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Introduction: Asthma causes airway inflammation, leading to symptoms that impair patients’ quality of life, making it a significant
global public health issue. Inhaled corticosteroids (ICS) with long-acting beta-agonists therapy (LABA) is commonly used to manage
moderate to severe asthma. For patients unresponsive to ICS with LABA, omalizumab may be added to improve asthma control.
Understanding transcriptomic expressions is crucial as it provides insights into the molecular mechanisms underlying treatment.
However, the impact of omalizumab on transcriptomic expressions remains unclear. Therefore, this study aims to investigate the
transcriptomic expression profiles and clinical outcomes between patients receiving ICS with LABA therapy and those adding
omalizumab.

Materials and Methods: This is a prospective, real-world study that enrolled 26 participants, divided into three groups: Group 1,
ICS with LABA (n=10); Group 2, ICS with LABA plus omalizumab (n=12); and Group 3, healthy controls (n=4). Assessments
included transcriptomic expression profiles, and bioinformatics analysis, IgE, airborne allergen test, pulmonary function test, blood
tests, and asthma control test (ACT).

Results: ACT scores were significantly higher in Group 1 and 2 compared to Group 3. IgE levels, dust mite sensitivity, and dynamic
pulmonary function changes after bronchodilator administration were notably higher in Group 2. In these patients, down-regulated
genes included those related to immune response, NOD-like receptor signaling, RIG-I signaling, IL-17 signaling, and antioxidant
activity. Conversely, up-regulated genes were found in the cGMP-PKG signaling pathway, cardiomyopathy-related pathways, and
voltage-gated calcium channel activity.

Conclusion: Patients receiving ICS with LABA plus omalizumab still exhibited more dynamic airway changes and higher IgE levels.
Downregulation of immune and inflammatory pathways suggests its potential as an add-on treatment for severe asthma. However,
upregulated genes were observed in the cGMP-PKG signaling pathway, cardiomyopathy-related pathways, and voltage-gated calcium
channel activity.
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Introduction
Asthma is a chronic respiratory condition that causes airway inflammation and obstruction, leading to symptoms such as

wheezing, breathlessness, chest tightness, and coughing.' Uncontrolled asthma often results in a diminished health-
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related quality of life and impairing daily activities. Asthma is therefore a significant global public health concern,
affecting an estimated 334 million people worldwide.! Understanding the importance of asthma and its proper manage-
ment is crucial for minimizing its impact on both individuals and communities.

The Global Initiative for Asthma (GINA) provides evidence-based guidelines for asthma management, which focus
on reducing symptoms, preventing exacerbations, and improving the overall quality of life for patients.” According to
GINA guidelines, the combination of inhaled corticosteroids (ICS) and long-acting beta-agonists (LABA) is recom-
mended as an essential therapy for managing moderate to severe asthma. ICS is the cornerstone of asthma therapy and it
are pivotal in reducing airway inflammation, while LABAs provide prolonged bronchodilation, helping to relieve asthma
symptoms and prevent exacerbations.” The GINA guidelines suggest that for patients who require regular controller
therapy, starting with an ICS with LABA combination is often more effective than using ICS alone. This combination
therapy can improve symptom control and reduce the risk of exacerbations.”

For patients with severe asthma who do not achieve adequate control by ICS with LABA, the addition of biologics
may be considered, as outlined in the GINA framework.” Omalizumab (Xolair™) is a monoclonal antibody that targets
immunoglobulin (Ig) E.% It plays a crucial role in the management of moderate to severe asthma, particularly in patients
with allergic asthma. By binding to free IgE in the bloodstream, omalizumab prevents it from attaching to its high-affinity
receptors (FceR1) on mast cells and basophils, thereby inhibiting the allergic inflammatory response that contributes to
asthma exacerbations.® Clinical studies have demonstrated that omalizumab significantly reduces the frequency of asthma
attacks, improves lung function, and enhances overall quality of life for patients.’ Additionally, its use has been
associated with a decrease in the need for corticosteroids, reducing potential side effects.’

A central feature of asthma is the presence of symptoms caused by underlying airway inflammation. ICS with LABA
therapy is the mainstay treatment for moderate to severe asthma. Omalizumab is often added when patients do not
respond well to ICS with LABA. However, the molecular changes, such as differences in RNA transcription expressions,
between ICS with LABA and ICS with LABA plus omalizumab remain unclear. Transcriptomic expression analysis
plays a crucial role in understanding the molecular mechanisms underlying the effects of different treatments.* By
examining the transcriptome, which encompasses the entire set of RNA transcripts, we can gain insights into gene
expression changes that occur in response to treatments such as ICS with LABA versus the addition of omalizumab. This
approach allows for a comprehensive understanding of how these therapies influence immune responses, airway
inflammation, and other biological processes at the molecular level.*” In the current study, we aimed to investigate
the transcriptomic expression profiles and clinical outcomes between patients receiving ICS with LABA and those
receiving ICS with LABA combined with omalizumab.

Materials and Methods

Participant Enrollment

This prospective real-world study included adult patients with asthma. Treatment followed GINA guidelines, initially
with ICS with LABA.? For patients with poor asthma control despite ICS with LABA, omalizumab was added according
to Taiwan’s National Health Insurance criteria for those with elevated IgE levels and allergen positivity. The study
included participants, categorized into three groups: Group 1 consisted of patients receiving ICS with LABA therapy,
Group 2 consisted of patients receiving ICS with LABA plus omalizumab, and Group 3 was the healthy control group.
The inclusion criteria required participants to be adults over 18 years old with a confirmed asthma diagnosis, verified
through a provocation test, and receiving treatment in accordance with GINA guidelines. The ICS with LABA group
included patients with asthma classified as stages III to V, while the ICS with LABA and omalizumab group comprised
patients with inadequate asthma control despite ICS with LABA therapy, elevated IgE levels, and positive allergen test
results. Only patients who were willing to participate in the study were included. Exclusion criteria included current
smokers, individuals with other lung diseases (such as lung cancer, chronic obstructive pulmonary disease, bronchiec-
tasis, or interstitial lung disease), or those with systemic conditions such as diabetes, hypertension, myocardial infarction,
congestive heart failure, autoimmune diseases, renal dysfunction, hepatic dysfunction, and cancers. Healthy controls
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were chosen based on strict criteria, ensuring no prior history of asthma or other diseases, and no current medication use.
Patients who were unwilling to participate in the study were excluded.

Severe asthma affects approximately 5% to 10% of the asthma population.® Omalizumab is indicated only for patients
with severe allergic asthma.” To minimize the influence of other diseases on transcriptional expression, we applied strict
screening criteria. Therefore, only 12 patients receiving omalizumab were included in this study. To ensure a balanced
comparison, we included a similar number of asthma patients receiving ICS with LABA. From a statistical perspective,
while the small sample size limits the power of certain comparisons, the inclusion of a comparable number of patients in
each group allows for meaningful exploratory analysis, considering the rare nature of severe asthma and the stringent
selection process for patients.

The study protocol was approved by the Ethics Committee of Taipei Tzu Chi Hospital (IRB number 10-XD-154).
ClinicalTrials.gov has approved the study, and the registration number is NCT06869382. Informed consent was obtained
from all participants. All participants underwent pulmonary function tests (PFT), general blood tests, allergen tests, IgE
measurements, and RNA transcription analysis.

Pulmonary Function Test

Patients underwent pulmonary function tests following the guidelines of the American Thoracic Society,® using
a spirometer manufactured by Medical Graphics Corporation in the USA. Measurements included forced vital capacity
(FVC) and forced expiratory volume in the one second (FEV1). Airflow obstruction was assessed by calculating the
FEV1 percentage.” Additional measurements included mid-maximum expiratory flow (MMEEF, L/s and %), as well as
peak expiratory flow rate (PEFR, mL).

Blood Test

All patients received thorough blood tests, which included RNA transcriptome analysis, airborne allergen test, total IgE
levels, and complete blood counts with differentials, hemoglobin (Hb), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), total bilirubin, creatinine (Cr), blood urea nitrogen (BUN), C-reactive protein (CRP), potassium
(K), and sodium (Na). Levels of total IgE and airborne allergen-specific IgE were determined by the ImmunoCAP system
(Thermo Fisher Scientific, Uppsala, Sweden). IgE specific to inhaled allergens including Dermatophagoides pteronyssi-
nus, dog dander, cat dander, fungi and cockroach were measured. Allergen-specific IgE levels >0.35 UA/mL regarded as
positive.

Asthma Control

The Chinese-language Asthma Control Test (ACT) was used to assess asthma control level.'” The ACT contains five
questions, each rated on a scale from 0 to 5, giving a possible total score between 0 and 25, where higher scores indicate
improved asthma management.

Library Preparation and Sequencing

Purified RNA was utilized to create sequencing libraries using the TruSeq Stranded mRNA Library Prep Kit (Illumina,
San Diego, CA, USA). mRNA was extracted from 1 pg of total RNA with oligo(dT)-coupled magnetic beads and then
fragmented into smaller pieces through heat treatment. First-strand cDNA synthesis was carried out using reverse
transcriptase along with random primers. After the synthesis and adenylation of double-stranded cDNA at the 3’ ends,
adapters were ligated, and the library was purified with the AMPure XP system (Beckman Coulter, Beverly, USA). The
quality of the library was evaluated using the Agilent Bioanalyzer 2100 system and real-time PCR. Qualified libraries
were sequenced on the [llumina NovaSeq 6000 platform, producing 150 bp paired-end reads by Genomics (New Taipei
City, Taiwan).

Bioinformatics Analysis
Raw data sequences were cleaned by removing adapter sequences and low-quality bases using the Fastp program
(version 0.23.4). Filtered reads were aligned to reference genomes using STAR (version 2.7.11b). Transcript abundance
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was quantified with RSEM (version 1.2.28). Differentially expressed genes were identified using edgeR (version 4.2.1),
and functional enrichment of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways among gene clusters was analyzed using the R package clusterProfiler (version 3.6.0) and a web tool, ShinyGO
(version 0.80, http://bioinformatics.sdstate.edu/go/). The FASTQ files of RNA sequencing data are available at the
National Center for Biotechnology Information.

Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 26.0 (IBM, Armonk, NY, USA). We assessed
normality using the Shapiro—Wilk test, Chi-square tests, and Normal Q-Q plots. Demographic, laboratory, and clinical
characteristics of the participants were summarized as means and standard deviations for continuous variables and as
frequencies with percentages (n, %) for categorical variables. Fisher’s exact test was employed to assess differences
among three groups for categorical data. For continuous variables, one-way ANOVA was applied when the normality
assumption was met; otherwise, the Kruskal-Wallis test was utilized. If the results were significant in normally
distributed data, post hoc multiple comparisons were conducted. For non-normally distributed data, the Mann—
Whitney test with Bonferroni correction was used to adjust for type I error. The generalized estimating equations
(GEE) approach was employed for multiple linear regression analysis to evaluate the time effects of pulmonary function
tests among the three groups. The autoregressive of order 1 working correlation matrix was selected to account for time-
dependent correlations in repeated measurements (pre- and post-bronchodilator). A p-value of less than 0.05 was
considered statistically significant.

Results

Demographic and Clinical Features

The study included 26 participants: 10 participants in Group 1, 12 participants in Group 2, and 4 participants in Group 3.
The baseline characteristics and clinical symptoms are shown in Table 1. The sex distribution, age, body height, body
weight, and BMI and smoking status was similar across groups (all p > 0.5). Group 3 had better ACT scores than Group 1
(p = 0.010) and Group 2 (p = 0.033), with no significant difference between Group 1 and Group 2 (p = 0.417). Both
Group 1 and Group 2 had 100% use of ICS with LABA, and LAMA use did not differ between the two groups (all p >
0.05). The mean duration of ICS with LABA was 362.1 £+ 208.6 days in Group 1, while the mean duration of ICS with

Table | Comparing the Baseline Characteristics Among Three Groups

ICS+LABA ICS+ LABA+ HC (n=4) p-value (HC vs p-value (HC vs | p-value (HC vs | p-value (ICS
(n=10) Omalizumab ICS+LABA vs ICS +LABA) ICS+LABA+ +LABA vs ICS
(n=12) Omalizumab) Omalizumab) +LABA+
Omalizumab)

Sex (Male) n (%) | 3 (30.0) 3 (25.0) 2 (50.0) 0.730

Age, yr. 429+ 113 49.8 +13.7 40.3 5.4 0.274

Body height (cm) | 161.0 £ 7.9 162.8 +7.8 164.9 + 5.2 0.669

Body weight (kg) | 64.6 + 15.7 705+ 11.6 714 £ 166 0.559

BMI 24.6 (+ 4.4) 26.4 (£3.1) 25.9 (x4.7) 0.546

Ex-smoker/non- 1 (10.0) 2 (16.7) 0 (0.0) 1.000

smoker

ACT score 19.6 +3.1 20.8 3.8 25 £0.0 0.032 0.010 0.033 0.417

ICS, n (%) 10 (100) 12 (100) 0 (0.0) 1.000

LABA, n (%) 10 (100) 12 (100) 0 (0.0) 1.000

LAMA, n (%) 2 (20) 6 (50) 0 (0.0) 0.145

Treatment 362.1 +208.6 423.0 + 145.8 0.431

duration days

Note: Data are presented as meant SD or n (%).

Abbreviations: ACT score, asthma control test score; BMI, body mass index; SD, standard deviation; ANOVA, analysis of variance; LSD, least significant difference; HC,

healthy controls; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists, LAMA, long-acting muscarinic antagonist.
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LABA plus omalizumab in Group 2 was 423.0 £ 145.8 days (p=0.431). No participants in the three groups had other
respiratory or systemic diseases, as participants with other pulmonary and systemic diseases were excluded from the
study based on the inclusion and exclusion criteria.

Laboratory Data

The comparison of laboratory data, IgE level, and allergen levels among the three groups is shown in Table 2. Most
laboratory parameters, including WBC count, hemoglobin, and platelets, showed no significant difference between the
groups (all p>0.05). IgE levels were significantly higher in the Group 2 compared to Group 3 (p=0.003). Additionally,
dust mite sensitivity was significantly higher in the Group 2 group (35.8 + 36.3) compared to Group 1 (4.0 £ 4.1,
p=0.021) and Group 3 (0.2 £+ 0.2, p=0.003). Fungus sensitivity was significantly higher in the Group 2 (1.0 + 2.7)
compared to the Group 3 (0.0 + 0.0, p=0.021).

Pulmonary Function Test

Pulmonary function test results are shown in Table 3. The result of GEE method’s multiple linear regression was used to
compare the differences of the time effects among three groups is shown in Table 4. The results of the GEE multiple
linear regression comparing the treatment effects among the three groups to show significant differences in several lung
function parameters. For FVC, Group 2 had a significantly lower value compared to Group 1 (B = —0.468, p = 0.048),
and the interaction between Group 2 and Time 2 (post-bronchodilator) was also significant (B = 0.181, p < 0.001).
Similarly, for FVC%, Group 2 showed a significant decrease compared to Group 1 (B = —11.367, p = 0.042), with
significant interaction for Group 2 and Time 2 (B = 5.617, p < 0.001). In terms of FEV1, Group 2 also exhibited
a significant reduction compared to Group 1 (B = —0.465, p = 0.041), although there was no significant interaction
between Time 2 and the groups. For FEV1/FVC%, Group 3 demonstrated a higher ratio compared to Group 1 (B =
10.200, p = 0.004), while Group 2 showed no significant difference. MMEF and MMEF% were markedly higher in
Group 3 compared to Group 1 (B =1.422, p <0.001 and B = 37.300, p = 0.002, respectively). Group 2 had a significant
interaction with Time 2 for MMEF (B = 0.901, p < 0.001) and MMEF% (B = 29.667, p < 0.001).

Transcriptomic Signature of Healthy Subjects, Asthmatic Patients Treated with ICS
with LABA, and ICS with LABA Plus Omalizumab

To investigate the effect of drug treatments on transcriptomics, we used the RNA-seq method to identify the differentially
expressed genes (DEGs) among the three groups. The principal component analysis (PCA) revealed that the three groups
were clustered differently (Supplementary Figure 1). Further analysis showed that there were 145 DEGs (fold change >
2, FDR <0.05) between healthy subjects and ICS with LABA groups, 63 DEGs between healthy subjects and ICS with
LABA plus omalizumab groups, and 281 DEGs between ICS with LABA and ICS with LABA plus omalizumab
treatment groups (Figure 1).

We further investigated the different RNA expressions and pathways between patients with asthma that were treated
with ICS with LABA and ICS with LABA plus omalizumab. The KEGG pathways or the enriched categories of GO
functional annotation and pathway for down-regulated genes in ICS with LABA plus omalizumab group compared to
ICS with LABA groups included immune system process/ innate immune response (eg CAMP, DEFA4, IFITM1, LTF,
USP18, ISG15, RPL39, OASI, OAS2, IF16, RSAD2, HERCS5, LCN2, and CXCL10), nucleotide-binding oligomerization
domain (NOD)-like receptor signaling pathway (eg DEFA4, OASI, OAS2, and CAMP), retinoic acid-inducible gene
I (RIG-]) like receptor signaling pathway (eg CXCL10 and ISG15), IL-17 signaling pathway (eg CXCLI10 and LCN2),
and Haptoglobin binding/ oxygen carrier activity/ antioxidant activity (eg MPO and HBA?2) (Figure 2 and Supplementary
Table 1).

The enrichment analysis of up-regulated DGEs was also performed in Group 2 treated patients compared to those
treated with Group 1. According to KEGG and GO classifications, we found that the targeted genes were significantly
enriched in cGMP-PKG signaling pathway (eg MYH6, MYH7, NPPA, and PLN), cardiomyopathy and cardiac failure
(including Dilated cardiomyopathy, Hypertrophic cardiomyopathy, Cardiac muscle contraction, and Adrenergic signaling
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Table 2 Comparing the Laboratory Data and Allergens Among Three Groups

ICS+LABA ICS+ LABA+ HC (n=4) p-value (HC vs ICS p-value HC vs p-value (HC vs ICS p-value (ICS +LABA vs ICS
(n=10) Omalizumab +LABA vs ICS +LABA +LABA +LABA + Omalizumab)
(n=12) Omalizumab) +Omalizumab)
Lab data
WBC (cells/pL) 7871.0 £ 2653.1 74258 £ 27243 6767.5 £ 1614.5 0.644
Hemoglobin (10%/uL) 14.1 1.6 13.5 +2.0 14.1 1.8 0.927
Platelet (10%/uL) 301.1 £633.0 2985 £ 9109 258.5 + 500.0 0.503
Neutrophil (%) 59.0 £ 9.2 619+70 48.6 + 32.1 0.730
Eosinophil (%) 45+3.0 29+28 1.8+05 0.140
IgE (IU/mL) 628.2 + 864.4 1148.6 = 1143.3 239 +224 0.006 0.162 0.003 0.207
Na (mEq/L) 1389 + 1.4 1348 + 10.1 1378 + 4.6 0.154
K (mEgq/L) 4103 39+02 38+0.l1 0.086
CRP (mg/L) 0405 0404 0304 0.524
Allergen
Dust mite 40 + 4.1 358 £ 363 02+02 0.002 0.426 0.003 0.021
Cat dander 322 £ 478 20.5 £ 39.6 0.0 £ 0.0 0.094
Dog dander 6.5 % 104 2954 0.0 £ 0.0 0.093
Cockroach 05+04 20+33 0. £0.0 0.108
Fungus 02+03 1.0 £27 0.0 £ 0.0 0.045 1.000 0.021 0.477

Abbreviations: WBC, white blood cell; IgE, immunoglobulin E; Na, sodium; K, potassium; CRP, C-reactive protein; HC, healthy controls; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists.

|e 30 Suer]




Liang et al

Table 3 Pulmonary Function Test Among Three Groups

ICS+LABA ICS+ LABA+ Omalizumab HC (n=4)
(n=10) (n=12)
FVC (L) Pre-bronchodilator 33+£05 29 £ 06 3.6£09
Post-bronchodilator 3206 29+ 0.7 38+0.6
FvC Pre-bronchodilator 962 £ 11.6 848 + 158 93877
(%predicted) Post-bronchodilator 93.0+ 103 873+ 15.7 95.1 £ 6.0
FEVI (L) Pre-bronchodilator 26 +05 2.1 £06 3.1 £07
Post-bronchodilator 245+ 05 25+ 1.2 3.1 £0.6
FEVI (%predicted) | Pre-bronchodilator 89.3 + 14.1 75.8 + 20.4 983 + 5.6
Post-bronchodilator 853 % 10.1 80.8 + 20.0 98.0 + 6.5
FVC/FEVI (%) Pre-bronchodilator 778 + 94 731 £ 11.1 88.0 + 5.0
Post-bronchodilator 774 £ 9.6 763 = 10.6 883 + 3.0
MMEF (L/s) Pre-bronchodilator 25+ 1.0 1.7+1.0 39+£03
Post-bronchodilator 2.1 £07 37+52 4003
MMEF Pre-bronchodilator 772 £ 26.7 57.5 + 30.7 114.5 £ 20.2
(%predicted) Post-bronchodilator 62.7 £17.3 727 £ 375 1153 £ 13.7
PEFR (L/min) Pre-bronchodilator 419.0 £ 162.0 4033 £ 1746 602.5 + 228.1
PEFR (%predicted) | Pre-bronchodilator 91.8 £ 255 88.0 + 28.2 1163 £214

Abbreviations: FVC, forced vital capacity; FEVI, forced expiratory volume in one second; MMEF, maximum mid-expiratory flow;

PEFR, peak expiratory flow rate; HC, healthy controls; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists.

Table 4 Results of GEE Multiple Linear Regression in Comparing the Treatment Effects Among

Three Groups

Parameter B Std. Error | Lower | Upper | Wald Chi-Square | p-value
FvC
(Intercept) 3.332 0.1570 3.024 3.640 450.511 < 0.001
Group 3 vs Group 1° 0.253 0.4024 —0.536 1.042 0.395 0.529
Group 2 vs Group 1° | —0.468 0.2362 —0.931 —0.005 3.921 0.048
Time 2 vs Time I* —0.111 0.0429 —0.195 —0.027 6.693 0.010
Group 3 x Time 2° 0.358 0.2789 —0.188 0.905 1.653 0.199
Group 2 x Time 2° 0.181 0.0553 0.073 0.289 10.710 < 0.001
FVC (%)
(Intercept) 96.200 3.4722 89.395 103.005 767.621 < 0.001
Group 3 vs Group | —2.450 4.8065 —-11.871 6.971 0.260 0.610
Group 2 vs Group | —-11.367 5.5825 —22.308 | —0.425 4.146 0.042
Time 2 vs Time | —3.200 1.3697 —5.885 —0.515 5.458 0.019
Group 3 x Time 2 4.500 2.8493 —1.085 10.085 2.494 0.114
Group 2 x Time 2 5.617 1.7501 2.186 9.047 10.300 < 0.001
FEVI
(Intercept) 2.578 0.1412 2.301 2.855 333.311 < 0.001
Group 3 vs Group | 0.537 0.2834 —0.018 1.092 3.591 0.058
Group 2 vs Group | —0.465 0.2277 —0.912 —0.019 4.179 0.041
Time 2 vs Time | —0.099 0.0641 —0.225 0.027 2.388 0.122
Group 3 x Time 2 0.089 0.0793 —0.066 0.244 1.259 0.262
Group 2 x Time 2 0.479 0.2518 —0.014 0.972 3.619 0.057
FEVI (%)
(Intercept) 89.300 4.2333 81.003 97.597 444.980 < 0.001
Group 3 vs Group | 8.950 4.8701 —0.595 18.495 3.377 0.066
Group 2 vs Group | —13.467 7.0476 —27.280 0.346 3.651 0.056
(Continued)
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Table 4 (Continued).

Parameter B Std. Error | Lower | Upper | Wald Chi-Square | p-value
Time 2 vs Time | —4.000 2.0494 -8.017 0.017 3.810 0.051
Group 3 X Time 2 3.750 2.4994 —1.149 8.649 2.251 0.134
Group 2 X Time 2 8917 2.1143 4.773 13.061 17.786 < 0.001

FEVI/IFVC (%)

(Intercept) 77.800 2.8277 72.258 83.342 756.983 < 0.001
Group 3 vs Group | 10.200 3.5526 3.237 17.163 8.243 0.004
Group 2 vs Group | —4.652 4.1719 —12.828 3.525 1.243 0.265
Time 2 vs Time | —0.400 1.0412 —2.44| 1.641 0.148 0.701
Group 3 x Time 2 0.650 1.7694 -2.818 4.118 0.135 0.713
Group 2 X Time 2 3.564 1.4808 0.662 6.467 5.793 0.016

MMEF
(Intercept) 2511 0.2888 1.945 3.077 75.580 < 0.001
Group 3 vs Group | 1.422 03114 0811 2.032 20.836 < 0.001
Group 2 vs Group | —0.765 0.4064 —1.562 0.031 3.544 0.060
Time 2 vs Time | —0.427 0.1981 -0.815 —0.039 4.646 0.031
Group 3 x Time 2 0.485 0.2989 —0.101 1.070 2.628 0.105
Group 2 X Time 2 0.901 0.2091 0.491 1.311 18.576 < 0.001

MMEF (%)

(Intercept) 77.200 8.0072 61.506 92.894 92.954 < 0.001
Group 3 vs Group | 37.300 11.8661 14.043 60.557 9.88I 0.002
Group 2 vs Group | —19.700 11.6576 —42.549 3.149 2.856 0.091
Time 2 vs Time | —14.500 6.3281 -26.903 | —2.097 5.250 0.022
Group 3 X Time 2 15.250 8.4612 —1.334 31.834 3.248 0.071
Group 2 X Time 2 29.667 6.9383 16.068 43.265 18.282 < 0.001
Notes: > Time = |: Pre-bronchodilator; = 2: Post-bronchodilator. b Group = |: ICS+LABA treated asthmatic patients; = 2: ICS

+LABA+ Omalizumab treated asthmatic patients; = 3: Healthy subject. © Group x Time: Group by Time interaction terms.
Abbreviations: FVC, forced vital capacity; FEV |, forced expiratory volume in one second; MMEF, maximum mid-expiratory flow; HC,
healthy controls; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists; B, regression coefficient; Std. Error, standard error.

in cardiomyocytes; eg MYH6, MYH7, MYL3, CACNGS, ACTCI, TNNT2, and CACNB?2), heart contraction/striated
muscle contraction/ cardiac muscle contraction (eg Microfilament motor activity and Cytoskeletal protein binding (eg
MYH?7, TNNT2, ACTCI, and MYHG6), Voltage-gated calcium/cation/ion channel activity (eg CACNGS, CACNAIH,
CACNB?2, and TSPOAPI), Voltage-gated calcium channel activity involved in regulation of cytosolic/presynaptic calcium
levels (eg TSPOAPI and CACNB?2) (Figure 3 and Supplementary Table 2).

Discussion

This study presents important and novel findings regarding transcriptional expressions and clinical outcomes for patients
on ICS with LABA and those with adding omalizumab. Transcriptomic analysis revealed a downregulation of immune
and inflammatory response pathways, including the NOD-like receptor signaling pathway, RIG-I-like receptor signaling
pathway, 1L-17 signaling pathway, and haptoglobin binding/oxygen carrier activity/antioxidant activity in patients with
ICS with LABA plus omalizumab. In contrast, there was an upregulation of the cGMP-PKG signaling pathway, cardiac-
related and ion channel activity genes in the ICS with LABA plus omalizumab group. For clinical outcomes, patients
treated with ICS with LABA plus omalizumab exhibited still higher IgE levels, greater dust mite sensitivity, and more
dynamic airway changes post-bronchodilator.

Elevated CXCL10 levels are found in approximately 50% of patients with severe asthma and correlate with poor
asthma control.'"" CXCL10 can be secreted by various cell types, including airway epithelial cells, smooth muscle cells,
monocytes, and macrophages. High expression of the CXCL10 gene is linked to a mast cell signature.'' The CXCL10
axis is central to persistent type 1 inflammation, which may be enhanced by corticosteroid therapy through cooperation
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Figure | Comparison of global gene expression between asthmatic patients treated with ICS with LABA plus omalizumab and those treated with ICS with LABA. For RNA
sequencing analysis, the expression levels of differentially expressed genes (DEGs) are visualized using a volcano plot (A) and a clustering heatmap (B). In the heatmap, red
indicates upregulated genes, and blue indicates downregulated genes, while yellow (in the heatmap) and grey (in the volcano plot) represent genes with no significant
difference.

Abbreviations: DEG, differentially expressed gene; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists; FC, fold change; FDR, false discovery rate; GO, gene
ontology; RNA, ribonucleic acid.

between the glucocorticoid receptor (GR) and Signal Transducer and Activator of Transcription 1 (STAT1) at the
CXCL10 promoter.'" Therefore, CXCL10 its association with mast cell markers in the airways of severe asthmatics."’
A previous study found that responders to omalizumab had significantly higher baseline CXCL10 than non-responders.'?
Elevated CXCL10 levels may serve as a predictive marker for a positive response to omalizumab in asthmatic patients
and could be more effective than IL-5 or IgE in predicting clinical response.'? In the current study, we further found that
omalizumab downregulated the gene expression of CXCL10. The reduction of CXCLI0 mRNA expression suggests
decreased chemokine signaling in allergic asthma.

The NOD-like receptor (NLR) signaling pathway, which was also downregulated in the ICS with LABA plus
omalizumab group, includes genes such as DEFA4 and OAS1/OAS2. This pathway is essential for the activation of
innate immunity through inflammasomes, playing a significant role in inflammation associated with respiratory
diseases.'® Lung epithelial cells express various recognition receptors, including NLRs, C-type lectin receptors, RIG-
I-like receptors, protease-activated receptors, and purinergic receptors, all of which respond to cytokines derived from
epithelial cells and contribute to asthma.'* Previous studies have indicated that NLRs, as a family of innate immune
sensors, and their downstream signaling pathways are critical in regulating asthma development.'®> Additionally, RIG-I
inflammasome activation has been associated with the onset, exacerbation, and progression of viral asthma.'® In the
current study, omalizumab may help control excessive inflammation triggered by reducing NLR pathway activation.

Dysregulation of IL-17 has been associated with asthma, as evidenced by genetic analyses,'”"'® clinical studies,'*°
and murine models.’’ ** IL-17 is known to induce the differentiation of IgE-secreting cells and promoting IgE
production.>* This pathway is frequently linked to severe asthma phenotypes. The downregulation of these genes may
contribute to the alleviation of airway inflammation, particularly in patients with an IL-17-driven asthma endotype, who
often exhibit a suboptimal response to standard ICS treatments. In the current study, we noted the downregulation of the
IL-17 signaling pathway, including genes such as CXCL10 and LCN2, in the omalizumab group. While research on the
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Figure 2 Enrichment analysis for downregulated DEGs in asthma patients post-Omalizumab treatment compared to those treated with ICS with LABA. Gene set
enrichment analysis of DEGs identified significantly enriched KEGG pathways (A), Biological Process (B) Molecular Function (C), and Cellular component (D) pathway. (fold
change 2 2; false discovery rate < 0.05) in ICS with LABA plus omalizumab group compared with ICS with LABA group.

Abbreviations: DEG, differentially expressed gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; ICS, inhaled corticosteroids; LABA, long-acting beta-agonists; FDR,
false discovery rate; N. of genes, number of genes.

impact of omalizumab on IL-17 levels in asthma is limited, previous studies have indicated that treatment with
omalizumab can reduce IL-17 secretion in patients with allergic urticaria.?’

Haptoglobin has been implicated in the modulation of the Th1/Th2 response and plays a role in both innate and
adaptive immune responses.”® It has been reported that patients with asthma have elevated haptoglobin levels.?
Myeloperoxidase (MPO), an enzyme released from the primary azurophilic granules of neutrophils.”” MPO and
human beta-defensin 2 (HBA2) are associated with oxidative stress and inflammation in the lungs.”® Previous studies
show increased MPO levels in sputum or blood in severe asthma in both children and adults.**** The reduced expression
of these genes may indicate a decrease in inflammation and oxidative burden, which is beneficial for asthma manage-
ment, as oxidative stress often exacerbates airway inflammation and damage.

The current study observed an upregulation of the cGMP-PKG signaling pathway in patients treated with omalizu-
mab, while no previous research specifically investigating the relationship between omalizumab and this pathway.
However, one prior study has suggested that the cGMP-PKG signaling pathway plays a role in the pathogenesis of
allergic asthma.®' Omalizumab has been shown to reduce airway hyperresponsiveness (AHR) in patients with asthma.*
Our results, however, seem to be inconsistent with these findings. It is important to note that previous studies
investigating the reduction of AHR with omalizumab typically compared pre- and post-treatment within the same patient
group.®? In contrast, our study compares AHR between different groups. Omalizumab was administered to patients with
poor asthma control despite ICS and LABA treatment, suggesting possible more severe inflammation in these patients.
Although ACT scores were similar in both groups after treatment, the omalizumab group still exhibited poorer lung
function and more dynamic airway changes. Thus, despite similar clinical symptoms, the increased cGMP-PKG
expression, poor lung function and more dynamic airway changes in the omalizumab group may suggest ongoing cGMP-
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Figure 3 The KEGG and GO enrichment analysis for upregulated DEGs in post-Omalizumab treatment asthma patients compared to those treated with ICS with LABA.
The KEGG (A) and GO enrichment analyses of DEGs, and the result of the biological process (B), molecular function (C), and cellular component (D)-associated GO
terms. (fold change 2 |.5, FDR < 0.05) in transcriptome analysis that the different expression levels of genes between ICS with LABA plus omalizumab group compared with
ICS with LABA group.

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; DEG, differentially expressed gene; HC, healthy controls; ICS, inhaled
corticosteroids; LABA, long-acting beta-agonists; FDR, false discovery rate; N. of genes, number of genes.

PKG-related inflammation. These findings highlight the need for further research about the role of cGMP-PKG-related
inflammation in asthma.

Gene expression related to cardiomyopathy and cardiac failure was elevated in patients receiving ICS with LABA
plus omalizumab. A previous study showed that serum IgE and FceR1 expression levels were significantly increased in
patients with heart failure.”® FceR1, expressed in cardiomyocytes, mediates IgE-induced cardiac remodeling and
cardiomyocyte hypertrophy.*® Additionally, a case report documented mid-apical akinesia and basal hyperkinesia after
the 11th administration of omalizumab.** An observational study found a higher incidence of cardiovascular and
cerebrovascular events in omalizumab-treated patients,®> and the Food and Drug Administration reported a slightly
elevated risk of such events.>® Based on our findings and existing literature, we recommend evaluating cardiac function
in asthmatic patients with elevated IgE levels or those receiving omalizumab treatment.

This study is the first to report that upregulated genes involved in voltage-gated calcium/cation/ion channel activity in
patients treated omalizumab. Voltage-gated calcium channel activity regulates muscle contraction, neuronal signaling,
and cellular excitability by controlling calcium transport and levels.>” Vascular smooth muscle and endothelial cells
collaborate to regulate blood pressure, with ion channels in these cells controlling membrane potential.>’ Elevated
calcium influx increases arterial tone, and sustained high arterial tone can lead to cardiac remodeling and dysfunction
over time.®’ Persistent increases in calcium influx also lead to myocardial fibrosis, arrhythmogenicity, and conduction
abnormalities.®® Additionally, calcium channels in cardiomyocytes are associated with left ventricular hypertrophy in
response to pressure overload.”> The upregulation of these genes by omalizumab could be linked to the observed
cardiovascular effects.**>® However, the mechanisms behind omalizumab’s upregulation of these genes are not yet fully
understood.
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Clinical Implication

This study was the first study to highlight transcriptional differences on asthma treatments by comparing patients on ICS
with LABA therapy alone with those requiring omalizumab as an add-on. Transcriptomic analysis revealed
a downregulation of immune and inflammatory pathways in the ICS with LABA plus omalizumab group, suggesting
that omalizumab may help mitigate excessive inflammatory responses. These results underscore Omalizumab’s potential
as a targeted anti-inflammatory option for asthma patients who do not achieve sufficient control with ICS with LABA

alone, which could lead to better management of severe asthma cases.

Study Limitations

While our research highlights many novel and significant aspects of asthma, it also has several limitations. The first
limitation of this study is its relatively small sample size, which may limit the generalizability of the findings to the
broader population of patients with asthma. A larger sample size would provide more robust data and allow for better
extrapolation of the results to diverse patient groups. Additionally, a small sample size may increase the risk of Type 11
errors, potentially leading to underestimating the effects or associations observed in the study. However, despite this
limitation, the study still provides novel findings about the transcriptional differences between patients receiving ICS
with LABA and those receiving ICS with LABA plus omalizumab, contributing valuable insights to the field.
Additionally, while transcriptomic analysis provides insights into gene expression changes, it does not capture functional
protein-level alterations, which may influence the observed effects. Future studies with larger cohorts are needed to

confirm these findings and evaluate the durability of the therapeutic benefits observed.

Conclusions

The current study highlights the potential benefit of adding omalizumab to ICS with LABA therapy in asthma patients
who do not achieve sufficient control with ICS with LABA alone. The observed downregulation of immune and
inflammatory pathways in patients on ICS with LABA and omalizumab suggests a potential influence on anti-
inflammatory effects, which may contribute to a more targeted therapeutic approach for severe allergic asthma. These
findings support the role of omalizumab as an effective add-on therapy for improving asthma management. However,
upregulated gene expression related to cardiomyopathy should be approached with caution due to potential cardiovas-
cular effects.
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