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Background: Asthma is a biologically heterogeneous disease characterized by diverse inflammatory mechanisms, yet the clinical
translation of this heterogeneity into clearly defined, biomarker-driven endotypes remains limited in real-world populations. Although
Type-2 (T2) inflammation predominates in many patients, the overlap between allergic and eosinophilic pathways and the identifica-
tion of distinct endotypes with specific clinical correlates are not fully characterized. This study aimed to define biomarker-based
asthma endotypes using unsupervised clustering and to explore their associated clinical and demographic features.

Methods: In this cross-sectional study, asthmatic patients evaluated at a tertiary hospital were included. Demographics, body mass
index (BMI), comorbidities, age of onset, disease duration, spirometry parameters, bronchodilator reversibility, allergic status, and
inflammatory biomarkers; total IgE, blood eosinophil count (BEC), and fractional exhaled nitric oxide (FeNO), were retrieved from
medical records. Standardized biomarker values were analyzed using hierarchical clustering to define asthma endotypes. Clinical and
demographic differences between clusters were subsequently compared.

Results: Among 162 patients, females predominated (69.1%), and overweight/obesity was common (median BMI 29.15 kg/m?). T2
inflammation was highly prevalent: 60% had IgE >100 IU/mL, 70% had BEC >300 cells/uL, and 43.8% had FeNO >25 ppb, with
allergic rhinitis present in 71.6%. Airflow limitation was frequent, as 71% had FEV; <80% predicted and 86.4% lacked bronchodilator
reversibility. Clustering identified four endotypes: mixed allergic-eosinophilic T2-high (35.5%), eosinophilic T2-high (24.5%), allergic
T2-high (20%), and T2-low (20%). T2-high clusters showed marked female predominance and greater lung function impairment,
particularly in the eosinophilic group (81.5% with FEV; <80%). Allergic T2-high patients had the earliest onset, whereas T2-low
patients demonstrated minimal biomarker elevation and fewer allergic comorbidities. BEC correlated with IgE (r=0.29) and FeNO
(r=0.43), and multivariable analysis linked biomarkers to specific clinical features.

Conclusion: T2-high inflammation predominates in this cohort, comprising 80% of patients and segregating into clinically distinct
allergic, eosinophilic, and mixed endotypes. Cluster-based stratification offers meaningful phenotyping that may support personalized
biologic selection and precision management strategies.
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Introduction

Asthma is a heterogeneous chronic airway disease marked by wide variation in symptoms, severity, and treatment
response. This variability reflects a complex interaction of genetic predisposition, environmental exposures, and
diverse immunological pathways.' Symptoms such as wheeze, cough, dyspnea, and chest tightness often fluctuate

over time and are triggered by allergens, infections, exercise, or irritants.> The clinical spectrum ranges from mild
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disease controlled with minimal therapy to severe forms requiring intensive treatment, where airway remodeling,
persistent inflammation, and distinct immune signatures contribute to differing trajectories.®> Notably, responses to
standard therapies as inhaled corticosteroids vary considerably between individuals, underscoring the need for
more refined, biologically informed classification systems that support precision medicine.*

Traditional approaches that classify asthma as mild, moderate, or severe, or divide it into allergic and non-allergic
subtypes, offer only a partial view of this complexity. These schemes rely heavily on clinical symptoms and do not account
for the underlying molecular drivers that shape disease expression, prognosis, and therapeutic response.’ Patients sharing the
same clinical label may differ markedly in lung function, exacerbation burden, or biomarker profiles, leading to inconsistent
outcomes.®” Advances in biomarker research have revealed multiple distinct inflammatory patterns, which most prominently
Type 2 (T2)-high and T2-low pathways highlighting the limitations of conventional classification and the importance of
integrating molecular, clinical, and environmental information to achieve meaningful patient stratification.®

Modern asthma taxonomy therefore distinguishes phenotypes from endotypes.” Phenotypes describe observable
disease patterns such as early- vs late-onset asthma, obesity-related asthma, or asthma with comorbid allergic
rhinitis or chronic rhinosinusitis with nasal polyps, without explaining their biological basis.” These clinical
patterns are useful for anticipating disease courses and guiding initial management, but they often overlap and
may shift over time.” Endotypes, in contrast, refer to subtypes defined by specific biological mechanisms.
Identifying endotypes clarifies why patients with similar symptoms respond differently to treatment and allows
clinicians to match therapies to the dominant underlying pathway.>-'°

Among known endotypes, T2 inflammation is the most common and the most therapeutically relevant.'" It is driven
primarily by the cytokines IL-4, IL-5, and IL-13, which coordinate IgE production, eosinophil development, mucus
hypersecretion, and nitric oxide expression.'®!" These pathways give rise to measurable biomarkers, including BEC,
total IgE, and FeNO, which are widely used to reflect underlying inflammatory activity and to guide targeted biologic
therapies directed against IgE, IL-5, or the IL-4/IL-13 receptor axis.'®'* The degree and pattern of T2 inflammation
vary considerably between patients, emphasizing the importance of biomarker-based stratification to support precision
medicine approaches in asthma diagnosis and management.'? Several studies have investigated asthma endotypes
using combinations of clinical features and inflammatory biomarkers. BEC, IgE, and FeNO represent the most
extensively studied T2 biomarkers and have been used either individually or in combination to identify T2-high
asthma and to inform treatment selection.''"'? Cluster-based analyses and large cohort studies have consistently
identified eosinophilic, allergic, and mixed inflammatory patterns; however, these studies differ substantially in design,
biomarker thresholds, and population characteristics.'® In addition, many prior investigations have focused on selected
severe asthma populations or relied on predefined phenotypic classifications, limiting the generalizability and clinical
applicability of their findings in broader, real-world settings.'®'® Analytical approaches capable of integrating diverse
clinical and biological data are therefore essential for capturing asthma’s multidimensional heterogeneity.'®> Cluster
analysis provides a robust data-driven method to identify patient subgroups based on shared patterns across symptoms,
physiology, and biomarkers, offering insights into underlying disease mechanisms beyond conventional
classifications.'*"'* While previous studies have demonstrated the utility of clustering in asthma phenotyping,'>'¢
biomarker-driven endotype definitions remain inconsistent, particularly when applied to routinely available clinical
biomarkers. The novelty of the present study lies in applying unsupervised clustering based exclusively on standar-
dized, routinely accessible Type-2 biomarkers (BEC, total IgE, and FeNO) to define clinically relevant endotypes
within a real-world asthma cohort, and in systematically evaluating their associations with demographic, clinical, and
functional characteristics. Accordingly, this study aimed to characterize asthma heterogeneity through integrated
clinical and biomarker profiling and to identify distinct endotypes with potential implications for precision

management.
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Methods
Patients and Study Design

A cross-sectional study was conducted involving 162 patients with a confirmed diagnosis of asthma based on GINA
criteria. Asthma is defined by recurrent episodes of wheezing, shortness of breath, chest tightness, and cough that
fluctuate over time, together with variable expiratory airflow limitations demonstrated by objective testing. Diagnosis
requires both clinical assessment and documented evidence of airflow variability.'” Asthma severity was defined in
accordance with GINA recommendations, integrating both treatment requirements and level of clinical control. Severity
was determined retrospectively based on the minimum treatment step required to achieve and maintain control.
Accordingly, mild asthma was defined as disease controlled with Step 1-2 therapy, moderate asthma with Step 3 therapy,
and severe asthma as requiring Step 4—5 therapy or remaining uncontrolled despite high-intensity treatment.'”

Patients were consecutively recruited from the asthma outpatient clinic between May 2024 and September 2025.
Individuals presenting with acute asthma exacerbation requiring hospital or ICU admission were excluded. Additional
exclusions included patients with a current or previous smoking history to avoid confounding effects on airway
inflammation and lung function.

Sample Size Calculation

The sample size was calculated using a single proportion formula based on an expected asthma prevalence of 13%
(within the reported range of 11-15%),'® with a 95% confidence level (Z = 1.96) and a precision (margin of error) of 5%.
The minimum required sample size was estimated to be 138 participants. The calculation was performed using Minitab
version 17.1.0.0 (Minitab Inc., Pennsylvania, USA).

Ethics Approval and Consent to Participate

The study received approval from the UAE Department of Health Ethics Committee (approval no: AKH/2024003) and
was conducted in accordance with local regulations and the Declaration of Helsinki. Written informed consent was
obtained from all adult participants prior to enrollment. For participants younger than 18 years, written informed consent
was obtained from their parents or legal guardians, with assent obtained from the participants themselves when
applicable. Participation was voluntary, and all participants or their guardians were fully informed about the study
objectives and procedures.

Data Collection and Study End Point

Baseline demographic and clinical information was obtained from patients’ medical records. All biomarker measure-
ments were obtained at baseline during the initial clinical evaluation, prior to measurements or escalation of controller
therapy. Patients were clinically stable at the time of assessment, and none were experiencing acute exacerbation. All
enrolled participants underwent a standardized set of assessments, including:

1. Spirometry was performed in accordance with standard guidelines. Bronchodilator response was assessed as an
increase in FEV; of >12% and >200 mL following administration of a short-acting bronchodilator. Bronchodilator
reversibility was evaluated as a functional parameter at the time of study assessment and was not used as
a diagnostic criterion, as all patients had a previously established diagnosis of asthma based on GINA-defined
evidence of variable airflow limitation. Patients were classified based on FEV, % predicted: normal airway
function if FEV, > 80% predicted, and reduced airway function if FEV, < 80% predicted.'’

2. Skin prick testing was conducted on the volar forearm using standardized aeroallergen extracts. Histamine and
normal saline served as positive and negative controls, respectively. Each allergen was applied with a sterile lancet,
ensuring adequate spacing between sites. Reactions were assessed after 15-20 minutes, with a wheal >3 mm larger
than the negative control considered positive.'’

3. Complete blood count (CBC) with measurement of blood eosinophils, later categorized into: High eosinophils:
>300 cells/uL, and low eosinophils: <300 cells/uL.*
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4. Total serum IgE, classified as: Normal: <100 IU/mL, and elevated: >100 [U/mL.*!
5. Fractional exhaled nitric oxide (FeNO) as a marker of Type 2 airway inflammation, grouped as: High FeNO: >25
ppb, and Low FeNO: <25 ppb.**

These clinical and biomarker variables were used to characterize patient profiles and to support subsequent clustering
analyses, which served as the primary endpoint of the study. The clustering approach identified four distinct inflamma-
tory profiles: Cluster 1 represented a T2-high phenotype with a mixed allergic and eosinophilic pattern; Cluster 2 was
characterized by a predominantly allergic T2-high profile; Cluster 3 reflected a predominantly eosinophilic T2-high
pattern; and Cluster 4 corresponded to a T2-low inflammatory phenotype.

Statistical Analysis

Data were entered into Microsoft Excel and analyzed using Minitab version 17.1.0.0 (Minitab Inc., Pennsylvania, USA).
The Shapiro—Wilk test was applied to assess the normality of continuous variables. Cluster analysis was performed using
PCORD version 5 (MjM Software Design, Oregon, USA). The clustering pipeline was based on three key Type-2
inflammatory biomarkers: blood eosinophil count, total serum IgE, and fractional exhaled nitric oxide (FeNO).
Continuous biomarker values were used for clustering after appropriate scaling to ensure comparability across variables
with different units and ranges. A hierarchical agglomerative clustering approach was applied using the Sorensen (Bray—
Curtis) similarity measure, with average linkage and the flexible beta method ( = —0.25). A two-way cluster dendrogram
was generated to simultaneously visualize relationships between patients and biomarkers. The optimal number of clusters
was determined through visual inspection of the dendrogram structure, considering cluster separation, internal homo-
geneity, and clinical interpretability. Clusters were subsequently characterized and labeled based on dominant biomarker
expression patterns, resulting in four distinct groups representing different Type-2 inflammatory endotypes. Comparisons
between categorical groups were conducted using the Chi-square test, while differences in medians were assessed using
the Kruskal-Wallis test. Linear correlations between Type-2 inflammation biomarkers were evaluated using the Pearson
correlation coefficient, with the sign of r» indicating the direction of the relationship. Where appropriate, log-
transformation was explored to confirm the robustness of observed associations. Multivariable general linear models
were used to evaluate factors influencing biomarker levels. Key confounders, including age, sex and BMI were included
as fixed covariates in all models and were not subject to elimination. Additional variables were entered using a backward
elimination approach to identify significant predictors. All statistical tests were two-tailed, and a p-value < 0.05 was
considered statistically significant.

Results

Basic Character of Asthma Patients
Table 1 shows a cohort of asthma patients with a clearly defined profile characterized by chronic, often severe, Type-2—
high inflammation and a substantial comorbidity burden. The population is predominantly adult (82.72% >18 years), with
a subset of late adolescent participants (15—18 years), and a median age of 39 years, and shows a marked female
predominance (69.14%, n=112), consistent with patterns of higher asthma prevalence and severity in adult women.
Patients are generally overweight, with a median BMI of 29.15 kg/m?, and nearly half (46.3%) fall within the obese
range (BMI > 30 kg/m?), reflecting an obesity-related phenotype that complicates disease control. Chronic conditions
such as hypertension (16.67%) and diabetes (14.81%) are common, and the median asthma duration is long at 21.5 years,
with 81.48% having childhood-onset disease (median onset age 12), underscoring early-life or genetic drivers.
Markers of Type-2 inflammation are strikingly elevated: total IgE shows a high median level (156.3 IU/mL) with
a markedly skewed distribution, and more than 60% meet the >100 IU/mL threshold associated with T2-high disease and
biologic eligibility. Blood eosinophils are similarly raised, with a median of 400 cells/uL and nearly 70% reaching >300
cells/uL, reinforcing a dominant eosinophilic phenotype, while FeNO levels (median 18.5 ppb) show elevated values in
43.83% of the cohort (>25 ppb), further indicating active Type-2 airway inflammation. Allergic features are prominent,
with allergic rhinitis present in 71.6% and positive skin-prick testing in 36.42%, though CRSwNP is relatively infrequent
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Table | Baseline Demographic and Clinical Characteristics of the
Study Population

Factors Total (n=162)

Mean SD Ql Median Q3

Age (Years) 38.27 18.3 22 39 52
Age groups N %

< 18 years 28 17.28

From 19—40 years 6l 37.65

> 40 years 73 45.06

Sex N %

Male 50 30.86

Female 112 69.14

Mean SD Ql Median Q3

BMI (Kg/m?) 29229 | 6343 | 243 | 29.15 | 33.425
BMI-groups N %
<30 Kg/m?) 87 53.7
>30 kg/m?) 75 463

Mean SD Ql Median Q3

Age at asthma onset | 15821 | 9.056 | 875 12 18
Onset of asthma N %

Childhood onset 132 81.48

Adulthood onset 30 18.52

Mean SD Ql Median Q3

Asthma duration 22,62 | 13.46 I 21.5 32.25
(years)
Comorbidity N %
DM 24 14.81
HTN 27 16.67
AR 116 71.6
CRSwNP 9 5.56
SPT N %
Negative 103 63.58
Positive 59 36.42
Reversibility N %
Negative 140 86.42
Positive 22 13.58
(Continued)
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Table 1 (Continued).

FEV1% predicted N %
<80% predicted 115 70.99
280% predicted 47 29.01

Total IgE (IU/mmL) Mean SD Ql Median Q3

4644 | 725.1 | 40.8 156.3 527.3

Total IgE-groups N %

<100 (IU/mmL) 64 39.51

2100 (IU/mmL) 98 60.49

BEC (cells/pL) Mean | SD Ql Median Q3
4685 | 3759 | 200 400 600

BEC-groups N %

< 300 (cells/uL) 49 30.25

= 300 (cells/uL) 113 69.75

FeNO (pbb) Mean SD Ql Median Q3

29.76 | 25.87 | 10.75 18.5 3825

FeNO-groups N %

< 25 (pbb) 91 56.17
= 25 (pbb) 71 43.83
Asthma severity N %

Mild 33 20.37
Moderate 79 48.76
Severe 50 30.87

Notes: The data presentation was as follows: numerical factors are given as mean and
standard deviation or median and interquartile range (Q1-Q3), while categorical data
are given as the number (N) and percentage.

Abbreviations: N, number; SD, standard deviation; Q1-Q3, interquartile range; HTN,
hypertension; DM, diabetes mellitus; AR, allergic rhinitis;, CRSwWNP, Chronic
Rhinosinusitis with Nasal Polyps; SPT, Skin Prick Test; and FEVI, Forced Expiratory
Volume in one second; BEC, blood eosinophil count; FeNO, fractional exhaled nitric
oxide; IgE, Immunoglobulin E.

at 5.56%. Lung function is substantially impaired, as 70.99% demonstrate FEV; < 80% predicted, and reversibility is
absent in 86.42% of patients, suggesting largely fixed airflow obstruction consistent with long-standing, poorly con-
trolled, or severe asthma. Additionally, the prospective asthma severity distribution in the study population demonstrated
that moderate asthma was the most prevalent category, accounting for 48.8% of patients, followed by severe asthma in
30.9%, while mild asthma represented the smallest proportion at 20.4%. This distribution indicates a predominance of
patients with clinically significant disease will requiring at least Step 3 therapy or higher, reflecting a cohort enriched

with moderate-to-severe asthma.
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Phenotypes Clusters of Asthma Patients

Hierarchical cluster analysis (Figure 1) identified five distinct patient groups, organized into three main clusters and two
smaller subclusters based on similarities in clinical and biomarker profiles. The first major cluster corresponded to a T2-
high allergic phenotype, characterized by consistently elevated total IgE, BEC, and FeNO levels, along with a higher
frequency of positive SPT and AR. A second cluster represented a T2-high non-allergic eosinophilic phenotype, defined
by elevated BEC and FeNO in the absence of marked IgE elevation or allergic sensitization. In contrast, a third cluster
demonstrated features of a T2-low phenotype, with generally low levels of IgE, BEC, and FeNO. This group showed
a higher proportion of female patients and increased BMI values. Among the smaller clusters, one group was
characterized by persistent airflow limitation, with reduced FEV1% predicted and limited bronchodilator reversibility,
while another represented a low-inflammatory, mild phenotype, with minimal expression of inflammatory biomarkers and
generally preserved lung function.

Biomarker Defined Asthma Cluster (Endotypes)

The pie chart (Figure 2) reveals that T2-high inflammation is the predominant phenotype in this asthma cohort,
accounting for 80.0% of the patient population, which strongly suggests that the majority of these individuals could
be candidates for T2-targeted biologic therapies. The largest single group is Cluster 1 (35.5%), characterized by a mixed
allergic and eosinophilic T2-high pattern, while Cluster 3 (24.5%) exhibits a purely eosinophilic T2-high pattern, and
Cluster 2 (20.0%) shows a primarily allergic T2-high pattern, highlighting the clinical heterogeneity within T2 asthma.
Conversely, Cluster 4 (20.0%) is defined by a T2-low status, representing a significant subgroup of asthma patients
whose underlying inflammation is non-T2 mediated, making them less responsive to standard T2 treatments and
necessitating alternative therapeutic strategies focused on non-Type 2 pathways.

In Table 2, the demographic and clinical characteristics of these endotype clusters showed significant demographic and
clinical associations driven by underlying inflammatory mechanisms. The most significant finding is the pronounced female
predominance (P=0.01) in the T2-high groups, particularly the eosinophilic (Cluster 3: 88.89% female) and mixed (Cluster 1:
74.36% female) phenotypes, and also in the T2-low group (Cluster 4: 90.91% female), whereas the allergic T2-high group
(Cluster 2) shows a more balanced sex distribution. The onset of asthma also differs significantly (P=0.04), with Cluster 2
(allergic T2-high) showing the earliest median onset age (11.5 years) and the highest rate of childhood onset (95.45%),
suggesting a strong link between early-life atopy and this particular phenotype. Lung function impairment, indicated by an
FEV1 <80% predicted, is most severe in the eosinophilic (Cluster 3: 81.48%) and mixed (Cluster 1: 76.92%) T2-high groups
(P=0.05), while the allergic T2-high group (Cluster 2) maintains the highest rate of preserved lung function (=80% predicted
FEVI at 50%), which highlights the negative impact of eosinophilic inflammation on lung mechanics. Furthermore, the
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Figure | Asthma Phenotypes and Endotypes Identified by Unsupervised Clustering. Two-way hierarchical clustering of patients (columns) and clinical variables (rows) is
shown. Color intensity reflects the relative magnitude or presence of each variable (red indicates higher values or presence; white indicates lower values or absence).
Clusters were defined based on patterns of Type-2 inflammatory biomarkers (total IgE, blood eosinophil count, and FeNO), lung function parameters, and clinical
characteristics. T2-high phenotypes were identified by elevated eosinophils and/or FeNO with or without increased IgE, whereas T2-low phenotypes showed low levels
across these biomarkers. The color intensity within the heatmap indicates the magnitude or presence of the variable (e.g., darker shades denote higher values for biomarkers
or the presence of a comorbidity).

Abbreviations: |, Male; 2, Female; DM, Diabetes Mellitus; HTN, Hypertension; AR, Allergic Rhinitis; CRSWNP, Chronic Rhinosinusitis with Nasal Polyps; Revir, Reversibility
of Spirometry.
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Cluster 4
20.0%

Cluster 1
35.5%

Cluster 3
24.5%

Cluster 2
20.0%

Figure 2 The frequency of T-2 inflammation cluster. Cluster | was T2-high with a mixed allergic and eosinophilic pattern; Cluster 2 was T2-high with a dominant allergic
pattern; Cluster 3 was T2-high with a dominant eosinophilic pattern; and Cluster 4 represented T2-low inflammation.

presence of Allergic Rhinitis (AR) is significantly differentiated (P=0.01), being highly prevalent in the T2-high clusters
(Cluster 3 at 85.19% and Cluster 1 at 76.92%) but markedly lower in the T2-low Cluster 4 (45.45%), which reinforces the
T2-driven nature of common allergic comorbidities. Variables such as age, BMI, and asthma duration, conversely, do not
significantly differentiate the clusters, as well as the asthma severity groups, indicating that the observed clinical hetero-
geneity is primarily rooted in the specific biomarker-defined inflammatory endotypes rather than broad demographic features.

Table 2 Asthma Endotypes and Correlation with Basic Characters

Factors Cluster 1 (n=39) Cluster 2 (n=22) Cluster 3 (n=27) Cluster 4 (n=22) P
Ql Median | Q3 Ql Median Q3 Ql Median | Q3 Ql Median Q3

Age (Years) 26 40 56 18.5 305 49.5 24 43 53 17 245 5825 | 039

Age groups N % N % N % N %

< 18 years 6 15.38 5 22.73 3 .11 8 36.36 0.36

From 19—40 years 15 38.46 7 31.82 8 29.63 6 27.27

> 40 years 18 46.15 10 45.45 16 59.26 8 36.36

Sex N % N % N % N %

Male 10 25.64 10 45.45 3 111 2 9.09

Female 29 7436 12 54.55 24 88.89 20 90.91 0.01*
(Continued)
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Table 2 (Continued).

Ql Median | Q3 Ql Median Q3 Ql Median | Q3 Ql Median Q3

BMI (Kg/m?) 232 26.8 339 | 25.15 30.5 33.55 | 26.2 29.6 332 | 22.65 26.8 31.55 | 038
BMI-groups N % N % N % N %

<30 Kg/m?) 24 61.54 9 40.91 15 55.56 15 68.18 0.28
230 kg/m?) I5 38.46 13 59.09 12 44.44 7 31.82

Ql Median | Q3 Ql Median Q3 Ql Median | Q3 Ql Median Q3

Age at asthma onset 12 18 19 7.75 1.5 16 ] ) 18 8 12 19.75 | 0.047
Onset of asthma N % N % N % N %

Childhood onset 29 74.36 21 95.45 21 77.78 16 72.73 0.11
Adulthood onset 10 25.64 | 4.55 6 22.22 6 27.27

QI | Median | Q3 Ql Median Q3 QI | Median | Q3 Ql Median Q3

Asthma duration I 23 34 8 13.5 36 9 27 31 8 13 38 0.52

(years)

Comorbidity N % N % N % N %

DM 6 15.38 5 22.73 | 37 5 22.73 0.13

HTN 5 12.82 4 18.18 7 25.93 5 22.73 0.57
AR 30 76.92 13 59.09 23 85.19 10 45.45 0.01*
CRSwNP 2 5.13 2 9.09 | 37 2 9.09 0.8l

SPT N % N % N % N %

Positive I5 38.46 9 4091 9 3333 6 27.27 0.76

Reversibility N % N % N % N %

Positive 7 17.95 | 4.55 3 .11 | 4.55 0.28
FEV1% predicted N % N % N % N %

<80% predicted 30 76.92 I 50 22 81.48 15 68.18 0.05%
280% predicted 9 23.08 I 50 5 18.52 7 31.82

Asthma severity N % N % N % N %

Mild I 28.21 4 18.18 4 14.81 7 31.82 0.41

Moderate I5 38.46 10 45.45 12 44.44 12 54.55

Severe 13 3333 8 36.36 | 40.74 3 13.64

Notes: Cluster | was T2-high with a mixed allergic and eosinophilic pattern; Cluster 2 was T2-high with a dominant allergic pattern; Cluster 3 was T2-high with
a dominant eosinophilic pattern; and Cluster 4 represented T2-low inflammation. The data presentation was as follows: numerical factors are given as the median and
interquartile range (Q1-Q3), while categorical data are given as the number (N) and percentage; significance testing utilized the Chi-Square Test (*) for categorical data and
the Kruskal-Wallis Test (1) for numerical factors, with a p-value below 0.05 defining statistical significance, which is further denoted by bold text.

Abbreviations: N, number; QI-Q3, interquartile range; HTN, hypertension; DM, diabetes mellitus; AR, allergic rhinitis; CRSWNP, Chronic Rhinosinusitis with Nasal
Polyps; SPT, Skin Prick Test; FEVI, Forced Expiratory Volume in one second.
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Figure 3 Correlation between BEC and Total IgE and FeNO in asthma patients. The test of significance: Pearson correlation coefficient, the sign before r denote the
direction of relationship, p< 0.05 considered significant.
Abbreviations: BEC, blood eosinophil count; FeNO, fractional exhaled nitric oxide; IgE, Immunoglobulin E.

Factors Influencing the T2-Inflammation Biomarkers
Figure 3 presents two scatter plots showing how BEC relates to two major Type-2 inflammatory markers: total IgE and
FeNO. Both relationships are statistically significant and point toward a shared T2-high inflammatory pattern in the
asthma cohort. The upper plot shows a weak-to-moderate positive correlation between IgE and BEC (r=0.29, p<0.001),
indicating that higher eosinophil levels tend to accompany higher IgE, though the modest strength of the association
reflects the influence of additional allergic and non-allergic pathways. The lower plot shows a stronger correlation
between FeNO and BEC (r=0.43, p<0.001), suggesting a tighter link between systemic eosinophilia and airway
inflammation.

Moreover, Table 3 described the relationship between Type-2 inflammatory biomarkers and asthma severity cate-
gories. BEC demonstrated a statistically significant increase across severity groups (p = 0.01), with the highest median

Table 3 Correlation Between Asthma Severity and Type 2 Inflammatory Marker in
Asthmatic Patients

Factors Asthma Severity | Mean | SD QIl | Median | Q3 pt
Total IgE (IU/mmL) | Mild 607 992 57 146 525 0.25
Moderate 338 442 32 124 501.6
Severe 570 851 74 | 205 838
BEC Mild 393.3 | 290.3 | 200 | 400 515 0.01
Moderate 409 321.8 | 200 | 300 530
Severe 612 462.3 | 275 | 600 825
FeNO Mild 28.88 | 2346 | 9 23 45 0.16
(Continued)

10 https: Journal of Asthma and Allergy 2026:19



Feteih and Ali

Table 3 (Continued).

Factors Asthma Severity | Mean | SD QI | Median | Q3 pt
Moderate 2854 | 2748 | 9 15 39
Severe 3226 | 25.06 | 16 24 37.25

Notes: The data presentation was as follows: numerical factors are given as mean and standard deviation (SD);
the median and interquartile range (QI-Q3); the Kruskal-Wallis Test (}) for numerical factors, with a p-value

below 0.05 defining statistical significance, which is further denoted by bold text.

Abbreviations: BEC, blood eosinophil count; FeNO, fractional exhaled nitric oxide; IgE, Immunoglobulin E.

values observed in patients with severe asthma, indicating a greater eosinophilic inflammatory burden in this subgroup.

In contrast, total IgE and FeNO levels did not differ significantly across severity categories (p = 0.25 and p = 0.16,

respectively), although a trend toward higher median values was observed in patients with severe diseases. These

findings suggest that eosinophilic inflammation may be more closely associated with asthma severity than other Type-

2 biomarkers within this cohort, which highlights the potential role of BEC as a more sensitive indicator of disease

severity, whereas total IgE and FeENO may reflect broader Type-2 inflammatory activity without directly correlating with

severity stratification.

Furthermore, as shown in Table 4, the GLM analysis identifies specific factors influencing the three main T2
biomarkers. For Total IgE, hypertension is the only significant predictor (CE = —184.80, p = 0.02), indicating that

Table 4 Factors Influencing the Level of Asthma

Biomarkers

Factors Total IgE

CE SE P
SEX
Male 105.50 | 61.70 0.09
HTN
No —184.80 | 75.10 | 0.02
FEVI
= 80% predicted 106.60 | 62.60 0.09
Factors BEC

CE SE p
Asthma duration (years) 5.41 2.27 0.02
DM
No 103.60 | 42.80 | 0.02
Reversibility
No —76.80 | 42.00 0.07
Factors FeNO

CE SE p
SEX

(Continued)
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Table 4 (Continued).

Male —4.54 2.09 0.03
AR

No —8.68 2.17 | <0.001
Reversibility

No —6.02 2.87 0.04

Notes: The test of significant: General Linear Model (GLM) with
a backward elimination technique, where a p-value less than 0.05
was the threshold for statistical significance, which is further
denoted by bold text, the sign preceding the CE (coefficient)
value indicates the direction of the relationship (positive or
negative).

Abbreviations: CE, coefficient; SE, standard error of coefficient;
HTN, hypertension; DM, diabetes mellitus; AR, allergic rhinitis;
FEVI, Forced Expiratory Volume in one second; BEC, blood eosi-
nophil count; FeNO, fractional exhaled nitric oxide; and IgE,
Immunoglobulin E.

patients without HTN have markedly lower IgE than those with HTN, while male sex (CE = 324.20, p = 0.09) and FEV,
> 80% (CE =309.80, p = 0.09) show positive but non-significant trends. BEC is significantly shaped by asthma duration
(CE =541, p = 0.02), showing a steady rise in eosinophils with longer disease, and by diabetes status, where patients
without DM show higher eosinophil counts (CE = 103.60, p = 0.04). A borderline association appears for non-
reversibility (CE = —76.80, p = 0.07), suggesting that fixed obstruction may be linked to lower systemic eosinophilia.
FeNO is most strongly influenced by allergic rhinitis, where absence of AR sharply reduces FeNO (CE = -8.68, p <
0.001). Male sex also predicts lower FeNO (CE =—4.54, p = 0.03), and non-reversibility further decreases it (CE =-6.02,
p = 0.04). Overall, the model shows that IgE is unexpectedly higher in patients with HTN, BEC rises with disease
chronicity and absence of DM, and FeNO is dominantly driven by AR, while fixed obstruction consistently aligns with
lower T2 biomarkers, suggesting a more remodeled and less eosinophilic severe asthma phenotype.

Discussion

Asthma is no longer viewed as a single disease but as a broad, heterogencous syndrome defined by diverse clinical
phenotypes and underlying biological endotypes. These range from early-onset allergic and late-onset eosinophilic
asthma to obesity-related and AERD phenotypes.>® On a mechanistic level, asthma is broadly divided into T2-high
disease that driven by IL-4/IL-5/IL-13 and typically eosinophilic, and T2-low disease, often neutrophilic and less
responsive to standard therapies.’* Sputum patterns further classify inflammation into eosinophilic, neutrophilic,
mixed, or paucigranulocytic forms.>> Recognizing these distinctions underpins the treatable-traits model, allowing
therapy to target specific biological pathways and enabling biomarker-guided precision treatment, particularly in severe
asthma managed with biologics.>* In this study our asthmatic patients represent a severe, highly inflamed asthma
phenotype with significant comorbidities and persistent functional impairment. Patients were predominantly adult,
female, overweight population with long-standing asthma and a heavy burden of Type-2-high inflammation. Most
patients show elevated IgE, eosinophils, and FeNO, together indicating a strong eosinophilic allergic profile, while
comorbid obesity, hypertension, and diabetes add further complexity. Childhood-onset disease is common, and lung
function is widely impaired, with most patients demonstrating FEV; <80% and little bronchodilator reversibility,
pointing toward chronic, fixed airway obstruction. Asthma care in the Gulf region faces challenges due to limited
local data and inconsistent use of objective biomarkers. However, a multicenter study on severe asthma patients across
four Gulf countries suggests a predominantly eosinophilic phenotype, as elevated eosinophil counts were common.®
Despite this, the utilization of other key biomarkers like IgE and FeNO remains irregular.”® Furthermore, obesity is
highly prevalent, significantly worsening asthma severity and outcomes.”’” This obesity-related asthma phenotype
contributes to disease complexity through increased airway inflammation, metabolic dysfunction, and common
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comorbidities such as hypertension and diabetes.”” In the current cluster analysis asthma cohort separated into five
biologically distinct phenotypes. Most patients fall within a dominant T2-high eosinophilic/allergic group suited for
biologic therapy, while an obese, female-predominant T2-low group represents a non-inflammatory, harder-to-treat
phenotype. Additional smaller clusters reflect non-allergic eosinophilic disease, fixed-obstruction remodeling, and mild
low-inflammation asthma. Although the cohort demonstrated marked functional impairment, cluster analysis provided
additional insight by separating patients into biologically distinct groups with different clinical burdens. Notably, the T2-
low cluster also showed substantial airflow limitation, with 68.18% of patients having FEV1 <80% predicted, indicating
that absence of T2-high biomarkers does not necessarily imply mild disease. This supports the value of cluster analysis in
identifying a clinically important non-T2 subgroup with preserved diagnostic relevance for treatment stratification and
prognostic assessment. These findings reinforce asthma as a multi-phenotype syndrome that demands tailored, pheno-
type-specific management. Previous asthma clustering studies have established the existence of clinically meaningful
phenotypes, including stable severe asthma phenotypes and broader phenotype-based subgrouping.'>'® However, the
present study extends this literature by using an unsupervised, biomarker-centered approach based on routinely available
Type-2 inflammatory markers to define endotypes in a real-world asthma cohort. Our analysis not only confirms the
predominance of T2-high inflammation but also demonstrates that T2-high asthma comprises distinct allergic, eosino-
philic, and mixed allergic-eosinophilic patterns with different clinical correlations. The observed associations with sex,
age of onset, allergic rhinitis, airflow limitation, and biomarker correlations support the translational value of this
endotype framework and suggest potential utility for biologic selection and precision asthma management.
A supportive regional asthma reports from the Gulf emphasizing that severe adult asthma patients were consistency
female with long disease duration, and frequent comorbidities such as obesity and hypertension.”® Overweight and
obesity are highly prevalent among adults in the UAE, reflecting a substantial regional cardiometabolic burden that may
contribute to asthma heterogeneity, symptom severity, and functional impairment. So, the elevated BMI observed in our
cohort is clinically meaningful and likely represents an important modifier of asthma phenotype. This is supported by
regional data reporting that approximately 67.5% of patients with asthma are overweight or obese,”’ as well as large
Middle Eastern analyses identifying obesity as a common comorbidity in severe asthma populations.”® Together, these
findings underscore the clinical relevance of obesity in shaping asthma expression within this region. Furthermore, other
studies specifically describe the persistence of childhood-onset allergic asthma into adulthood, characterized by key
pathological features: airway eosinophilia and fixed airflow obstruction with reduced bronchodilator reversibility,*®
reflecting the widespread challenge of long-standing disease and functional impairment in the region. In our cohort, T2-
high inflammation dominated overwhelmingly (80%), distributed across mixed allergic/eosinophilic, purely eosinophilic,
and primarily allergic patterns that indicating broad eligibility for T2-targeted biologics. This proportion far exceeds the

global estimate for severe asthma, where T2-high disease typically accounts for 35-50%,>'-2

though regional data from
the Gulf and Middle East report somewhat higher rates of 50-70%.>* The exceptionally elevated prevalence in our
population may reflect regional drivers such as high allergic sensitization in UAE communities, environmental exposures
like dust and pollution, genetic susceptibility, obesity-related inflammation, and referral bias toward more severe,
eosinophilic cases in secondary and tertiary centers. Additionally, the separation of allergic, eosinophilic, and mixed T2-
high asthma shows that T2-high disease is not a single entity but a set of distinct inflammatory endotypes. The allergic
group is marked by early onset, sensitization, high IgE, and atopy-related comorbidities, making it well suited for anti-
IgE therapy. The eosinophilic group shows strong airway and blood eosinophilia, adult onset, greater severity, and fixed
obstruction, aligning it with IL-5 and IL-4R—targeted biologics. The mixed endotype blends both pathways and often
presents with more complex, severe disease.

In our cohort, a smaller but clinically important T2-low group (20%) underscores the need for non—T2-targeted
therapies, consistent with regional studies reporting 15-25% T2-low asthma in the Gulf*> and global estimates of
20-50%, depending on biomarker definitions and populations.** Variability arises from differences in defining T2-low
(absence of eosinophils or FeNO), corticosteroid use, environmental exposures, and genetic factors.*>* The female
predominance, including within the T2-low subgroup, reflects well-established sex differences in asthma prevalence and
severity.”> Adult women experience higher asthma rates and more severe disease due to hormonal influences, genetic and
epigenetic factors, and sex-specific immune responses, including type 1 inflammation relevant to T2-low asthma.*®
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Hormonal fluctuations across menstrual cycles, pregnancy, and menopause further modulate airway inflammation and
hyperresponsiveness.*®*” Women also frequently have comorbidities such as obesity and GERD that worsen asthma
independently of T2 inflammation and may reduce responsiveness to standard T2-targeted therapies.*®> T2-low asthma is
typically non-eosinophilic, often neutrophilic or paucigranulocytic, and is associated with obesity, smoking, late-onset
disease, and pollutant exposure, contributing to persistent symptoms and exacerbations.** Management relies on non—T2-
targeted strategies, including low-dose macrolides (eg., azithromycin), bronchial thermoplasty for refractory cases,
emerging therapies targeting IL-17, IL-1, CXCR2, or epithelial cytokines, and careful optimization of comorbidities.****

In this study, systemic and airway T2 biomarkers are interrelated yet shaped by distinct clinical factors. Blood
eosinophils correlate moderately with IgE and more strongly with FeNO, reflecting a dominant T2-high inflammatory
endotype. The strong eosinophil-FeNO relationship indicates that both reliably track active airway eosinophilic inflam-
mation and identify patients at higher risk of exacerbations, whereas the moderate IgE—eosinophil correlation suggests
that IgE primarily reflects long-term allergic sensitization rather than current inflammatory activity.”® *' These findings
support a comprehensive, biomarker-driven approach to T2-targeted therapy, emphasizing the use of multiple markers
rather than any single one to guide treatment with inhaled corticosteroids and biologics.

For systemic correlation, we reported that IgE levels are higher in patients with hypertension, which likely reflect
active immune-mediated vascular inflammation rather than a bystander effect. IgE, via FceR1 on mast cells, promotes
cytokine release, oxidative stress, endothelial dysfunction, and vascular remodeling, contributing to hypertension.***?
Clinical and experimental studies support this link, showing correlations between high IgE and increased blood pressure,
while IgE blockade improves vascular outcomes.*® These findings highlight the intersection of allergic and cardiovas-
cular pathways and suggest that targeting IgE may benefit patients with coexisting asthma and hypertension.

On the other hand, our data showed that BEC increases with longer asthma duration and absence of diabetes thus
reflecting progressive Type-2—driven airway inflammation, eosinophil recruitment, and airway remodeling, which con-
tribute to fixed airflow obstruction and higher exacerbation risk.***> Conversely, lower BEC in patients with diabetes
likely reflects metabolic and immune alterations that suppress eosinophilic pathways or shift inflammation toward non-
T2 phenotypes.** *® These findings suggest that disease chronicity elevates eosinophilic inflammation, while metabolic
comorbidities like diabetes can modulate asthma inflammatory profiles and biomarker expression.

Our data also showed that FeNO is strongly influenced by allergic rhinitis, consistent with the unified airway concept,
where ecosinophilic inflammation in the nasal mucosa drives IL-4 and IL-13-mediated upregulation of nitric oxide
synthase in airway epithelial cells, leading to higher FeNO levels.*” Conversely, FeNO was lower in males and in patients
with fixed airflow obstruction. Reduced FeNO in males likely reflects sex-related differences in airway biology, hormonal
influences, and NO synthase activity, as well as anatomical factors affecting NO diffusion.*® In patients with fixed
obstruction, chronic airway remodeling and fibrosis diminish active eosinophilic inflammation and epithelial NO

production, indicating a shift toward structural airway disease rather than ongoing T2 inflammation.****->°

Strength and Limitation

The primary strength of this study lies in its comprehensive cross-sectional assessment of multiple T2 biomarkers
(blood eosinophils, IgE, FeNO) and clinical data, which enabled strong hierarchical clustering and effective delineation
of T2-high and T2-low asthma endotypes. However, key limitations exist: the cross-sectional design prevents long-
itudinal tracking and causal inference; single-center recruitment and the exclusion of smokers or patients during acute
exacerbations limit the generalizability to broader populations. Furthermore, the reliance on only three T2 biomarkers
and potential referral bias towards severe cases may inflate the reported T2-high prevalence. In addition, although
adolescents constituted a minority of the cohort, their inclusion may introduce age-related variability in biomarker
expression, which cannot be entirely excluded. Crucially, the lack of treatment outcome data restricts the translational
application of the identified clusters.

Conclusion
Asthma in this UAE cohort is biologically heterogeneous, with most patients exhibiting T2-high inflammation further
stratified into mixed allergic—eosinophilic, eosinophilic, and allergic endotypes. Cluster analysis identified clinically
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meaningful differences in sex, age of onset, obesity, allergic comorbidity, and lung function across groups, supporting its
value for endotype-based stratification and precision management. Routine assessment of accessible T-2 biomarkers,
including blood eosinophil count, total IgE, and FeNO, may aid clinical classification and guide targeted therapy
selection. The T2-low subgroup, although smaller, remains clinically relevant due to its distinct profile and functional
impairment. Future studies should explore additional biomarkers, including cytokine profiles, periostin, and sputum
inflammatory patterns, and assess the longitudinal implications of these endotypes for disease progression and treatment
response.
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