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ABSTRACT

Background: Asthma severity increases with age, suggesting a role for accelerated biological ageing. We hypothesised that cel-
lular senescence pathways such as the senescence-associated secretory pathway (SASP) and the p53-cellular senescence pathway
are enriched in the airways of patients with severe asthma.

Methods: We utilised transcriptomic data from the U-BIOPRED cohort to analyse enrichment scores (ES) of p53 and SASP
pathways in different airway compartments using gene set variation analysis. Findings in bronchial biopsies were validated in
the independent NOVA cohort. We examined associations between senescence ES, clinical parameters and other asthma-related
gene signatures. Functional clusters of the SASP gene set were also explored.

Results: In the U-BIOPRED cohort, p53 and SASP ES were significantly elevated in bronchial biopsies of severe asthmatics com-
pared to mild-to-moderate asthmatics and healthy volunteers, with SASP enrichment validated in the NOVA cohort. In bronchial
biopsies, higher senescence ES correlated with frequent exacerbations, oral corticosteroid use, comorbid nasal polyps and lower
FEV1%. No significant enrichment was found in other airway samples according to asthma severity. In nasal brushings, SASP
ES was significantly higher in participants with comorbid nasal polyps. A distinct SASP functional cluster related to lung injury
and repair (Cluster 2) was strongly associated with clinical severity and nasal polyps. Senescence signatures correlated positively
with oxidative phosphorylation and macrophage activation signatures, but not with eosinophil signatures.

Conclusions: Cellular senescence pathways are enriched in severe asthmatic bronchial tissues and correlate with disease sever-
ity, remodelling and nasal polyps. These findings warrant further investigation into their therapeutic implications.
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1 | Introduction

Asthma is common across the lifespan but can present with a
greater degree of severity in older adults [1-3]. Clusters of older,
more severe asthmatics with greater symptom burden, worse
lung function and more exacerbations have been observed [4-7].
This age-related increase in asthma severity has been associated
with greater lung function decline and more comorbidities, with
the potential contribution of air pollution, cigarette smoke or in-
fection [8-10]. The distinct features characterising these severe
asthma clusters may be consequential to cellular senescence
leading to an accelerated airway ageing.

Cellular senescence can be induced by repeated exposure to
stressful triggers and has been characterised by prolonged and
irreversible cell-cycle arrest with a senescence-associated se-
creted phenotype (SASP) [11]. Cellular senescence has been
implicated as a potentially important driver of age-related
chronic inflammatory lung diseases such as chronic obstruc-
tive pulmonary disease or idiopathic pulmonary fibrosis (IPF)
[12, 13]. In asthma, markers of cellular senescence, including
the transcription factors p53 and p21, and SASP factors, have
been reported in bronchial fibroblasts and epithelial cells, spu-
tum and blood cells [14-20]. A recent transcriptomic analysis of
publicly available datasets has reported differentially expressed
cellular senescence-related genes in severe asthma; however,
it was limited in its ability to link transcriptomic findings to
individual-level clinical characteristics [18]. To date, a compre-
hensive assessment of senescence pathways across different air-
way compartments in clinical cohorts is lacking. We therefore
hypothesised that cellular senescence pathways are enriched in
the airways of patients with severe asthma and that these drive
the severity of the disease.

In this study, we examined the enrichment of two major cellu-
lar senescence pathways representing cell-cycle arrest and se-
cretory phenotypes, the p53 signalling pathway and SASP [11],
in different airway samples. These included nasal brushings,
bronchial brushings, bronchial biopsies and induced sputum-
derived cells from asthmatics in the Unbiased Biomarkers for
the Prediction of Respiratory Disease Outcomes (U-BIOPRED)
cohort [21, 22]. Additionally, the Australian Priority Research
Centre for Healthy Lungs—NOVocastrian Asthma cohort
(NOVA) [23] was used as an independent validation cohort.

2 | Methods
2.1 | Participants

This study analysed severe asthmatics (SA), mild-to-moderate
asthmatics (MMA) and non-smoking healthy volunteers
(HV) in the U-BIOPRED cohort, as previously described [22].
Details of the NOVA cohort (42 SA, 16 MMA and 13HV) have
been reported elsewhere [23]. All participants were managed
according to severe asthma management guidelines; adher-
ence to prescribed therapy was systematically assessed at each
study visit, and non-adherent patients were excluded from the
severe asthma category, as described in the original cohort
publications [22, 23]. The studies were approved by the local

Ethics Committees, and all participants gave signed informed
consent.

2.2 | Participant Assessment

Participants underwent baseline assessment for demographic
and clinical parameters including age, sex, body mass index,
smoking history, age of asthma onset, asthma duration, aller-
gic comorbidities, the number of asthma exacerbations during
the past year, oral corticosteroid (OCS) use, spirometry, serum
total IgE, blood differential cell counts, induced sputum cell
counts, fractional exhaled nitric oxide (FeNO) and serum peri-
ostin following a standardised operating procedure. Atopic
status was confirmed by skin prick testing or specific immu-
noglobulin E measurements to six common aeroallergens. The
presence of nasal polyps was defined by physician-diagnosed
history.

2.3 | Microarray Analysis of Transcriptome

Gene expression was profiled using U133Plus 2.0 microarray
(Affymetrix, Santa Clara, CA) on total RNA extracted from
induced sputum cells, bronchial brushings, bronchial biopsies
and nasal brushings as previously described [21]. Only samples
meeting stringent RNA quality criteria (RNA Integrity Number
[RIN]>6.0, 260/280 ratio 1.8-2.1) and minimum quantity
thresholds were included in the microarray analysis, ensuring
comparable data quality across all airway sample types [21, 24].
The transcriptomic data were assessed by multiarray average
normalisation using the Almac Pipeline and Pre-processing
Toolbox (Almac, Craigavon, UK).

2.4 | Expression of Signatures by Gene Set
Variation Analysis

We evaluated gene expression related to cellular senescence
using gene set variation analysis (GSVA). GSVA calculates
sample-wise enrichment scores (ES), irrespective of any group
label [25]. Based on the consensus framework for defining cel-
lular senescence proposed by Gorgoulis et al. [11], we selected
a priori two gene signatures representing the two comple-
mentary hallmarks of cellular senescence: the p53 signalling
pathway (representing cell-cycle arrest) and the SASP. The
p53 signalling gene set was derived from the KEGG database
(hsa04115), and the SASP gene set from the Reactome database
(R-HSA-2559582), both of which have been used to characterise
senescent transcriptional programmes [26, 27]. The full gene
lists are provided in Table S1. We also explored gene signatures
related to asthma mechanisms or pathways (Table S2) and ana-
lysed their ES correlations with those of p53 and SASP.

2.5 | Functional Clusters of SASP Gene Set

Due to the large number of genes in the SASP gene set and the
functional heterogeneity of proteins that these genes encode, we
used protein-protein interaction data provided by STRINGDB
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Comparison of SASP and p53 signalling pathway signatures using gene set enrichment scores (ES). (A) SASP and (B) p53 signalling

pathway enrichment in bronchial biopsies obtained from the U-BIOPRED cohort, according to asthma status and severity. No enrichment of (C)
SASP and (D) p53 signalling pathways was observed in bronchial brushings. (E) Validation of significantly increased SASP, but not (F) p53 signal-

ling pathway enrichment in bronchial biopsies from the Australian NOVA cohort. Enrichment of (G) SASP and (H) p53 signalling pathways in nasal

brushing samples according to the presence or absence of nasal polyps. HV, healthy volunteers; MMA, mild-to-moderate asthmatics; ns, not signifi-

cant (p>0.05); SA, severe asthmatics; SASP, senescence-associated secretory phenotype.

(https://string-db.org) and K-means clustering to group the pro-
teins into highly interactive and connected subgroups. ES for
each cluster was calculated by GSVA.

2.6 | Data Analysis

All datasets were curated and stored in tranSMART, an open-
source knowledge management platform for sharing research
data, supported by the European Translational Information
and Knowledge Management Services project (Www.etriks.org)
[28]. Variables with skewed distributions were log-transformed.
One-way ANOVA and Tukey's multiple comparison tests were
utilised to examine differences across 3 groups (SA, MMA and
HV). To quantify the magnitude of between-group differences,
Cohen's d was calculated as the difference in group means di-
vided by the pooled standard deviation. Effect sizes were inter-
preted according to conventional thresholds (small, Idl>0.2;
medium, |dl>0.5; large, Idl>0.8). To complement continuous-
score analyses, participants were dichotomised at the cohort-
wide median of each ES and assigned to one of four quadrants
(p53-low/SASP-low, p53-low/SASP-high, p53-high/SASP-low,
p53-high/SASP-high). Differences in quadrant distribution
across cohorts were assessed using Pearson's chi-square test.

Linear regression analyses were used to examine the relation-
ships of the gene set ES with other parameters. Multivariate
linear regressions were conducted to examine whether the re-
lationships were independent of confounders. Spearman'’s cor-
relations of ES between different signatures were calculated.
All statistical analyses were performed using Stata version 18.0
(StataCorp, College Station, TX, USA), with p-values <0.05
considered statistically significant. For exploratory analyses
involving screening of multiple gene signatures, p-values were
adjusted using the Benjamini-Hochberg method to control the
false discovery rate (FDR) and only FDR-adjusted p-values
<0.05 were considered statistically significant.

3 | Results

3.1 | SASP and p53 Pathway Enrichment in
Bronchial Biopsies of Severe Asthma

In the U-BIOPRED cohort, the ES for both the SASP and p53 sig-
nalling pathways was significantly elevated in the bronchial biop-
sies from participants with SA compared to those with MMA and
HV (Figure 1A,B). In contrast, no significant differences in these
pathway ES were observed across the groups in bronchial brush-
ings (Figure 1C,D), induced sputum or nasal brushings (data not
shown). Consequently, subsequent analyses focused specifically
on bronchial biopsies within the U-BIOPRED cohort. The base-
line characteristics of the 107 participants who provided bronchial
biopsies (53 SA, 28 MMA and 26 HV) are summarised in Table 1.
Importantly, the increased enrichment of the SASP pathway, but
not the p53 pathway, in bronchial biopsies of patients with SA com-
pared to HVs was validated in the independent NOVA cohort (42
SA, 18 MMA and 13HV; Figure 1E,F).

The effect sizes (Cohen's d) in the U-BIOPRED cohort were
moderate-to-large for SASP (SA vs. MMA, d=0.76) and small-
to-moderate for p53 (SA vs. MMA, d=0.46; SA vs. HV, d =0.53).
In the NOVA cohort, SASP showed a similar medium-to-large
effect (SA vs. HV, d=0.77), whereas p53 showed a small, non-
significant effect (d=0.40, p=0.23), despite a consistent direc-
tional trend (SA > MMA > HV).

3.2 | Co-Enrichment of p53 and SASP Pathways in
Severe Asthma

To complement the continuous-score analyses, the U-BIOPRED
participants were dichotomised at the cohort-wide medians of
each score and assigned to one of four quadrants (Figure 2).
Quadrant distribution differed significantly across SA, MMA
and HV (p=0.008). Severe asthmatics were enriched in the
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TABLE1 | Baseline characteristics of study participants with bronchial biopsies.

SA MMA HV 4]

Participant, n 53 28 26
Age (years) 52 (43-59) 42.5(28.5-50) 37 (25-53.2) 0.001
Female, 1 (%) 28 (52.8%) 16 (57.1%) 10 (38.5%) 0.347
BMI (kg/m?) 28.4 (25.2-33.8) 26.0 (22.7-29.0) 24.4 (22.7-27.3) <0.001
Smoking status, n (%)

Current smoker 7 (13.2%) 0(0%) 0(0%) 0.031

Former smoker 12 (22.6%) 3 (10.7%) 4 (15.4%)

Never smoker 34 (64.2%) 25(89.3%) 22 (84.6%)
Smoking (pack-years) 0(0-5) 0(0-0) 0(0-0)
Asthma onset age (years) 13 (2-43) 13 (7-25) na 0.604
Asthma duration (years) 25.5(15.5-42.5) 24.5 (15-33) na 0.465
Allergic rhinitis, n (%) 27 (50.9%) 12 (44.4%) 1(3.8%) 0.001
Nasal polyps, n (%) 19 (36.5%) 0 (0%) 1(3.9%) <0.001
Maintenance OCS use, n (%) 19 (36.5%) 0(0%) 0(0%) <0.001
Exacerbation frequency in the previous year 9 (2-11) 1(1-1) na <0.001
FEV1% pred (%) 72.2 (55.3-85.2) 92.4(77.3-103.8) 99.0 (89.6-110.4) <0.001
FVC% pred (%) 90.5 (81.4-101.1) 109.1 (92.1-116.6) 109.0 (96.8-112.7) <0.001
FEV1/FVC ratio (%) 66.8 (55.2-75.6) 72.9 (68.7-81.2) 79.6 (75.3-82.3) <0.001
Post-BD FEV1% pred (%) 79.79 (67.4-90.9) 102.8 (88.7-109.2) na <0.001
FeNO (ppb) 24.3 (15.8-44.5) 20.5(13.3-50.0) 24.0(15.0-31.0) 0.606
Total IgE (IU/mL) 124.0 (37.5-415.0) 86.3 (44.0-152.0) 23.0(7.0-96.2) 0.001
Serum periostin (ng/mL) 45.6 (40.6-51.6) 43.6 (38.2-51.8) 55.1 (45.2-60.8) 0.021
Blood eosinophil (x10%/L) 0.2 (0.1-0.3) 0.17 (0.1-0.3) 0.1 (0.1-0.15) 0.004
Blood neutrophil (x10%/L) 4.9 (3.6-6.6) 3.7(2.7-4.7) 3.0(2.1-3.9) <0.001

Note: Variables are described in %, or median (interquartile range 25%-75%). The chi-squared test was used for computing the p value of categorical variables.
Normality of numerical variables was examined by the Shapiro-Wilk test. Mann-Whitney U test was used for non-normally distributed numerical variables and
pairwise Student's ¢-test for normally distributed numerical variables.

Abbreviations: BMI, body mass index; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; HV, healthy volunteer;
MMA, mild-to-moderate asthma; na, not applicable; OCS, oral corticosteroids; post-BD, post-bronchodilator; SA, severe asthma.

dual-high (p53-high/SASP-high) quadrant—46% (24/52) of SA,
versus 21% (6/28) of MMA and 24% (6/25) of HV (p=0.039 for
dual-high vs. other quadrants).

3.3 | Associations With Demographics and Asthma
Outcomes

We next examined whether SASP and p53 pathway enrichment
scores were associated with clinical outcomes. Univariate lin-
ear regression analyses revealed that higher ES of both the
SASP and p53 pathways in the bronchial biopsies were signifi-
cantly associated with indicators of disease severity, includ-
ing greater asthma exacerbation frequency in the previous
year, daily maintenance OCS use, comorbid nasal polyps and
poorer lung function (lower FEV1% predicted and post-BD
FEV1%) (Table 2).

Neither SASP nor p53 scores were correlated with chrono-
logical age, although SASP ES were associated with the age
of asthma onset (Table 2). This absence of correlation was
consistent within each clinical group: MMA (p=0.135 and
p=0.213) and SA (p=0.438 and p=0.422, for SASP and p53
respectively).

Among the examined inflammatory markers, only serum peri-
ostin levels showed a significant association with the ES of both
the SASP and p53 pathways. These associations with clinical
parameters remained statistically significant in multivariate
regression analyses after adjusting for potential confounders,
including age, sex, smoking pack-year and body mass index
(Table 3A).

Among patients with SA, neither p53 nor SASP ES differed sig-
nificantly between those on daily maintenance OCS and those

4
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FIGURE 2 | Co-enrichment of p53 and SASP signalling pathways in bronchial biopsies from the U-BIOPRED cohort. Scatter plot of p53 versus
SASP enrichment scores (ES) for individuals according to asthma status and severity. Dashed lines indicate the cohort-wide median of each score.

The shaded area corresponds to the dual-high (p53-high/SASP-high) quadrant. Numbers within each quadrant denote the proportion of severe asth-

matics (SA) assigned to that quadrant. ES, enrichment score; HV, healthy volunteers; MMA, mild-to-moderate asthmatics; SA, severe asthmatics;

SASP, senescence-associated secretory phenotype.

not (Table S3). Importantly, the associations with exacerbation
frequency, nasal polyps, post-BD FEV1% and serum periostin
levels remained significant after further adjustment for mainte-
nance OCS use (Table S4).

We next examined the clinical correlates of the quadrant classifica-
tion (p53/SASP) among patients with asthma (n=_80). Consistent
with the associations above, the p53-high/SASP-high quadrant
(n=30) exhibited the lowest post-BD FEV1% predicted (median
79.8% [interquartile range (IQR) 56.9%-94.0%], p=0.028), the
highest exacerbation count in the previous year (median 9.0 [IQR
1.2-11.0], p=0.008), the highest prevalence of nasal polyps (45%,
p=0.006) and the highest maintenance OCS use (47%, p=0.042),
while demographic features (age, sex, BMI, smoking history) and
type-2 inflammatory markers (eosinophils, FeNO, total IgE, peri-
ostin) did not differ significantly across quadrants. The number
of subjects in the discordant quadrants was small (p53-low/SASP-
high, n=11; p53-high/SASP-low, n =6); however, they appeared to
represent an intermediate phenotype: their maintenance OCS use
(36% and 50%, respectively) was higher than that of the p53-low/
SASP-low quadrant (15%) and comparable to that of the p53-high/
SASP-high quadrant (47%), while their exacerbation frequency was
moderately elevated (median 3.0 and 2.0, respectively) (Table S5).

3.4 | Associations With Nasal Polyps in Nasal
Brushings

Given the significant associations of both SASP and p53 path-
way ES in bronchial biopsies of participants with comorbid

nasal polyps, we further examined these associations in nasal
brushings, which were available for all participant groups in-
cluding HVs. Our results confirmed that in the nasal brush-
ings, the SASP ES was significantly elevated in participants
with nasal polyps compared to those without (Figure 1G,
p<0.001). In contrast, the p53 pathway ES did not show a
significant association with the presence of nasal polyps
(Figure 1H, p=0.073). Importantly, in multivariate regression
analyses, the SASP ES in nasal brushings remained positively
associated with the presence of nasal polyps, independent
of age, sex, smoking history and the presence of asthma
(Table 3B).

3.5 | Exploration Using Functional Clusters
of SASP Gene Set

K-means clustering of SASP gene interaction data identified
three functionally distinct gene clusters (Figure 3A). Cluster 1
was characterised by enrichment in pathways involved in ox-
idative stress-induced senescence, ribosomal S6 kinase (RSK)
activation and IL-6 signalling. These genes are implicated in air-
way inflammation, therapeutic responses (e.g., to omalizumab
and PI3K inhibitors) and TH2/TH17-high asthma endotypes.
Cluster 2 included genes such as HIST, CDKNIB and CCNA2,
which were related to T cell regulation, lung injury, repair pro-
cesses and lung cancer biology. Cluster 3, dominated by HIST
family genes, was linked to steroid-resistance, environmentally
influenced immune responses and pathways of airway remodel-
ling (detailed in Online Repository).
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TABLE 2 | Linear regression between baseline parameters and the cellular senescence pathway gene set enrichment score (ES) in bronchial

biopsies of patients with asthma.

p53 signalling pathway gene set ES

SASP gene set ES

Regression coefficient

Parameter Regression coefficient (95% CI) p (95% CI) P
Age (years) 0.001 (—0.003 to 0.005) 0.578 0.002 (=0.002 to 0.006) 0.404
Male (vs. female) 0.085 (—=0.015 to 0.186) 0.096 0.092 (-=0.015 to 0.199) 0.090
BMI (kg/m>) —0.005 (—0.014 to 0.004) 0.281 —0.001 (=0.010 to 0.009) 0.849
Smoking (pack-year) —0.002 (—0.008 to 0.005) 0.633 0.003 (—0.004 to 0.010) 0.439
Asthma onset age (years) 0.001 (—0.002 to 0.004) 0.423 0.003 (0.0002 to 0.006) 0.034
Exacerbations in the previous year 0.061 (0.017 to 0.106) 0.008 0.090 (0.045 to 0.135) <0.001
(number)?

Maintenance OCS use (vs. no) 0.131 (0.027 to 0.235) 0.014 0.181 (0.073 to 0.288) 0.001
Nasal polyp (vs. no) 0.228 (0.118 to 0.337) <0.001 0.206 (0.087 to 0.325) 0.001
FEV1% pred (%)? —0.189 (=0.372 to —0.008) 0.041 —0.255(—0.445 to —0.065)  0.009
FVC% pred (%)? —0.279 (-=0.530 to —0.028) 0.030 —0.262 (—0.530 to 0.006) 0.056
FEV1/FVC ratio (%) —0.210 (—0.636 to 0.217) 0.331 —0.318 (—0.603 to —0.033) 0.029
Post-BD FEV1% pred (%) —0.283 (—0.469 to —0.098) 0.003 —-0.319(=0.513 t0 —=0.125)  0.002
FeNO (ppb)? 0.027 (=0.042 to 0.095) 0.445 0.008 (=0.065 to 0.080) 0.836
Serum total IgE (IU/mL)? 0.014 (—0.018 to 0.047) 0.374 0.001 (—0.034 to 0.035) 0.977
Serum periostin (ng/mL)? 0.394 (0.163 to 0.626) 0.001 0.339 (0.083 to 0.595) 0.010
Blood eosinophil (%)? 0.032 (=0.037 to 0.101) 0.356 0.030 (—0.043 to0 0.102) 0.416
Blood neutrophil (%)? 0.062 (—0.058 to 0.181) 0.308 0.059 (—0.068 to 0.186) 0.355

Note: Values indicate regression coefficients (95% confidence intervals) and p values from univariate linear regression analyses.
Abbreviations: 95% CI, 95% confidence interval; BMI, body mass index; ES, enrichment score; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in
1s; FVC, forced vital capacity; OCS, oral corticosteroids; post-BD, post-bronchodilator; SASP, senescence-associated secretory phenotype.

2Variable log-transformed to normalise distribution.

In bronchial biopsies, the ES of Cluster 1 (Figure 3B) did not dif-
fer significantly across the groups. However, the ES of Cluster 2
(Figure 3C) and Cluster 3 (Figure 3D) mirrored the overall SASP
pathway trend across asthma severities, with Cluster 2 display-
ing the most pronounced differences. Linear regression analy-
ses revealed that SASP Cluster 2 exhibited stronger associations
with post-BD FEV1% and comorbid nasal polyps compared to
the other clusters (Table S6A).

In nasal brushings, all three clusters (Figure 3E-G) showed
significantly higher ES in participants with nasal polyps
compared to those without. Similar to bronchial biopsies, the
inter-group difference was greater for Cluster 2 (Figure 3F),
which was also validated in multivariate linear regression
analyses (Table S6B).

3.6 | Relevance of the p53 and SASP Pathways to
Different Asthma Gene Signatures

To explore molecular pathways underlying cellular senescence
in asthma and nasal polyps, we correlated the p53 and SASP
ES with ES of various asthma-related gene signatures (Table 4

and Table S2) in the bronchial biopsies and nasal brushings. In
both the bronchial biopsies and nasal brushings, the ES of mac-
rophage activation signatures (LPS-stimulated_macrophage,
Macrophage.GM_CSF.TNFa.HS.IVS.UP and IFNG-stimulated_
macrophage) and oxidative phosphorylation (OXPHOS) showed
more significant positive correlations with p53 and SASP ESs
compared to the other asthma-related signatures. Notably, SASP
Cluster 2 exhibited the most robust correlation with OXPHOS in
nasal brushings (r=0.78, p <0.001; Table 4).

Conversely, the eosinophil signature ES did not show significant
correlations with either the p53 or SASP scores. The Th2-activated
signature similarly demonstrated non-significant correlations
with the senescence signatures. In contrast, a significant positive
correlation was observed between the SASP and the neutrophil
signatures, particularly with the SASP functional cluster 1 and in
both bronchial biopsies and nasal brushings (Table 4).

4 | Discussion

This study leveraged the well-characterised U-BIOPRED cohort
to demonstrate the significant enrichment of cellular senescence
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TABLE 3 | Multivariate linear regression between clinical parameters and the cellular senescence pathway gene set enrichment score (ES) in (A)

bronchial biopsies and (B) nasal brushing.

(A) Bronchial biopsy

p53 signalling pathway gene set ES

SASP gene set ES

Regression coefficient

Regression coefficient

Parameter (95% CI)® p (95% CI)® p
Asthma onset age (years) 0.001 (—0.002 to 0.005) 0.403 0.003 (0.000 to 0.007) 0.047
Exacerbations in the previous year 0.075 (0.029 to 0.120) 0.002 0.094 (0.047 to 0.141) <0.001
(number)?

Maintenance OCS use (vs. no) 0.150 (0.039 to 0.261) 0.009 0.194 (0.079 to 0.310) 0.001
Nasal polyp (vs. no) 0.240 (0.120 to 0.360) <0.001 0.195 (0.061 to 0.328) 0.005
Post-BD FEV1% pred (%) —0.284 (—0.495 to —0.073) 0.009 —0.287 (=0.510 to —0.063) 0.013
Serum periostin (ng/mL)? 0.370 (0.123 to 0.616) 0.004 0.303 (0.029 to 0.577) 0.031
(B) Nasal brushing p53 signalling pathway gene set ES SASP gene set ES

Parameter Regression coefficient (95% CI)° 4 Regression coefficient (95% CI)° 4
Age (years) 0.0005 (=0.003 to 0.004) 0.758 0.002 (=0.003 to 0.006) 0.427
Male (vs. female) 0.070 (—0.015 to 0.154) 0.105 0.052 (—=0.062 to 0.165) 0.365
Ever smoking (vs. never) —0.046 (—0.145 to 0.054) 0.363 —0.023 (—0.157 to 0.110) 0.728
Asthma (vs. no) 0.090 (—0.008 to 0.186) 0.070 0.115 (—0.015 to 0.245) 0.083
Nasal polyp (vs. no) 0.065 (—0.055 t0 0.184) 0.283 0.194 (0.035 to 0.354) 0.018

Note: Values indicate regression coefficients (95% confidence intervals).

Abbreviations: 95% CI, 95% confidence interval; ES, enrichment score; FEV1, forced expiratory volume in 1s; OCS, oral corticosteroids; post-BD, post-bronchodilator;

SASP, senescence-associated secretory phenotype.

#Variable log-transformed to normalise distribution.

bAdjusted for age, sex, smoking pack-year and body mass index.
°Adjusted for age, sex, smoking, asthma and nasal polyps.

signatures, specifically the SASP and p53 signalling pathways,
in the airways of patients with severe asthma. This enrichment
was pronounced in bronchial biopsies and was associated with
key clinical features of disease severity, including a history of
frequent exacerbations, OCS use, fixed airflow obstruction and
comorbid nasal polyps; the SASP enrichment was further val-
idated in the independent NOVA cohort. Notably, nearly half
of severe asthmatics fell into the co-enriched (p53-high/SASP-
high) quadrant. These findings provide translational evidence
supporting a critical role for cellular senescence in driving the
pathogenesis of severe asthma.

A notable finding of our study is the compartment-specific en-
richment of senescence signatures. The significant elevation
of SASP and p53 scores according to asthma severity was ob-
served exclusively in bronchial biopsies, which contain the full
thickness of the airway wall, including the subepithelial and
interstitial compartments, but not in superficial samples, such
as bronchial or nasal brushings. This suggests that the burden
of senescent cells is predominantly localised within the deeper
structural tissues of the asthmatic airway, such as fibroblasts
and smooth muscle cells, rather than solely in the superficial
epithelium. Previous studies using in vitro models or isolated
tissues have reported senescence markers (e.g., shortened telo-
meres, SA-B-gal, p21, p53) in asthmatic bronchial fibroblasts
[15], epithelium [16] and smooth muscle cells [17, 29]. Our tran-
scriptomic analysis of bronchial biopsies is consistent with prior

observations and further demonstrates that activation of senes-
cence pathways within the airway wall is a defining feature of
severe disease. Notably, the absence of significant enrichment
in bronchial brushings underscores the importance of sampling
deeper airway tissues to accurately capture these pathological
signatures.

The correlation of senescence signatures with clinical parame-
ters of disease severity, particularly lower FEV1% and frequent
exacerbations, supports the hypothesis of ‘accelerated airway
ageing’ in severe asthma. The association with age of asthma
onset, rather than chronological age, suggests that the chronic
inflammatory and oxidative stress of the asthmatic airway ac-
celerates biological ageing processes. This may also represent
an effect of the altered host immune response to microbial pres-
ence observed in early-onset allergic compared to late-onset
non-allergic asthma [30]. The link with fixed airflow obstruc-
tion is also notable, proposing cellular senescence as a mecha-
nistic driver of airway remodelling. This aligns with a previous
finding in the BIOAIR cohort, where a severe asthma phenotype
with persistent airflow limitation was associated with elevated
serum levels of PAI-1, a SASP factor and remodelling marker
[31]. Furthermore, the positive relationship we observed be-
tween senescence scores and serum periostin, an extracellular
matrix protein implicated in fibrosis and airway remodelling
[32, 33], further substantiates the link between senescence and
structural changes in the asthmatic airway.
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FIGURE 3 | Identification of three SASP gene clusters using protein-protein interaction (PPI) networks (https://string-db.org). (A) PPI network

analysis of SASP genes revealed three highly interactive and connected clusters. Representative genes for each cluster are shown (Cluster 1: Cyan;

Cluster 2: Green; Cluster 3: Red). Gene enrichment score (ES) comparisons in bronchial biopsies according to asthma severity for (B) Cluster 1, (C)

Cluster 2 and (D) Cluster 3. ES comparisons in nasal brushings based on the presence or absence of nasal polyps for (E) Cluster 1, (F) Cluster 2 and
(G) Cluster 3. HV, healthy volunteers; MM A, mild-to-moderate asthmatics; ns, not significant (p>0.05); SA, severe asthmatics.

Our study is the first to report a significant association between
airway SASP signature expression and the presence of comorbid
nasal polyps. In nasal brushing samples, SASP scores were sig-
nificantly elevated in participants with nasal polyps compared
to those without. Given that nasal polyps are typically adult-
onset [34, 35] and characterised by tissue remodelling, this
finding suggests that cellular senescence may be a key patho-
genic driver of nasal polyps, in addition to eosinophilic path-
ways. Intriguingly, SASP Cluster 2, which includes cell cycle
regulators like CDKN1A (p21) and CDKN1B (p27), showed the
strongest association with the presence of nasal polyps. Recent
evidence of age-related increases in collagen deposition and
PAI-1 in human nasal polyps further supports a senescence-
driven mechanism [36].

Our exploratory analysis using functional clusters and other
gene signatures provides additional mechanistic insights.
The strong correlation between the SASP Cluster 2 ES and
the OXPHOS signature in nasal brushings (r=0.78, p <0.001)
aligns with mitochondrial dysfunction and oxidative stress
being potent drivers of senescence [37]. This suggests a met-
abolic basis for senescence in nasal polyps. Furthermore, in
bronchial biopsies, we observed no significant correlation
between senescence signatures and the eosinophil signature,
whereas macrophage and CD4+ T-cell activation signatures
showed positive associations. We also found a significant cor-
relation between the SASP signature, particularly Cluster 1
and the neutrophil signature in both airway compartments
[38]. This suggests that cellular senescence is linked to a
non-T2 inflammatory component characterised by macro-
phage and neutrophil-mediated inflammation and metabolic

dysregulation (e.g., mitochondrial stress), rather than classic
T2 inflammation. This distinction is clinically relevant, as it
may explain poor responses to T2-targeted therapies in some
severe asthma patients.

Our findings are consistent with recent preclinical evidence
demonstrating that airway smooth muscle cells from aged,
allergen-challenged mice exhibit senescence markers and con-
tribute to airway remodelling and hyperresponsiveness [39].
Additionally, environmental exposure studies have reported
altered p53 DNA methylation in moderate/severe asthma [19],
supporting the involvement of the p53 pathway in asthma patho-
genesis. It is important to note that T2 and non-T2 pathways fre-
quently coexist in severe asthma, and our findings suggest that
cellular senescence contributes primarily to the non-T2 compo-
nent of the inflammatory milieu rather than defining a mutually
exclusive endotype.

Although p53 and SASP capture distinct biological programmes
of cellular senescence, most patients with severe asthma in
our cohort fell into the dual-high quadrant. A small subset of
asthma patients showed a discordant pattern (only one pathway
enriched) and appeared to represent an intermediate clinical
phenotype, suggesting additive effects of the two pathways;
however, the limited sample size precluded firm conclusions.

The major strengths of our study include the use of well-
characterised clinical cohorts with comprehensive clinical
data, the analysis of multiple airway compartments and val-
idation in an independent cohort. This study also has several
limitations. First, the cross-sectional design precludes the
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determination of causal relationships. Second, among the
107 subjects with available bronchial biopsy data, only 38 un-
derwent longitudinal follow-up, limiting the ability to assess
prognosis and clinical course. Third, while statistically signif-
icant, some correlations between senescence scores and clin-
ical parameters were weak. However, the associations with
objective measures such as FEV1% and periostin were stron-
ger. Fourth, nasal polyps were defined by physician diagnosis
history, which in the majority of cases included otolaryngolo-
gist confirmation or a history of polypectomy, though system-
atic verification was not performed at study entry; in addition,
we analysed nasal brushings rather than polyp tissue. Fifth,
the p53 signalling pathway did not show a statistically signif-
icant association with asthma severity in the NOVA cohort.
This may be attributable to the relatively small sample size.
However, the direction of the effect was consistent with U-
BIOPRED (SA > MMA > HV), with a Cohen's d of 0.40 for SA
versus HV, suggesting that the smaller sample size may have
limited statistical power. Sixth, the study populations were
predominantly Caucasian, limiting generalisability to other
racial groups. Seventh, although we found no significant asso-
ciations between chronological age and SASP/p53 scores, the
long-term effect of age on airway senescence warrants longitu-
dinal investigation. Finally, we relied on transcriptomic signa-
tures and did not directly quantify senescent cells or identify
specific cell types in situ. Therefore, our findings should be in-
terpreted as evidence of enrichment of senescence-associated
transcriptional programmes, rather than direct evidence of
the senescent phenotype.

An important consideration is the potential confounding ef-
fect of OCS use. Glucocorticoids have been shown to induce
cellular senescence via the p53/p21 pathway in primary
human tenocytes [40], and a similar mechanism may contrib-
ute to p53 pathway activation in the airways of OCS-treated
severe asthma patients. Further studies are warranted to de-
termine direct effects of corticosteroids on airway senescence
mechanisms.

The U-BIOPRED samples were collected between 2011 and
2014, prior to the widespread availability of biologic therapies
targeting T2 inflammation. While this limits direct generalis-
ability to patients currently on biologic therapy, it provides an
assessment of senescence pathways unconfounded by biologic-
induced immune modulation. Future studies examining the
effect of biologic therapies on senescence pathway expression
would be of considerable interest.

In summary, our findings provide a clearer framework for
interpreting the role of cellular senescence in severe asthma.
First, senescence-related pathways (SASP and p53) are en-
riched predominantly in bronchial biopsies, indicating that
the deeper airway wall is the principal site of senescence-
associated changes. Second, higher senescence signature ex-
pression is consistently associated with key features of severe
disease, including fixed airflow obstruction, frequent exacer-
bations and comorbid nasal polyps. Third, senescence signa-
tures are linked to macrophage- and neutrophil-associated,
non-T2 inflammatory pathways rather than eosinophilic/T2
inflammation, suggesting a distinct biological component
within severe asthma.

Taken together, these findings suggest that patients with more
pronounced senescence signatures represent a subgroup char-
acterised by structural airway changes and non-T2 inflamma-
tion, consistent with the concept of accelerated airway ageing.
This framework may help to better define heterogeneity within
severe asthma and guide future studies targeting senescence-
related pathways.

Further validation in independent cohorts and functional
studies is required before these findings can be translated into
clinical application. Whether targeting senescent cells or their
secretory pathways may benefit patients with severe, treatment-
refractory asthma warrants further investigation, particularly
given the emerging evidence for senolytic agents in other age-
related chronic diseases [41-44].
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