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Asthma and Lower Airway Disease

Nasal Airway Transcriptome Reflects Selected
Asthma-Associated Gene Signatures in the Lower Airways
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ABSTRACT

Background: Transcriptomic analysis of bronchial brushes reveals asthma-associated gene signatures but is limited by the in-
vasiveness of bronchoscopy. Based on the “united airways” hypothesis, we evaluated whether and to what extent nasal brushes
reflect asthma-associated transcriptomic changes in the lower airways.

Methods: In the ARMS study, we included 26 asthma patients and 28 healthy controls, all fully clinically characterized. Nasal
and bronchial brushes were collected for RNA sequencing. We used edgeR and WGCNA to identify asthma-associated genes and
modules in bronchial brushes. We assessed their expression patterns in ARMS nasal brushes and validated the findings in the
independent ATLANTIS study (n=427).

Results: We identified 51 asthma-associated genes in the lower airways, of which 40 were up-regulated and 11 were down-
regulated in asthma compared to healthy controls. Seven of the 40 up-regulated genes were also up-regulated in ARMS nasal
brushes and validated in ATLANTIS: CLCA1, FETUB, CST1, NTRK2, CDH26, TPSAB1, and DHX35. WGCNA revealed two
modules that were consistently elevated in asthma across bronchial and nasal brushes in ARMS and confirmed in ATLANTIS.
One module represents IL-13 related inflammation, whereas the other represents mast cell activity.

Conclusion: The asthma-associated gene signatures of the lower and upper airways show a limited but biologically coher-
ent overlap, with seven genes and two gene modules consistently elevated in asthma. The shared gene signatures reflect two
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separate components of type 2 inflammation: IL-13 related inflammation and mast cell activity. Selected nasal gene signatures

offer a non-invasive tool to identify asthma endotypes with distinct molecular mechanisms driving underlying disease biology.

1 | Introduction

Asthma is a chronic respiratory disorder characterized by
airway inflammation associated with variable airflow ob-
struction, leading to symptoms of cough, wheezing, and chest
tightness [1, 2].

Over the past decade, the importance of phenotyping has
been well established, and targeted treatments have become
available for specific subgroups of patients, for example, those
with evidence of type 2 (T2) inflammation [2]. Although this
has significantly improved the management of severe asthma,
variability in treatment response still persists in T2-high pa-
tients, and the origins of T2-low disease remain poorly under-
stood. Previous studies have applied transcriptomic analysis
to identify underlying molecular mechanisms of the different
asthma endotypes associated with varied clinical outcomes
and/or treatment responsiveness to inhaled corticosteroids
(ICS) [3]. One of the earliest examples of this approach was
provided by Woodruff et al., who performed genome-wide
expression analysis of bronchial epithelial brushes to identify
a distinct gene expression profile associated with T2-asthma
and a favorable response to treatment with corticosteroids [4].
Another example comes from the U-BIOPRED study, where
transcriptomic analysis from bronchial brushes and biopsies
identified several different asthma subgroups, including sub-
sets characterized by T2 inflammation and/or relative cortico-
steroid insensitivity [5]. Further, Modena et al. used bronchial
epithelial gene expression from the Severe Asthma Research
Program (SARP), linked to fractional exhaled nitric oxide
(FeNO) levels, and clustered asthma patients into five sub-
groups, uncovering novel molecular mechanisms associated
with different asthma endotypes [6].

Since asthma is primarily an inflammatory disease of the lower
airways, bronchial brushes or biopsies are considered the gold
standard for studying its disease mechanisms. However, the
invasive nature of bronchoscopy limits widespread applica-
tion, and nasal brushes have been suggested as a non-invasive
alternative [7]. Poole et al. previously demonstrated that nasal
brushes reflect the expression of a subset of asthma-associated
T2 inflammation genes in the lower airways [8]. However, this
study was conducted in children.

Among adults, two of our previous studies employing bron-
chial and nasal epithelial gene-expression datasets demon-
strated that nasal gene signatures associated with asthma or
COPD reflect specific lower-airway transcriptomic patterns
[9, 10]. However, these studies did not include paired bronchial
and nasal samples from the same participants. In our previous
NORM study, we showed that nasal brush gene-expression
profiles can serve as a less invasive proxy for bronchial ep-
ithelial gene expression in respiratory-healthy participants
[11]. Based on this, the current manuscript analyses paired
bronchial and nasal brushes RNA-sequencing data from adult
asthma patients and healthy controls in the Asthma Origins

and Remission Study (ARMS) to investigate how well asthma-
associated genes and gene modules identified in the lower
airways are reflected in the upper airways. These shared find-
ings are further validated for their replicability in the inde-
pendent Assessment of Small Airways Involvement in Asthma
(ATLANTIS) cohort [12].

2 | Methods
2.1 | Participants Enrolment

We included both asthma patients and healthy controls from
the ARMS study (NCT03141814), a cross-sectional study. In
the ARMS study, asthma patients were included if they had an
asthma diagnosis confirmed by objective measurements: either
an increase in the forced expiratory volume in 1s (FEV,) of
>12% from the initial value and >200mL after inhaling 400 ug
of salbutamol, or airway hyperresponsiveness (AHR) to metha-
choline (provocative concentration causing a 20% drop in FEV,
(PC,,) <8 mg/mL). Patients with asthma were required to have
clinically stable disease without asthma exacerbation or respi-
ratory infection symptoms for at least 6 weeks before inclusion
in the study. Prior to the start of the study, all asthma patients
discontinued ICS/long-acting beta-agonists for a period of at
least 6 weeks, using only short-acting beta-agonists as needed.
Healthy controls were included if they had no respiratory dis-
eases, had normal lung function with an FEV % predicted
>90%, FEV, /forced vital capacity (FVC) ratio above the lower
limit of normal, and no AHR to methacholine (PC,;>16mg/
mL). All participants underwent a comprehensive clinical
assessment, including spirometry, body plethysmography,
impulse oscillometry, differential cell counts in blood and in-
duced sputum, nasal brushes, and bronchoscopy with bron-
chial brushes. Asthma severity was assessed using the Global
Initiative for Asthma (GINA) 2012 criteria. In ARMS study,
we used RNA-seq data from participants included between
2014 and 2020. The study was approved by the Medical Ethics
Committee of the University Medical Center Groningen (ABR
nr—NL 53173.042.15) and written informed consent was ob-
tained from all participants prior to the study. To assess the ro-
bustness of our identified shared nasal asthma-associated gene
signatures in the ARMS study, we validated them in the in-
dependent ATLANTIS cohort. ATLANTIS is an international
multicenter observational study, with genome-wide nasal gene
expression data available from 369 asthma patients and 58
healthy controls [9, 12].

2.2 | RNA-Seq Library Preparation, Alignment,
and Quality Control: ARMS Study

Ribosomal RNA depletion and RNA-seq library preparation
were conducted by GenomeScan (Leiden, the Netherlands).
We used the NEBNext Single Cell/Low Input RNA Library
Prep Kit (E6420L) for library preparation, which incorporates
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unique molecular identifiers (UMIs) to identify PCR dupli-
cates. Sequencing was performed on the Illumina NovaSeq
6000 platform (San Diego, California) with a 2 150 bp paired-
end configuration aiming for a depth of 30 million read pairs
per sample. Quality control (QC) of raw RNA-seq reads was
first performed using FastQC, and further QC details were
provided in the Supporting Information (Figure S1A,B). We
aligned the trimmed reads to the human reference genome
(GRCh38) using the STAR aligner (version 2.7.10b). Gene-level
quantification was performed using HTSeq (version 0.12.4)
with Ensembl GRCh38 release 108 as the gene annotation
database.

2.3 | Statistical Analysis

All statistical analyses were conducted using R (version 4.3.2).
Descriptive statistics for baseline characteristics were generated
using the tableone package (version 0.13.2). For continuous data,
we first performed normality tests. A t-test or Mann-Whitney U-
test was used for normally or non-normally distributed data as
appropriate. Categorical variables were analyzed using the Chi-
square test or Fisher's exact test, as appropriate. In this study, we
focused on protein-coding genes identified based on Ensembl
protein IDs from the Ensembl database using the biomaRt pack-
age (version 2.54.1) by referencing the human reference genome
(GRCh38). We conducted differentially expressed gene (DEG)
analysis using the edgeR package (version 4.0.16) with trimmed
mean of M-values normalization, and lowly expressed genes
were filtered using the built-in filterByExpr function. DEGs be-
tween asthma patients and healthy controls were identified by
fitting the negative binomial generalized linear model using the
glmQLFit function, followed by quasi-likelihood F-tests with
the glmQLFTest function. We adjusted for age and sex in the
ARMS DEGs analysis. We additionally adjusted for smoking sta-
tus in the ATLANTIS DEGs analysis, since the cohort included
current smokers. p values were adjusted for multiple testing
using the Benjamini-Hochberg procedure to control false dis-
covery rate (FDR). An FDR <0.05 was considered statistically
significant for the identification of asthma-associated genes in
bronchial brushes. In nasal brushes from the ARMS study, no
genes remained significant after FDR correction (FDR <0.05).
As the nasal brush DEGs analysis was primarily used to vali-
date bronchial findings rather than to discover new genes. We
therefore evaluated nasal DEGs using nominal p-values <0.05
together with a concordant direction of effect relative to the
bronchial DEGs.

2.4 | Weighted Gene Co-Expression Network
Analysis (WGCNA)

We applied the WGCNA package (version 1.72-5) to identify
modules of co-expressed genes in ARMS bronchial brushes.
Module eigengenes (MEs), defined as the first principal compo-
nent of each gene module, were calculated and correlated with
asthma status to pinpoint asthma-associated gene modules. To
explore the principal intramodular connectivity within each
module, the Molecular Complex Detection (MCODE, version
2.0.2) plugin of Cytoscape (version 3.9.1) was then used to ex-
plore hub genes within each gene module. Details of network

construction and hub genes' identification are described in the
Supporting Information.

2.5 | Gene Set Variation Analysis (GSVA)

GSVA is a non-parametric, unsupervised method shifting focus
from individual genes to gene modules by calculating GSVA com-
posite scores for each module in each sample. This allows for the
evaluation of gene module activity between asthma patients and
healthy controls. Using GSVA package (version 1.50.0), we calcu-
lated composite scores of asthma-associated gene modules identi-
fied in bronchial brushes. This analysis generated a new matrix of
GSVA scores for each of the bronchial and nasal expression data-
sets. We then performed statistical tests to identify shared gene
modules differentially expressed between asthma patients and
healthy controls in both ARMS bronchial and nasal brushes. The
ARMS findings were subsequently validated in the ATLANTIS
study to confirm the shared gene modules in both airways.

2.6 | Cell-Type Deconvolution

We used CIBERSORTXx (https://cibersortx.stanford.edu/) to
perform cell-type deconvolution for estimating the propor-
tions of deconvoluted cell types in nasal and bronchial brush
samples. We used counts per million (CPM) normalized ARMS
RNA-seq data as input mixture file, while single-cell RNA-
seq signature reference matrix files were from the Human
Lung Cell Atlas (HLCA) [13] based on CPM normalized data.
Deconvoluted cell types with a mean estimated abundance
below 3% were excluded from further analysis. Subsequently,
statistical comparisons of estimated cell proportions between
asthma patients and healthy controls were performed to iden-
tify cell types with differential abundance. Details about the
cell deconvolution process for the ATLANTIS can be found in
the previous publication [9].

3 | Results
3.1 | Participants Characteristics

Atotal of 26 asthma patients and 28 healthy controls in the ARMS
study have sufficient-quality RNA-seq data available from bron-
chial and/or nasal brushes. The results of the QC procedure are
provided in the Supporting Information (Figure S1A,B). Their
clinical characteristics are presented in Table 1. There were no
statistically significant differences in age, sex, or BMI between
the groups.

3.2 | Identification of Shared Asthma-Associated
Genes in Both Bronchial and Nasal Brushes

In ARMS, we identified 51 asthma-associated genes in bron-
chial brushes (FDR <0.05), of which 40 were up-regulated
and 11 down-regulated in asthma compared to healthy con-
trols (Figure 1). Among the 40 up-regulated genes in bronchial
brushes, we found nine genes to be also up-regulated in nasal
brushes from the ARMS study at a nominal p-value <0.05,
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https://cibersortx.stanford.edu/

TABLE1 | Characteristics of ARMS participants.

Asthma patients Healthy controls P

Number of participants (n) 26 28 —
Age (years) 54 (49, 61] 57 (50, 60] 0.729
BMI (kg/m>) 26.6 [23.8, 31.4] 24.7[23.2,27.8] 0.083
Female/Male (n) 9/17 13/15 0.545
GINA treatment stage, n (%) —

1 3(11.5) —

2 7(26.9) —

3 8 (30.8) —

4 8 (30.8) —
PC,, methacholine (mg/mL) 0.69 [0.29, 2.63] >16 <0.001
Never/Ex-smoker (1) 3/23 17/11 0.044
Blood leukocytes (10%/1) 5.94 (1.14) 5.68 (1.63) 0.503
Blood neutrophils (10°/L) 3.42(0.95) 3.38(1.27) 0.906
Blood lymphocytes (10°/L) 1.61 [1.33, 2.22] 1.62 [1.41, 1.82] 0.539
Blood monocytes (10%/L) 0.50 (0.15) 0.45(0.16) 0.239
Blood eosinophils (10°/L) 0.21 [0.15, 0.40] 0.11 [0.08, 0.16] <0.001
Blood IgE (kU/L) 83.5 [45.8, 232.5] 26.5[14.5, 61.5] 0.002
Sputum neutrophils (%) 60 (19) 57 (16) 0.634
Sputum lymphocytes (%) 2[2,4] 3[2,4] 0.4
Sputum macrophages (%) 25[17, 41] 28 [25, 36] 0.474
Sputum eosinophils (%) 21, 8] 1[0,1] 0.014
RS (kPa-s/L) 0.42[0.33, 0.53] 0.33[0.27, 0.37] 0.001
R20 (kPa-s/L) 0.34(0.05) 0.30 (0.06) 0.012
R5-R20 (kPa-s/L) 0.08 [0.03, 0.17] 0.03 [0.00, 0.05] 0.002
X5 (kPa-s/L) —0.15 [-0.22, —0.10] —0.09 [-0.12, —0.06] 0.009
AX (kPa/L) 0.88 [0.36, 2.00] 0.23 [0.11, 0.40] <0.001
FEV,% predicted (%) 83 (15) 112 (11) <0.001
FEV,/FVC (%) 63 (9) 76 (6) <0.001
RV/TLC (%) 35 [31, 40] 28 [26, 32] <0.001
FeNO (ppb) 30 [19, 40] 14 [11, 21] 0.012
Allergic status, n (%) 0.065
Allergic 18 (69.2) 11 (39.3)
Non-allergic 6(23.1) 15 (53.6)
Missing 2(7.7) 2(7.1)

Note: Data are presented as number (n), percentage (%), median [25th, 75th percentile], Mean (standard deviation, SD). PC20 methacholine, the provocative
concentration of methacholine causing a 20% fall in FEV1 from baseline; R5, resistance of the respiratory system at 5Hz; R20, resistance of the respiratory system
at 20Hz; R5-R20, difference between R5 and R20; X5, reactance of the respiratory system at 5Hz; AX, area under the reactance curve from 5Hz to the resonant

frequency.

Abbreviations: BMI, body mass index; FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; RV/TLC, residual volume/total lung capacity ratio.

a number that is nine times higher than expected by chance the independent ATLANTIS study (p-value <0.05): CLCAI,
alone. Furthermore, seven of these nine up-regulated genes FETUB, CST1, NTRK2, CDH26, TPSABI1, and DHX35. Among
were also higher expressed in asthma in nasal brushes from the 11 down-regulated genes identified from ARMS bronchial
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FIGURE1 | Volcano plot illustrating DEGs in ARMS bronchial brushes comparing asthma patients to healthy controls. The red dots show the
genes with higher expression in asthma versus healthy controls, while the blue dots show those with lower expression. The gray dots show genes not
significantly different between the groups. The black dots indicate these seven genes with higher expression in asthma versus healthy controls in

both ARMS bronchial and nasal brushes as well as in ATLANTIS nasal brushes.

brushes, none were down-regulated in ARMS nasal brushes
and one was down-regulated in asthma in ATLANTIS: EPASI
(Table S1).

We applied GSVA to calculate GSVA composite scores based on
the 40 up- and 11 down-regulated genes from ARMS bronchial
brushes. Asshownin Figure 2, the GSVA scores of the up-regulated
genes were higher in asthma compared to healthy controls in
both ARMS bronchial and nasal brushes (p-value <0.0001 and
p-value=0.0073, respectively) with validation in ATLANTIS
nasal brushes (p-value=0.0019). For the down-regulated genes,
GSVA scores were lower in asthma than in healthy controls from
ARMS bronchial brushes (p-value <0.0001), while no signifi-
cant difference was detected in nasal brushes from either ARMS
(p-value=0.83) or ATLANTIS (p-value=0.079).

3.3 | Identification of WGCNA Modules
Consistently Altered in Asthma Across the Lower
and Upper Airways

Gene expression patterns in biological systems are often char-
acterized by co-regulated modules of genes that in concert con-
tribute to a certain biological activity. Therefore, we assessed
which gene modules were associated with asthma in bronchial
brushes. Using WGCNA, we identified 19 asthma-associated
modules in ARMS bronchial brushes, with seven modules posi-
tively associated with asthma and 12 modules negatively associ-
ated with asthma compared to healthy controls (Figure S3).

GSVA was used to quantify the activity of all 19 asthma-
associated modules in ARMS bronchial and nasal brushes as
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well as in ATLANTIS nasal brushes (Figure S4-S6). Among
the 19 gene modules, two modules (the IL-13 related inflam-
mation module and the mast cell activity module) consistently
exhibited higher GSVA scores in asthma in both ARMS bron-
chial brushes (p-value =0.0026 and p-value =0.00013, respec-
tively) and nasal brushes (p-value=0.01 and p-value=0.015,
respectively), as well as in the nasal brushes from the indepen-
dent ATLANTIS study (p-value=0.0021 and p-value=0.014,
respectively) (Figure 3).

To gain deep insight into the biological relevance of these
gene modules, we identified hub genes within each asthma-
associated module from WGCNA using the MCODE plugin
in Cytoscape (refer to Supporting Information for details).
Notably, the hub genes in the IL-13 related inflamma-
tion module were ILI3, BMPS8A, CSTI1, CDH26, FETUB,
CEACAM?21, CIQTNF1, CLCAI1l, SERPINBI10, PTCHDA4,
CCL26, NTRK2, and GSN. The hub genes for the mast cell
activity module included TPSABI, TPSB2, SIGLEC6, ILIRLI,
CPA3, GATA2, SLCI8A2, GCSAML, MS4A2, CDK15, and
CTSG. The lists of hub genes for each of 19 modules are shown
in Table S3.

3.4 | Cell-Type Deconvolution

We used CIBERSORTX to test whether the cellular composition
was estimated to be different based on bulk RNA-seq data, using
single cell references from the HLCA [13]. No significant differ-
ences were observed in the estimated proportions of deconvo-
luted cell types between asthma patients and healthy controls
in ARMS bronchial brush samples, including basal, monocytes,
and multiciliated cells (Figure S7A). Similarly, ARMS nasal
brush samples showed no significant differences in the esti-
mated proportions of deconvoluted cell types, including basal,
club, goblet, and multiciliated cells (Figure S7B). Consistently,
the previous ATLANTIS study reported no significant differ-
ences in deconvoluted cell-type abundance between asthma pa-
tients and healthy controls [9].

4 | Discussion
In this study, we demonstrate that seven genes and two WGCNA

modules are consistently elevated in asthma across both the
lower and upper airways. Notably, these two gene modules
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FIGURE 2 | Box plots showing comparisons of GSVA scores for up- and down-regulated genes between asthma patients and healthy controls in
(A) ARMS bronchial brushes and (B) ARMS nasal brushes, with validation in (C) ATLANTIS nasal brushes. DEGs, differentially expressed genes.

A B C
1L-13 related inflammation module Mast cell activity module 1L-13 refated inflammation module Mast cell activity module 1L-13 related inflammation module Mast cell activity module
1.0 0.0026 0.00013 0.01 0.015 1.0 0.0021 0.014
.

05 <+ 05 05
@ @ o
o 2 <
g <] g
3 3 3
] 2] ]
< o0 < <
3 3 >
7 @ 00 @ 00
o (4] 9]

05

05
05
Asthma Healthy Controls. Asthma Healthy Controls. Asthma Healthy Controls Asthma Healthy Controls Asthma Healthy Controls Asthma Healthy Controls
Classification Classification Classification

Classification BH Asthma [l Healthy Controls

Classification Bl Asthma [l Healthy Controls

Classification EE Asthma Bl Healthy Controls

FIGURE 3 | Box plots showing comparisons of GSVA scores for IL-13 related inflammation and mast cell activity modules between asthma pa-
tients and healthy controls in (A) ARMS bronchial brushes and (B) ARMS nasal brushes, with validation in (C) ATLANTIS nasal brushes.
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capture distinct components of T2 inflammation, with one mod-
ule representing IL-13 related inflammation and the other pre-
dominantly consisting of genes highlighting mast cell activity.
Together, our findings indicate that selected nasal gene expres-
sion profiles reflect specific asthma-associated molecular mech-
anisms relevant to disease pathogenesis in the lower airways.

Among the seven genes associated with asthma in both bron-
chial and nasal brushes are NTRK2 and DHX35. Dragunas
et al. showed that increased NTRK2 expression was detected
in asthma patients, paralleled by increased cholinergic nerve
density possibly contributing to AHR [14]. Furthermore, we
found that DHX35 was up-regulated in bronchial and nasal
brushes from asthma patients compared to healthy controls. In
this context, the finding of Qiao et al. is of interest. They found
that DHX35 overexpression in human airway epithelial cells in-
creased production of IFN-@, IL-6, and CXCL10, thereby mod-
ulating antiviral innate immunity [15]. Together, our findings
show that the more easily accessible selected nasal gene expres-
sion profiles reflect biologically relevant changes associated
with asthma in the lower airways.

Using WGCNA, we identified two distinct gene modules as-
sociated with asthma. The first gene module was the IL-13
related inflammation module. The hub genes of this module in-
clude IL13, CLCA1, FETUB, CCL26, CDH26, and SERPINBI0,
all associated with IL-13 driven inflammation [16-21]. IL-13 is
a central cytokine in T2 asthma pathophysiology, driving eo-
sinophilic inflammation, mucus secretion, and AHR [16, 22].
Previous studies reported elevated CLCAI mRNA expression
in airway epithelial cells of asthma patients [4]. Activation
of the IL-13 receptor upregulates CLCAI expression, whose
protein fragments subsequently stimulate MAPK13 and pro-
mote MUC5AC expression, contributing to mucus production
in airway epithelial cells [17]. FETUB has also been reported
to be induced by IL-13 stimulation in 16HBE cells [18]. Lung-
specific knockdown of FETUB has been shown to reduce air-
way inflammation and AHR in asthma [18]. Furthermore,
IL-13 upregulates CST1 and CDH26 expression in 16HBE cells
or bronchial epithelial cells [20, 23]. Du et al. demonstrated
that epithelial CSTI can stimulate airway eosinophilic inflam-
mation in asthma [24]. Additionally, findings from the MESOS
randomized controlled trial showed that elevated FeNO lev-
els are associated with high CST1 expression [25]. CDH26 has
been shown to amplify the IL-4 receptor signaling pathway,
enhancing mucin gene expression and eosinophilic chemo-
kines expression in airway epithelial cells [20]. IL-13 addi-
tionally promotes the production of CCL26 and SERPINBIO
in epithelial cells, both associated with airway eosinophilia
[19, 21]. Consequently, our finding of the increased expression
of the IL-13 related inflammation module genes in asthma
may be useful as a non-invasive biomarker to identify IL-13
related T2 high asthma in the lower airways.

The second gene module was the mast cell activity module.
Hub genes of this module included TPSABI, TPSB2, SIGLECS,
ILIRLI, GATA2, CPA3, SLCI8A2, GCSAML, MS4A2, and
CTSG, all associated with mast cell activity. Mast cells release
a variety of mediators—including cytokines, lipid mediators,
and proteases—that contribute to inflammation by promoting
immune cell recruitment, disrupting airway structure, and

driving airway remodeling [26]. TPSABI encodes either a or §3-
tryptases, while TPSB2 encodes 3-tryptases including (I-, BII-,
or BIII-tryptase isoforms [27, 28]. Meanwhile, 3-tryptases stim-
ulate airway smooth muscle proliferation and contraction [27].
In addition, SIGLECE is involved in IgE and non-IgE-mediated
mast cell activation [29]. Mast cells express ILIRLI. It encodes
the receptor for IL-33, a cytokine that modulates type-2 im-
mune responses [30]. GATAZ is a key transcription factor that
regulates ILIRL1 expression in mast cells [30]. CPA3 was in-
creased in intraepithelial mast cells of patients with T2-high
asthma [31]. In murine models, CPA3 has been shown to con-
vert angiotensin I into angiotensin II, contributing to airway
bronchoconstriction and the enhanced AHR in asthma [31].
The solute transporter, encoded by SLC18A2, is involved in the
loading of histamine into secretory vesicles, with mast cells
being a primary source of histamine [32]. MS4A2 encodes the
B-subunit of FceRI (FceRIB), which facilitates the trafficking
of the FceRI receptor complex to the cell surface and ampli-
fies IgE-mediated mast cell signaling [33]. Both GCSAML and
CTSG are mast- cell associated genes [34]. Our findings sup-
port the role of mast cell-related genes in airway inflammation
and highlight the potential of the nasal mast cell activity gene
module as a non-invasive biomarker for mast cell activity in the
lower airways. The identification of two distinct gene modules,
reflecting IL-13 related inflammation and mast cell activity is
particularly noteworthy because they both represent key, yet
separate components of T2 inflammation.

This study has several limitations. First, the relatively small
sample size limits our ability to identify specific nasal gene
signatures that can reliably reflect bronchial gene expression
profiles across diverse asthma subgroups, such as T2 high and
T2 low asthma or allergic and non-allergic asthma. Larger,
well-characterized cohorts are needed to validate nasal surro-
gates for bronchial gene signatures, particularly across different
asthma subtypes. Additionally, this study utilized bulk RNA
sequencing, which lacks the resolution to pinpoint substitute
nasal brush genes at the specific cell-type level. Although we
observed mast cell-related genes in the upper airways reflecting
those of the lower airways, the relationship between mast cell
abundance in the two compartments remains unclear. Future
studies employing single-cell RNA sequencing of paired nasal
and bronchial samples could provide more detailed insights into
cell-type specific gene expression.

In conclusion, nasal brush samples can capture selected asthma-
associated transcriptomic profiles that reflect those of bronchial
brushes. This non-invasive approach could serve as a promising
tool to evaluate lower airway inflammation, ultimately contrib-
uting to personalized asthma management.
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