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Abstract: Asthma is a complicated disease defined by a combination of clinical symptoms and physiological characteristics. Typically,
asthma is diagnosed by the presence of episodic cough, wheezing, or dyspnea triggered by variable environmental factors (allergens and
respiratory infections), and reversible airflow obstruction. To date, the majority of asthmatic patients have been adequately controlled by
anti-inflammatory/bronchodilating agents, but those with severe asthma (SA) have not been sufficiently controlled by high-dose inhaled
corticosteroids-long-acting beta-agonists plus additional controllers including leukotriene modifiers. Accordingly, these uncontrolled
patients provoke a special issue, because they consume high healthcare resources, requiring innovative precision medicine solutions.
Recently, phenotyping based on biomarkers of airway inflammation has led to elucidating the pathophysiological mechanism of SA, where
emerging evidence has highlighted the significance of eosinophil or neutrophil extracellular traps contributing to the development of SA.
Here, we aimed to provide current findings about extracellular traps as a novel therapeutic target for asthma to address medical unmet needs.
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Introduction

Asthma is well known as a chronic airway inflammatory disease with variable airway obstruction. Currently, approximately
300 million people worldwide suffer from asthma and more than 400 million will be affected by 2025." In particular, the
prevalence of asthma tends to increase in low- and high-income countries. Asthmatic patients have typical asthma symptoms
as well as the evidence of reversible airflow obstruction evaluated by spirometry and bronchodilator test. Among them,
patients with severe asthma (SA, accounting for 10% of asthmatic patients) suffer from more frequent asthma exacerbations
even on maintaining high-dose inhaled corticosteroids (ICSs).>* Moreover, SA could affect patients throughout ages from
child to adult.* To date, many efforts to classify asthma phenotypes,™® identify various biomarkers,” and develop multiple
therapeutic agents® have been made to manage SA. Nevertheless, a growing need to find a unique target for asthma treatment
is increasing because some patients with SA still remains uncontrolled. Recently, circulating eosinophil extracellular traps
(EETs) and neutrophil extracellular traps (NETs) have been highlighted as novel biomarkers for SA.° Moreover, these
molecules containing DNAs and granule proteins have been suggested to enhance airway inflammation related to asthma
severity. Therefore, this review mainly focused on discussing future directions for new therapeutic targets by understanding
pathophysiological mechanisms of SA related to extracellular trap formation.

Definition of SA
Up to now, many definitions of SA have been suggested worldwide.'®'" The European Respiratory Society (ERS)/

American Thoracic Society (ATS) guidelines define SA as asthma that requires treatment with high-dose ICSs
plus second controller medications and/or systemic corticosteroids to maintain asthma control or that remains uncon-
trolled despite the aforementioned medications (having asthma exacerbation more than 2 times per year). However, the
recent Global Initiative for Asthma (GINA) guideline defines SA if asthma is uncontrolled despite adherence to maximal
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optimized therapy (step 4/5 treatment including medium-to-high-dose ICSs plus second controllers and/or systemic
corticosteroids) and management of comorbid conditions.'®'" Based on current clinical control status and risk factors, the
World Health Organization has also defined SA as uncontrolled asthma which can result in the risk of frequent severe
exacerbations (or death), adverse reactions to medications, and/or chronic morbidity.'?

Classification of SA
T2-High Asthma

Asthma has been described from various points of view, characterizing comorbidities, microbial composition, viral infections,
and inflammatory status.'® Especially, SA can be broadly classified into 2 major phenotypes including T2-high and T2-low
asthma, although it shows more diverse phenotypes with complexity. Patients with T2-high asthma show persistent blood or
sputum eosinophilia even with maintaining anti-inflammatory medications (treatment-refractory).>'* In T2-high asthma,
immune cells including mast cells, basophils, T helper 2 (Th2) cells, and group 2 innate lymphoid cells (ILC2) are abundantly
found in the airway mucosa, contributing to severe clinical outcomes and lower lung functions.'>' In addition, increased
levels of immunoglobulin E (IgE) and type 2 cytokines (interleukin [IL]-4, IL-5, and IL-13) are involved in type 2 airway
inflammation.'” In SA, T2-high asthma has shown different features according to onset age with/without eosinophilia.'®
Early-onset allergic asthma (also known as extrinsic/atopic asthma) is the most common phenotype (estimated 40% to 50% in
patients with SA), in which lower lung function is associated with increased levels of transforming growth factor-beta.'*°
Late-onset eosinophilic asthma (around 20%, asthma symptoms developed in adult age) has higher blood/sputum eosinophil
counts (whether allergic or non-allergic type) and is associated with a high prevalence of chronic rhinosinusitis (CRS) and
nasal polyps (NPs).?! Aspirin-exacerbated respiratory disease (AERD) is a unique phenotype showing moderate-to-severe
upper (CRS with/without NPs) and lower airway (asthma) symptoms. Overproduction of cysteinyl leukotrienes and
prostaglandin D,, along with intense eosinophilic inflammation and mast cell activation, is the key finding of the pathogenetic
mechanism of AERD.*

T2-Low Asthma and Other Phenotypes

T2-low asthma has been recognized as non-eosinophilic but neutrophilic asthma (NA) related to atypical bacterial infection,
smoking experience, and obesity,> presenting distinct clinical characteristics compared to T2-high asthma. Patients with T2-
low asthma usually have more than 40-60% neutrophils in their sputum.?* The presence of airway neutrophilia has been
associated with poor responses to corticosteroid treatment.”* Moreover, patients with T2-low asthma have lower levels of
FeNO and total IgE as well as lower atopy rates.?” In particular, patients with occupational asthma (especially isocyanate- or
grain flour-induced) are likely related to T2-low asthma.’® However, some patients with T2-high asthma have sputum
neutrophilia as well as eosinophilia (mixed granulocytic asthma) and present frequent asthma exacerbations with progressive
lung function decline.?’*® For instance, mounting evidence has demonstrated that obesity is involved in steroid resistance as
well as in the development of asthma.?®>? Patients who suffer from obese asthma can show both eosinophilic and neutrophilic
inflammation in the airways, with uncontrolled asthma symptoms.** > Although several mediators including tumor necrosis
factor alpha, IL-6, and vascular endothelial growth factor have been suggested to reflect the pathogenic mechanism of obese
asthma,*® many aspects of such a phenotype of asthma remain largely questionable. As overlapping characteristics with
complexity are frequently found in patients with SA, a broader approach may be required to identify a novel target and to
prevent poor asthma outcomes.

Novel Targets for SA

Eosinophil Extracellular Traps

Eosinophils are classically considered a protector against parasitic infections as well as an effector contributing to allergic
diseases such as asthma, atopic dermatitis, rhinitis, and eczema. In addition, they fulfill an important immune response against
bacterial and fungal infections by forming EETs.>”*® Eosinophils can release extracellular traps in response to subsequent
stimuli such as IL-5, interferon gamma, C5a, eotaxin, and lipopolysaccharide (LPS).***' According to the current literature,
EET formation is associated with the intracellular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase signaling
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pathway, which is linked to the overproduction of reactive oxygen species.*® In addition, the terminology EETosis was coined
to describe the process by which eosinophils undergo their death cell program to produce EETs without natural necrosis or
apoptosis.*> The components of EETs are a web-like scaffold of chromatin filaments mixed with several granule proteins.
Among various granule proteins contained in EETs, eosinophil cationic protein is capable of causing tissue damage in asthma;
eosinophil peroxidase contributes to the activation of immune systems and even triggers autoimmune responses.*> However,
serum eosinophil derived neurotoxin (EDN) level was significantly correlated with EET-forming eosinophil counts in patients
with SA.** Regarding the activation mechanism of persistent eosinophilia in SA, the role of EETs has been suggested to have
harmful effects on upper and lower airway mucosae in patients with SA. Recent studies have demonstrated that significantly
higher EET-forming eosinophil counts were noted in patients with SA than in those with non-SA, which further induced
production of epithelium-derived cytokine (thymic stromal lymphopoietin [TSLP] and IL-33), leading to ILC2 and eosinophil
activation followed by enhancing T2-high airway inflammation.*’ Taken together, EETs from activated eosinophils are new
targets for the diagnosis and treatment of SA. Further understanding about EET formation and function may lead to better
diagnosis and management of SA.

Neutrophil Extracellular Traps

Neutrophils are first-line inflammatory cells that migrate from the circulation blood into the inflammatory area in response to
various exogenous factors, where they can engulf and kill the invading bacteria.*® In response to IL-8, phorbol myristate
acetate (PMA), or LPS, activated neutrophils released a web-like structure called NETs, which were made up of DNA and
granule proteins.*”*® To date, three major mechanisms have been shown to induce NET formation: NADPH oxidase 2
(Nox2)-dependent pathway with PMA stimulation, Nox2-independent pathway with A23187 or ionomycin stimulation, and
mitochondrial ROS-dependent pathway with LPS or complement factor C5a receptor stimulation.*” Currently, the signifi-
cance of NETs is emphasized in various diseases including cardiovascular disease, metabolic diseases, certain septic
conditions, autoimmune, and inflammatory diseases.’®>* In particular, NET-forming neutrophil counts were higher in patients
with SA than in those with non-SA, contributing to the severity of airway inflammation by inducing eosinophil activation/
degranulation as well as epithelial damage.” The effect of NETs on inflammasome activation has been demonstrated in
patients with SA.>° In addition, increased levels of extracellular DNA in sputum that negatively correlated with FEV,% was
noted in NA patients with the exacerbation-susceptible phenotype.*” Moreover, our group clarified epithelial-derived
molecules (S100 calcium-binding protein A9 and serum amyloid A1), which were higher in the sera of NA, could induce
NETs, further increasing neutrophilic airway inflammation.”’>° Taken together, NETs are a key mediator of ongoing
neutrophilic activation/degranulation, becoming an additional therapeutic target for NA. Here, different characteristics
between EETs and NETs in the progression of SA are summarized in Figure 1.

Treatment of SA

The GINA guideline recommends step 4/5 treatment for SA, where several biologics have been approved (via various
randomized placebo-controlled clinical trials) and applied in real-world practice.®®¢! Such biologics have many advantages in
that they give the high efficacy of asthma treatment with relatively low risk.®> Moreover, these biologics targeting SA may be
applicable for regulating the effect of extracellular traps released from eosinophils or neutrophils on disrupting immune
responses in the airways of SA (Figure 2). Previous studies have demonstrated that corticosteroids may not suppress NET/

EET-mediated airway inflammation,®* ®®

therefore further additional biologics are critical to control SA.

To date, three antibodies targeting anti-IL-5 (Mepolizumab and Reslizumab) or IL-5R antibodies (Benralizumab)
have been approved as an add-on treatment for patients with severe eosinophilic asthma who experience severe
exacerbations and persistently eosinophilia. Mepolizumab has the effect on the alpha subunit of IL-5 to inhibit
interactions between IL-5 and its receptor on the surface of eosinophils, reducing the rates of asthma
exacerbation.®*! Reslizumab targeting IL-5 could also significantly reduce asthma exacerbation and improve lung
function.®*””" Benralizumab has a unique function in eosinophil apoptosis mediated by natural killer cells, improving
lung function and reducing systemic oral corticosteroid requirement.’*’> In severe eosinophilic asthma, eosinophils are

more activated to induce EET formation possibly due to high levels of IL-5 and other factors.>”** In terms of the
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y P Granule protein (ECP, and EDN, etc.) Granule protein (MPO, NE, etc.)
Charcot-Leyden crystal Presence Unknown
Formation Cytosis, pyroptosis, and necrosis Lytic or non-lytic process

Sputum, serum, and endobronchial biopsy

Site of detection Blood eosinophils, nasal, and bronchial mucosa .
specimens
Pathological condition T2-high asthma with eosinophilia T2-low asthma with neutrophilia
1. Damage airway epithelium (IL-33 and TSLP) 1. Damage airway epithelium (IL-6 and IL-8)
Pathogenic mechanism 2. Induce persistence eosinophilia and neutrophil 2. Induce EET formation and link to eosinophilic
recruitment/activation inflammation

Figure | Comparison of characteristics between EETs and NETs in the progression of severe asthma.
Abbreviations: DNA, deoxyribonucleic acid; ECP, eosinophil cationic protein; EDN, eosinophil-derived neurotoxin; EETs, eosinophil extracellular traps; MPO, myeloper-
oxidase; NE, neutrophil elastase; NETSs, neutrophil extracellular traps; IL, interleukin; TSLP, thymic stromal lymphopoietin.

importance of IL-5 contributing to EET production,*® these biologics may be effective in preventing SA patients with the
T2-high phenotype by inhibiting eosinophil activation.

Another humanized monoclonal antibody targeting IL-4 receptor alpha (Dupilumab) has been approved and applied
as an add-on therapy for severe eosinophilic asthma and upper airway disease, such as CRS and NPs.? This agent could
significantly reduce asthma exacerbation as well as improve lung function in asthma and nasal symptoms in patients with
CRS/NPs by blocking IL-4/IL-13 signaling pathways, suggesting that it could be more beneficial for asthmatic patients
and CRS/NP patients having the T2-high phenotype (higher eosinophilia and/or FeNO level). In addition, a previous
paper has demonstrated increased levels of EETs in the subepithelial regions of patients with NPs.”* Although the
pathogenic mechanism of EETs involved in the formation of NPs remains unclear, EET-mediated IL-13 production from
ILC2s could be related to structural modification of epithelium.*>"’> Considering that patients with severe eosinophilic
asthma or those with AERD are highly associated with CRS/NPs, this agent could be beneficial for controlling both
upper and lower airway inflammation.

Regarding T2-low asthma, the GINA and ERS/ATS guidelines recommend a few options of additional treatment in
asthmatics who have failed the step 5 treatment. Among them, anti-ST2 antibody (Astegolimab) reduced the asthma
exacerbation rate in uncontrolled patients with low blood eosinophils.”® Although the function of IL-33 in EET formation
remains uncertain, neutrophils as well as eosinophils express ST2 on their surfaces;’’ therefore, this antibody is a new
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Figure 2 Application of recent biologics for regulation of extracellular trap formation and function in severe asthma. IL-5 is essential for inducing eosinophil activation to release
extracellular traps. EETs containing various molecules as well as CLCs are involved in stimulation of airway epithelium, which contributes to neutrophil recruitment or activation.
NETSs could damage airway epithelium and trigger EET formation related to eosinophilic inflammation. Moreover, alarmins including IL-33 and TSLP enhance production of IL-5 and
IL-13 from ILC2, leading to exacerbations of airway inflammation. In each process, biologics may show a potential benefit for regulating immune responses in severe asthma.
Abbreviations: Ab, antibody; CLCs, Charcot-Leyden crystals; ILC2s, group 2 innate lymphoid cell; Thl, T helper 2 cell; Th17, T helper 17 cell.

therapeutic target for T2-low SA. In addition, anti-TSLP antibody (Tezepelumab) significantly reduced asthma exacerbations
and increased lung function in severe uncontrolled asthmatic patients.”® Based on recent randomized clinical trials, this anti-
TSLP antibody has already been approved in the US. Considering that TSLP has been suggested as a direct stimulator
inducing EETs,* further investigations are needed to evaluate whether anti-TSLP antibody could control EET-derived T2-
high airway inflammation in SA. Furthermore, recent studies have demonstrated that EETs associated with Charcot-Leyden
crystal (CLC) production could be a possible mechanism of mixed granulocytic asthma. Our previous study has demon-
strated that NETs could stimulate eosinophil degranulation and EDN release. These findings suggest that close interactions
between eosinophils and neutrophils may contribute to developing the phenotype of mixed granulitic asthma, presenting
more severe phenotype in patients with T2-high phenotype.**’” Currently, the contribution of CLCs to the disease process is
enigmatic, but CLCs could be found in any tissue with severe eosinophilic inflammation.®*® However, antibodies targeting the
crystallization interface of galectin-10 (a major component of CLCs) have been shown to effectively control disease in
a humanized mouse model of asthma.®' Therefore, these antibodies may be a candidate biologic for SA but whether these

antibodies could disrupt crystal-laden plugs needs to be clarified through investigational trials.

Future Directions

Although there have been many investigations into SA treatment, there are still unmet needs as to who show no response
to step-wise pharmacologic treatment and suffer from asthma exacerbation. In this aspect, we require distinct approaches,
for detection of novel biomarkers and unresolved pathophysiological pathways. Validation of new targets may provide an
insight into the pathophysiology of SA for better diagnosis and treatment, suggesting that EETs and NETs may contribute
to developing the phenotypes of persistent T2-high asthma, mixed granulocytic asthma, or severe T2-low asthma as well

as progressive lung function decline and steroid insensitivity. In addition, further studies are needed to elucidate various
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factors (microbes, damage-associated molecular patterns, and immunoglobulins) for EET/NET formation, depending on
each phenotype of SA.

Conclusions

Medical unmet needs still remain largely unsolved in SA representing an asthma phenotype becoming uncontrolled
despite treatment of high-dose inhaled glucocorticoids with additional controllers. Here, we suggest the significance of
EETs (persistent severe eosinophilic inflammation) and NETs (severe neutrophilic inflammation interacting with eosi-
nophils) as novel target molecules to overcome these conditions. Regulation of extracellular trap formation and function
according to asthma phenotypes may help address uncontrolled patients with SA.
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