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ABSTRACT

Asthma is a chronic heterogeneous disease characterized by various symptoms and persistent
airway inflammation, resulting in progressive lung function decline. Classifying asthma
phenotypes/endotypes is crucial because the underlying mechanisms and long-term outcomes
vary from patient to patient. Recent trials have identified several biomarkers for classifying
asthma phenotypes/endotypes, and current treatments have been developed on the basis of
these biomarkers. Conventional biomarkers, including immunoglobulin E, blood/sputum
eosinophil counts, airway obstruction or reversibility, and fractional exhaled nitric oxide, are
widely used to diagnose asthma. However, these markers have some limitations, necessitating
the discovery of additional biomarkers. Therefore, this review summarizes recently suggested
biomarkers for representing type 2-high (eosinophilic) vs. type 2-low (neutrophilic) asthma,
non-steroidal anti-inflammatory drug-exacerbated respiratory disease, and severe asthma.
Additionally, we discuss the potential benefits of these biomarkers in classifying specific
phenotypes/endotypes and managing asthmatic patients.

Keywords: Asthma; biomarkers; phenotype; immunoglobulin E; eosinophils; nitric oxide;
anti-inflammatory agents, non-steroidal

INTRODUCTION

A clinical diagnosis of asthma is based on typical symptoms, including shortness of breath,
chest tightness, wheezing, and reversible airway obstruction and inflammation. Extensive
efforts have been made to classify asthma phenotypes/endotypes because of the clinical

and pathophysiological complexities of asthma.! In addition, ongoing large-scale genetic,
molecular, and clinical studies have led to more targeted approaches in asthma diagnosis

and treatment. In particular, asthmatic patients should be precisely diagnosed according

to their specific phenotypes/endotypes, which might provide clinicians with guidelines for
individualized treatment. Therefore, identifying and validating relevant biomarkers helps
predict asthma phenotypes/endotypes as indicators of biological processes or clinical responses
to specific therapeutic interventions.? Despite such efforts, further exploration is needed to
discover more relevant biomarkers from various human sources (e.g., peripheral blood, sputum,
urine, exhaled gas, or bronchial biopsies), which can be influenced by several factors, including
environmental exposure, comorbidities, and medication use. Although some limitations
remain unsolved, identifying biomarkers associated with various immune responses is crucial
for understanding the mechanisms of chronic airway inflammation, which is intimately
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mediated by immune cells and structural tissues in asthmatic airways. Therefore, this review
focuses mainly on recent knowledge about inflammatory biomarkers based on the mechanisms
of airway inflammation in asthma according to disease phenotypes/endotypes.

TYPE-2 (T2)-HIGH ASTHMA

Asthma can be classified into T2-high and T2-low asthma based on immunologic basis of
airway inflammation. T2-high asthma is characterized by enhanced releases of T2 cytokines,
including interleukin (IL)-4, IL-5, and IL-13, which induce eosinophilic airway inflammation
with increased levels of serum immunoglobulin (Ig) E and fractional exhaled nitric oxide
(FeNO). These cytokines contribute to the differentiation of T-helper cell type 2 (Th2)

cells, activation of major effector cells (eosinophils and mast cells), and mucus production

in structural cells.> Moreover, recent evidence has highlighted the role of innate immune
responses in asthma severity. For example, epithelial cell-derived cytokines, such as IL-25, IL-
33 and thymic stromal lymphopoietin (TSLP), have been shown to promote T2 inflammation
by activating group 2 innate lymphoid cells (ILC2s). The T2-high asthma phenotype accounts
for 60% of patients with severe asthma (SA), suggesting that both adaptive and innate
immune responses are essential for promoting T2 airway inflammation and disease severity
in asthmatic patients.*®

Eosinophils are the main effector cells driving T2 immune responses in asthmatic airways.
According to the European Respiratory Society/American Thoracic Society, sputum eosinophil
counts > 2% or 3% are widely accepted as a biomarker for determining the eosinophilic
asthma (EA), while the cut-off values of peripheral blood eosinophil counts (BEC) > 150 or 300
cells/uL are recommended for classifying the eosinophilic phenotype or SA.

BEC is an easily measurable and minimally invasive biomarker for the EA phenotype
(sputum eosinophil counts > 2% or 3%), demonstrating good diagnostic accuracy with a
mean area under the curve (AUC) of 0.79 in receiver operating characteristic curve analysis.”
The cut-off values for determining EA in adult asthmatics vary widely: 188 cells/uL (AUC:
0.89), 210 (AUC: 0.70), 220 (AUC: 0.79), 260 (AUC: 0.90), 270 (AUC: 0.89), 300 (AUC:
0.69), and 330 (AUC: 0.82) (Table 1).5*> Notably, BEC is significantly associated with high
exacerbation frequencies and lung function decline, indicating that it remains a useful
biomarker for identifying T2-high asthma, and predicting disease severity. In addition, BEC
is variable according to current symptoms and anti-inflammatory medications, including
corticosteroids and T2-biologics in each asthmatic. Therefore, monitoring changes in BEC is
more informative for evaluating T2-inflammation status. Taken together, BEC is a clinically
relevant biomarker for diagnosing T2-high asthma and monitoring clinical outcomes and
therapeutic responses in asthmatic patients.

Table 1. Diagnostic accuracy of blood eosinophil count and serum total/free IgE for adult asthma

Biomarker Phenotype (definition) Mean AUC (Min. to Max.) Study subjects References

Blood eosinophil count  Eosinophilic asthma (sputum eosinophilia > 2% or 3%) 0.79 (0.69-0.90) Adult asthmatics 8-14

Serum total IgE Eosinophilic asthma (sputum eosinophilia > 2 %) 0.64 Adult asthmatics 8
T2-high asthma (Blood eosinophil count > 150 cells/uL and/or 0.57 Adult asthmatics 16
sputum eosinophilia > 2% and/or FeNO > 20 ppb)

Serum free IgE T2-high asthma (Blood eosinophil count > 150 cells/uL and/or 0.73 Adult asthmatics 16

sputum eosinophilia > 2% and/or FeNO > 20 ppb)

AUC, area under curve; IgE, immunoglobulin E; FeNO, fractional exhaled nitric oxide.
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The role of IgE is well-established in T2-high asthma, as it mediates early and late allergic
responses after allergen exposure. The cross-linking of IgE with mast cells and basophils
induces degranulation, with an explosive release of histamines, leukotrienes, prostaglandins,
and cytokines, which cause immediate bronchoconstriction and mucus secretion. The
formation of IgE is intimately regulated by IL-4 and IL-13 in B cells, suggesting a close

association between IgE and the T2-high phenotype of asthma. Thus, increased serum

total IgE levels are common in asthmatic patients. Moreover, significantly higher levels

of serum total IgE have been reported in patients with T2-high asthma than in those with
T2-low asthma, suggesting its potential as serum biomarkers for the T2-high/eosinophilic
phenotype, with the cut-off values of 91 IU/mL (AUC: 0.64) and 120 IU/mL (AUC: 0.57)

in adult asthmatics (Table 1).5% Therefore, anti-IgE therapy (omalizumab) is approved

for treating allergic SA by reducing asthma exacerbations (AEs) and improving asthma
control. In addition, more favorable outcomes were noted in patients with T2-high asthma
characterized by high total IgE (> 100 IU/mL) and allergen-specific IgE levels (> 0.35 kU/L),
together with high BEC and FeNO values."”! Despite these data, recent studies have reported
that total IgE levels are not an independent biomarker for selecting biologics or predicting
therapeutic responses, as they could be elevated due to increased levels of omalizumab-IgE
complexes after omalizumab treatment.'>?° Alternatively, serum-free IgE has been suggested
as a more reliable biomarker for predicting T2-high asthma (Table 1) and monitoring
therapeutic responses to anti-IgE therapy in adult asthmatics, although further validation
studies are needed.'®*

FeNO is the least invasive biomarker for classifying T2-high asthma and predicting
therapeutic responses to steroids or T2-biologics in asthmatic patients.” The expression of
inducible nitric oxide synthase (iNOS; a main source of NO) is increased in airway epithelial
cells (AECs) and airway smooth muscle cells (ASMCs) of asthmatic airways, which are
affected by T2 cytokines (IL-4/IL-13). Moreover, increased NO facilitates the activation and
recruitment of lymphocytes, mast cells, basophils, and eosinophils. Thus, anti-IL-4/IL-13
receptors (dupilumab) and anti-IL-13 antibodies (lebrikizumab) can decrease FeNO levels,
improving lung functions and reducing severe AEs in patients with T2-high asthma.?*
However, the role of IL-5 in activating iNOS has not been verified, indicating that both
FeNO and BEC should be considered to differentiate T2-high asthma from T2-low asthma.”
Therefore, the GINA recommends FeNO > 20 ppb for classifying T2 airway inflammation

in asthmatic patients. It remains an acceptable biomarker for diagnosing and assessing

the severity of T2-high asthma, although variable cut-off values (AUC range: 0.77-0.88) are
debated in previous publications across various cohorts, including adult asthmatics,®*13
smoker vs. non-smoker asthmatics,**?® or those with severe asthma (Table 2).?° FeNO values
also fluctuate according to the severity of airway inflammation and medications used. Taken
together, FeNO is a useful biomarker for classifying the T2-high phenotype and monitoring
therapeutic responses in long-term management of asthma.

Table 2. Diagnostic accuracy of FeNO for adult asthma

Biomarker Phenotype (definition) Mean AUC (Min. to Max.) Study subjects References
FeNO Eosinophilic asthma (sputum eosinophilia > 2% or 3%) 0.77 (0.72-0.79) Adult asthmatics 8,9,11,13
0.88 Smokers with asthma 26
0.78 (0.77-0.79) Non-smokers with asthma 27,28
0.80 Severe asthmatics 29

AUC, area under curve; FeNO, fractional exhaled nitric oxide; EA, eosinophilic asthma; MGA, mixed granulocytic asthma.
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T2 cytokines are key mediators responsible for developing and promoting T2/eosinophilic
airway inflammation in asthmatics. Among them, IL-4 and IL-13 share binding receptors and
downstream activities that drive Th2 airway inflammation and subsequent tissue remodeling
(e.g., differentiation/proliferation of Th2 cells, IgE production in B cells, activation/
degranulation of mast cells, goblet cell hyperplasia, mucus hypersecretion, and subepithelial
fibrosis in AECs, and contraction of ASMCs).? Conversely, IL-5 promotes eosinophilic
inflammation accompanied by maturation, differentiation, migration, recruitment, and
activation of eosinophils in asthmatic airways. These cytokines are considered T2 signature
biomarkers to determine the T2-high/eosinophilic phenotype in asthmatic patients. Despite
their importance, their practical use as biomarkers is limited due to difficulties in obtaining
and processing each cytokine expression from subjects. Therefore, BEC and FeNO are

being used as reasonable biomarkers for selecting and monitoring current T2 biologics
(dupilumab, reslizumab, mepolizumab, benralizumab, and tezepelumab) to improve clinical
outcomes in patients with uncontrolled T2-high asthma.”?* Additionally, combination effects
of these biomarkers need to be investigated.

Periostin is an extracellular matrix protein released from AECs and fibroblasts when
stimulated by T2 cytokines (IL-4 and IL-13) and is localized in the thickened basement
membrane of AECs in asthmatic patients. Consequently, it is considered a surrogate
biomarker for T2 airway inflammation and tissue remodeling. There have been a few studies
reporting that high serum periostin levels may predict favorable responses to T2-biologic
agents (anti-IL-13 or anti-IgE antibodies) in adult asthmatics.>** In particular, asthmatic
patients with high serum periostin levels had blood/sputum eosinophilia, high FeNO

levels, increased airway hyperresponsiveness (AHR), and high rates of aspirin intolerance,
which are key characteristics of severe T2-high asthma uncontrolled by high-dose inhaled
glucocorticoids. Serum periostin is an acceptable biomarker for determining T2-high/
eosinophilic phenotype (AUC range: 0.69-0.84)"%"323 or reflecting disease severity (AUC
range: 0.70-0.79)*% in adult asthmatics (Table 3). However, little is known about whether it
may change according to clinical outcomes. Taken together, serum periostin can be a useful
biomarker for representing the severity of T2-high asthma. Further investigations are needed
to validate its role as a therapeutic marker for current T2-biologics.

Alarmins, which are epithelium-derived cytokines (IL-25, IL-33, and TSLP) released from AECs
in response to external stimuli and epithelial damage, orchestrate both innate and adaptive
immune responses that enhance T2 airway inflammation. Alarmins activate dendritic cells
and ILC2s, resulting in Th2 cell differentiation and increased T2 cytokine release.* They are
also involved in the maturation, proliferation, development, and infiltration of eosinophils
into the airway, potentially leading to persistent airway eosinophilia, severe AEs, and steroid
resistance in asthmatic patients.>>¥ However, these alarmins are not practical biomarkers as
they are difficult to obtain and measure in human samples.*®

Oleoylethanolamide (OEA), an endogenously generated cannabinoid, exerts
immunomodulatory effects by binding to cannabinoid receptors (CB1 and CB2 receptors)
on immune cells, such as eosinophils and monocytes. Recently, higher serum OEA levels

Table 3. Diagnostic accuracy of serum periostin for adult asthma

Biomarker Phenotype (definition) Mean AUC (Min. to Max.) Study subjects References
Serum periostin Eosinophilic asthma (sputum eosinophilia > 3%) 0.69 (0.69-0.70) Patients with EA and MGA 15,32,33
0.84 Non-smokers with asthma 27

AUC, area under curve; EA, eosinophilic asthma; MGA, mixed granulocytic asthma.
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were reported in patients with SA or non-steroidal anti-inflammatory drug (NSAID)-
exacerbated respiratory disease (N-ERD). Moreover, OEA was found to induce IL-33 secretion
in AECs, which in turn increases T2 cytokine levels by activating ILC2s and eosinophils,

thus promoting T2 airway inflammation.**° Especially, surface CB2 receptor expression on
eosinophils was significantly higher in patients with EA than in those with non-EA. Finally,

the blockade of CB2 receptors decreased the release of alarmins and T2 cytokines as well as
the recruitment of eosinophils and ILC2s to the airways, indicating that serum OEA levels
may be a novel biomarker for classifying T2-high asthma, which is related to ILC2 activation
and reduced steroid responsiveness.*

T2-LOW ASTHMA

Although the pathogenesis of T2-low asthma is not fully understood to date, it is believed
to be associated with neutrophilic airway inflammation driven by the IL-17 pathway, which
forms a clinically distinct feature without prominent T2 cytokine signatures. Moreover,
increased IL-17 levels are related to asthma severity with steroid resistance by promoting
neutrophil infiltration.* Although airway neutrophilia can be observed without airway
eosinophilia, more cases present a mixed granulocytic asthma (MGA), characterized by
both airway eosinophilia and neutrophilia. Moreover, it has been suggested that significant
changes in sphingolipid metabolism could enhance the T2-low phenotype by promoting
airway neutrophilia and M1 macrophage polarization.*#*

Numerous investigations have sought to identify non-T2 cytokines as therapeutic targets

for modulating neutrophil infiltration in T2-low asthma. Especially, IL-8 and IL-17 are
involved in the recruitment and activation of neutrophils. IL-8 is primarily released from
AECs in response to lipopolysaccharide or T1 cytokines. On the contrary, IL-17 is secreted
from various immune cells, such as Th17 cells, ILC1s, and ILC3s, contributing to airway
remodeling by enhancing hyperplasia of goblet cells and ASMCs. Both cytokines are strongly
correlated with airway neutrophilia and asthma severity, characterized by accelerated lung
function decline and steroid resistance.*** Moreover, increased serum levels or sputum
expression of IL-8 and IL-17 have been reported in patients with neutrophilic asthma (NA)

or paucigranulocytic asthma (PGA).**# Therefore, blocking these cytokines from binding

to their receptors could be a novel intervention in asthma treatment. Recently, antagonists
of CXCR2, a high-affinity receptor of IL-8, were shown to reduce blood/sputum neutrophilia
and improve asthma control in patients with SA, suggesting that CXCR2 antagonists could
serve as an add-on therapy for patients with T2-low asthma.*® However, blocking IL-17 did not
improve neutrophilic inflammation or asthma control in clinical trials in patients with SA,*
indicating that the potential of serum/sputum IL-8 or IL-17 as biomarkers for T2-low asthma
remains controversial.

IL-1P is an innate immune cytokine mainly released from macrophages via activation of

the nucleotide-binding domain leucine-rich repeat pyrin domain-containing 3 (NLRP3)
inflammasome. Especially, the NLRP3/IL-1j3 pathway is associated with airway neutrophilia,
steroid resistance, and asthma severity by promoting Th17 cell differentiation and IL-17
production. Thus, regulating NLPR3 activation could potentially improve neutrophilic airway
inflammation and AHR in asthmatic patients.>*! Patients with NA exhibited increased
expression of IL-1f in blood monocytes as well as sputum macrophages/neutrophils.
Recently, the deficiency of ovarian tumor protease deubiquitinase with linear linkage
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specificity (otulin) was found to drive NLRP3 activation and IL-1p overproduction in patients
with NA, suggesting that otulin could be a biomarker or therapeutic target for NA in adult
asthmatics.” Thus, the NLRP3 inflammasome and related signaling enzymes could be
potential biomarkers for T2-low asthma, particularly NA.

§100 calcium-binding protein A9 (SI00A9) is an alarmin released from activated neutrophils,
macrophages, and AECs. S100A9 initiates and amplifies neutrophil infiltration and airway
inflammation by activating Toll-like receptor 4 and increasing IL-8 production. Higher
serum/sputum levels of SIO0A9 were reported in patients with NA compared to those

with EA or PGA.> Furthermore, high serum SI00A9 levels are associated with AHR, lung
function decline, and blood/sputum neutrophilia, suggesting its potential as a biomarker

for identifying NA or SA phenotypes in adult asthmatics.> Therefore, SI00A9 may be a
promising biomarker for differentiating T2-low asthma from T2-high asthma in asthmatic
patients, although further investigations are needed to confirm its role as a monitoring
marker in NA.

N-ERD

N-ERD, characterized by eosinophilic inflammation in lower airway mucosa, is found in
patients with asthma as well as in those with chronic rhinosinusitis with nasal polyps. It

is considered an independent phenotype because of its unique pathophysiology involving
dysregulation of arachidonic acid metabolism, which produces lipid mediators, such as cysteinyl
leukotrienes (CysLTs), even in the absence of cyclooxygenase-1 (COX-1) inhibitor. Both aspirin
and NSAIDs block COX-1 and induce immediate hypersensitivity reactions with T2/eosinophilic
inflammation.* To date, while oral or lysine aspirin challenges are commonly used to diagnose
N-ERD, reliable biomarkers (except for leukotriene metabolites) have yet to be validated.

The overproduction of CysLTs, accompanied by persistent eosinophilic inflammation

and impaired lung function, is a key feature of N-ERD. It reflects the upregulation of the
S5-lipoxygenase (5-LO) pathway, resulting in the consecutive conversion of CysLTs to LTD4 and
finally to LTE4.> LTE4 is produced by eosinophils, neutrophils, mast cells, and basophils and
acts as a strong bronchoconstrictor as well as a chemoattractant and activator of eosinophils
and mast cells via binding to CysLT1 and CysLT2 receptors, exacerbating T2 inflammation. This
process presents a more severe phenotype/endotype of N-ERD. Thus, high concentrations of
serum or urinary LTE4 (uLTE4), the stable end product of CysLTs, could be a useful biomarker
for differentiating patients with N-ERD from those with aspirin-tolerant asthma (ATA),

which has been replicated in various cohorts. The measurement of LTE4 in urine (AUC range:
0.80-0.87)>**% or serum (AUC: 0.65)* is a noninvasive, sensitive, and reliable method for
diagnosing N-ERD, albeit without standardized cut-off values (Table 4). Although uLTE4 levels
were not fully suppressed by pharmacologic treatments such as inhaled corticosteroids and
leukotriene modifier,® T2-biologics such as omalizumab significantly reduced uLTE4 levels

Table 4. Diagnostic accuracy of urine/serum LTE4 for N-ERD

Biomarker Phenotype Mean AUC (Min. to Max.) Study subjects References

Urine LTE4 N-ERD (evaluated by HPLC-MS) 0.82 (0.80-0.83) Adult asthmatics 56,57
N-ERD (evaluated by ELISA) 0.87 (0.86-0.87) Adult asthmatics 56,58

Serum LTE4 N-ERD (evaluated by UHPLC/Q-TOF MS) 0.65 Patients with N-ERD vs. those with ATA 59

N-ERD, non-steroidal anti-inflammatory drug-exacerbated respiratory disease; AUC, area under curve; HPLC, high-performance liquid chromatography;
MS, mass spectrometry; ELISA, enzyme-linked immunosorbent assay; LTE4, leukotriene E4; UHPLC, ultra-high-performance liquid chromatography; Q-TOF,
quadrupole time-of-flight; ATA, aspirin-tolerant asthma; HC, healthy control.
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and improved clinical outcomes in patients with N-ERD.® However, further development

of a practical marker is urgent, as the measurement of uLTE4 is not easy in clinical practice.
Taken together, uLTE4 is a relevant diagnostic marker for the phenotype of N-ERD and may
become a therapeutic biomarker in response to T2-biologics targeting mast cells.

In contrast to the enhanced 5-LO pathway, a reduction in COX-2 expression followed by
increased prostaglandin D2 (PGD2) and decreased PGE2 synthesis is also a key feature of
N-ERD. PGD2, mainly released from eosinophils and mast cells, induces proinflammatory
responses and bronchoconstriction by binding with the chemoattractant receptor-
homologous molecule expressed on Th2 cells. In contrast, diminished PGE2 production in
AECs or ASMCs of patients with N-ERD cannot suppress the activation or degranulation of
eosinophils and mast cells, which are critical for the pathogenesis of N-ERD.> Moreover,
PGE2 not only inhibits Th2 cell differentiation but also promotes the proliferation of
regulatory T cells, ultimately resolving T2 inflammation.® In addition, PGE2 prevents
bronchospasm and fibrotic remodeling in the airway by binding to the PGE2 receptor 1-4.>
Several studies have shown significantly increased PGD2 and decreased PGE2 levels in the
urine, sputum, or blood of patients with N-ERD. However, the application of PGD2 or PGE2
levels for diagnosing NERD remains controversial, as it is very difficult to measure them in
human samples. Further studies are required to identify additional biomarkers.

Genome-wide association studies in asthma have identified several genetic variants
associated with asthma susceptibility and lung function decline, including dipeptidyl
peptidase 10 (DPP10). DPP10 is localized in AECs and immune cells, such as eosinophils,
neutrophils, and peripheral blood mononuclear cells. Higher levels of serum DPP10

were reported in patients with N-ERD than in those with ATA or HCs. Furthermore,

DPP10 contributes to eosinophilic inflammation and fibrotic remodeling by inducing the
extracellular matrix and collagen deposition in asthmatic airways, resulting in lung function
decline in patients with N-ERD. Therefore, serum DPP10 levels can be used as diagnostic
biomarkers for N-ERD (AUC: 0.79),%%* although further validation is needed.

SA

SA is characterized by uncontrolled symptoms and frequent AEs, even with regular anti-
inflammatory treatments including steroids. However, recent longitudinal studies have
improved our understanding of the pathogenic mechanisms of SA and identified multiple
target molecules.®

Enhanced eosinophilic inflammation is a key feature of SA. Eosinophil-derived neurotoxin
(EDN), a granule protein from eosinophils, has served as a surrogate biomarker that mirrors
eosinophil activation/degranulation and disease severity in asthmatic patients. Serum EDN
levels are strongly correlated with high blood/sputum eosinophil counts and low FEV1

(%) values, which are main clinical features of SA. Serum EDN has been highlighted as a
representative biomarker for SA or poor control status, which is more indicative than BECs
or eosinophil-cationic protein in adult asthmatics. In addition, it can be detected in urine
and sputum samples in relation to the degree of eosinophilic inflammation and asthma
control status.®® Serum EDN levels significantly decreased after anti-IL-5 antibody treatment,
suggesting its role as monitoring biomarker®; however, additional replication studies are
needed according to treatment duration and various T2-biologics.
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Extracellular traps released from eosinophils (EETs) could be a target molecule for

diagnosing and treating SA.EETs are involved in the progression of T2 airway inflammation
and tissue remodeling in patients with severe EA. Activated eosinophils release EETs, a
whole complex of DNA fibers and granule proteins, that act as an innate immune defense
mechanism against bacterial or viral infection. EETs induce epithelial damage and cell
detachment, which exacerbate T2 inflammation, especially in patients with EA.®"8

Increased proportions of EET-forming eosinophils in patients with SA contribute to low
FEV1 (%) values and high serum EDN levels. Thus, regulating EET formation may be a novel
therapeutic target for SA, requiring additional treatment. EETs also induce the release of
TSLP and IL-33 in AECs, promoting ILC2 activation and T2 cytokine production, which

are resistant to steroid treatment.*® Considering that EETs activate both innate and T2
immune responses in asthmatic airways, they could serve as both diagnostic and therapeutic
biomarkers for SA, especially in severe EA. It is not easy to detect EETs in real-world practice;
further validation studies whether any serum biomarker including serum EDN may represent
EET formation in patients with SA.

CONCLUSION

Although several reliable biomarkers for T2-high asthma or SA have been reported, there
remain unmet needs for identifying relevant biomarkers for T2-low asthma, MGA, or PGA.
Further investigation into molecular and inflammatory mechanisms of asthma could help
identify and validate local/systemic biomarkers specific to each phenotype/endotype and
biomarkers useful for predicting therapeutic responses, ultimately improving clinical
outcomes in the long-term management of asthma.
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