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ABSTRACT

Background: Preschool wheeze is heterogeneous and only a subset of children progresses to persistent asthma. We hypothe-
sized that early-life wheeze reflects divergent airway epithelial maturation trajectories associated with distinct mucosal immune
programs.

Methods: Nasal epithelial transcriptomes from 265 children and young adults (79 healthy, 81 wheezers, 105 asthmatics; me-
dian age 10.4 [1.1-20.3] years) from the All Age Asthma Cohort (ALLIANCE) cohort were analyzed using a hypothesis-driven
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candidate approach based on predefined cytokine axes. Transcriptional signatures were mapped to epithelial cells by sScRNA-
sequencing. Asthma-outcome associations were assessed in age- and sensitization-adjusted multivariate models.

Results: The candidate approach identified three antagonistic epithelial immune programs: an interferon-associated (E1; IDO1,
CSF3, CCL20), a type-2-associated (E2; POSTN, CCL26, CST1), and a type-17-associated program (E3; IL36G, KLK7, KRTDAP).
These programs were detected across basal, ciliated, and secretory epithelial cells. In early childhood (1-3 years), wheezers pre-
dominantly exhibited E1/E3-dominant epithelial profiles (n=36). Age-group-specific comparisons showed higher E2 and lower
E1/E3 expression in wheezers aged 4-6years (n=38) than in those aged 1-3years (n=36). E2 dominance correlated with IgE,
FeNO, and eosinophilia (p <0.01). In multivariate models assessing asthma outcome at age 6, E1 expression was inversely asso-
ciated with asthma persistence (OR=0.15, p <0.05), whereas E3 expression was associated with disease progression (OR =4.93,
p<0.05). The combined epithelial signature discriminated asthma outcomes with high accuracy (AUC =0.90), independent of
allergic sensitization.

Conclusion: Early-life wheeze reflects distinct airway epithelial immune programs characterized by age-associated patterns
in epithelial immune activity. Nasal epithelial transcriptional signatures capture molecular trajectories associated with asthma

persistence and may enable early risk stratification.

Trial Registration: All-Age-Asthma (ALLIANCE) cohort: clinicaltrials.gov: NCT02496468; adult arm: NCT02419274

1 | Introduction

Asthma affects more than 300 million individuals worldwide.
Airway obstruction in asthma is often triggered by viral infec-
tions or allergens that impair epithelial integrity and amplify
mucosal inflammation [1-4]. The airway epithelium is a dy-
namic physical and immunological barrier essential for host
defense and homeostasis [5, 6]. Differentiation into specialized
epithelial cell types supports barrier integrity and tailored re-
sponses to environmental insults and infection [5]. In asthma,
epithelial differentiation and barrier function are impaired,
and type-2 inflammatory pathways become chronically acti-
vated through persistent Th2-cell, mast-cell, and eosinophil
infiltration [7-9].

Beyond serving as a passive barrier, epithelial cells integrate
cytokine signals that durably imprint immune programs in the
mucosa. Distinct cytokine milieux drive polarized epithelial
phenotypes: interferon (IFN)-y-driven (type-1), IL-4/IL-13-
driven (type-2), and IL-17-dominated (type-3), governing antivi-
ral defense, mucus production, and neutrophilic inflammation,
respectively [10-12]. Although these cytokine-imprinted ep-
ithelial programs influence barrier integrity and immune
cell recruitment, their establishment in vivo and relevance to
asthma development remain unclear. Defining these epithelial
immune programs in human airways may reveal early molecu-
lar trajectories of asthma and identify biomarkers accessible by
noninvasive sampling.

Using nasal transcriptomics from the longitudinal ALLIANCE
asthma cohort, we applied a hypothesis-driven approach fo-
cused on predefined type-1, type-2, and type-3 cytokine axes
and identified cytokine-linked epithelial response programs—
E1 (type-1), E2 (type-2), and E3 (type-3)—that mirror muco-
sal cytokine networks and associate with divergent asthma
trajectories in early childhood. Building on prior evidence for
IFN-y- and IL-4-mediated epithelial polarization [11, 12], we
investigated the precursors of this polarization and observed a
previously unrecognized type-3-associated epithelial program
in this nasal transcriptomic context. These findings estab-
lish nasal epithelial immune states as noninvasive markers of

mucosal polarization and highlight imprinting mechanisms rel-
evant to airway homeostasis.

2 | Results

2.1 | Identification of Three Major Nasal
Immunophenotypes

To assess the immunological dynamics of the airway epithe-
lial cells at the site of inflammation, we analyzed the nasal
transcriptome from 265 genetically unrelated children in the
pediatric arm of the ALLIANCE cohort, classified into “pre-
school wheeze” (“wheezers,” WH, <6years, median age 4.3),
“asthma” (AA, > 6years, median age 13.1), and “healthy” (HC,
median age 12.8) (Table 1). To enrich for epithelial mediators
and reduce noise from noninformative transcripts, transcript
selection was guided by Gene Ontology annotations related
to extracellular localization or cytokine/chemokine activity
(Section 4). Candidate transcripts ranked by Spearman cor-
relation with predefined type-1, type-2, and type-3 cytokine
seed variables identified three epithelial immune programs
(‘nasotypes’): E1 (interferon-associated; IDO1, CSF3, CCL20,
CXCL5, IFNG, OAS2), E2 (IL-4/IL-13-associated; POSTN,
CCL26, FETUB, CST1, CST2, CPA3), and E3 (IL-17-linked;
IL36G, KLK7, KRTDAP, RNASE7, IL6, IL24) (Figure 1A,
Tables S1, S2 and S31). To confirm that the identified naso-
types reflect cytokine-imprinted epithelial programs, sam-
ples were stratified into quintiles based on the predefined E1,
E2, and E3 seed variables: IFNG, mean (IL4, IL13), and mean
(IL17A, IL36G), respectively. All 18 predefined E1-, E2-, and
E3-associated genes showed significant positive trends across
increasing quintiles of their respective cytokine seed vari-
ables, with moderate-to-very-strong monotonic associations
(Spearman's p=0.36-0.98; one-sided Jonckheere-Terpstra
tests, all BH-adjusted p <3.39x107%; Figure 1B-D, Table S3).
In differentiated airway epithelial cultures stimulated with
IFN-v, IL-4, or IL-17A + IL-36y, each cytokine reproduced the
expected transcriptional program, consistent with prior obser-
vations of IFN-y- and IL-4-induced epithelial programming
[11]. Although derived from nonasthmatic bronchial cells,
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FIGURE 1 | Nasal gene expression clusters in three distinct epithelial nasotypes E1-E3. Correlation matrix (A) and gene expression intensi-

ty of genes with secreted gene products (Section 4), measured in nasal transcriptomics from all children (N=265) with and without asthma
(B-D). Candidate transcripts were ranked by Spearman correlation with predefined cytokine seed variables representing type-1, type-2, and type-3
immunity, and final module genes were selected based on both seed association and within-module positive pairwise correlations. Spearman’s rank
correlation value r is illustrated in blue for negative and red for positive correlation values for the six representative genes of each epithelial immune
module. All 265 genetically unrelated independent children were stratified into quintiles based on IFNG expression for E1 (B), mean(IL4, IL13)
expression for E2 (C), and mean(IL17A, IL36G) expression for E3 (D) (Q1-Q5; N=53 per quintile). Increasing trends across quintiles were assessed
using one-sided Jonckheere-Terpstra tests with asymptotic p values and Benjamini-Hochberg correction within each nasotype module. Red boxes
indicate genes with high abundance, white boxes with medium abundance, and blue boxes with low abundance. Corresponding gene symbols are
listed on the right side of the panel. Gene expression intensity is represented by a color scale from —1.5 to 1.5 of normalized intensity values (NIV). For
visual guidance, genes are ordered by nasotype module (E1-E3); color intensity reflects within-cohort Spearman correlation coefficients. Spearman
correlation of (E) type-1 model gene IDO1 gene expression with IFNG expression, (F) type-2 model gene CCL26 gene expression with mean(IL4, IL13)
expression, and (G) type-3 model gene KLK7 gene expression with mean(IL17A, IL36G) expression (IN=265). The graph depicts mean simple linear
regression with a 95% confidence interval. All graphs show data from all children included in the ALLTIANCE cohort (N=265).

these cultures recapitulated the polarization pattern observed
ex vivo. E1 and E2 markers showed reciprocal expression,
supporting antagonistic regulation between type-1 and type-2
epithelial immunity.

2.2 | Independent Replication of Nasotype Gene
Modules Across External Cohorts

To assess the reproducibility of nasal immune states across age
groups, we replicated the analysis in independent cohorts. In the

adult arm of the ALLIANCE cohort (N=174; one sample per sub-
ject; Figure S2), the E1-E3 pattern mirrored the pediatric profile,
with two age-related distinctions (Figure S4A, Tables S4 and S5):
(i) the adult E3 state subdivided into IL36G- and IL6-dominant
subclusters, and (ii) correlations between IFNG, IDOI1, and CSF3
shifted toward the IL6-associated E3 subtype in participants
> 65years. In the adult ALLIANCE cohort, E3-associated expres-
sion increased with age, particularly in participants > 65years,
whereas E2-associated expression was reduced. In the pediatric
cohort, strong E3-associated correlations were also observed in
young healthy children and preschool wheezers aged 1-3 years.

4
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To address potential circularity and cohort-specific overfitting,
we assessed whether the nasotype gene modules defined in
ALLIANCE were preserved in three independent external co-
horts: the pediatric URECA cohort (N=353; GSE145505 [13]),
the GRASS allergic rhinitis cohort (59 patients, 256 samples;
GSE206151 [14]), and the CatEEC cohort (19 patients, 256 sam-
ples; GSE129748 [15]). Despite cohort-specific heterogeneity in
age, disease context and platform, the within-module gene-
gene correlation structure of E1 and E2 was robustly observed
across datasets. The E3 module was also detectable across repli-
cation cohorts, although with lower within-module correlation
strength than in the ALLIANCE cohort (Figure S3, Table 2,
Tables S6-S8).

2.3 | scRNA-Seq Identifies Cytokine-Associated
Epithelial Response Programs

To test whether airway epithelial cells can express nasotype-
associated transcriptional programs under defined cytokine
conditions, we analyzed single-cell RNA-seq data from pri-
mary human bronchial epithelial cells (NHBEs) differenti-
ated at the air-liquid interface (ALI) in vitro under control or
IL-4-treated conditions to model type-2-primed epithelium.
Louvain clustering identified canonical epithelial subsets,
including basal, club, secretory, and multiciliated cells, as
well as rare tuft, ionocyte, and pulmonary neuroendocrine
cell (PNECs) populations (Figure 2A, Tables S9-S13). Cluster
identities were assigned based on canonical epithelial marker
genes (basal, secretory, multiciliated, club, goblet; Figure S4).
Cells were scored using nasotype marker sets after exclud-
ing immune-associated transcripts (IFNG, CPA3) to focus on
epithelial expression (Figure 2B, Figure S5). The remaining
nasotype-associated genes were detected across multiple ep-
ithelial populations and cell states (Figure S4). These tran-
scriptional programs were not restricted to a single epithelial
subset: E1-like profiles were detected in basal, club, secretory,

and multiciliated cells; E2-like profiles additionally in tuft and
PNEC cells; and E3-like profiles in basal, club, and secretory
cells (Figure 2C). IL-4 exposure induced pronounced struc-
tural and cellular remodeling of ALI cultures (Figure S4),
with mucus-rich crypt-like regions and marked expansion
of secretory E2-cells (medium control =92 vs. IL-4=28,444
cells; Figure 2D,E, Figure S7A-C), whereas E1-cells predomi-
nated under control conditions (medium =1293 vs. IL-4 =107
cells). Developmental trajectory analysis (Figure S5D-L) in-
dicated that epithelial cells expressing E1- and E3-associated
transcriptional programs span multiple differentiation stages,
including basal/club and secretory compartments, whereas
cells expressing E2-associated programs were preferentially
aligned with IL-4-skewed secretory trajectories. In line with
this, E2-program-expressing cells showed relative enrichment
of secretory markers (e.g., MUC5AC) and retention of basal-
cell features (KRT5, TP63), consistent with delayed or altered
terminal differentiation (Figure S5M-N). In contrast, E3-
program-expressing cells were enriched for barrier-associated
gene expression, whereas E2-program-expressing cells
showed reduced enrichment of barrier integrity pathways
(Figure S6J-M). Together, these observations support that
nasotype-associated programs reflect cytokine-imprinted epi-
thelial response programs linked to differentiation and barrier
function, rather than discrete epithelial lineages.

2.4 | Cytokine Stimulation Induces Epithelial
E1-E3 Response Programs In Vitro

To determine whether epithelial E1-E3 programs can be in-
duced in vitro, primary NHBEs were stimulated with IFNy,
IL-4, or IL-17A 4+ IL-36y and analyzed by qPCR. IFNy induced
El-associated genes, IL-4 induced E2-associated genes, and IL-
17A +1L-36y induced E3-associated genes in submerged cul-
tures (Figure 3A-C). To further characterize cytokine-induced
epithelial programs at single-cell resolution, scRNA-seq was

TABLE 2 | Reproducibility of E1-E3 nasotype within-module gene-gene correlation patterns across independent nasal transcriptome cohorts.

E1 module r (median

E2 module r (median

E3 module r

Cohort/subgroup [range]) [range]) (median [range])
ALLIANCE 0.52[0.33-0.77] 0.78 [0.65-0.96] 0.52[0.34-0.88]
CatEEC (all) 0.50 [-0.14-0.79] 0.58 [0.38-0.90] 0.37 [-0.02-0.68]
CatEEC group A 0.51 [-0.16-0.85] 0.59 [0.41-0.85] 0.37 [-0.03-0.66]
CatEEC group B 0.43 [-0.14-0.78] 0.64 [0.21-0.91] 0.35[0.03-0.73]
GRASS (all) 0.42 [0.20-0.70] 0.56 [0.39-0.75] 0.05 [-0.08-0.29]
GRASS SCIT 0.38 [0.11-0.71] 0.62 [0.37-0.84] 0.13 [-0.12-0.30]
GRASS SLIT 0.53 [0.20-0.72] 0.49 [0.19-0.74 —0.01 [—0.14-0.39]
URECA (all) 0.54 [0.26-0.80] 0.71 [0.57-0.87 0.13[0.02-0.53]

URECA asthma at age 10 0.55[0.33-0.81

]
URECA no asthma at age 10 0.52[0.20-0.79]

]
]
0.78 [0.53-0.95]
0.67 [0.57-0.82]

0.22 [—0.07-0.49]
0.12[0.02-0.61]

Note: Spearman correlation coefficients summarizing within-module gene-gene correlations for the E1, E2, and E3 nasotype modules across the external cohorts

URECA, GRASS, and CatEEC. Values represent median Spearman correlation coefficients (r) summarizing within-module gene-gene correlations for the E1, E2, and

E3 nasotype gene sets. Ranges indicate minimum-maximum correlation coefficients across gene pairs within each module. N_pairs=15 gene pairs per module.
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performed on NHBE ALI cultures from five independent do-
nors, including two donors differentiated under IL-17A + IL-36y
conditions (Figure 3D-G; Tables S14-S16). IFNy stimulation
predominantly enriched El-associated epithelial programs,

whereas IL-4 induced robust E2-associated transcriptional
states. IL-17A +IL-36y induced a more heterogeneous epithe-
lial response with partial enrichment of E1- and E3-associated

programs.
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FIGURE 2 | Nasotype-associated epithelial response programs display distinct expression profiles across epithelial cell types. (A) Single-cell
mRNA-sequencing analysis of primary human epithelial cells (NHBEs) from three genetically independent donors, which were cultured in a 3D
organotypic air-liquid interface (ALI) model and differentiated under control or IL-4-treated conditions (50 ng/mL, spiked every 48 h from the basal
side) for 12 days before reaching complete epithelial differentiation. Data were analyzed using Louvain cluster analysis, with cell identification per-
formed by the index genes E1 (green), E2 (red), and E3 (blue). The cellular identity in the UMAP clustering is shown with the following cell types:
Basal cells (dark green), ciliated cells (purple), club cells (pink), secretory cells (turquoise), PNECs (gray), tuft cells (blue), and ionocytes (orange).
(B) Dot plot showing mean expression intensity and detection frequency of E1- (green), E2- (red), and E3-associated (blue) marker genes. The size
of the circles represents the proportion of cells expressing the respective gene, while color intensity reflects mean expression. Gene-level expression
distributions are shown in Figure S4. (C) The specific cellular identity of the E1, E2, and E3 cells is shown along with the following cell types: Basal
cells (dark green), ciliated cells (purple), secretory cells (turquoise), PNECs (gray), tuft cells (blue), ionocytes (orange) and club cells (pink). (D) The
influence of differentiation under IL-4 conditions on the E1, E2, and E3 cells is shown according to the same color code. (E) The Venn diagram shows
the number of cells in (D) carrying the index genes E1, E2, and E3. scRNA-seq analyses illustrate the capacity of epithelial cells to express nasotype-

associated transcriptional programs under cytokine stimulation and are not intended to define in vivo epithelial cell states.

2.5 | Epithelial Nasotypes in Healthy, Wheezing,
and Asthmatic Children

To explore whether distinct disease states are reflected in nasal
immune signatures, we compared nasotype gene expression
among healthy, wheezing, and asthmatic children. Healthy
children showed a balanced distribution of El-, E2-, and
E3-nasotype expression with slightly reduced E2-signatures
(Figure 4A, Table S17), whereas young wheezers predom-
inantly expressed the E3-nasotype (Figure 4B, Table S18).
Compared with wheezing children, school-age children with
asthma showed dominant E2-associated gene expression to-
gether with lower E3-associated gene expression (Figure 4C,
Tables S19 and S20). Children with a high nasal expression of
E1 markers (E1-high) displayed elevated monocyte and granu-
locyte markers in preschool years, whereas NK- and cytotoxic
T-cell markers were more prominent in children aged > 9years
(Figure S7A). E2-high children consistently expressed mast-
cell markers across all ages, while E3-high children showed
eosinophil-, dendritic-cell-, macrophage-, and granulocyte-
associated gene expression. Stratified by disease, mast-cell
markers differed across age groups in children with asthma,
but not in healthy children, who showed higher macrophage-
related signatures in early life (Figure S7B). The nasotype
matrix also functionally classifies epithelial endotypes in
adult-onset asthma. In the nasal transcriptome analysis of
the U-BIOPRED cohort [16], the “TAC1” gene module (high
eosinophils, fractional exhaled nitric oxide (FeNO), serum
POSTN) mapped to the E2-nasotype, whereas the “TAC2”
module (high neutrophils, elevated CRP) aligned with E1/E3-
nasotypes (Figure S8, Tables S21 and S22).

2.6 | Age-Associated Differences in Epithelial
Program Expression

Given the marked nasotype shift observed in school-age chil-
dren, we next assessed age-dependent expression patterns
across disease groups. Linear regression models revealed
significant correlations between age and nasotype activ-
ity, with E1 and E3 showing lower and E2 higher expression
across age groups, including a significant age interaction for
E2 (Tables S22 and S23). In young healthy children, activa-
tion of the E3-nasotype was predominant, while E1 was only

moderately expressed (Figure 4D, Table S24). From school
age onwards, no dominant nasotype pattern was detected in
healthy subjects. In wheezing children, ages 1-3 were char-
acterized by strong E1- and E3-nasotype expression, accom-
panied by low E2 abundance (Figure 4E). Wheezers aged 4-6
showed higher E2 expression, together with lower E1 and
E3 activity (Table S25). E3-associated expression was higher
in wheezers aged 1-3years than in those aged 4-6years
(Figure 4E, Table S25). In younger asthmatics, mixed naso-
type profiles were observed, but E2-nasotype expression dom-
inated from age 9 onwards during puberty and adolescence
(Figure 4F). Collectively, these data reveal an age-group-
specific contrast, with E1/E3-predominance in wheezers aged
<3years and an E2-biased pattern in those aged 4-6years.

2.7 | Nasotype Association With Clinical
Parameters in the Pediatric ALLIANCE Cohort

E2-nasotype expression correlated with multiple atopy-related
parameters, including peripheral eosinophil counts, total and
specific IgE (>0.7kU/L, RAST class II), the cumulative sum of
allergen-specific IgE values (Eurolmmun Allergy assay), and
allergen-triggered wheezing episodes during the past 12 months
(pollen, dust, or animal exposure; Figure 5A, Table S26). Clinical
symptoms and inhaled corticosteroid (ICS) use were recorded
via standardized questionnaires in the longitudinal pediatric
ALLIANCE follow-up. Children with atopy-related symptoms
displayed higher E2- and lower El-nasotype expression than
unaffected peers (Figure 5B-E). E2 activation was associated
with animal-triggered wheeze, eosinophilia, and elevated frac-
tional exhaled nitric oxide (FeNO; low <20ppb, intermediate/
high >20ppb), but not with psychological triggers or ICS use
(Figure 5G-J). Linear regression models confirmed E1-nasotype
as negatively associated with FeNO and allergen-specific IgE
(Table S28). At the same time, E2-nasotype correlated positively
with eosinophils, FeNO, and allergic symptoms such as itchy
nose and eyes (Table S29). E3-nasotype showed no consistent
associations, except weak links to ICS use, blood neutrophilia,
and upper respiratory tract infection symptoms (Table S30).
Together, these findings support a close relationship between
type-2-polarized epithelial programs and allergic sensitization,
whereas IFN-y and IL-17-linked epithelial states are associated
with nonatopic, infection-related airway inflammation.
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FIGURE 3 | Cytokine-induced epithelial state programs in primary human bronchial epithelial cells. NHBEs from six genetically independent
donors were stimulated in submerged 2D culture with (A) IFN-y (1001U/mL), (B) IL-4 (50ng/mL), or (C) IL-17A (100 ng/mL) plus IL-36y (100ng/mL)
for 6h. Gene expression was quantified by qPCR and is shown as relative expression levels. Asterisks indicate statistical significance (*p <0.05,
**p<0.01, ***p <0.001; Mann-Whitney U test). For scRNA-seq, NHBE air-liquid interface (ALI) cultures from five genetically independent donors
were differentiated for 12days under Medium, IFNy (1001U/mL), IL-4 (50ng/mL), or IL-17A (100ng/mL) plus IL-36y (100ng/mL) conditions to as-
sess inducible epithelial response programs; IL-17A 4+ IL-36y-treated cultures were available from two donors. (D) UMAP projection of integrated
NHBE ALI single-cell transcriptomes annotated by major epithelial cell types. (E) UMAP projections colored by E-state assignment under Medium,
IFNy, IL-4, and IL-17A +IL-36y conditions. IFNy predominantly induced E1 cells (green), whereas IL-4 enriched E2 cells (red). IL-17A +IL-36y
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ferentiation conditions. Points and connecting lines represent individual donors.
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FIGURE4 | Epithelial E1-E3 nasotype programs across pediatric airway disease cohorts and age groups. Correlation matrix and gene expression
intensity of nasal brushings from (A) healthy children (N=79), (B) wheezers (age 0-6, N=381), and (C) asthma (age 6-18, N=105). Correlation matri-
ces show within-cohort Spearman rank correlation coefficients for E1-E3 index genes (blue, negative; red, positive correlations). Genes are ordered
by E1-E3 nasotype module. Gene expression intensity is shown as normalized intensity values (NIV; —1.5 to 1.5) in corresponding heatmaps and bar
plots for E1 (green), E2 (red), and E3 (blue) genes. Red indicates high abundance, white intermediate abundance, and blue low abundance. Asterisks
denote statistical significance compared with healthy controls. The left NIV panel summarizes overall nasotype-associated gene expression within
each disease group, whereas the right NIV heatmaps display age-stratified expression patterns across the indicated age groups. (A-C) Comparison
of healthy children (N=79), wheezers aged 0-6 years (N="71), and asthmatic children aged 6-18 years (N=105). (D-F) Age-stratified analysis across
the following age groups: 1-3, 4-6, 7-9, 10-12, 13-15, and 16-18years. Healthy: 1-3 (N=8), 4-6 (N=7), 7-9 (N=6), 10-12 (N=23), 13-15 (N=23),
16-18 (N=11); Wheeze: 1year (N=4), 2years (N=15), 3years (N=17), 4years (N=16), Syears (N=15), 6years (N=4); Asthma: 7-9 (N=26), 10-12
(N=22),13-15(N=38), 16-18 (N=15). Statistical analyses supporting the age-stratified and disease-group comparisons. Differential expression was

assessed using moderated t-tests with Benjamini-Hochberg correction (adjusted p <0.05, fold change > 1.5).

2.8 | Low E1/High E2 and Asthma Persistence

Given the longitudinal design of the ALLIANCE cohort
(NCT02496468), we assessed whether early epithelial immune
states predict disease persistence. Children initially enrolled with
preschool wheeze (age 1-6) were followed prospectively to their
clinical outcome at age 6. Using matched nasal transcriptomes
and metadata from individual participants, we compared naso-
type expression at enrolment with subsequent asthma status.
Children were classified into remission, residual symptoms, or
probable asthma. Only those who progressed to asthma at age 6,
but not children in remission, displayed a marked increase in E2-
nasotype expression after age 4, accompanied by downregulation
of E1 (Figure 6A-C). Multivariate logistic regression adjusted for
age, acute ENT symptoms, sensitization, and mutual influence of
nasotypes confirmed this pattern (AUC=0.90; Tables 3 and 4).
The El-nasotype showed an inverse association with asthma per-
sistence (OR=0.15, 95% CI 0.03-0.81), whereas the E3-nasotype
showed a positive association with later disease progression
(OR=4.93, 95% CI 1.24-19.64) in the mutually adjusted model
(Figure 6D,E). These findings indicate that loss of IFN-y-linked
epithelial programs (E1) and enhanced type-2 polarization (E2)
were associated with later persistent wheeze and asthma out-
comes. Nasal epithelial immune states in early childhood may
thus serve as molecular indicators of later asthma trajectories.

3 | Discussion

Here we identify three distinct mucosal transcriptional pro-
grams (E1, E2, and E3) triggered by type-1, type-2, and type-3
immune responses. Throughout this study, E1-E3 are con-
ceptualized as epithelial response programs reflecting mixed
immune-epithelial activation states rather than fixed epithelial
states or immune cell-defined endotypes. Asthmatic children
displayed age-associated differences in nasotype expression, re-
flecting distinct airway immune patterns across age groups. The
three nasotypes were associated with prospectively assessed
longitudinal outcomes: E1 was inversely associated with asthma
persistence, E2 correlated with type-2 inflammatory parameters
and was selectively activated in wheezers who later developed
asthma. In contrast, E3 was independently associated with dis-
ease persistence (AUC =0.90).

Mechanistically, paracrine cytokine signaling from immune
cells is sufficient to induce these epithelial states. We previously

reported epithelial commitment to type-1 and type-2 states
in vitro [11]. Building on our previous in vitro observations of
type-1 and type-2 epithelial commitment, this study validates
these findings in patients and extends these observations by
defining an IL-36G/IL-17-linked epithelial response program
in nasal brush transcriptomes. Although shaped by canonical
immune mediators, E1-E3 represent epithelial-intrinsic states
distinct from classical Th1/Th2/Th17 or M1/M2 polarization.
Their characteristic mediators (IDO1 for E1, POSTN and CCL26
for E2, and IL36G and RNASE?7 for E3) show virtually no overlap
within airway epithelial cells, underscoring their high program
specificity.

Although epithelial cells expressing E1-E3 programs were
identified in all epithelial subtypes, including basal, secretory,
ciliated, and goblet cells, E1-E3 cells differ not only in immune
signaling but also in structure and function. RNA velocity
analysis suggested distinct transcriptional transitions of E2-
associated cells toward intermediate secretory subsets while
retaining partial basal-associated features compared with E1-
and E3-cells, although these dynamics were inferred from ALI
cultures and may not fully reflect in vivo epithelial differenti-
ation. These transcriptional differences coincide with distinct
barrier phenotypes: E1 was associated with tight-junction
integrity (ZO-1, Z0O-3), E3 with structural stabilization (ZO-2,
desmosomes, claudins), whereas E2 correlated with claudins
linked to increased permeability (CLDNZ2, 22, 24, 25) but not
with tight or adherens junctions. These findings agree with
previous reports of barrier dysfunction in uncontrolled type-2
inflammation [17]. Consistent with our observations, a recent
study reported reduced expression of tight-junction markers
(OCLN, TJPI1) in house-dust-mite allergy, consistent with bar-
rier disruption during type-2 inflammation [18]. Furthermore,
the well-described clinical shift from specific mucus compo-
nents, MUCS5B (healthy) to MUC5AC (asthma) [19, 20], par-
allels the E1-to-E2 transition, supporting a model in which
impaired E1 signaling and unchecked E2 activation promote
epithelial dysfunction and asthma development at school age.

Healthy children showed balanced mucosal immunity with
proportionate nasotype expression, whereas young healthy
children under age 6 and preschool wheezers predominantly
expressed E1- and E3-nasotypes. In contrast, children with
wheeze from age 4 and school-age asthmatics displayed a dom-
inant E2-nasotype correlated with atopic parameters. This shift
reflects the classical type-2 immunodominance underlying

10
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FIGURE 5 | The E2 nasotype correlates with clinical symptoms and biomarkers of asthma in the ALLIANCE cohort. (A) Clinical parameters
total serum IgE, blood eosinophil levels, the sum of specific IgE against allergens of the Euroimmune panel (sum_Eurolmmun), atopy sensitization,
and fractional exhaled nitric oxide (FeNO), were correlated with the E1, E2, and E3 index. The associated gene expression intensity is shown. Red
boxes indicate high Spearman r values and blue boxes have low values. For visual guidance, genes are ordered by nasotype module (E1-E3); color
intensity reflects within-cohort Spearman correlation coefficients. (B) Violin plots depict gene expression abundance of E1 (green), E2 (red), and E3
(blue)-nasotype index, calculated as mean of the E-nasotype-specific key markers in children with or without (B) wheezing episodes following ex-
posure to pollen within the last 12months (no: N=136; yes: N=139), (C) wheezing episodes following exposure to dust within the last 12 months (no:
N=132;yes: N=43), (D) wheezing episodes following exposure to animals within the last 12months (no: N=152; yes: N=23), (E) symptoms of itchy
nose within the last 12 months (no: N=145; yes: N=111), (F) symptoms of itchy eyes within the last 12 months (no: N=169; yes: N=287), (G) psycho-
logically triggered wheezing episodes within the last 12months (no: N=153; yes: N=22), (H) recent ICS use (no: N=383; yes: N=26), (I) FeNO levels
stratified into low: <20 ppb; intermediate/high: >20ppb (<20ppb: N=169; > 20ppb: N=51). Two-sided Mann-Whitney U tests compare the same
E1, E2, and E3 indices of yes versus no parameters or intermediate/high versus low FeNO values. Statistical significances are indicated as *p <0.05,
**p <0.01, ***p <0.001. (J) Spearman correlation of eosinophil blood levels with E2-index gene expression (N=186). The graph depicts mean simple

linear regression with a 95% confidence interval.

chronic T2-asthma [9]. Although cross-sectional by design, the
contrasting E3 predominance in preschool wheeze and E2 pre-
dominance in school-age asthma indicates age-associated dif-
ferences in mucosal immune states across development. Our
multivariate models based on longitudinal metadata support
nasotype-associated disease persistence and highlight a poten-
tial early window for risk stratification and prevention. These
findings reflect association-based risk stratification.

The novel E3-nasotype resembles type-3 immunity and represents
a pro-inflammatory innate activation state potentially associated
with immune maturation in early life. However, when combined
with reduced E1 expression, this state was associated with later
asthma persistence in our longitudinal outcome analysis. E1- and
E3-nasotypes correlated with antimicrobial peptides and TLRs,
whereas E2 correlated negatively with TLR7, which recognizes
single-stranded RNA (ssRNA). E2-dominance may therefore con-
tribute to impaired viral recognition and antiviral defense; thus, to
impaired antiviral defense against RNA viruses such as HRV and
RSV, both primary triggers of asthma exacerbations.

Although IFNG belongs to E1, all other type-I and type-III inter-
ferons correlated strongly with the E3-nasotype. This phenom-
enon, together with the antagonistic regulation of E1 versus E3,
can explain the GSDMB-related IFN-swap previously observed
with 17q21 risk variants [6] and may underlie the increased viral
susceptibility in these children. The lack of physiological mu-
cosal IFN expression in early life, recently identified as a key
innate defense mechanism against viral respiratory infections
[21], further supports this interpretation. The association of the
pro-inflammatory E3-nasotype with infection symptoms and
long-term ICS requirement aligns with these findings.

Children with high E2 markers showed reduced NK and T-cell
markers but increased mast-cell genes from age 9, consistent
with a cellular skew toward mast-cell-dominated mucosal im-
munity. IL33 correlated positively with E1 but negatively with
E3, whereas TSLP correlated positively with E3 and negatively
with E1. These interactions may reflect cytokine-driven shifts
from E1 to E2 (IFN-y-induced IL-33 [22]) or E3 to E2 (TSLP-
induced IL-6 [23]) during allergic sensitization.

Replication analyses across the adult ALLIANCE arm and three
external datasets (URECA, GRASS, CatEEC) supported the

robustness of the E1 and E2 modules, whereas the E3 module
showed weaker and less consistent within-module correlation
patterns across replication cohorts. Correlation with nasal phe-
notypes from U-BIOPRED [16] further confirmed translational
relevance: TAC1 genes (eosinophilic, FeNO-high, POSTN-high)
aligned with E2, whereas TAC2 genes (neutrophilic, CRP-
high) corresponded to E1/E3. Although gene-gene correlations
showed cohort-specific heterogeneity, particularly for interfer-
on- and IL-17-associated genes, the overall preservation of the
modular E1/E2/E3 structure across three independent cohorts
supports the biological relevance of the nasotype framework.

The identified E1-E3 nasotypes were derived using a
hypothesis-driven approach based on predefined cytokine axes
and a focused set of epithelial immune-related transcripts. Most
analyses were based on cross-sectional age-group comparisons
rather than longitudinal sampling, and observed differences
may additionally reflect disease characteristics, sensitization,
treatment exposure, infection status, or other cohort-related
factors. In addition, the ALI cytokine stimulation experiments
represent controlled epithelial model systems that may not fully
capture airway immune regulation in vivo.

In conclusion, the identification of three nasal epithelial immune
states highlights distinct epithelial patterns associated with muco-
sal immune regulation in asthma. The age- and disease-dependent
activation of E1, E2, and E3 reflects key features of airway patho-
physiology: E1 was associated with protection against asthma per-
sistence, E2 drives barrier dysfunction and type-2 inflammation,
and E3 links innate activation to chronic asthma progression.
These data establish nasal analytics as a minimally invasive ap-
proach to trace mucosal immune maturation and to define early
epithelial trajectories that predispose to asthma persistence, de-
fining critical windows for prevention and early intervention.

4 | Methods
4.1 | Study Population and Design

The clinical study design, the ethical approval, and the study
protocol of the ALLIANCE cohort were previously published
[24]. Details on study design, patient classification, clinical as-
sessments, and follow-up procedures are summarized in Table 1
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Association of nasotypes at <4 years and asthma outcome at age 6 in preschool wheezers (N = 37)
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FIGURE 6 | The El index is associated with symptom-free outcomes by age 6 in preschool wheezers in the ALLIANCE cohort. Nasotype expres-
sion was assessed in children with preschool wheeze (age 1-6), and clinical outcomes were evaluated at age 6. (A) Heatmap of nasotype-defining
gene expression in nasal brushings; red indicates higher and blue lower relative expression. (B, C) Nasotype expression stratified by clinical outcome
at age 6 (green =no asthma, red =asthma), shown for the full 1-6 age range (B) and stratified into 1-3 and 4-6years (C). (D, E) Odds ratios from
multivariable logistic regression models in preschool wheezers aged <4years (N=37) showing associations between nasotype indices and asthma
persistence at age 6years. Separate univariate models are shown in (D). Combined multivariable models including E1, E2, and E3 nasotype indices
together with atopic sensitization (RAST >11), adjusted for age and symptoms of acute ENT infection, are shown in (E). Odds ratios are displayed
with 95% confidence intervals. Overall model discrimination is summarized by the area under the curve (AUC =0.90).

(pediatric) and Table S27 (adult); participant flow, including ex- Between 2013 and 2016, 265 genetically independent children
clusions and derivation of the final analysis dataset, is shown in and young adults with a median age of 10.0years [1.0-20.0] were
Figure S1 [24]. enrolled and regularly followed in the pediatric arm. Age-related
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nasotype expression analyses were based on cross-sectional
8 K comparisons between participants of different ages. Seventy-
0 8 o <|° nine healthy control children (median age: 12.0 [1.0-20.0])
‘é’ 3 gﬂ without a history of asthma or preschool wheeze were enrolled,
*! S . . .
= f 'g a § 3 § § 81 children with at least two episodes of parent-reported wheez-
v | &&= s 8 & o ing within the past 12months classified as “preschool wheeze”
AR g P P
g2 g (median age: 4.3 [1.1-7.9]), and 105 children with physician-
E‘ 5 3 B2 5 3 8 diagnosed asthma according to German and international
- . . ]
SR i ;: s 3 34: % GINA guidelines [25, 26] (median age: 13.1 [6.3-18.8]). Wheeze
= |2 % : 1S 8 3 Q in children younger than six was not classified as asthma but
E § Bz e e 4 < considered a potential precursor phenotype.
Q @] E =
-
§ g 45 8 & Spirometry and fractional exhaled nitric oxide (FeNO) were
5 °c e T ¥ assessed in all participants aged 6years and older; spirometry
“_; Olo o o — data are expressed as age-, height-, and sex-adjusted z-score
N % 2 <S5 S [https://gli-calculator.ersnet.org]. FeNO measurements were
N 2 s E also performed in children aged 4 to Syears if they could perform
i 2 § 8 ~ % © =~ the procedure reliably and if the measurement quality was ac-
e =>‘ = E‘ alS & 8 Q ceptable. Laboratory tests included a differential blood count and
g 2 2 > e e e @ specific IgE levels to 36 allergens (Euroline, Euroimmun). Atopic
g 'E 2= © sensitization was defined as any specific IgE >0.7 kU/L. The sum
= o
2 s g 5 5 & s =2 g of all specific IgE levels was calculated and log-transformed to
Eo < 28 j : Z i reflect the degree of sensitization. Exacerbations within the past
-
2 g § Y 2 P A 12months were defined as either hospitalization for wheeze or
8 & & < the need for systemic corticosteroids. A questionnaire-based dis-
% © = vl o oo oo ease activity score [9] was applied at the first follow-up visit at or
= o g oo 2 after 6years of age to determine the persistence of disease among
§ children initially enrolled as preschool wheezers. This score
% Ol o categorizes disease activity into asthma, asthma likely, residual
E 2 g symptoms, or remission. Further details regarding methods,
4 g8 study design, and definitions of clinical variables are provided
N
3 -E 2 e g g9 in the Supporting Information and were previously published
§ g S|~ g g g g [24]. The adult arm comprised 25 healthy controls (median age:
E § E\ 61.0years [26-79]) without prior asthma and 149 patients with
g g a oo~ o5 3 physician-diagnosed asthma (median age: 59.5years [21-88]) [9].
& sRinln 9 3
o 0| Q|3 &5 @
£ Sa|x|L L 97
o £3 (2|8 & 8 F L :
% g g s s 9 g 4.2 | Statistical Analysis
= o g
g e 5 N @ Differential gene expression analyses were performed using
8 Ols S v = moderated t-tests with Benjamini-Hochberg correction for mul-
8 tiple testing. Group comparisons were assessed using two-sided
g 8 2 28 2 2 Mann-Whitney U tests, and correlations were analyzed using
% E, <|° @ <o ©° Spearman’s rank correlation coefficients. Associations between
E 2 nasotype indices, clinical parameters, and asthma outcomes were
© ? o S 2 8 I evaluated using multivariate linear and logistic regression models
3 = s 2 S S adjusted for relevant covariates, including age and sensitization
3 = J g ag
3 o status, as indicated. Single-cell RNA-seq analyses were performed
S % -2 5 0 8 using Scanpy and Seurat frameworks. Statistical analyses were
8 g9 S < 5 o0 5 performed in R (v4.4.0), SAS (v9.4), and GraphPad Prism (v10.4.1),
Z 2| n X D o 8 unless otherwise stated. Further methodological and statistica
2 2lh|l2 8 8 @ 2 less otherwise stated. Further methodological and statistical
§ S e e = o 5 details are provided in the Supporting Information.
= 2, 2
[=] % m [e)} — O — UOJD
S N & = un 5
E Sls = & & |3
g £ Author Contributions
@ >
$ = f} Conceptualization: C.A.J., C.B.S.-W Methodology: C.A.J., H.C.,
— & = |5 M.O., A.A.G., UM.Z., A.E., M.F,, F.D., M.B., Benjamin Schubert, U.P.
< I § _g;E —é‘i o 8 g Investigation and sample processing: C.A.J., H.C.,M.0.,A.A.G.,UM.Z.,
E 2‘ g £ £ 'g = %’3 é\" A.E.,,M.F.,, MW., A.M.C. Clinical cohort management and metadata cu-
= ViiE 8 g 28|82 ration: S.I, N.M., .0, MW.,R.G., A.-M.D,,S.F.,,C.S., TT,, S.K.-R., G.H.,
= S e T.B., K.FR., F.B.,, MV.K,, Bianca Schaub, E.M. Transcriptomic and
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Study populations included
in the discovery and replication analyses. Flowchart of sample selection
in the pediatric and adult ALLIANCE cohorts. The source cohort com-
prised 561 pediatric and 224 adult samples; 18 siblings were excluded
from the pediatric arm. Nasal transcriptome analyses included 265 ge-
netically independent children and 174 adults. Independent replication
cohorts comprised URECA (N=353), GRASS (59 participants; 256 sam-
ples), and CatEEC (19 participants; 256 samples). Figure S2: Validation
of E1-E3 expression programs in adults with asthma from the
ALLIANCE cohort. Spearman correlation matrices of the six highest-
ranked E1-, E2-, and E3-associated genes in all genetically independent
adults with asthma (A; N=149) and in participants aged 18-39years (B;
N=19), 40-64years (C; N=80), and > 65years (D; N=50). Blue and red
indicate negative and positive correlations, respectively. (E) Normalized
gene-expression intensity in adults with asthma stratified by age group.
The color scale ranges from —1.5 to 1.5 normalized intensity values.
Asterisks indicate differential expression between participants aged
>65 and 18-39years (moderated t-test, p<0.05 and fold change >1.5).
Figure S3: Replication of E1-E3 gene-expression programs in indepen-
dent nasal transcriptome cohorts. Spearman correlation matrices of E1-,
E2-, and E3-associated genes in URECA (A; N=353; one sample per
participant; GSE145505), GRASS (B; 256 samples from 59 participants;
GSE206151), and CatEEC (C; 256 samples from 19 participants;
GSE129748). The color scale ranges from Spearman's p=-1 to p=1.
Figure S4: E1-E3 expression and epithelial morphology in differenti-
ated airway epithelial cultures. (A) Expression of El-, E2-, and E3-
associated genes in the corresponding single-cell E states, shown as
violin plots of transcript copy numbers. (B) Representative hematoxylin
and eosin and periodic acid-Schiff staining of differentiated NHBE air-
liquid interface cultures maintained with or without IL-4. Images were
acquired at 40X magnification and represent three independent cul-
tures. Figure S5: Developmental trajectories of E1, E2, and E3 epithe-
lial states. Distribution of E1, E2, and E3 cells across epithelial cell types
under all treatment conditions (A) and after IL-4 treatment (B). (C) Cell-
type composition within each E state. (D) UMAP representation of
NHBE cells differentiated for 12days at air-liquid interface under me-
dium or IL-4 conditions (50ng/mL, added basolaterally every 48h).
Basal, ciliated, club, secretory, pulmonary neuroendocrine, tuft, and
ionocyte populations are indicated. Palantir pseudotime trajectories are
shown for all cells (E), E1 cells (G), E2 cells (H), and E3 cells (I), with
corresponding coarse-grained transition matrices in F and J-L. Colors
indicate progression from early to late pseudotime. Pseudotime distri-
butions are shown by E state (M) and treatment condition (N).
Figure S6: Cell-fate probabilities and pathway enrichment across E1-
E3 epithelial trajectories. Violin plots show cell-fate probabilities of
basal E1 (A), E2 (B), and E3 (C) cells for differentiation toward basal,
club, four secretory, and ciliated cell states. Initial states (D-F) and ter-
minal states (G-I) are shown for the corresponding E1-E3 trajectories.
Gene-set enrichment analyses compare secretory E1 versus E2 cells (J,
K) and basal E1 or E3 versus E2 cells (L, M). Figure S7: Age-resolved
leukocyte-marker expression across epithelial nasotypes and disease
groups. (A) Leukocyte cell-type marker expression in 265 genetically
independent children with high E1, E2, or E3 index expression, defined
as quintile 5, and stratified into age groups of 1-3, 4-6, 7-9, 10-12,

13-15, and 16-18years. (B) Corresponding age-resolved expression in
healthy children and children with wheeze or asthma. Heatmaps show
normalized intensity values ranging from -1.5 to 1.5. Figure S8:
Correlations between epithelial nasotypes and U-BIOPRED transcript-
associated clusters. Spearman correlation matrix of the six highest-
ranked E1l-, E2-, and E3-associated genes and U-BIOPRED
transcript-associated clusters. (A) Correlation coefficients, with blue
and red indicating negative and positive correlations, respectively. (B)
Corresponding p values, with shading ranging from light gray for
p<0.05 to dark gray for p<0.0001. Table S1-1: Correlation matrix of
nasotypes from all pediatric samples (N=265)—Spearman r values.
Table S1-2: Correlation matrix of nasotypes from all pediatric samples
(N=265)—Spearman p values. Table S2: Seed correlation ranking and
within-module correlations of final nasotype marker genes. Table S3:
Ordered trends of predefined E1-, E2-, and E3-associated genes across
their respective cytokine seed-variable quintiles. Table S4-1:
Correlation matrix of nasotypes from all adult samples of the
ALLIANCE cohort (N=149)—Spearman r values. Table S4-2:
Correlation matrix of nasotypes from adult samples of age group 18-39
(N=19)—Spearman r values. Table S4-3: Correlation matrix of naso-
types from adult samples of age group 40-64 (N=88)—Spearman r val-
ues. Table S4-4: Correlation matrix of nasotypes from adult samples of
age group > 65 (N=50)—Spearman r values. Table S5: All three naso-
types: Significant gene expression changes (p <0.05, FC >1.5) compar-
ing adult patients with asthma aged >65years versus adult patients
with asthma aged 18-39years. Table S6: Correlation matrix of naso-
types from all pediatric nasal samples from the URECA cohort
(N=353)—Spearman r values. Table S7: Correlation matrix of naso-
types from all nasal samples from the GRASS cohort (N=256)—
Spearman r values. Table S8: Correlation matrix of nasotypes from all
nasal samples from the CatEEC cohort (N=256)—Spearman r values.
Table S9: Trajectory analysis—Driver genes of all different cellular sub-
groups (terminal states) (Figure 2). Table S10: Trajectory analysis—
Driver genes of different E1 cellular subgroups (terminal states)
(Figure 2). Table S11: Trajectory analysis—Driver genes of different E2
cellular subgroups (terminal states) (Figure 2). Table S12: Trajectory
analysis—Driver genes of different E3 cellular subgroups (terminal
states) (Figure 2). Table S13: Significant gene expression changes based
on scRNASeq comparing secretory cells of different E-types (Figure 2).
Table S14-1: Cluster-to-cell type annotation mapping of cytokine-
stimulated NHBE ALI scRNA-seq cultures (Figure 3). Table S14-2:
Significant marker genes across epithelial scRNA-seq clusters
(Figure 3). Table S15: Relative E-state fractions across cytokine stimu-
lation conditions in NHBE ALI cultures (Figure 3). Table S16: Donor-
centered E-state expression scores across cytokine stimulation
conditions (Figure 3). Table S17: Correlation matrix of nasotypes from
healthy pediatric samples (N=79)—Spearman r values. Table S18:
Correlation matrix of nasotypes from pre-school wheeze pediatric sam-
ples (N=81)—Spearman r values. Table S19-1: Significant differential
expression of E1/E2/E3 nasotype-associated genes in children with pre-
school wheeze versus healthy (Benjamini-Hochberg adjusted p <0.05,
fold change >1.5). Table S19-2: Significant differential expression of
E1/E2/E3 nasotype-associated genes in children with asthma versus
wheeze (Benjamini-Hochberg adjusted p<0.05, fold change >1.5).
Table S20-1: Significant differential expression of E1/E2/E3 nasotype-
associated genes in children with asthma versus healthy (Benjamini-
Hochberg adjusted p <0.05, fold change > 1.5). Table S20-2: Significant
differential expression of E1/E2/E3 nasotype-associated genes in chil-
dren with asthma versus preschool wheeze (Benjamini-Hochberg ad-
justed p<0.05, fold change >1.5). Table S21: Correlation matrix of
nasotypes from all pediatric samples (N=265) with TAC phenotypes
(U-BIOPRED study)—Spearman r values. Table S22: Association of
age and gene expression of the E1, E2, and E3 index genes: beta coeffi-
cient and standard error (SE) based on linear regression. Table S23:
Association of disease status and gene expression of the E1, E2, and E3
index genes: beta coefficient and standard error (SE) based on linear
regression. Table S24: Significant differential expression of E1/E2/E3
nasotype-associated genes in healthy children aged 1-6years versus
13-18years (Benjamini-Hochberg adjusted p <0.05, fold change >1.5).
Table S25: Significant differential expression of E1/E2/E3
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nasotype-associated genes in preschool wheezers aged 4-6years versus
1-3years (Benjamini-Hochberg adjusted p<0.05, fold change >1.5).
Table S26-1: Correlation matrix of nasotypes from children with
wheeze or asthma with atopic parameters—Spearman r values.
Table S26-2: Correlation matrix of nasotypes from children with
wheeze or asthma with atopic parameters—Spearman p values.
Table S27: Subject characteristics of healthy and asthmatic adults of the
ALLIANCE cohort (DZL). Table S28: Association of population char-
acteristics and gene expression of the E1 index gene: beta coefficient and
standard error (SE) based on linear regression. Table S29: Association
of population characteristics and gene expression of the E2 index gene:
beta coefficient and standard error (SE) based on linear regression.
Table S30: Association of population characteristics and gene expres-
sion of the E3 index gene: beta coefficient and standard error (SE) based
on linear regression. Table S31: Candidate list of epithelial secreted/
immune-related transcripts set. Data S1: Supplementary methods.
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