthcare protocol.
The technologies like kHealth are extremely useful especially during a pandemic
when the in-person patient visits shifts to telemedicine appointments [7]. The clini-
cians can use kHealth framework during the telemedicine appointment to visually
explores the PGHD along with the EMRs to better understand the patient’s disease
prognosis and suggest diagnoses. Also, a patient can use the kHealth framework to
continuously monitor, appraise, and manage her chronic disease [8]. A detailed sce-
nario for a pediatric asthma patient is given in [8, 9] [See Multimedia Appendix A].

The data collected from the kHealth framework is used to simulate Personalized
Scores, and Digital Phenotype Score (DPS) which is a clinical equivalent for the Asthma
Control Test (ACT) score. The DPS is used to categorize the asthma patients into their
asthma control levels and recommend intervention strategies to the clinicians.

The chapter is divided into seven sections, Section 1 is introduction, Section 2
provides a brief overview of the kHealth framework and its components, Section 3
explains the study methods, study design, and study protocol, Section 4 discusses the
personalized scores followed by Section 5 on Digital Phenotype Score, Section 6 dis-
cusses actionable insights and causal intervention, and Section 7 concludes the chapter.

2. kHealth: knowledge-enabled healthcare

A knowledge-enabled healthcare framework, kHealth (Figure 1, Multimedia
Appendix B), is a personalized framework for self monitoring of patient’s symp-
toms, medication adherence, lung function, activity, etc. for pediatric asthma
patients. The framework utilizes the existing medical knowledge along with
the PGHD to assist the child, parent, and the clinician in better monitoring and

Symptom - 6 types )
Meds - 2 types -
Nght awakenings, (eSS A Android

Activity limitation [JIEER

(E) kHealth Dashboard

Foobot
»

Figure 1.
kHealth architecture.
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management of asthma. It provides an alternative to the traditional episodic
clinician-centric health care by supporting real-time monitoring of a child’s health
condition. kHealth gathers empirical evidences to analyze and monitor disease pro-
gression and help in asthma management. It is a step towards exploring issues such
as: What is the asthma control level of the child?, What is the medication compli-
ance of the child?, What are the possible triggers for the child’s asthma symptoms?,
Can we understand the causal relationship between symptoms and possible triggers
or factors responsible for the symptoms?, Can we predict asthma attacks based

on the past data collected from the child?, etc. The kHealth framework consists of
kHealth kit, kHealth cloud, and kHealth dashboard (described below).

2.1 kHealth kit

The kHealth kit consists of an android application (kHealth application) and a set

of sensors (Foobot, Fitbit, and a Microlife Peak Flow Meter). Sections below provide a
description of all the sensors and the type of data collected from them. kHealth frame-
work uses the active and passive sensing techniques for data collection. Active sensing
refers to the data collection where the child (or the parent) has to actively interact with
the technology (e.g., answering questions in the kHealth application) [10]. Passive

sensing refers to the data collected without active human interaction with the technol-
ogy (e.g., Wearing Fitbit which automatically collects activity and sleep data) [10].

2.1.1 kHealth application

The kHealth application is built using the widely used Android platform. The
application is designed in consultation with the clinician, tested with patients, and
iteratively refined before reaching the current version used in the study [11]. The
application asks questions similar to the ACT questionnaire (Table 1). The applica-
tion captures symptoms, medication intake, and activity limitation because of
asthma symptoms and nighttime awakenings using a questionnaire that the child
is expected to answer twice a day. The application is personalized for every child,

kHealth application questions Multiple-choice options

Are you currently experiencing any of the Cough, wheeze, chest tightness, hard and fast breathing,
asthma-related symptoms below? nose opens wide, cannot talk in full sentences, others
How many times did you take albuterol inhaler 1,2,3,4,5,6+

today because of asthma symptoms?

Have you had a wheeze, chest tightness, or Yes, No
asthma-related cough today?

How much did asthma or asthma symptoms None, a little, most of the day, at least half of the day
limit your activity today?

Did you take albuterol last night because of a Yes, No

cough or wheeze?

Did you wake up with a cough or wheeze last Yes, No

night?

Rescue medication question. For example, did Yes, No

you take albuterol today?

Controller medication question. For example, Yes, No
did you take Dulera today?

Table 1.
kHealth application questionnaire.
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such as the medication (rescue and controller) information for every child is taken
from the Electronic Medical Records (EMRs), and the medication intake questions
are asked for the prescribed medications only. Table 1 below shows the kHealth
application questionnaire.

2.1.2 Fitbit

Fitbit is a wearable sensor which collects activity signals such daily step count,
distance walked, floor climbed, sedentary minutes, lightly active minutes, fairly
active minutes, very active minutes, and calories burned during the activities. The
sleep signals includes minutes asleep at night, minutes awake, number of time the
child woke up at night (number of awakenings), time spend in bed, minutes of
REM (Rapid Eye Movement) sleep, minutes of light sleep, and minutes of deep
sleep. The child is required to wear the Fitbit provided as part of the kHealth kit
during the day and night.

2.1.3 Foobot

Foobot, is an indoor air quality sensor [12]. It is setup in the child’s room or in
the place in the house where the child spends majority of his/her time indoor. It
connects to the home wifi, and records signal every 5-15 mins. The foobot records
indoor temperature, humidity, carbon dioxide, volatile organic compound (VOC),
and particulate matter 2.5 (PM2.5). The sensor turns red from green (healthy air
quality) as an indicator of bad or unhealthy indoor air quality.

2.1.4 Microlife peak flow meter

Microlife Peak Flow Meter is used to record the child’s lung function measures
such as forced exhaled volume in 1 sec (FEV1) and peak expiratory flow (PEF).
The peak flow meter has in-built memory to save upto 240 readings. Microlife has
a free software available to the user to download their readings from the meter.
The reading is taken by standing/sitting up straight, and blowing hard in the meter
thrice. The device saves the highest of the three readings. As a backup, the child is
also asked to input the reading in the kHealth application.

2.2 kHealth cloud

The data collected from the kHealth kit are synced in real time with Firebase,
a Google cloud storage. Firebase provides active data listening for the client-side,
which offers data persistence over a network failure and resyncs to the cloud when
the network is restored. The kHealth application uses SQLite as the primary data
storage and Firebase as the secondary data storage. Data from Firebase are available
to Kno.e.sis researchers and clinicians for real-time analysis. Firebase provides a set
of real-time database rules and user authentication that allow data access control on
a per-user basis. It is built on the Google Cloud Platform, sharing the same level of
data security [13].

2.3 kHealth Dashboard

kHealth Dashboard (Figure 2, Multimedia Appendix C) is a cloud-based
platform that integrates and visualizes multi-modal PGHD data from the kHealth
kit. kHealth Dashboard visually explores the correlations between the child’s
readings about their asthma symptoms, lung function, medication usage, and
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kHealth dashboard.

environmental data [14]. In the Figure 2, the patient in consideration is prescribed
Albuterol, Atrovent, Singulair and Dulera by the clinician, had 24 intakes of rescue
medication (short-acting) during the course of the study, had symptoms of cough,
chest tightness and wheeze, had activity limitations, and had maximum PEF/FEV1
values of 112/0.89 and 98/0.87 in the day and night respectively during the course
of the study. The patient took rescue medications on 10th March when the outdoor
environment condition was: ozone 44 (good), pollen 6 (medium), and particulate
matter 78 (moderate). The next section describes the study procedure such as study
design, study recruitment, etc.

3. Methods

The section describes the kHealth study design and study recruitment process.

3.1 Study design

kHealth is an observational longitudinal study involving collaboration among
researchers from the Artificial Intelligence Institute at the University of South
Carolina, Kno.e.sis—an Ohio Center of Excellence for BioHealth Innovations at
Wright State University, and Dayton Children’s Hospital (DCH), the latter consist-
ing of a clinician and a nurse coordinator. The study was approved by the DCH
institutional review board (IRB). The study uses off the shelf sensors and widely
used technologies. The study comprises of 30 kits which allows parallel participa-
tion of up to 30 children at a time. The kHealth framework does not save any patient
identified information such as name, date of birth, etc. The kHealth participant is
given a kHealth ID such as KH001, KHOO02 to anonymize the data. The information
to anonymize and de-anonymize is stored only at the DCH and is not shared with
the researchers [15]. The information never leave the DCH servers.

3.2 Study recruitment

The study participants were recruited from Dayton Children’s Hospital (DCH)
under the guidance of a pediatric pulmonologist. The participants were children
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within the age group of 5-17 years diagnosed with asthma. The study coordinator
approached the parents of the children seeking asthma treatment at the DCH.
The parent, along with the child, consent to participate in the study. The parent
provides consent, and the child assent by signing a consent form to participate in
the study and giving permission to obtain the medical details from the EMRs. The
participant recruitment was random, with asthma diagnoses as the only prereq-
uisite. The type of asthma, such as persistent, non persistent, exercise induced,
and non exercise-induced asthma was not taken into consideration for the study
recruitment. The participant were given an option to participate in either one
month or three month study period. The consented participant were given a brief
demonstration of all the kHealth components. The participants also had access

to a user guide, tutorial video in the application to make it more accessible. The
contact information of the study coordinator, and the kHealth team were saved in
the user guide to reach out in case of any technical difficulties. The technical dif-
ficulties were resolved by the kHealth team while keeping the participant identity
anonymized.

The PGHD collected from the pediatric patients using the kHealth framework
is used to generate personalized insights into one’s healthcare protocol. The next
section describes the personalization in chronic diseases like asthma and how does
the PGHD can be used for better disease management, and self appraisal.

4, Personalization

Asthma is a personalized disease. An asthma patient differs from another
patient with respect to their asthma symptoms, possible triggers, medication
adherence, and asthma control levels. The below observation comes from pre-
liminary analysis and anecdotal evidence from the data. For example, Patients
A and B, both in the same asthma control, and severity level category and have
fall pollen allergies. However, Patient A does not show symptoms until the pollen
crosses the threshold 6 (pollen: medium [16]) whereas Patient B starts showing
symptoms as soon as the pollen levels goes beyond 3 (pollen: low-medium [16]).
Personalization in the kHealth framework is able to capture these granularities
(symptoms, medication intake, difficulty sleeping and reduced activity due to
the outdoor environmental conditions) at a given point in time. We also observe
patients in one asthma control level category are more proactive towards their
health and medication adherence resulting into fewer We define personalized
scores such as Symptom Score, Medication (Rescue, Controller) compliance
Scores, Activity Score, etc. to get a real time insight into the patient’s health
condition unlike the irregular ACT administered during the clinic visits. The per-
sonalized scores helps in real time categorization of the patient into their asthma
control levels.

4.1 Symptom score

Symptom score for a child is defined by the number of symptoms experienced
by the child during the course of deployment period. The symptom severity (Chest
Tightness being more severe than wheeze and cough, etc) is ignored for the symp-
tom score estimation.

S Total symptoms experienced by the child D
- Study Period

36



Personalized Digital Phenotype Score, Healthcare Management and Intervention Strategies...
DOI: http://dx.doi.org/10.5772/intechopen.97430

4.2 Activity score

Activity Score of a child is the number of days the child had restricted activity
during the study duration. The kHealth application asks a multiple-choice question:
How much did asthma symptoms limit your activity today? with four options: none,
a little, half of the day, and most of the day. The options are weighted on a scale of
0-3, respectively.

Number of daysof activity restriction (weighted option)
Study Period

AcS = 2)

4.3 Awakening score

The Awakening Score (AwS) is the measure of number of nights the child woke
up because of asthma symptoms during the study period. The kHealth applica-
tion asks a multiple-choice question: Did you wake up with wheeze, cough, or any
asthma-related symptoms?

_ Number of days child woke up due to asthma
- Study Period

AwS 3)

4.4 Rescue compliance score

The kHealth application collects data on the intake of the rescue medication
(short-acting bronchodilators) by asking questions such as Did you take albuterol
today? Rescue Compliance Score (RCS) is defined as the number of times the child
took the rescue medication during the study period. The rescue medication is taken
to mitigate or prevent the symptoms.

Total Resuce medication intake by the child
Study Period

RCS=

“)

4.5 Controller compliance score

The kHealth application asks questions (eg, Did you take Dulera today?) about
the intake of the controller medication (long-term control medication). An asth-
matic patient is prescribed a controller medication, which is supposed to take at
least once a day depending on the asthma control levels. The Controller Compliance
Score (CCS) is defined as the fraction of the number of days the child took the
controller medication during the study period.

Total Controller medication intake by the child
Study Period

CCS = (5)

The threshold for Controller Compliance Score is defined as Highly Compliant
for score greater than and equal to 0.70, Well Compliant for score greater than and
equal to 0.30 and less than 0.70, and Poorly Compliant for score less than 0.30.

Let us take an example scenario to better understand the personalized scores and
generate actionable insights into their asthma management. Alice is ten yrs. old and
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clinically (using the ACT score) categorized into Not Well Controlled asthma con-
trol level. She and her parents agreed to participate in the one month kHealth study
period. According to the data collected using the kHealth framework, Alice had

ten incidents of cough, ten incidents of wheeze, five chest tightness, no incidents
of hard and fast breathing, and no incidents of cannot talk in full sentences. She
woke up during the night due to asthma symptoms on ten nights and had asthma
symptom related activity limitation for five days. She had her controller medication
for twenty days and had five rescue medication during her study period. Alice had
a Symptom Score of 0.83 (=25/30; 10 cough +10 wheeze +5 chest tightness = 25
symptoms), Awakening Score of 0.33 (=10/33), Activity Score of 0.16 (=5/30),
Rescue Compliance Score of 0.16 (=5/30), and Controller Compliance Score of 0.66
(=20/30). Alice is Well Compliant for her controller medications. The next section
utilizes the above personalized scores for real time categorization of the child into
their asthma control levels.

5. Digital phenotype score: Asthma categorization

The child (or the parent) is given an Asthma Control Test (ACT) at the regular
checkup appointment. The ACT asks questions about the asthma symptoms,
school days missed, night time awakenings, inhaler intakes etc. in the past four
weeks. The child is categorized into one of the three asthma control levels of Well
Controlled, Not Well Controlled, and Very Poorly Controlled asthma based on the
scores obtained in the test. The ACT is used to analyze the asthma management
of the child in between the visits, and also as a measure of Does the therapy helps
the child’s asthma management?, or Is there a need for intervention and change in
therapy/treatment protocol? The ACT is administered during the infrequent clinic
visit and asks questions about past four weeks, it is highly unlikely the child or the
parent will remember all the relevant asthma episodes which leads to incorrect
asthma control level classification [17, 18].

Digital Phenotype Score (DPS) defined using the kHealth data and National
Heart, Lung, and Blood Institute (NHLBI) guidelines to categorize the child into
their asthma control level overcomes the limitations of the ACT scores [19-22].
The child/parent and the clinician do not have to wait for the clinic visits to get
an analysis of the current asthma management of the child. The clinician can use
the DPS for early and timely intervention to recognize any barriers to the current
therapy. The DPS is a quantified measure of the symptom score, activity score,
awakening score, and rescue compliance score. The DPS of greater than and
equal to one is classified as Very Poorly Controlled asthma, greater than equal to
0.28 and less than one is classified as Not Well Controlled asthma, and less than
0.28 is classified as Well Controlled asthma. In the case of Alice, the DPS is 1.48
(=0.83 + 0.16 + 0.33 + 0.16). According to the thresholds defined her asthma is clas-
sified as Very Poorly Controlled.

6. Causal intervention and actionable insights

The Personalized scores along with Digital Phenotype Score related categoriza-
tion can be used to generate actionable insights into a patient’s healthcare protocol
[21, 23]. These insights in future can also be used by the clinician to design a perfect
intervention strategies/policies (Figure 3) for better health outcome and improving
the quality of life of the patient [24, 25]. Let us take an example scenario, A child
categorized as having Very Poorly Controlled asthma using the DPS, suffering with
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Highly Compliant Increase the e orchange/add m Identify environmental triggers
for mitigation.

Very Poorly Controlled — — - - -
or Well Compliant Increase the medication dosage or add medications; provide appropriate preventative ’

suggestions.

Not Well Controlled

Poorly Compliant Identify barriers to adherence and intervene.
Highly Compliant

Well Compliant

Maintain therapy. Consider changing the medication or its dosage. ‘

Well Controlled Maintain therapy. Consider changing the medication or its dosage. ‘

Poorly Compliant Reassess diagnosis and modify therapy. l

Figure 3.
Root cause analysis techniques can be used to access the path specific policy update for intervention strategies.

a high symptom score and Highly Compliant for the controller medication. The CCS
and the DPS sheds light on an important aspect of the child’s asthma management
that although the child is highly compliant towards the controller medication but
still suffers from high symptom score. This is an opportunity for the clinician to
intervene with either increasing the medication dosage, or change or add a medica-
tion, and identify the environment triggers for mitigation. On the other hand a
child with Very Poorly Controlled asthma and poorly compliant with the controller
medication is in the worst health condition and requires immediate attention from
the clinician and support from the parent/caregiver. The intervention strategy
would be to identify the barriers to medication adherence and suggest mitigation/
alternative efforts. A child with well controlled asthma and highly compliant
with the medication is a use case when the child/parent are proactive towards the
asthma management. In this scenario the clinician can choose to intervene with
either maintaining the therapy or considering changing the medication or lowering
the dosage.

In the case of Alice, she is well compliant with her controller medication and
as per the DPS has very poorly controlled asthma. The clinician can intervene in
her asthma management protocol with either increasing the medication dosage
or adding a new medication since her current medications are unable to control
her asthma, and also provide appropriate preventive suggestions to reduce future
asthma exacerbation.

7. Conclusions

The digital healthcare technologies such as IoTs, self-reporting applications,
wearables can be used to improve the quality of life of the pediatric asthma patients.
The kHealth framework has moved the current healthcare approach from clinician-
centric to patient-centric. The child/parent feels empowered to take control of their
health management. The clinician can include the framework like kHealth in their
current protocol which is especially useful during the pandemic when the care
has shifted from in-person clinic visit to tele-medicine appointment. The asthma
patients are prescribed Longacting combination inhalers, Long-acting inhaled ste-
roids or Oral Steroids depending on how controlled is a patient’s asthma condition.
The long term use of steroids leads to a growth suppression, adrenal gland suppres-
sion, osteoporosis, increase a risk of high blood pressure, heart attack, increase in
appetite leading to weight gain and eventually increase in body mass index [26].
The early and timely intervention strategies discussed can be used to avoid overuse
of the steroid medications, and can eliminate the vicious cycle of asthma affecting
obesity or obesity affects asthma.
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Epigenetic Regulation of Th2
Response in Asthma by
Non-Coding RNAs
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Abstract

Asthma is a common chronic inflammatory disease. Pathogenic mechanism
underlying asthma is complex. The inflammatory response of asthma includes
lymphocytes (T, B cells), ILC2, eosinophils and other types of immune and inflam-
matory cells. T CD4+ T helper 2 cells (Th2 cells) are thought to play a central role
in regulating the phenotype of allergic asthma. Asthma is often closely associated
with Th1/Th?2 cell imbalance. Non-coding RNAs (ncRNAs) are non-protein coding
RNA molecules in the transcriptome, mainly including microRNAs (miRNAs),
long non-coding RNAs and circRNAs, etc., which are widely found in eukaryotic
transcriptome and participate in the regulation of a variety of biological processes.
ncRNAs are considered to function as modulators of the immune system. Their
biological changes represent an important mechanism for the development of
immune-mediated diseases. This chapter mainly discusses the epigenetic regulation
of Th2 cells and their cytokines in asthma by non-coding RNAs. It helps us to better
understand the pathogenesis of asthma and find potential asthma biomarkers.

Keywords: asthma, Th2, cytokines, non-coding RNAs

1. Introduction

Asthma is a chronic airway inflammatory disease, associated with variable expi-
ratory airflow limitation, clinically manifested as recurrent wheezing, shortness of
breath, chest tightness, cough and other symptoms [1]. It has affected more than
300 million people worldwide and has become a major public health concern [2].

Non-coding RNAs (ncRNAs) are a class of non-coding RNA molecules widely
found in eukaryotes and involved in a variety of biological regulatory processes.
They have been extensively studied in human diseases [3-5]. NcRNAs mainly
includes microRNAs (miRNAs), long non-coding RNAs (IncRNAs), circular RNAs
(circRNAs), etc.

The pathogenesis of asthma remains extremely complicated and the detailed
mechanisms are not clarified. The most common phenotype is eosinophilic inflam-
mation associated with Th2 response and concomitant atopic diseases. Asthma is
often closely associated with Th1/Th2 cell imbalance. Th2 cells secrete Th2 cyto-
kines, including interleukin-IL-4, IL-5, and IL-13, which amplify type 2 inflam-
mation, while Thl cells secrete Thl cytokines [interferon IFN-y, IL-2, lymphoid
(LT)-a, and tumor necrosis factor TNF-a, which limit type 2 inflammation [6, 7].
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The CD* T cells are major effector cells driving asthma-related inflammation

and the skewing of T cells into Th2 cells can lead to imbalance of Thl-type and
Th2-type cytokines, which promotes the onset and progression of asthma [8, 9].
Understanding the factors contributing to Th2 in asthma will provide important
insights into the underlying pathogenesis of the disease. The skewing of T cells into
Th2 cells causes an imbalance of Thl-type and Th2-type cytokines, which promotes
the onset and progression of asthma. A number of studies have shown that ncRNAs
may play an important role in Th2 cell-mediated inflammation in asthma. This
chapter mainly discusses the epigenetic regulation of Th2 response in asthma by
non-coding RNAs, in order to better understand the disease pathogenesis and find
potential asthma biomarkers.

2. Regulation of microRNAs on Th2 in asthma

MicroRNAs are a group of small nonprotein-coding RNAs that are 18-25
nucleotides in length. They act as transcriptional regulators involved in many
complex human disorders and in biological processes including cell proliferation
and apoptosis [10-12]. MiRNA expression profiles have also been described in some
allergic conditions and asthma [13]. Previous studies have suggested that miRNAs
are involved in the development of allergic diseases by affecting Th1/Th2 polariza-
tion, promoting chronic inflammation and tissue remodeling of epithelial cells, and
activating innate immune cells [13]. Th2-mediated inflammation is the core of the
pathogenesis of allergic asthma. Th2-dominated T lymphocytes regulate allergic
diseases by secreting a variety of proinflammatory cytokines. Recent studies have
shown that most of the miRNAs involved increase Th2 cytokine secretion, reduce
Th1 cytokine secretion, promote T cell differentiation to Th2, or play a role in the
proliferation and hypertrophy of bronchial smooth muscle cells [14-16]. There is no
doubt that miRNA plays a role in the regulation of asthma inflammation. MiRNAs
may regulate Th2 in asthma by affecting Th1/Th2 balance, secretion of Th2 cyto-
kines and related signaling pathways.

2.1 Regulation of Th2 cytokines by miRNAs

Th2-mediated inflammation is the core of the pathogenesis of allergic asthma.
Typical cytokines involved in the Th2 response are IL-4, IL-5, and IL-13. Pua etal.
[15] studied the miRNA related to Th2 cell differentiation and cytokine produc-
tion by combining experimental and bioinformatics methods, and found that both
miR-24 and miR-27 inhibited the production of IL-4 in T cells in vitro. Inhibition
of the function of miR-145 suppresses house dust mites (HDM)-induced mucus
hypersecretion in airway epithelial cells, eosinophilic inflammation, th2 cytokine
production, and airway hyperresponsiveness as effectively as dexamethasone
treatment. This study shows that miR-145 plays a key role in the occurrence and
pathogenesis of allergic airway disease caused by house dust mites by inducing the
release of IL-5 and IL-13 from Th2 cells [14]. Panganiban et al. found a variety of
differentially expressed miRNAs in the serum of patients with asthma, and pre-
dicted that these miRNAs could regulate IL-5 and other TH2 mediators [17]. It was
further confirmed that IL-5 was regulated by miRNA, and miR-1248 was identified
as a positive regulator of IL-5 expression [17]. IL-10 levels are reduced in asthmatic
patients, and the relative deficiency of IL-10 allows continued production of
allergenic cytokines, such as IL-4 and IL-5, and other pro-inflammatory cytokines,
including IL-1, TNF-a, and IL-6 [18]. Inhibition of miR-106a promotes IL-10 secre-
tion and helps alleviate asthma symptoms by increasing Th2 response in a mouse
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model of asthma [19]. Simpson et al. demonstrated that the miR-17 ~ 92 cluster,
and specifically miR-19a, promotes Th2 cytokine production by simultaneously
targeting inhibitors of the NF-kB, JAK-STAT, and PI (3)K pathways. Their data also
suggest that upregulation of miR-19a in asthma airway T cells may be an indicator
and cause of increased IL-13 production and may contribute to type 2 inflammation
in asthma [20]. In ovalbumin (OVA)-induced asthma mice, miR-146a significantly
inhibited inflammatory cell infiltration in bronchoalveolar lavage fluid (BALF)

and reduced levels of OVA-specific IgE and T-helper 2 cell type cytokines (IL-5

and IL-13) [21]. MiR-146a may act as a novel therapeutic molecule to modulate the
immune response of asthma. MiR-155 has been shown to be a key modulator of the
immune system. MiR-155 may regulate Th2 inflammation by regulating Th2 cell
differentiation and the secretion of IL-4, IL-5 and IL-13. These studies suggest that
targeting miR-155 may be a novel therapeutic strategy for human diseases induced
by the Th2 immune response, such as asthma [22, 23]. It has been found that let-7
microRNAs inhibit IL-13 expression and thereby modulate Th 2 inflammation in an
IL-13-dependent mouse model of allergic airway inflammation [24]. In ovalbumin
(OVA) -induced asthma mice, intranasal administration of miR-410 significantly
reduced the expression of IL-4 and IL-13 and effectively inhibited airway inflam-
mation in OVA-induced asthmatic mice. Therefore, targeting to increase the expres-
sion of miR-410 may be a promising approach for the treatment of allergic asthma
[25]. In a mouse model of asthma induced by ovalbumin, the researchers tested

the airway hyperresponsiveness, rt-pcr detection of miR - 135 a content in the lung
tissue of mice, HE staining to evaluate the pathological changes of lung tissue and
ELISA and immunohistochemical detection of bronchoalveolar lavage fluid (BALF)
and lung tissue of the tumor necrosis factor (TNF) - alpha, interleukin (IL) - 6,

IL - 5 and eosinophils chemokine expression. The results of this study showed that
miR-135a decreased expression in asthmatic mice, and miR-135a reduced the levels
of inflammatory cytokines TNF-a, IL-6, IL-5 and eosinophilic chemokines in the
lung tissue of mice, thereby reducing airway inflammation. Further research in

this study showed that miR-135a inhibited airway inflammation in asthmatic mice
by regulating the JAK/STAT signaling pathway [26]. Previous studies in human,
animal models, and cell culture have shown that the Th2 cytokine IL-13 is an
important cause of airway epithelial abnormalities in asthma [27-29]. Kuperman
etal. used miRNA microarray to analyze the bronchial epithelial cells of asthmatic
patients and healthy control subjects, and found that the expression of miR-34/449
family members was decreased in asthmatic patients. IL-13-induced reduction of
miR-34/449 in bronchial epithelial cells may lead to changes in epithelial differen-
tiation common in asthma [30]. Zhang et al. investigated the role of miR-221-3p in
airway eosinophilic inflammation in a mouse model of HDM-induced allergic air-
way inflammation, and showed that epithelial miR-221-3p expression was reduced
in asthma. Airway overexpression of miR-221-3p induced the expression of IL-4,
IL-5, and IL-13 mRNAs in the lungs of mice induced by HDM [31]. The expression
of miR-26a, miR-146a, and miR-31 and cytokine levels of IL-5, IL-8, IL-12, and
TNF-a were measured in lung tissue and bronchoalveolar lavage fluid of asthmatic
mice and children with ovalbumin induced asthma. The results showed that
miR-26a, miR-146a, and miR-31 were significantly elevated in asthma, and were
involved in the progression of asthma by regulating the expression of inflammatory
cytokines IL-5, IL-8, IL-12, and TNF-a [32]. The systems immunology approach
(the Impact of Differential Expression Across Layers, a network-based algorithm

to prioritize disease-relevant miRs based on the central role of their targets in the
molecular interactome) was used to antagonize miRs (miR27b, miR206, miR106b,
miR203, and miR23b) in vitro, which has significantly reduced cytokine production
in Th2 cells. These results suggest that these miRNAs play an important role in the

47



Recent Advances in Asthma Research and Treatments

Th2-driven immune response [33]. In conclusion, many miRNAs play an important
role in asthma by regulating the secretion of Th2 cytokines. They may be new
targets for the treatment of asthma in the future.

2.2 Regulation of Th1/Th2 balance by miRNAs

Qui et al. detected the levels of Thl- and Th2-related cytokines by ELISA,
performed microRNA microarray assay and analyzed the differentiation marker
gene of T helper cells by qRT-PCR. The results indicated that an imbalance of Th1/
Th2 cells was present in the asthmatic patients; Runx3 expression is decreased in
asthmatic patients; overexpression of Runx3 could restore the Th1/Th2 balance;
miR-371, miR-138, miR-544, miR-145, and miR-214 could directly bind to the
3’-UTR of Runx3. All these findings suggest that these miRNAs may be involved in
Th1/Th2 imbalance in asthma by regulating Runx3 [34]. One study used predictive
algorithms dentified potential direct miR-21 targets among IL-13-regulated lung
transcripts such as IL-12p35 mRNA that was decreased in IL-13 transgenic mice.
MiR-21 was significantly elevated in ovalbumin-induced mice lungs, suggesting
that miR-21 regulates Th1 to Th2 phenotypic transformation by decreasing the
mouse IL-12p35 transcriptome [16]. Reduced levels of miR-29b were found in the
lungs and spleens of OVA-induced asthmatic mice, and this miRNA indirectly
affects the Th2 response by regulating the production of T-box transcription factors
and IFN-y in T helper cells [35]. Low expression of miR-29b in asthmatic lung can
increase the production of IFN-y and restore the balance of Th1/Th2 in asthmatic
lung [36]. The researchers evaluated the relationship between miRNA levels in
small extracellular vesicles (sEVs) from nasal washing and pulmonary function
parameters in children with mild to moderate or severe asthma compared to healthy
controls. The results showed that lower levels of miR-34a, miR-92b and miR-210
in children with sEVs in this study were associated with pulmonary function and
airway obstruction. Subsequent functional pathway analysis showed reduced levels
of miR-92b, miR-210, and miR-34a in epithelial-derived sEVs in asthma, and these
miRNAs regulate Th2 polarization and dendritic cell maturation [37].

2.3 miRNAs regulation of Th2 differentiation via signaling pathways

Inhibition of microRNA-126 (miR-126) has been shown to effectively inhibit
Th2-driven airway inflammation, mucus hypersecretion, and airway hyperrespon-
siveness in a model of ovalbumin (OVA) -induced chronic asthma [38]. The block-
ing of miR-126 leads to the enhanced expression of POU domain 2 related factor
1, which activates the transcription factor PU1, that changes the function of Th2
cells by negatively regulating the expression of GATA3 [39]. In childhood asthma,
miRNA-451a was found to inhibit Th2 cell differentiation by down-regulating proto-
oncogene 1 (ETS1). This study reveals that miRNA-451a-ETS1 axis dysfunction is
a novel molecular mechanism that underlies the pathogenesis of childhood asthma
[40]. A study has shown that miR-1165-3p targets IL-13 and PPM1A to control Th2
differentiation and pulmonary inflammation in asthma. miR-1165-3p inhibits the
Th2 response of allergy through the STAT and AKT signaling pathways by targeted
inhibition of protein phosphatase, Mg 2+/Mn 2+ — dependent 1A (PPM1A), thus
proving that miR-1165-3p and PPM1A may be effective targets for the prevention
and treatment of allergic asthma and related diseases [41]. The miR-29¢/B7-H3 axis
plays an important role in asthmatic children by regulating Th2/Th17 cell differen-
tiation, and may provide a new target for asthma treatment [42]. The role of Th2-
mediated microRNAs in asthma are summarized in the Table 1 (Figure 1).
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Altered Expressi-on Targets/ Signaling Function Ref
MiRNA pattern Regulators Pathway
miR-24 Down- IL-4 limit IL-4 production [15]
miR-27 regulated
miR-145 Up-regulated  IL-5,IL-13 promote the [14]
production of Th2
cytokines
miR-1248 Up-regulated  IL-5 elevates Th2 cytokine [17]
levels.
miR-106a Up-regulated IL-10 regulate Th2 cytokine [19]
secretion
miR-17 ~ 92 Up-regulated ~ IL-13 NF-kB, promotes Th2 [20]
cluster JAK- cytokine production
/miR-19a STAT/
PI (3)K
pathways
miR-146a Up-regulated  IL-5,IL-13 reduce the levels of [21]
IgE and T-helper 2
cytokines
miR-155 Up-regulated IL-4, regulate Th2 cell [22, 23]
IL-5 differentiation and the
IL-13 secretion of IL-4, IL-5
and IL-13
Let-7a Down- IL-13 targeting IL-13 [24]
regulated alleviates asthmatic
phenotype
miR-410 Down- IL-4 reduce the expression [25]
regulated IL-13 of IL-4 and IL-13
miR-135a Down- TNF-a, IL-6, Reduce airway [26]
regulated IL-5 inflammation
miR-34/449 Down- IL-13 Regulate [30]
regulated differentiation of
epithelial cells
miR-221-3p Down- IL-4, IL-5, correlate the type 2 [31]
regulated IL-13 status in asthma.
miR-26a, miR- Up-regulated IL-5, IL-8, Promote the [32]
146a, miR-31 IL-12, expression of
TNF-o cytokines
mir27b, Reduce the production  [33]
mir206, of cytokines in Th2
mirl06b, cells
mir203,
mir23b
miR-371, Up-regulated Runx3 — regulates Th1/Th2 [34]
miR138, miR- balance in asthma.
544, miR-145
miR-214
miR-21 Up-regulated ~ IL-12p35 IL-13Rad, regulates Thi to [16]
STAT6 Th2 phenotypic
transformation
miR-29b Down- T-box IFN-y regulate Thl / Th2 [35, 36]
regulated balance in asthma
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Altered Expressi-on Targets/ Signaling Function Ref
MiRNA pattern Regulators Pathway
miR-92b, miR- Down- regulate Th2 [37]
210, miR-34a regulated polarization and
dendritic cell
maturation.
miR-29¢ Up-regulated miR-29¢/ regulate Th2/Thi7 cell ~ [42]
B7-H3 differentiation an
miR-126 Down- inhibit Th2-driven [39]
regulated airway inflammation
miRNA-451a Down- ETS1 miRNA- inhibit Th2 cell [40]
regulated 451a-ETS1  differentiation
miR-1165-3p Down- IL-13 and Suppresses Th2 [41]
regulated PPM1A differentiation
miR-21 promoting [16, 43, 44]
miR-19a differentiation of T
cells towards Th2
Table 1.

Regulation of Th2 in asthma by miRNA:s.
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Figure 1.

Regulation of Thz in asthma by miRNAs. Th1 and Th2 ave in equilibrium. miR-34a, miR-92b and miR-210
regulate Th2 polarization. MiRNAs such as miR-371, miR-138, miR-544 and miR-145 affect Th1/Th2 balance
of asthma by regulating Runx3. MiR-21 regulates Th1 and Th2 balance by regulating IL-12p35 transcripts.

As shown in the figure, miR-24, miR-27, miR-410, let-7a, miR-145, miR-146a, miR-1248 and other miRNAs
regulate the secretion of Th2 cytokines, such as IL-4, IL-5 and IL-13, through up-regulation or down-regulation
in asthma, and affect the occurrence and development of asthma.

3.IncRNA regulate Th2 response in asthma

LncRNA refers to a class of RNA molecules with a length greater than 200
nucleotides which do not have the function of coding RNAs. LncRNAs are mainly
involved in gene expression regulation at the transcription, post-transcription,
translation and epigenetic levels, and are widely involved in various life processes
such as cell proliferation, differentiation, apoptosis, migration, aging and metabo-
lism [45, 46]. Abundant expressions of IncRNAs were found in T cell lineages,

50



Epigenetic Regulation of Th2 Response in Asthma by Non-Coding RNAs
DOI: http://dx.doi.org/10.5772/intechopen.97328

suggesting that these transcripts play important roles in T cell development and
differentiation [47]. Studies have found that some IncRNAs play important roles in
the pathogenesis of asthma by regulating Th1/Th2 balance and Th2 inflammatory
response [3, 48]. Understanding how IncRNAs alter gene expression to promote
Th2 skewing may provide new insights into mechanisms and therapeutic targets
for asthma.

3.1Regulation of Th1/Th2 balance by IncRNAs

The gene encoding IncRNA MALTA1, a highly conserved nuclear IncRNA, is
located on chromosome 11 (11q13.1). MALTA1 is highly expressed in most cells
[49]. Liang et al. [50] conducted a cohort study of 772 asthmatic patients and 441
healthy controls, and found that the expression of MALAT1 was up-regulated and
the expression of miR-155 was down-regulated in the blood of asthmatic patients.
MALAT1 expression was inversely associated with impaired lung function and the
Th1 / Th2 ratio, suggesting that its role was to impairs lung function by promoting
the Th2 response. That is, the up-regulated expression of MALAT1 can induce the
production of Th2 cytokines and inhibit the release of Th1 cytokines. Further study
of the experiment showed that MALAT1 sponging miR-155 could alter the Th1/Th2
balance within CD** T cells through cytotoxic T-lymphocyte antigen 4 (CTLA-4)
dependent mechanism. This study highlights the novel role of IncRNA MALTA1 in
the development of Th2 in asthma. Wei et al. found that IncRNA PVT1 expression
was increased in ozone-induced mouse asthma models, and the IncRNA PVT1-miR-
15a-5p axis promoted Th1/Th2 imbalance in CD4 + T cells by activating the PI3K-
Akt- signaling pathway [51].

3.2 IncRNA regulate Th2-type inflammation in asthma

Zhu et al. assessed expression of IncRNAs in peripheral blood samples of
patients with eosinophilic asthma, neutrophilic asthma and healthy controls using
RNA-sequencing. In this study, it was found that the expression of LNC_000127
was increased in eosinophilic asthma, and knockdown of LNC_000127 (refer to
this article for details) reduced the expression of CCR8, CRLF2, and CD40L (Th2
inflammatory receptor). Targeting LNC_000127 may effectively reduce Th2 inflam-
mation in eosinophilic asthma [52]. It has been demonstrated that induced plu-
ripotent stem cells (iPSCs)-mesenchymal stem cells (MSCs) can effectively inhibit
airway allergic inflammation in mice, and significantly reduce the expression levels
of immunoglobulin (Ig) E and Th2 cytokines [53]. Further studies by Wang et al.
[54] found that IncRNA MM9lincrnaexon12105 + and AK089315 were up-regulated
in a model of ova-induced asthma. These two IncRNAs may be the main therapeutic
targets of induced pluripotent stem cell mesenchymal stem cells (iPSC-MSCs) and
may be involved in the regulation of Th2 type inflammation in asthma. This study
provides an important basis for the study of the potential mechanisms of airway
allergic inflammation and iPSC-MSC immune regulation, and these abnormal
IncRNAs may become potential targets of allergic inflammation and iPSC-MSC
mediated immune regulation. Wang et al. [55] conducted next-generation sequenc-
ing analysis of IncRNA and mRNAs on CD4 + T cells from ovalbumin-induced acute
asthma mice and control mice, constructed co-expression networks of IncRNA and
mRNAs, and found that IncRNA Fantom3_9230106C11 was decreased in Th2 cells.
Further qRT-PCR verification showed that IncRNA Fantom3_9230106C11 could
regulate the differentiation of Th2 cells. This study provides a platform to elucidate
the role of IncRNA in Th2 differentiation and the pathogenesis of asthma. The role
of Th2-mediated IncRNA in asthma are summarized in the Table 2 (Figure 2).
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Altered IncRNA Expression Targets/ Signaling Function Ref
pattern Regulators  Pathway
MALTA1 Up-regulated MALAT1/ regulate Th1 / [50]
miR-155/ Th2 balance in
CTLA-4 asthma
IncRNA PVT1 Up-regulated  — IncRNA regulate Th1/ [51]
PVT1-miR-  Th2 balance in
15a-5p- asthma
PI3K/AKT/
mTOR
axis
LNC_000127 Up-regulated  — — reduce Th2 [52]
inflammation
MMolincrnaexon12105 + and Up-regulated  — — regulate [54]
AKO089315 Th2-type
inflammation
in asthma.
IncRNA Down- — Regulate the [55]
Fantom3_9230106C11 regulated differentiation
of Th2 cells.
Table 2.

IncRNA regulate Th2 response in asthma.
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Figure 2.

IncRNA regulate Th2 response in asthma. MALAT1 sponging miR-155 could alter the Th1/Th2 balance
within CD** T cells through CTLA-4 dependent mechanism. IncRNA PVT1-miR-15a-5p axis promoted
Th1/Thz2 imbalance in CD4 + T cells by activating the PI3K-Akt- signaling pathway. LNC_000127,
MMolincrnaexoni2105 + and AKo89315 and IncRNA Fantom3_9230106C11 primarily vegulate the Th2-type
inflammation.

4. circRNAs regulate Th2 response in asthma
CircRNAs compose a novel class of ncRNAs characterized by covalently closed-
loop structures [56]. CircRNAs typically act as molecular sponges to bind and

inhibit the transcription or activity of microRNAs (miRNAs), thereby affecting
downstream mRNA expression [57]. CircRNAs are involved in the pathogenesis of
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various diseases [58]. The role of circRNA in asthma regulation is still in its infancy,
and there are relatively few studies on the role of circRNA in the pathogenesis of
asthma, especially Th2 inflammation in asthma.

Huang et al. [59] confirmed the expression of hsa_circ_0002594 in CD4 + T cells
in asthmatic patients and healthy subjects by quantitative real-time PCR (qRT-
PCR) using circRNA microarray analysis (such as a student’s ¢ test, nonparametric
tests, Spearman’s rank-order correlation, Fisher’s exact test, and the generation of
receiver operating characteristic curves). Their data suggest that hsa_circ_0002594
is upregulated in CD4 + T cells of asthmatic patients, which may have potential
value in the diagnosis and treatment of Th2-mediated allergic asthma. In a mouse
model of HDM-induced asthma, the results revealed that the relative expression
levels of circ_0000629 and circ_0000455 in the asthma group were significantly
increased compared with those animals in the control group, whereas the expres-
sion levels of circ_0000454 and circ_0000723 were significantly decreased [60].
The circRNA-miRNA regulatory network indicated that two of the downregulated
circRNAs (circ_0001454 and circ_0000723) targeted miR-146b and miR-214, and
two of these upregulated circRNAs (circ_0000455 and circ_0000629) could target
miR-29b and miR-15a [60]. The expression levels of inducible co-stimulator, a
target gene of miR-29b, were also previously shown to be elevated in the lungs of
asthmatic mice, and promoted Th2 cytokine production and eosinophilic inflam-
mation [61]. Furthermore, vascular endothelial growth factor, which is a target gene
of mir-15a, was shown to be overexpressed in cases of Th2-mediated lung inflam-
mation, such as asthma, and induced an asthma-like phenotype [62]. By contrast,
two of the downregulated circRNAs (circ_0001454 and circ_0000723) targeted
miR-146b and miR-214, respectively, which were previously shown to be positively
associated with asthma [34, 63]. Huang et al. found that hsa_circ_0005519 may
induce IL-13 and IL-6 expression by regulating hsa-let-7a-5p in CD4" T cells to
affect asthma. And hsa_circ_0005519 may be a potential biomarker of asthma
[64]. The role of Th2-mediated circRNAs in asthma are summarized in the Table 3
(Figure 3).

Altered circRNA Expressi-on Targets/ Signaling Function Ref
pattern Regul-ators Pathway
hsa_circ_0002594 Up-regulated — — diagnosis and [59]
treatment of

Th2-mediated
allergic asthma

circ_0000629 Up-regulated miR-29b, — Regulate Th2 [34, 60-63]
circ_0000455 Up-regulated miR-152 cytokme.e
production
circ_0001454 Down- miR-146b, —
regulated miR-214
circ_0000723 Down-
regulated
hsa_circ_0005519 Up-regulated Hsa-let-7a-5p —_ relieve [64]
suppression for
IL-13/IL-6 in
CD4" T cells.
Table 3.

circRNAs regulate Th2 response in asthma.
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Figure 3.

cz’r%RNAs regulate Th2 response in asthma. Hsa_circ_0005519 functions as an endogenous hsa-let-7a-5p
sponge to vegulate the hsa-let-7a-5p/IL-13/IL-6 pathway in CD4" T cells. Two down-regulated circRNAs
(circ_0001454 and circ_0000723) targeted miR-146b and miR-214, while two up-regulated circRNAs
(circ_0000455 and circ_0000629) targeted miR-29b and miR-15a. These four circRNAs regulate TH2 cytokine
production by targeting miRNA.

5. Summary

NcRNAs display a wide range of functions, and each ncRNA has its own charac-
teristics. This chapter mainly summarized the regulation of Th2 differentiation and
immune response in asthma and experimental models of disease.

The role of miRNA in regulating Th2 cell-mediated inflammation in asthma
is mainly reflected in several aspects: regulating Th1/Th2 balance, influencing
cytokine secretion and regulating the activation state of T cells. The pathway of
regulation can be that a single miRNA regulates one or more mRNAs, or multiple
miRNAs of one or more gene clusters synergistically act on one or more mRNAs to
exert biological effects. LncRNA plays a similar role to miRNA in regulating Th2
cell-mediated inflammation in asthma, affecting its activation, transformation
and cytokine secretion. Most of the existing studies only analyzed the expression
profile of IncRNA and identified the differentially expressed IncRNA molecules,
but did not conduct in-depth study on its precise molecular mechanism. CircRNAs
may play important roles in Th2 cells differentiation and, thus, play regulatory roles
in Th2 cell-mediated inflammation in asthma. They can act as competitive endog-
enous RNAs (ceRNAs, which can regulate each other by competitively binding
common microRNA response elements) of miRNAs to exert their biological effects,
but the specific mechanism needs to be further studied.

In conclusion, miRNA, IncRNA and circRNA play important roles in regula-
tion of Th2 cell function in asthma. However, the exact molecular mechanism of
ncRNA in the regulation of TH2 cell function in asthma remains to be determined.
Therefore, how to find out functional ncRNAs and elucidate their precise func-
tions present the difficulties and challenges in the study of ncRNAs in this field.

In future, more and more ncRNAs involved in the pathogenesis of asthma will be
discovered, and the role of ncRNAs in the inflammatory process mediated by Th2
cells will be revealed. This will provide new details in the pathogenesis of asthma,
and will help to develop new biomarkers and molecular targets for the diagnosis,
classification, and treatment of asthma.
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Chapter 5

Asthma Phenotypes and Current
Biological Treatments

Askin Giilsen

Abstract

Asthma is a heterogeneous disease characterized by bronchial hyperreactivity,
chronic airway inflammation, and reversible airflow obstruction, and it affects
individuals in all age groups. In recent years, the concept of intrinsic and extrin-
sic asthma as per the former classification has been replaced by endotypic and
phenotypic definitions. However, the two main asthma endotypes described and
have simplified its classification. These endotypes, “Th2-high” and “Th2-low”, are
based on various measurements obtained for different biological materials, includ-
ing blood, bronchial and sputum samples. The definitions of asthma is useful for
targeted and individualized treatments, estimating the treatment response and
prognosis. In the field of respiratory medicine, biological drugs (BDs) have shown
rapid evolution and positive developments in the last 10 years, particularly for the
treatment of asthma, interstitial lung disease, and lung cancer. However, because of
the increasing number of BDs and associated studies, it has become very difficult
to update treatment guidelines on a regular basis. BDs are used for patients with
difficult-to-treat, moderate to severe, and/or uncontrolled allergic asthma. Here
we present a review of current asthma phenotypes and the role, efficacy, and side
effects of BDs used for the treatment of these conditions.

Keywords: Asthma, phenotype, endotype, biological treatment, biologics

1. Introduction

Asthma is a heterogeneous disease characterized by bronchial hyperreactivity,
chronic airway inflammation, and reversible airflow obstruction, and it affects
individuals in all age groups [1]. In recent years, studies on endotype and phenotype
have intensified, and many different types have been identified. Symptom control is
generally achieved with the use of inhaled corticosteroids (ICSs), although biologi-
cal drugs (BDs) are used for patients with difficult-to-treat, moderate to severe,
and/or uncontrolled allergic asthma [1], as these patient groups largely benefit from
BD therapies. BDs, also known as biologics, encompass a number of agents that are
rapidly growing and expanding their range of use. These drugs generally act on cell
surface receptors or by interacting with a specific cytokine and are produced either
directly from living sources (animal, human or microorganism) or by synthesiz-
ing from different cell cultures [2]. Currently, they are widely used in the fields
of oncology, rheumatology, dermatology, and organ transplantation, and their
indications include organ-specific cancers, psoriasis, rheumatoid arthritis, psoriatic
arthritis, inflammatory bowel disease, chronic urticaria, multiple sclerosis, and
transplants [3]. In the field of respiratory medicine, biologics have shown rapid
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evolution and positive developments in the last 10 years, particularly for the treat-
ment of severe uncontrolled asthma, interstitial lung disease, and lung cancer. In
this review, we will evaluate the current updates of asthma phenotypes and the role,
efficacy, and side effects of BDs used for the treatment of these conditions.

2. Endotypes and phenotypes of asthma

The concept of intrinsic and extrinsic asthma as per the former classification
has been replaced by endotypic and phenotypic definitions. However, a lack of
clear classification system leads to a confusion and limitation in treatment. The
current Global Initiative for Asthma (GINA) 2020 guideline mentions phenotypic
differences in allergic asthma, nonallergic asthma, late-onset asthma, asthma with
fixed airflow limitation, and asthma with obesity [1]. Although this guideline
does not provide much details on asthma phenotyping, it mentions that further
studies are necessary. Following the introduction of the phenotype concept, in
2006 Simpson et al. [4] conducted a study to fully characterize asthma based on the
airway inflammatory type. The authors performed induced sputum analysis and
divided the patients into the following four subgroups according to the dominant
inflammatory cell type: a. neutrophilic, where neutrophils are >61% and the total
cell count is >10 million cells/g; b. eosinophilic, where eosinophils are >1.9-3%; c.
mixed granulocytic, where there is an increase in both neutrophils and eosinophils;
and d. paucigranulocytic, where both neutrophils and eosinophils are within the
normal range [4]. It is known that this classification of airway inflammation in
asthma is important in predicting the clinical significance and response to BDs.
Moreover, the authors reported that the rate of eosinophils in induced sputum is
homogeneous and reproducible for eosinophilic asthma and heterogeneous for the
other non-eosinophilic types of disease, and that further classification can be based
on the presence of neutrophils [4].

However, a study involving 726 patients from the Severe Asthma Research
Program (SARP) cohort was performed, and five main groups were identified [5]
as follows: group 1, early-onset atopic asthma, control with two or fewer controlling
drugs, normal lung function; group 2, early-onset atopic asthma, preserved lung
function [65%; forced expiratory volume in 1s (FEV1), >80% predicted], control
with three or more controlling drugs (29% patients); group 3, late-onset nonatopic
asthma, moderate decrease in FEV1, frequent oral corticosteroid (OCS) and ICS
use for the treatment of exacerbations; group 4, early-onset atopic asthma with
severely compromised pulmonary function (57% of the mean FEV1); and group
5, late-onset asthma, most severe airflow limitation (43% of the mean FEV1), less
atopic patients with varying degrees of susceptibility to bronchodilator therapy.
Then, subgroup analysis was performed as an extension of the same study, and the
importance of eosinophil (>2%) and neutrophil (>40%) percentages in the sputum
was emphasized [6]. From these findings, it was understood that asthma is a very
heterogeneous disease with inflammatory and noninflammatory mechanisms.
Considering the role of Type 2 T-helper cell (Th2) lymphocytes in eosinophilic
airway inflammation, clinical studies have been inclined toward this topic.
However, the two main asthma endotypes described in recent years have simplified
its classification [7-9]. These endotypes, “Th2-high” and “Th2-low”, are based
on various measurements obtained for different biological materials, including
blood, and bronchial, and sputum samples [10]. The Th2-high type is generally
characterized by increased eosinophils in the patient’s sputum and respiratory tract,
while the Th2-low type is characterized by increased neutrophils or by the presence
of a paucigranulocytic pattern [10]. The Th2-high patient group can be identified by
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some biomarkers, particularly an elevated blood eosinophil count of >300 cells/mL,
and these patients have shown a good response to treatment with BDs [10]. There
are no defined biomarkers for the Th2-low endotype, so this phenotype is often
identified by the absence of Th2-high biomarkers. Moreover, these patients do not
respond well to steroids [10].

Currently, the serum immunglobulin (Ig)-E concentration and the number of
peripheral blood eosinophilis are generally used to determine the response of patients
with BD treatment [7, 9]. A combination of Th2 biomarkers such as interleukin
(IL)-4, IL-5, and IL-13 is also considered to be a credible predictor of peripheral blood
eosinophilia and eosinophilic inflammation [11]. Several other biomarkers that can be
used include the following: a.) periostin, which plays a role in late-onset asthma and
determines eosinophilic inflammation; b.) eotaxin-2, which determines eosinophilic
inflammation; ¢.) L-arginine and leptin, which are associated with obesity-related
asthma; d.) Chlamydia pneumonia antibodies (IgG, IgA, and IgE), which are associ-
ated with severe and obstructive asthma; e.) Staphylococcus aureus enterotoxin-IgE,
which is associated with severe asthma, hospitalizations, OCS use, and lower FEV1;
and f.) thymic stromal lymphopoietin (TSLP), which may play a role in sputum
eosinophil elevation in smokers with asthma, thus helping in identification of this
patient group [12]. Other investigations that help to improve endotyping include the
measurements of the fraction of exhaled nitric oxide (FeNO) and skin prick tests [7].
The levels of allergen-specific antibodies may be considered clinically important in
patients with asthma and atopy even if they are not used for endotyping. The World
Asthma Phenotypes (WASP) study was initiated in 2016 and conducted in five coun-
tries; the results are awaited [13]. The aim of this study was to evaluate and compare
detailed biomarker and clinical information, the distribution of disease phenotypes,
and the risk factors and characteristics for each phenotype, including clinical severity.

In summary, the definition of asthma phenotypes and endotypes is useful for
estimating the treatment response and prognosis. This approach has resulted in
targeted and individualized treatments for patients (Figure1).

2.1 Th2-high endotype

The asthma phenotypes that can be included in this group include aspirin-
associated asthma, allergic bronchopulmonary mycosis (ABPM), early-
onset (preschool wheezer) asthma, adult-onset asthma, late-onset severe
hypereosinophilic asthma, and IgE-mediated occupational asthma (Table1). These
phenotypes can be classified under the Th2-high endotype because of the presence
of significant allergic symptoms and eosinophilic inflammation.

Patients with aspirin-related or aspirin-sensitive asthma often present at poly-
clinics with nasal polyposis and severe rhinosinusitis [7]. The most important bio-
markers are urinary leukotriene and blood eosinophils, although periostin may also
be elevated [14]. The ABPM phenotype includes patients with adult-onset, severe
asthma attacks and increased mucus production [7], and blood eosinophil counts,
high IgE levels, high FeNO values, allergen-specific IgE, and skin prick tests can be
used for identification [14]. Preschool wheezers are children with a family history of
asthma who experience more than three episodes per year and often exhibit blood
eosinophilia (>4%) and aeroallergen-specific IgE positivity [14]. The adult-onset
allergic asthma phenotype includes patients having asthma since childhood, with
symptoms of allergen-related rhinitis, positive skin prick tests, high IgE levels, and
high FeNO values [7, 14]. The severe late-onset hypereosinophilic asthma phenotype
includes nonatopic patients with severe exacerbations and peripheral blood eosino-
philia [7, 14]. Patients with IgE-mediated occupational asthma, wherein asthma
symptoms develop after the start of a new occupation or job, may also be included in
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Phenotype

Clinical presentation

Biomarkers

Aspirin-Associated [7, 14]

Nasal polyposis, rhinosinusitis, adult
onset,.
Therapy: 5-LO or LTRA inhibitors

Urinary Leukotriene,
increased periostin levels

Allergic Bronchopulmonary
Mycosis [7, 14]

Mucus production, severe, adult
onset, less reversibility, poor
prognosis,

Therapy: GKs, antifungals and
biologics

High FeNO, High serum total
IgE,

High Aspergillus IgE,
Positive Aspergillus skin
testing.

Early Onset (preschool
Wheezer) [14]

>3 episodes per year, early onset,
history of asthma in parents
Therapy: Daily inhaled GKs, LTRA,

biologics

High FeNO, periostin,
High IgE and Aeroallergen-
specific IgE

Eosinophils (often >4%)
Positive Skin Pricktest,

Adult Onset [8]

Allergen associated symptoms/allergic
rhinitis
Therapy: GKs and biologics

High FeNO and total IgE,
Positive Skin Pricktest,

Late Onset, severe and Severe Exacerbations, non-atopic, High FeNO and eotaxins
hypereosinophilic [7, 14] GK-sensitive and often oral High Blood and Sputum
Gkk-dependent. Eosinophils,
Therapy: GKs and Anti-IL-5
Occupational, Asthmatic symptoms after onset new High FeNO, High IgE and
(IgE mediated) [15] work allergen-specific IgE, sputum
Therapy: removal from exposure to eosinophilia,
the sensitizing agent Specific inhalation challenge,
Peak expiratory flow

5-LO, 5-lipoxygenase; LT, leukotriene recepter antagonist; GK, Glucocorticoid; IgE, Immunglobulin E; FeNO,

Fraction of exhaled nitric oxide in ppb; IL, Interleukin.

Table 1.
Possible Th2-high Endotypes of asthma.
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this group. Specific inhalation challenge and peak expiratory flow measurement are
required to diagnose these patients, along with high IgE levels, high allergen-specific
IgE levels, high FeNO values, and sputum eosinophilia [15].

2.2 Th2-low endotype

This group includes asthma-COPD overlap (ACO; fixed obstruction) syndrome,
late-onset nonatopic asthma, steroid-resistant or neutrophilic asthma, obesity
related asthma, perimenstrual asthma, and non-IgE-mediated occupational
asthma. Phenotypes induced by external factors, including exercise-induced
asthma, cold-induced or cross-country skiers asthma, stress-induced asthma, and
psychological asthma, may also be included in this group (Table 2). However, this
classification needs to be improved by further research.

According to the current GINA guideline, the term ACOS is used for patients
with chronic respiratory symptoms, exposure to a risk factor such as smoking, and
a postbronchodilatator FEV1/forced vital capacity (FVC) of <0.7 [1]. Although the
latter is not a well-known biomarker, the condition can be easily identified by using a
questionnaire [1]. Late-onset nonatopic asthma generally affects women and adults.

Phenotype

Clinical presentation

Biomarkers

ACO or Fixed
Obstruktion [1]

Chronic respiratory symptoms, exposure
to arisk factor such as smoking, and post-
bronchodilatator FEV1/FVC <0.7
Therapy: LABA + LAMA

Late Onset non-atopic
[12, 16]

Particularly women, some adults,
Therapy: require higher dose of ICS, relatively
refractory to GKs

Absence of increase in
sputum eosinophil count
or FeNO

Poorly steroid responsive
(neutrophilic) [7, 8]

Adult onset, low FEV1 and more Airtrapping,
severe.
Therapy: Macrolide, IL-17 antagonist

>76% neutrophils in
sputum,
IL-17

Obesity Related [12]

Often seen in obese women, less atopic,
Therapy: Weight control

L-Arginin, Leptin

Pre- or perimenstrual [1]

A longer duration of Asthma, worsen in
premenstrual phase, often dysmenorrhoe

Occupational (non-IgE

Irritant-induced symptoms, poor prognosis,

Specific inhalation

mediated) [16] develops after acute high exposure to vapor, challenge.

gas, fume, or smoke Peak expiratory flow
Asthma triggered by external factors
Cold-Induced or Cross- Common upper respiratory tract infection, Normal FeNO,

Country Skiers [14]

related to exercise and cold, poorly GKK
respond

Therapy: reducing cold exposure and training
intensity

Normal blood eosinophil
count, increased LT-E4
inurine

Exercise-Induced [17]

Develops due to increased catecholamines
during exercise, resulting in increased airway
resistance

Stress-Induced or
Psychological [18]

After psychological stress, develop with the
release of stress hormones

ACO, Asthma-COPD-Overlap; LABA, long-acting beta agonist; LAMA, long-acting muscarinic antagonist; ICS,
inhaled corticosteroids; FEV forced expiratory volume in 1s; FVC, orced vital capacity; See Table 1 legend for
expansion of other abbreviation.

Table 2.
Possible Tha2-low Endotypes of asthma.
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Patients do not respond well to glucocorticoids and require high-dose ICSs [12].
This phenotype is similar to the obesity-associated phenotype. Although there is no
biomarker, the absence of an increase in the sputum eosinophil count or FeNO is
considered an indicator [16]. Patients with steroid-resistant asthma do not respond
well to glucocorticosteroids and are mostly adults. Their FEV1 is considerably lower,
with more air trapping, and there is an increased association with respiratory infec-
tions, obesity, smoking, and air pollution [8]. Increased sputum neutrophil counts
and IL-17 levels can be used as biomarkers [7, 8]. Obesity-related asthma is thought
to occur because of high-fat diet-related systemic inflammation, and L-arginine
and leptin can be used as biomarkers [12]. Premenstrual or catamenial asthma is
characterized by the deterioration of asthma symptoms in the premenstrual phase,
and the role of hormone levels and systemic inflammation in these patients remains
unknown [1]. Asthma in cross-country skiers or cold-induced asthma is character-
ized by mild to moderate symptoms and often triggered by exercise and cold. It is
also associated with respiratory tract infection [14, 17]. Increased leukotriene (LT)
E4 in urine may be used as a biomarker [14]. Exercise-induced asthma develops
because of increased catecholamines during exercise, resulting in increased airway
resistance [17]. Histamine and prostaglandin release reportedly play a role [17], but
there is no specific biomarker. In asthma induced by stress or psychological factors,
central nervous system activation by psychological stress, followed by the release
of stress hormones (glucocorticoids, epinephrine, and norepinephrine) and immu-
nological changes, may cause asthma exacerbation [18]. Although there is evidence
regarding the critical role of psychological stress in the development and exacerba-
tion of allergic asthma, this phenotype requires further research [18].

3. Asthma treatment and targets for biological drugs

A personalized approach with specific and targeted therapies for the cytokines
constituting the inflammation cascade are of great benefit in the treatment of
asthma, particularly the difficult-to-treat phenotypes [1, 14]. The pathophysiol-
ogy of asthma has conventionally been mediated by Th2 lymphocytes, which
induce the stimulation of eosinophils by IL-3, IL-5, and granulocyte-macrophage
colony-stimulating factor (GM-CSF); basophils by IL-3; and mast cells by IL-4 and
IL-9; alternatively, they cause direct mucosal damage via IL-4/IL-13 after antigen
presentation [7-9]. Both IL-4 and IL-13 play a role in the activation of eosinophils,
IgE synthesis, and, consequently, mucus secretion and airway remodeling [10].
However, they share the same receptor and signal pathways. All these cytokines
also stimulate B-cells, causing the release of IgE. Currently approved targets for
BD treatment in asthma include IgE, IL-4/IL-13, and IL-5, with uncontrolled or
difficult-to-treat asthma requiring step 4 treatment as per the GINA guideline
being the main indication [1]. In this group of patients, symptom control cannot be
achieved despite maximum treatment [long-acting beta agonists (LABAs), tiotro-
pium, high-dose ICSs, leukotriene antagonists, or theophylline with OCSs].

4. Classification for biologics

Biologics are divided into three common classes: monoclonal antibodies (mAbs),
fusion proteins, and cytokines [2]. These drugs may be fully humanized mAbs or chi-
meric (human + murine mix) or fully murine/mouse antibodies [2, 19]. Diverse side
effects with varying severities have been reported according to the level of human-
ization [3, 19]. Widely accepted nomenclature systems for biologics include the
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USAN (the United States’ Adopted Names) and INN (World Health Organization’s
International Nonproprietary Names) [2, 20]. Currently approved mAbs target IgE
antibodies, cell surface molecules, soluble mediators, cytokines, viral proteins, and
tumor antigens [2, 20]. Examples of these drugs include omalizumab (anti-IgE),
rituximab (anti-CD20), infliximab [anti-tumor necrosis factor alpha (TNFa)],
mepolizumab (anti-IL-5), and cetuximab (anti-epidermal growth factor receptor).
Examples for fusion proteins; etanercept (anti-TNFa-RII), anakinra (anti-IL-1
receptor), and ritanercept (anti-IL-1f) are examples. The cytokine group includes
recombinant cytokines such as interferon-a, interferon-p, GM-CSF, and IL-2.

5. Overview of biologics used for asthma treatment

Biologics have been used for the treatment of asthma since 2003. In the United
States, omalizumab was the first drug approved for the treatment of severe and
uncontrolled asthma [20]. Subsequently, several drugs targeting IgE, IL-5, IL-4,
IL-5, IL-9, IL-13, IL-17, and TSLP were developed for the treatment of this patient
group (Table 3). Details about these drugs are provided below.

5.1 Anti-IgE

a.Omalizumab (Xolair®) is a humanized mAb and the first drug to be approved
by the Food and Drug Administration (FDA) for the treatment of severe
uncontrolled asthma [21]. The mechanism of action involves selective binding
to IgE antibodies, reduction of free IgE levels, and inhibition of inflammatory
mediator release via the inhibition of mast cell degranulation.

The PERSIST study, a “real-life” study, demonstrated that 12-month treatment
with omalizumab can significantly improve the lung function and quality of
life and minimize the rate of exacerbation [22]. The APEX II multicenter obser-
vational study demonstrated a clinical response rate to omalizumab at week 16
to be 82.4%. [23]. When the pre- and post-treatment periods were compared, a
decrease in the daily OCS dose and number of exacerbations requiring hospi-
talization was observed. Moreover, pulmonary function test findings and the
quality of life of patients were significantly improved. In a newly published
study by Vennera et al., 60% patients who received omalizumab treatment for
6 years showed that the drug maintained its positive effect for at least 4 years
after treatment discontinuation [24]. On the basis of clinical evidence, the
response to omalizumab treatment is routinely evaluated after 16 weeks of
treatment [25]; this evaluation is accepted as the most meaningful measure-
ment and indication of permanent treatment response in the world.

In pre- and postmarketing studies, the risk of anaphylaxis was reported to be
0.1%—--0.2% [26]. It was found that 61% reactions occurred within 2 h after one
of the first three doses, while 14% occurred within 30 min after a fourth or sub-
sequent dose [27]. In another study, 3.4%, 2.2%, and 0% participants reported
injection site reactions, hypersensitivity reactions (HSR), and anaphylaxis,
respectively [28].

b.Quilizumab is a humanized mAb against the M1 major segment of membrane-
bound IgE, and it causes memory depletion of B-cells and inhibits IgE produc-
tion [29]. The primary indication is uncontrolled allergic asthma and chronic
spontaneous urticaria. In a study by Harris et al., it was demonstrated that
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Target Generic Name Brands Release Status in EU

IgE Omalizumab Xolair® 12/2005, approved
Quilizumab - Phase III
Ligelizumab - Phase III

IL-5 Mepolizumab Nucala® 12/2015, approved
Reslizumab Cinqaero® 08/2016, approved

IL-5R Benralizumab Fasenra® 01/2018, approved

IL-4R complex Pitrakinra Aerovant® Phase IIb

(IL-4/13) Dupilumab Dupixent® 09/2018 approved

IL-13 Lebrikizumab - Stopped
Tralokinumab - Stopped

IL-17A Brodalumab Kyntheum Stopped
Secukinumab Cosentyx® PhaseII

IL-9 Enokizumab — Stopped

TSLP Tezepelumab — Phase III

PG DP,-receptor Fevipiprant QAWO039 Phase III
Timapiprant 0C-459 PhaseII
Setipipitrant ACT-129968 Stopped

IgE, Immunglobulin E; IL, Interleukin; TSLE, thymic stromal lymphopoietin; EU, europa; FDA, Food and Drug
Administration.

Table 3.
Overview of biological agents used in asthma.

quilizumab was well tolerated by patients and reduced the IgE levels (serum
total and allergen-specific) by 30-40% [30]. However, there was no beneficial
effect with regard to asthma exacerbations, lung function, and patient-
reported symptom measures. At 36 weeks, the asthma exacerbation rate
decreased by 19.6% relative to that in the placebo group, although this was not a
statistically significant result. Significant clinical efficacy benefit has not been
demonstrated in studies of various biomarker subgroups (serum IgE, blood
eosinophils, exhaled NO, and periostin). The safety of the drug was evaluated
in the same study, and injection site reactions (mostly pain) were reported in
6.9% patients [30]. Currently, phase III studies of this drug are in progress.

.Ligelizumab is an investigational humanized mAb that binds to IgE with a

higher affinity than does omalizumab. In a 2016 study of patients with mild
allergic asthma, it was found that inhaled and skin allergen responses were
3-fold and 16-fold greater with ligelizumab than with omalizumab and pla-
cebo, respectively [31]. These findings suggest the effectiveness of this drug in
asthma treatment; phase III studies are currently ongoing.

5.2 Anti-IL-5
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a.Mepolizumab (Nucala®) is a humanized mAb that binds to IL-5, selectively

inhibits eosinophilic inflammation, and reduces both sputum and the number
of eosinophils in the blood [32]. After receiving approval for the treatment of
eosinophilic and severe asthma in Europe in December 2015, it was approved
for the treatment of eosinophilic granulomatosis with polyangiitis and Churg—
Strauss syndrome in December 2017.
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In one study, subcutaneous administration of mepolizumab 100 mg every

4 days significantly lowered the rate of asthma exacerbations and the daily
dose of OCSs in patients dependent on OCSs for asthma control [33]. In
another study, mepolizumab was found to be at least as effective as omali-
zumab, and no significant difference was found between the tolerability
profiles of the two treatments [34]. The most commonly reported adverse
events in the Dose Ranging Efficiency and Safety with Mepolizumab in Severe
Asthma (DREAM) study were nonallergic reactions associated with infusion
[35]. In addition, Lugogo et al. [36] observed HSRs in <1% patients, injection
site reactions in 4%, and infusion/injection reactions (nonallergic) in 1%.
None of the recent studies has reported the occurrence of anaphylaxis as a side
effect [35, 36].

b.Reslizumab (Cingaero®) is a humanized mAb that binds to IL-5 and is
used as an adjunctive drug in the treatment of severe and uncontrolled
eosinophilic asthma [37]. The drug inhibits the activation, differentiation,
and growth of eosinophils by inhibiting the binding of IL-5 to eosinophils.
Unlike other drugs, it is intravenously administered at a dose of 3 mg/kg
every 4 weeks.

In a subgroup analysis by Corren et al., the efficacy of resolizumab for an
improvement in respiratory function, Asthma Control Questionnaire (ACQ)
scores, and recovery inhaler use were evaluated for patients with a blood
eosinophil count of >400 cells/uL [38]. Therefore, the blood eosinophil
count is a useful pre-treatment biomarker in predicting patients’ response to
therapy and for the appropriate patient selection. In addition, two phase III
studies reported that reslizumab administration improves lung function and
controls asthma and related symptoms in patients with severe, uncontrolled,
eosinophilic (>400 cells/pL) asthma [38, 39]. Murphy et al. [40] demon-
strated the long-term clinical effects and reported HSRs (<1%), drug rash
(<1%), and very rare local infusion-related adverse events (e.g., pain at the
site of injection; <1%) during the follow-up period, with no documented case
of anaphylaxis [40].

c.Benralizumab (Fasenra®) is the newest biologics in the family of humanized
mAbs, and it is being developed for the treatment of eosinophilic and allergic
asthma [41]. Its acts by binding to the a-subunit of the IL-5 receptor (IL5Ra)
on eosinophils and basophils.

In the SIROCCO [42] and CALIMA [43] trials, both phase III trials, benrali-
zumab significantly lowered the annual exacerbation rate in patients with
uncontrolled asthma (despite high-dose ICS plus LABA treatment) and a blood
eosinophil count of >300 cells/pL. The safety of the drug was also tested, and it
was found to be well tolerated. Following these promising data, it was approved
for use in Europe in the beginning of 2018. The most commonly reported side
effect is mild to moderate nasopharyngitis [44]. FDA labels report a HSR (rash,
urticaria) rate of 3% for patients receiving benralizumab and placebo therapy
[41]. In these labels, the rate of injection site reactions was 2.2% for patients
treated with benralizumab and 1.9% for those treated with placebo, with two
cases of anaphylaxis [41]. Post-marketing recording and notification of side
effects are currently ongoing.
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5.3 Anti-IL-4/13

a. Pitrakinra: (Aerovant®) is a human recombinant protein that competitively
inhibits the IL-4Ra complex, thus showing antagonism to IL-4 and IL-13 [45]. In
phase II studies, FEV1 was measured 4-10 h after an allergen challenge in patients
with atopic asthma (46), and patients treated with pitrakinra showed a lesser
decrease in FEV1 than did those treated with placebo [46]. Moreover, improve-
ments in pulmonary function test findings, decreased exhaled nitric oxide levels,
and decreased allergic responses were reported [46]. Phase IIb studies of this drug,
which can be taken via a dry-powder inhaler or subcutaneously, are ongoing [45].

b.Dupilumab (Dupixent®) is a fully human mAb that can be subcutaneously
administered. It binds to the IL-4Ra complex (also inhibits the effects of
both IL-4 and IL-13) [47]. In a recent randomized, double-blind, phase III
study, subcutaneous administration of dupilumab 200-300 mg (once every
two weeks) significantly decreased the asthma exacerbation rate in patients
with severe uncontrolled asthma and type 2 inflammation [47]. In another
study, placebo and dupilumab showed no significant differences in the rate
of mild and severe adverse events, death, drug discontinuation due to side
effects, and incidence of upper respiratory tract infections, influenza, and
bronchitis [48]. However, dupilumab was associated with an increased risk
of injection site reactions [48]. This BD has been approved for use in the
treatment of atopic dermatitis, and its use for severe asthma was approved
by the FDA in 2018.

5.4 Anti-IL-13

a.Lebrikizumab is a new humanized IgG4 mAb that can be subcutaneously
administered. It specifically inhibits IL-13 activity [49]. This drug was adminis-
tered to patients with uncontrolled asthma, and FENO significantly decreased
in the high periostin group (4.3%) compared with that in the low periostin
group (34.4%) [49]. In a phase III study of the drug, no clinically meaning-
ful decrease in the asthma exacerbation rate could be found in patients with
high biomarker levels (periostin >50 ng/mL or blood eosinophils >300 cells/
pL) [50]. Moreover, in a study by Korenblat et al., 12 weeks of treatment for
patients with mild-to-moderate asthma did not result in adequate improve-
ments in the results of prebronchodilator lung function tests [51].

b.Tralokinumab is a mAb that acts on IL-13, which is still being studied today.
The results of a previous study revealed that, despite a consistent improve-
ment in FEV1 in the FENO-high group, there was no possibility of a significant
clinical benefit in patients with severe uncontrolled asthma [52]. A promising
biomarker to predict the responsiveness to anti-IL-13 treatment has been
found, and further studies are underway [53]. It is necessary to investigate the
effects of this drug on different asthma phenotypes.

5.5 Anti-IL-17

Secukinumab and Brodalumab are monoclonal antibodies that target IL-17A
and IL-17RA signaling, respectively. A phase II trial of the efficacy and safety
of secukinumab treatment for asthma has been completed (NCT01478360),
and the results are expected. On the other hand, a phase II trial of brodalumab
(NCT01902290) was terminated because of the lack of efficacy in a predetermined
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intermediate analysis. Both drugs are approved and presently used for the treatment
of moderate to severe plaque psoriasis.

5.6 Anti-IL-9

Enokizumab (Medi-528), which is a mAb against IL-9, is defined as a T-cell and
mast cell growth factor [54]. It was initially tested in animal models of asthma and
was shown to alleviate the disease [54]. Subsequently, a double-blind, multicenter
study involving 329 human adults was conducted [55], and the results revealed
that the addition of this drug to existing anti-asthma drugs does not improve
FEV1 values, decrease the asthma exacerbation rate, or improve ACQ scores. This
observation was surprising, considering the very promising initial results. The main
reason for this discrepancy is thought to be the heterogeneity of the study patients
and the lack of differentiation between asthma subtypes [55].

5.7 Anti-epithelial cell-derived cytokine

Tezepelumab is a human mAb specific for TSLP, which is an epithelial
cytokine. TSLP is considered to play a critical role in the onset and progress of
airway inflammation. In a study by Corren et al., 52-week treatment with this BD
significantly decreased the asthma exacerbation rate, independent of the blood
eosinophil count [56]. Moreover, the prebronchodilator FEV1 at 52 weeks was
higher in all tezepelumab groups than in the placebo group (mean, 110-150 mL)
[56]. This is a very promising drug for noneosinophilic, uncontrolled asthma, and
phase III studies (NCT 03927157, and NCT03347279) are currently ongoing.

5.8 Prostoglandin DP2 receptor antagonist

Fevipiprant and Timapiprant is a promising biologics has been set for new
biological treatments in allergic asthma. This target is prostaglandin D2 (PGD2)
which acts through the DP2 receptor, also known as chemoattractant receptor-
homologous molecule expressed on Th2 cells (CRTh2). DP2 is a G-protein-
dependent receptor that mediates activation and migration of Th2 cells and
eosinophils at the center of allergic and inflammatory processes.

Fevipiprant is a powerful, reversible and highly selective DP2 receptor
antagonist that can be used orally, targeting PGD2 directly [57]. In phase 2 studies
performed in patients with severe uncontrolled eosinophilic asthma, the rate of
sputum eosinophils decreased, 160-207 ml increase in FEV1 level and Asthma
Control Questionnaire scores was obtained [58]. Phase III studies (NCT02555683
and NCT02563067) was completed and the results are expected. If positive results
are obtained in these studies, it can be thought that this oral treatment would be an
alternative to the biological treatments and would be easier to access.

Timapiprant (OC000459), which also affected the same receptor, showed 95 ml
FEV1 increase in mild to moderate allergic asthma compared to placebo, and in the
post hoc analysis, 220 ml increase was reported in FEV1 compared to placebo when
atopic eosinophilic uncontrolled asthma subjects were selected [59]. No serious
drug-related side effects were reported in the same study.

6. Conclusion

In summary, BDs play an important role in the treatment of many lung diseases.
Recent advances in our knowledge of asthma pathologies, the role of cytokines,
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allergen-directed immune responses, and disease phenotyping have resulted in

the identification of numerous potential and specific targets for BDs. Monoclonal
antibodies targeting IgE, IL-5 and IL-4/IL-13 have demonstrated significant
improvements in asthma control such as reduce asthma exacerbations and improve
lung functions [60]. In addition, long-term benefits such as reduced need for oral
corticosteroids and control medications, reduction in asthma symptoms, improving
quality of life, and reduced loss of work capacity have been demonstrated [7-9].

For the future, there is a need for new biomarkers to identify asthma patients with
Th2-low endotype and thus new BDs that affect inflammatory pathways [60].

On the other hand, anti-IL-9 and anti-IL-17 treatments showed no positive
results in terms of clinical benefits [55]. Meanwhile, anti-TSLP and anti-PGD2
treatment has shown very promising results, and the results of phase III studies are
awaited. However, because of the increasing number of BDs and associated studies,
it has become very difficult to update treatment guidelines on a regular basis; this
issue and personalized treatment options needs to be resolved in future. However,
after the endotypes and phenotypes are classified, investigation of the effects of
these drugs may yield different results.
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Chapter 6

Anaphylactic Reactions in
Radiology Procedures
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Sarah Kemunto Osiemo and Timothy Musila Mutala

Abstract

Reactions to contrast agents are uncommon but range from mild urticaria to
life threatening anaphylactic reactions. Majority of these reactions occur due to
intravenous administration of iodinated contrast media. Acute reactions to MRI
gadolinium-based contrast are much less common but they do occur and thus have to
be managed. Usual presentations include urticaria, nausea, vomiting, angioedema,
bronchospasm, laryngospasm and systemic hypotension. Majority of these reactions
occur within the first twenty minutes after administration of contrast. Therefore,
their recognition and prompt treatment are critical for good patient outcome.
Attendant to this the radiology department must be adequately prepared to handle
these emergencies as and when they do occur. This means an up to date emergency
tray must be checked regularly before the start of the procedure, ensure there is epi-
nephrine, antihistamines, beta-2-agonists metered dose inhalers, IV fluids, and ready
supply of oxygen. Close collaboration of radiology staff with the hospital emergency
response team is critical since severe reactions will need the intervention of this team.

Keywords: anaphylaxis, iodinated contrast, bronchospasm, hypotension, diagnosis,
treatment

1. Introduction

Contrast media is a substance that is used to enhance the differentiation of
tissues within the body in medical imaging. They are administered either intrave-
nously, intraarterially, orally or into body cavities, majority being administered
intravenously. Over the past few years there has been an increase in the number
of radiographic examinations that use contrast media for better lesion character-
ization, more so in CT and MRI examinations [1]. Although contrast media has
become progressively safer over time, especially with the use of low osmolar con-
trast media (LOCM), anaphylactic reactions still do occur. It is estimated that 0.6%
of iodinated and 0.12% of gadolinium contrast cause anaphylactic reactions [2-4].
Reactions to contrast media range from mild reactions to life threatening severe
reactions. Most acute reactions occur within 1 hour of contrast media administra-
tion, with majority occurring within the first 20 minutes. Therefore, it is important
to be aware of these reactions, to monitor the patient closely in this period and to
manage the reactions when they do occur [5].

There are two main types of iodinated contrast comprising high osmolar
(HOCM) or ionic contrast that dissociates in solution to form particles and low
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Types of contrast media

Contrast Trade name Ionic/Non-ionic Iodine content Osmolarity
Diatrizoate Gastrografin Tonic 300mg/ml 1550
Ioxaglate Hexabrix Ionic 320mg/ml 580
Ultravist Iopromide Non-ionic 300mg/ml 607
Optiray Ioversal Non-ionic 300mg/ml 651
Isovue 370 Iopamidol Non-ionic 370mg/ml 796
Omnipaque 300 Iohexol Non-ionic 300mg/ml 672
Toxilan 350 Oxilan Non-ionic 350mg/ml 695
Iotrol 300 Iotrolan Non-ionic 300mg/ml 310
Visipaque 320 Todixanol Non-ionic 320mg/ml 290
Table 1.

Types of iodine based contrast media and osmolarity.

osmolar or non-ionic that does not dissociate in solution. Contrast media osmolality
is determined by the number of particles formed in solution. Ionic contrast media
dissociates into osmotically active ions in solution and therefore have a higher
osmolality. Non-ionic agents do not dissociate to ions when dissolved in solution
and hence have a lower osmolality. In recent years there has been a shift to using the
LOCM because of associated fewer reactions therefore making contrast administra-
tion safer. Nevertheless, acute anaphylactic reactions can still occur unpredictably
and therefore must be recognized and managed promptly. Some of the commonly
used iodine-based contrast agents and their osmolality are listed in Table 1 above.

2. Gadolinium based contrast

Gadolinium based MRI contrast agents have been shown to be safe for intrave-
nous administration, and actually a better safety profile than iodinated contrast for
CT and other radiographic examinations. However acute reactions do occur and
include urticaria, nausea and vomiting, and rarely anaphylaxis. In a study of 141,623
doses of MRI contrast administered Jae-woo et al. identified 0.079% immediate
hypersensitivity reactions including urticaria, angioedema, bronchospasm and
anaphylaxis and one fatality giving a mortality rate of 0.007% [6].

3. Presentation and management of contrast reactions
3.1 Clinical presentation

Reactions can be categorized as mild, moderate and severe as well as immediate
and delayed. Mild reactions are usually self-limiting and require just supportive
treatment, whereas moderate to severe reactions require prompt treatment.
Delayed reactions such as abdominal pains, joint pains, fever and chills, diarrhea,
headache, rashes and dizziness may be seen within two weeks from the date of
contrast administration. Renal toxicity is also a commonly encountered side effect
of contrast reactions manifesting as impaired renal function within two weeks of
contrast administration.

Table 2 below shows the different types of reactions seen.
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Severity Reaction

Mild reactions Urticaria

Hives

Nausea

Vomiting

Moderate reactions Facial oedema

Severe vomiting

Bronchospasm

Laryngeal oedema

Severe reactions Pulmonary oedema

Cardiac arrythmia

Cardiovascular collapse

Respiratory collapse

Table 2.
Classification of contrast media reactions.

patient for radiology
procedure with
contrast

reaction to

increased risk to contrast

contrast reaction .
no known risk

factors

risk factors: .
previous severe

reaction to
contrast

diabetes mellitus proceed with

procedure

renal disease

infantselderly

consider
alternative

Premedication examination

Proceed with
procedure

Figure 1.
Patient evaluation algorithm.
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Anaphylactic reaction usually occurs within one hour of contrast administra-
tion, with majority occurring within the first 20 minutes. This is a life-threatening
reaction and manifests with hypotension, bronchospasm/laryngeal oedema and
circulatory collapse. Patient evaluation algorithm is as outlined in Figure 1 above.

4. Anaphylactic reactions to contrast media

Although contrast side effects are infrequent, the knowledge of their presenta-
tion, their relationship with pre existing conditions and their management is
required to ensure optimal patient care [2, 7]. Non ionic agents are iso-osmolar or
low osmolar in nature and have fewer adverse effects [8, 9].

Majority of contrast reactions occur unpredictably and severe reactions may
occur even when there has been a previous uneventful examination.

Risk factors that increase the likelihood of occurrence of adverse reactions
[10-12] include:

1. Previous history of allergy like reaction to contrast media.
2. Allergy to food or other drugs.

3.History of asthma.

4.Renal insufficiency.

5.Cardiac disease e.g. Congestive cardiac failure, angina.

6. Anxiety.

7.Infants and neonates.

8.Elderly, above the age of 60 years.

9.Hematological disorders: sickle cell anemia, polycythemia vera, multiple
myeloma.

10. Use of drugs like beta blockers.

A detailed history should be obtained and pre medication administered prior to
contrast use to reduce the risk of reaction occurrence.

Adverse reactions to contrast can be divided into organ specific and non organ
specific or general reactions. They can also be classified into acute and delayed
based on the timing after contrast administration.

Acute hypersensitivity reactions are those that develop within 1 hour of contrast
administration and can classified into allergic-like and physiologic [13]. Allergic-
like reactions are largely dose and concentration independent. They do not require
prior sensitization or Ig-E and are thus called idiosyncratic /anaphylactoid reac-
tions. They occur via direct mast cell stimulations or via activation of complement
by immune complexes [14]. These are the most frequent type of adverse reactions
and may have serious, occasionally fatal, complications.

Physiologic reactions are those that are dose and concentration dependent
are thus called non idiosyncratic reactions. They are due to direct chemotoxic or
osmotoxic effects of the contrast media [15].
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These acute reactions can be further subclassified into into 3 categories based on
severity-mild, moderate and severe [11]. Mild reactions are those that are self limit-
ing. The mild allergic-like reactions include limited urticaria, pruritus, cutaneous
edema, nasal congestion while the physiologic reactions include limited nausea and
vomiting, transient flushing, headache, dizziness, anxiety and vasovagal reactions
that resolve spontaneously [16]. Moderate reactions are those that are progressive
and more pronounced and require medical management [17, 18]. The moderate
allergic-like reactions include diffuse urticaria/pruritus, diffuse erythema with nor-
mal vital signs, facial edema, throat tightness, wheezing and bronchospasms. While
the moderate physiological reactions include protracted vomiting, hypertensive
urgency, vasovagal reactions that require treatment and respond to it [13]. Severe
reactions are those that are potentially life threatening with impending death if not
managed properly [2]. The severe allergic-like reactions include diffuse edema with
dyspnea, diffuse erythema with hypotension, laryngeal edema with stridor, bron-
chospasms with hypoxia and anaphylactic shock. The severe physiologic reactions
include vasovagal reactions resistant to treatment, convulsions, arrhythmia and
hypertensive emergency [13]. The end result of severe allergic like and physiologic
reactions is CPA which is a medical emergency and prompt and proper management
using the BLS protocol and drugs including epinephrine, vasopressors, antihista-
mines and inhaled B-agonists is necessary to save lives.

Contrast induced acute kidney injury and nephropathy can also occur following
contrast administration [19]. Risk factors include co morbidities like diabetes mel-
litus, dehydration, cardiac disease, hypertension and multiple iodinated contrast
media doses in less than 24 hours. Baseline serum creatinine +/— glomerular
filtration rate should be availed before injection of contrast media in at risk patients
[13]. Contrast media administration in such patients can be done with caution by:
reduced dose of contrast media, hydration and use of iso-osmolar agents.

5. Management of acute contrast media reactions

Management of acute contrast begins with discontinuation of injection if not
completed [13, 20]. General principals of BLS and ACLS should apply in case of
cardiorespiratory arrest.

Summary of the management of contrast reactions is as outlined in
Table 3 below.

6. Premedication of at risk patients

Premedication of patients who have a higher risk of acute allergic like reactions
should be considered to reduce the chance of reaction occurrence [18]. For elective
premedication oral prednisolone and diphenhydramine are used. For emergency
premedication IV methyl prednisolone sodium succinate or dexamethasone sodium
sulfate. IV diphenhydramine can be used instead of steroids in emergency cases [13].

7. Reaction rebound prevention
Intravenous corticosteroids play a role in preventing short term recurrence of
an allergic like reactions. They may also be administered to patients having severe

allergic like manifestations prior to transport to an emergency unit. They are
however not useful in the acute treatment of any reaction.
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Reaction Monitoring Treatment

Anaphylactoid

Urticaria (skin rash) Initial Mild-Usually none; if symptomatic consider diphenhydramine,
size with 25-50 mg orally

marking and
follow

Moderate/Severe-monitor vitals and obtain IV access.
Consider diphenhydramine, 25-50 mg orally intramuscularly/
intravenously; epinephrine (1:1,000), 0.1-0.3 mL
subcutaneously/intramuscularly

Bronchospasm

Oxygen
saturation,
pulse, Blood
pressure
(BP)

In all forms of bronchospasms: preserve IV access, monitor vitals
and oxygen saturation and give oxygen by mask 6-10 L/min
Mild: Inhaled B-agonist- 2 puffs at 90mcg/puff and can be
repeated up to 3 times. If response is not satisfactory, emergency
response team should be contacted.

Moderate Inhaled B-agonist- 2 puffs at 90mcg/puff and can be
repeated up to 3 times

Epinephrine (1:1000), 0.3 mL intramuscularly-this can be
repeated every 5-15 minutes as needed up to 1 mI(1 mg)total;
OR

Epinephrine (1:10,000), 1 mL(0.1 mg) intravenously (slowly) if
hypotensive; This can be repeated every few minutes as needed
up to 10 mI(1 mg) total

call the emergency medical team; call the emergency medical
team

Severe: Epinephrine (1:1000), 0.1-0.3 mL intramuscularly-this
can be repeated every 5-15 minutes as needed up to 1 ml(1 mg)
total;

OR

Epinephrine (1:10,000), 1 mL(0.1 mg) intravenously (slowly) if
hypotensive; This can be repeated every few minutes as needed
up to 10 mI(1 mg) total

Call the emergency medical team and Inhaled B-agonist (may
work synergistically). Call the emergency medical team

Facial or laryngeal
edema

Oxygen
saturation,
pulse, BP

In all forms of laryngeal edema: preserve IV access, monitor
vitals and oxygen saturation and give oxygen by mask 6-10 L/
min

Call the emergency medical team if severe

Epinephrine (1:1000), 0.3 mL intramuscularly-this can be
repeated every 5-15 minutes as needed up to 1 ml(1 mg)total;
OR

Epinephrine (1:10,000), 1 mL(0.1 mg) intravenously (slowly) if
hypotensive; This can be repeated every few minutes as needed
up to 10 mI(1 mg) total

call the emergency medical team

Hypotension(systolic
BP <90 mmHg)

and tachycardia
(>100 bpm)

Oxygen
saturation,
pulse, BP

Preserve IV access, Elevate legs 60°; oxygen, 6-10 L/min; rapid
intravenous fluids(1 liter of 0.9% normal saline or lactated
Ringer’s); epinephrine (1:10,000), 1 mL(0.1 mg) intravenously
(slowly); This can be repeated every few minutes as needed up to
10 ml(1 mg) total

OR

Epinephrine (1:1000), 0.3 mL intramuscularly-this can be
repeated every 5-15 minutes as needed up to 1 mI(1 mg)total

call the emergency medical team

Hypotension(systolic
BP <90 mmHg)

and bradycardia
(<60 bpm)

Oxygen
saturation,
pulse, BP

Elevate legs 60°; oxygen, 6-10 L/min; rapid intravenous fluids(1
liter of 0.9% normal saline or lactated Ringer’s)

If mild, no further treatment is necessary

If patient remains symptomatic despite the above measures:
Atropine, 0.6-1 mg intravenously (slowly); repeat to total of
2-3 mg (0.04 mg/kg) if needed; call the emergency medical
team
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Reaction Monitoring Treatment
Cardiac arrhythmia Oxygen Follow ACLS protocols; call the emergency medical team
saturation,
pulse, BP,
ECG
Hypertensive crisis Oxygen Nitroglycerine, 0.4 mg sublingually; can repeat every
(diastolic BP saturation, 5-10 minutes
>120 mmHg; systolic pulse, BP, OR
BP >200 mmHg) ECG Labetalol intravenously 20 mg, administer slowly over
2 minutes. The dose can be doubled every 10 minutes.
OR

Lasix intravenously 20-40 mg,slowly over 2 minutes.
Phentolamine, 5 mg intravenously for pheochromocytoma; Call
the emergency medical team

Seizures Oxygen Observe and protect the patient
saturation, Secure airway; oxygen, 6-10 L/min;
pulse, BP, Preserve IV access and give diazepam, 5 mg intramuscularly/
ECG intravenously OR midazolam, 0.5-1 mg intravenously OR

phenytoin infusion, 15-18 mg/kg at 50 mg/min; call the
emergency medical team

Hypoglycemia Oxygen If patient is able to swallow orally give half a cup of fruit juice or
saturation, 15 g of glucose
pulse, BP Is the patient is unable to swallow safely, obtain IV access and
give 50% dextrose, 1 ampule-25gms over 2 minutes
OR

100 ml/hr. of 5% dextrose.
Is patient is unable to swallow and IV access is not available give
intramuscular glucagon 1 mg.

Pulmonary edema Oxygen Preserve IV access, Secure airway; oxygen, 6-10 L/min; Elevate
saturation, head of the bed
pulse, BP, furosemide, 20-40 mg intravenously (slowly over 2 minutes);
ECG morphine, 1-3 mg intravenously; call the emergency medical
team
Table 3.

Management of contrast reactions.

7.1 Radiology department preparedness to manage anaphylactic reactions to
contrast media

The hospital administration in liaison with the heads of the radiology depart-
ment and the radiology contrast committee should set up and publish an institu-
tional policy and procedure manual on contrast media administration.

The purpose of this manual is:

i. To ensure that administration of contrast media is done according to the
protocols set up by the hospital and imaging department.

ii. To ensure that in case of adverse reactions to contrast media, appropriate
steps are taken to manage them.

iii. To ensure that patients at risk of contrast media reactions or with prior

history of such reactions receive appropriate premedication and are imaged
using suitable protocols.
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iv. To ensure that patients due to receive intravenous contrast media have
appropriate laboratory tests done and reviewed by the radiologist to
determine their suitability for the procedure.

Guidelines for administration on intravenous contrast:

i. Administration of intravenous contrast should be done by a trained radiol-
ogy technician / nurse under the supervision of the radiologist and these
staff should be competent in recognizing and managing an adverse reaction
if it occurs.

.Standard operating procedures on the administration of intravenous contrast
media should be set up and made available to the radiology clinical staff for
reference when needed.

—-

i

—

iii. The Radiologist should review all the imaging requests that require admin-
istration of intravenous contrast, to determine the protocol to be used which

will depend on the patient’s condition and clinical indication for the study.

iv. The radiology technician and nurse attending to the patient must take a
detailed history on the current clinical condition, current medications, history
of allergy, asthma and prior adverse reactions to drugs and contrast media.

v. If the patient is found to have risk factors or contraindications to administra-
tion of contrast media, then the radiologist will determine the protocol to be
followed and premedication to be administrated if required.

vi. Protocols on the recognition and management of adverse reactions to
contrast media should be set up and made available to all radiology clinical
staff. These protocols ought to be illustrated in flow charts and placed in the
various imaging sections in which intravenous contrast media is adminis-
tered to facilitate proper management of these emergencies.

vii. Close liaison between the radiology department, the emergency response
team and intensive care unit must be present to ensure that the radiology
department will get adequate support in case of an emergency.

7.2 Radiology department emergency trolley

All imaging sections in the radiology department must be equipped with the
emergency equipment and medication required to monitor and manage a patient in
cardiopulmonary arrest and more specifically a patient undergoing a severe reac-
tion to contrast media.

Majority of the emergency equipment and medication are part of the standard
crash cart/ emergency trolley; therefore, it is upon the administration of the
radiology department to decide whether a dedicated contrast reaction kit is neces-
sary. This will depend on the size of the imaging department, patient numbers and
budget allocations.

The basic equipment required to monitor patients experiencing an adverse
reaction to contrast media include:

i. Devices for hemodynamic Monitoring-Pulse and blood pressure monitors.

ii. Devices for respiratory monitoring — Pulse oximeter.
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iii. Body temperature monitor - Thermometer or adhesive pads with
thermoelectric transducer.

iv.Blood glucose monitor.
v. Stethoscope.

Equipment and supplies for managing patients in an acute adverse reaction
include:

i. Oxygen supply from a wall unit or oxygen cylinder.

ii. Devices to supply the supplemental oxygen e.g. nasal cannula, simple face
mask, face mask with oxygen reservoirs (non-rebreather mask). The latter
is preferred as it is able to deliver a large dose of approximately 95-100%
oxygen at a flow rate of 10-15 ml/min. Another device is a bag mask device
which uses positive pressure ventilation with a face mask or advanced airway
to administer a high concentration of oxygen to the patient. These devices
must be available in adult and pediatric sizes.

—

iii. Suction device used to clear the airway of secretions to enable the patient to

breath. A patent airway is required for effective cardiopulmonary resuscita-
tion in case of cardiopulmonary arrest in the case of severe contrast media
reactions. The suction device may be wall mounted or mobile an I used in
conjunction with suction tubing/ catheters.

Basic medication required in case of a contrast media reactions include:

i. Epinephrine

* Emergency trolley / crash carts in hospital setting are usually equipped in
1 mg in 10 ml of epinephrine for intravenous administration (1:10000).

* Epinephrine 1 mg in 1 ml vial is used for intramuscular injection.

* Epinephrine autoinjectors in pediatric, and adult doses can also be used if
available.

ii. Oral and intravenous antihistamines.
iii. Inhaled or nebulized B2 agonists.
iv. Normal saline intravenous fluid in 500 ml and 1 liter bags/ bottles.
v. Atropine 1 mg in 10 ml for intravenous administration.
Additional medication and supplies include:

i. Emergency drugs - these include the standards emergency medications
which are part of standard crash cart/ emergency trolley.

ii. Supplies that form part of the standard emergency trolley like various sizes
of intravenous cannulas, needles, syringes and intravenous giving sets.

iii. Advanced cardiovascular life support equipment including:
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* Advanced airway adjuncts e.g. endotracheal tube.
* Suction catheters.
* Automated external defibrillator.

In view that cardiopulmonary arrest and adverse reactions to contrast media
in the radiology department are rare, it is imperative that periodic stock checks
are done to ensure the equipment and medications stocked for the management of
these emergencies are within the recommended validity period.

7.3 Hospital emergency response team

When faced with a severe reaction to contrast media in which the patient’s
condition warrants implementation of basic life support and advanced cardiac life
support protocols, it is imperative that the hospital emergency response team be
alerted to assist in initiation of these lifesaving protocols.

Modern radiology departments are fitted with an emergency bell that alerts the
emergency response team to respond to an emergency in each imaging section. All
radiology staff must be made aware of the location of these bells to activate them
when needed.

In the event that such a system is not in place, the phone number of an internal/
external emergency response unit should be clearly posted in each imaging section.

7.4 Training

Despite the rare occurrence of contrast media reactions, they may carry sub-
stantial morbidity and mortality and thus require immediate intervention by the
attending staff. These staff must therefore be equipped with the knowledge and
skills to initiate effective cardiopulmonary resuscitation in order to manage these
emergencies as they await the arrival of the emergency response team.

All clinical staff should receive life support training upon employment and
thereafter attend at least three yearly refresher course as recommended by the
American heart association.

Continuous medical education on contrast media reactions and their management
should be held frequently to ensure these vital knowledge and skills are up to date.

Advanced radiology life support ™ is a course that uses concepts from basic life
support and advanced cardiac life support to radiology clinical staff on recognizing
and managing life threatening emergencies occurring in the imaging department.

This training covers:

* Types of contrast media used in imaging.
* Recognition of the signs and symptoms of contrast media reactions.

* Risk factors of contrast induced nephropathy and approach to administration
of contrast media in renal insufficiency.

* Safety of Gadolinium based contrast agents and nephrogenic systemic fibrosis.
* Airway management in emergencies.

* Safe management of sedated patients in the imaging department.
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Advanced radiology life support ™ has been successful in United states of
America and Canada in training of radiologists, radiology technicians and nurses
in the management of contrast media reactions and cardiopulmonary arrest in the
radiology department. Accreditation is by the Mayo clinic of medicine and Science.

This training is available online in form interactive videos, therefore imaging
departments should allocate a budget for purchase of this training for each of its
clinical staff members.
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