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Background: Preschool wheeze is a heterogenous and
poorly understood clinical syndrome. As a result,
current treatments are insufficient, and prevention is not
possible.
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Objective: We sought to increase understanding of the genetic
susceptibility and underlying disease mechanisms of wheeze
phenotypes in early childhood through large-scale genome-wide
association study analyses.
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Methods: We performed meta-analyses of genome-wide
association study on early-onset wheeze, defined as recurrent
wheeze or asthma in the first 3 years of life, and its subtypes,
including early transient and persistent wheeze, defined by
asthma/wheeze at age 3 and subsequent remission or persistence
at age 6, respectively. The discovery analyses included data on
more than 13,000 children from 15 cohorts; replication was
sought through meta-analyses of data from 7 additional cohorts
including up to 5000 children. Genetic variants associated with
asthma-related traits in adulthood (adult asthma, atopy,
eosinophils, and lung function) were used to quantify the degree
to which genetic risk influencing asthma-related adult traits also
influences genetic risk of preschool wheeze.

Results: Variants near the GSDMB gene in the 17q region showed
genome-wide significant association with early-onset wheeze
(rs2305480; odds ratio [95% confidence interval] = 1.26 [1.17-
1.33], P = 2.30E-16) and persistent wheeze (rs11078926; 1.43
[1.30-1.578], P = 2.14E-11), but not with early transient wheeze
(rs1054609; 1.08 [0.98-1.18], P = .094). Other known asthma loci
were associated with early-onset wheeze, particularly CDHR3.
Additionally, increased genetic risk to early-onset wheeze was
associated with genetic risk for asthma at older ages, atopy,
eosinophil count, and lower adult lung function. This was driven
by persistent wheeze, whereas transient early wheeze was only
associated with low lung function.

Conclusions: Preschool wheeze phenotypes displayed distinct
patterns of single nucleotide polymorphism associations and
genetic enrichment with asthma-related traits. These results
indicate distinct etiologies of wheeze phenotypes, which could
inform studies in optimization of prevention and treatment
strategies. (J Allergy Clin Immunol 2025;156:1537-46.)

Key words: Preschool wheeze, 17q21-12, genome-wide association
study, genetic overlap, asthma comorbidities

Asthma and asthma-like symptoms occurring in children of
preschool age, often termed preschool wheeze, is a heterogenous
and poorly understood clinical syndrome with both genetic and
environmental etiologies. It is common in childhood as the
most frequent cause of acute hospitalizations in early life, and it
is associated with a substantial burden on quality of life for
affected children and families as well as socioeconomic costs
for society.l'4 The incomplete understanding of recurrent pre-
school wheeze is probably a main reason for current treatment
insufficiency and prevention of the disorder.’” Wheeze is often
used to describe symptoms such as whistling in the chest while
breathing and can arise from various conditions such as bronchitis
or bronchiolitis, triggered by lower respiratory tract infections,
especially rhinovirus.” Furthermore, recurrent wheeze in pre-
school children is a strong risk factor for asthma at school age.”

Evidence from twin studies estimates heritability to be as high as
80% for childhood asthma and 60% for ever having wheezed during
childhood.”* Multiple susceptibility loci have been discovered in
genome-wide association studies (GWAS) on asthma,”'* but little
is known regarding genetic determinants of preschool wheeze.'” Us-
ing specific phenotype definitions may have improved power for dis-
covery of susceptibility variants and thereby may elucidate
underlying mechanisms.'” This is exemplified by previous studies
of severe exacerbations in preschool children identifying CDHR3
(cadherin-related family member 3) as a novel susceptibility
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gene,” and of longitudinal wheeze phenotypes from birth to 18 years
identifying ANXAI as associated with persistent wheeze,'® both of
which were not discovered in larger GWAS using less specific def-
initions of asthma.

In this study, we performed a GWAS using data from the
EAGLE (EArly Genetics and Lifecourse Epidemiology) and
GABRIEL (Multidisciplinary Study to Identify the Genetic and
Environmental Causes of Asthma) consortia'”'® in order to create
what is to our knowledge the largest study of temporal wheeze
phenotypes in early life, comprising data from more than
18,000 children from 22 studies. We examined early-onset
wheeze, defined as recurrent wheeze or asthma in the first 3 years
of life, as well as subtypes of early-onset wheeze in terms of tran-
sient early wheeze, with symptoms resolving before age 6, and
persistent early wheeze, with symptoms persisting to age 6. We
also investigated current asthma by age 6, defined as cross-
sectional asthma at age 6 irrespective of age at onset. Because
of the small number of children with late-onset wheeze across
the studies, a specific GWAS on this phenotype was not
performed. Our objective was to characterize genetic differences
and similarities among the 4 phenotypes of preschool wheeze to
illuminate underlying molecular mechanisms.

METHODS
Preschool wheeze phenotypes

Preschool wheeze was defined as 3 or more wheezing episodes
or an asthma diagnosis before the age of 3. Transient early wheeze
(TEW) was defined as preschool children with wheeze who were
free of symptoms between ages 5 and 7 years. Persistent early
wheeze (PEW) included children with preschool wheeze and one
wheezing episode or an asthma diagnosis between ages 5 and 7
years. Early-onset wheeze (EOW) consisted of both TEW and
PEW. Current asthma (CA) was defined by at least one wheezing
episode or asthma diagnosis between ages 5 and 7 years,
irrespective of age at onset, thus including both PEW and children
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with late onset of wheeze or asthma (after 3 years) (see Table E1
in the Online Repository available at www.jacionline.org). All
children not fulfilling the case criteria were used as controls for
any subsequent phenotype. This approach was chosen to ensure
phenotype-specific signals by avoiding potential bias otherwise
introduced by excluding children with other asthma/wheeze phe-
notypes or related traits from the control group. Late-onset
wheeze or asthma was not analyzed separately in this study
because there were too few cases.

Discovery analysis

A total of more than 13,000 individuals of European descent were
recruited from 15 separate research initiatives, all participating in the
GABRIEL and EAGLE consortia.'”'® Ethical approval was granted
by local research ethics committees for each individual study, and
participants or child’s legal guardians provided informed consent,
where applicable. Genotyping and subsequent imputation was con-
ducted within each study. Association analysis was executed by logis-
tic regression models, implementing an additive model for single
nucleotide polymorphisms (SNPs). Variants were excluded in the
meta-analysis if they occurred in fewer than 3 studies, had a minor
allele frequency below 5%, or did not occur in the 1000 Genomes
Project reference panel.'® Table E2 in the Online Repository available
at www.jacionline.org provides inclusion criteria, quality control, and
imputation of discovery cohorts. Fixed-effects inverse-variance
weighted meta-analysis was performed by METAL software (version
released May 3, 2020)," producing heterogeneity statistics to ac-
count for cohort-level differences such as genotyping platform and
imputation tools. Functionally informed Z-score imputation was
used to impute summary results to increase genotype density. Z scores
were converted to log odds ratios (logOR) and standard errors using
equations from Zhu et al” (see the supplementary material in the
Online Repository available at www.jacionline.org).

Replication analysis

Variants were carried forward to the replication phase on the basis
of two criteria. First, the P value should be less than 5e-5. Second, the
variant must be in a locus not previously known to be associated with
asthma. Because of the attenuated signal at the standard genome-
wide significance cutoff (5e-8), we utilized a more liberal P-value
cutoff (5e-5) in the discovery analysis, allowing about 5% false-
positive results among the selected variants.”’ Replication was sought
in more than 5000 individuals of European descent recruited from 7
different studies. Informed consent was gathered from the parents in
each individual replication study. The replication studies carried out
their own genotyping and quality control. Table E3 in the Online Re-
pository available at www.jacionline.org provides inclusion criteria,
quality control, and imputation of replication cohorts.

Analysis of known asthma variants

To investigate whether known asthma variants were associated
with the wheeze phenotypes, we gathered lead variants from previous
GWASs on asthma, including phenotypes of asthma ever,' 12223 adult
asthma, childhood asthma,'>'* and early childhood asthma with se-
vere exacerbations.”'” This resulted in 207 independent variants
(r2 < 0.01) available for association with EOW, TEW, PEW, and
CA. Variants showing similar direction of effect and a false discovery
rate (FDR) below 5% were considered to be associated with
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preschool wheeze. Correction for multiple testing was performed
by the Benjamini-Hochberg method.

Genetic similarity between adult traits and
preschool wheeze

Obtaining reliable estimates of genetic correlation (shared
heritability) using linkage disequilibrium (LD) score regression>*
was not feasible in this study. Instead, we leveraged a method
for Mendelian randomization to approximate genetic correlation
because the wheeze phenotypes displayed weak heritability (see
Table E4 in the Online Repository available at www.jacionline.
org). Previous studies have shown that methods for Mendelian
randomization are confounded by genetic correlation, and Mende-
lian randomization and genetic correlation answer similar ques-
tions.” To characterize the genetic similarity of phenotypes with
related traits, we instead utilized GSMR (Generalised Summary-
data—based Mendelian Randomisation),”® a tool originally devel-
oped for Mendelian randomization analysis to compare associa-
tion coefficients of alleles between traits from published GWAS
and GWAS of preschool wheeze. GSMR was selected for its ability
to accurately account for sampling variance in both exposure and
outcome GWAS, which was particularly important given the
limited power the wheeze GWAS. We omitted the HEIDI-outlier
analysis because our study did not aim to establish causal inference
(see the supplementary code provided in the Online Repository).
The related traits were included based on published large-scale
GWASs on childhood-onset asthma, adult-onset asthma,'* asthma
ever,”” severe exacerbations in early childhood,”'? allergic sensi-
tization,”’ atopic dermatitis,”® eosinophil count,”” and lung func-
tion measurements.”’ Detailed descriptions of phenotype
definitions of included traits are provided in the Online Repository.
Related traits were included as exposures and the wheeze pheno-
types as outcomes; the genetic overlap can be interpreted as a
logOR for wheeze status, given a unit increase in the genetic risk
of the related traits.”® Correction for multiple testing was per-
formed by the Benjamini-Hochberg method.

Lung development genes

To investigate if the wheeze phenotypes were associated with
genetic risk factors involved in lung development, we aimed to
characterize variants located near genes previously known to be
involved in lung development. The list of genes was compiled as
described in Portas et al.*' We mapped SNPs to genes based on
proximity by BEDTools software.”

RESULTS
Discovery analyses

We included 3273 children with EOW, 977 who also had wheeze
at age 6 (PEW), and 1338 whose wheeze remitted (TEW). The
symptom trajectory for the remaining 2335 preschool children with
wheeze was unknown across the discovery cohorts. We included
2104 children with CA (Table I). The only locus that reached
genome-wide significance in the GWAS was the known 17q12-21
locus (17q). Variants at this locus were associated with 3 of the 4
phenotypes, namely EOW, PEW, and CA (Table II). We did not
find any genome-wide significant loci for TEW (see Fig E1 and
E2 in the Online Repository available at www.jacionline.org). The
lead variant in the 17q region for PEW (rs11078926; odds
ratio [OR] [95% confidence interval (CI)] = 1.43 [1.30-1.578],
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TABLE I. Number of cases and controls for phenotype by cohort

EOW TEW PEW CA
Cohort Cases Controls Cases Controls Cases Controls Cases Controls
Discovery
ALSPAC 1272 4667 496 5193 338 5873 682 5020
BAMSE 141 341 62 420 65 417 236 246
COPSAC000 61 255 15 303 48 288 45 262
DNBC 103 850 42 850 12 850 32 850
EGEA 203 1632 — — — — —
GENR 667 2294 383 1985 109 2259 286 3089
INMA 163 644 91 648 50 692 139 636
LISA/GINI 74 963 46 1005 27 1100 118 1009
MAAS 294 568 151 545 143 719 166 696
MOBA 88 528 — — — — — —
PIAMA 125 252 52 317 55 306 62 317
RAINE 82 1116 — — — — — —
MAGICS — — — — 130 397 284 397
B58C T1DGC — — — — — — 40 2215
B58C WTCC — — — — — — 14 1319
Total 3273 14,110 1338 11,266 977 12,901 2104 12,970
Replication
SWS 358 846 131 589 94 626 246 492
CAPPS/SAGE 81 182 50 149 21 149 49 201
NTR 150 1886 34 1992 112 1914 — —
COAST — — 14 187 — — — —
COPSACy019 124 555 88 559 30 617 146 501
SEATON 81 492 35 533 46 522 80 451
Isle of Wight 161 847 68 917 65 920 179 768
Total 1235 6120 734 6589 471 6171 725 3928
Dashes indicate that it was not possible to define all phenotypes in every cohort.
TABLE Il. Association of 17912 locus represented by rs7219923 across wheeze phenotypes
Nearest EA/
Phenotype gene SNP NEA OR 95% Cl P value No.
EOW GSDMB 1s7219923 T/C 1.24 1.173-1.311 3.05E-14 17,383
TEW 1.063 0.979-1.153 1423 12,604
PEW 1.369 1.237-1.516 1.28E-09 13,878
CA 1.335 1.241-1.438 1.33E-14 15,074

P =2.14E-11), EOW (rs2305480; 1.26 [1.17-1.33], P = 2.30E-16),
and CA (rs1008723; OR 1.38 [1.30-1.52], P = 1.75E-17) were all
strongly correlated (minimum #* = 0.82) (see Table E5 in the Online
Repository). All suggestive SNPs within a 1 Mb window (< 0.01)
of a suggestive locus are shown in Table E6, and the number of
additional SNPs obtained from functionally informed Z-score impu-
tation is shown in Table E7, both available in the Online Repository.

Replication analysis

For replication, we included 1235 children with EOW, with 471
who also had wheeze at age 6 (PEW) and 734 whose wheeze remitted
(TEW), with only 30 children with unknown wheeze trajectories.
We included 725 children with CA (Table I). Ten suggestive SNPs
(P < 5e-5) in the discovery phase were unknown asthma loci and
were carried forward to the replication phase (Table II). None of these
SNPs showed evidence of replication in independent cohorts. One
variant, rs2214823 near HGF (hepatocyte growth factor) with sug-
gestive association to TEW, showed a trend toward significance in
the replication phase (OR [95% CI] = 1.11 [0.99-1.26], P = .071)
(Table I1I) and was only associated with TEW (see Table E8 in the
Online Repository available at www.jacionline.org).

Analysis of known asthma variants

In total, 207 independent SNPs were used to characterize
genetic similarity of the wheeze phenotypes to the known
genetics of asthma. In total, 86 of 207 SNPs were nominally
associated (P < .05) with the same direction of effect, such
that the risk allele for asthma was also associated with
a higher risk of wheeze. Nine SNPs passing nominal signif-
icance showed the opposite direction of effect (see Table E9
in the Online Repository available at www.jacionline.org).

Most of the significant associations with the same direction of
effect were seen for EOW, PEW, and CA (Fig 1). Four loci
passed correction for multiple testing (FDR < 0.05) with direc-
tional consistency in EOW, namely GSDMB (gasdermin B),
CDHR3, IL33, and 5S-rRNA. Only GSDMB passed FDR in
PEW. Last, 7 loci passed FDR in CA, specifically ATXN2,
GSDMB, HLA-DRA, both IL33 loci, Mir633, and WDR36. For
TEW, limited directional replication was present (p = 0.03,
P =.604), and no loci passed FDR. CDHR3 was the only locus
with a positive association with TEW (rs6967330-A, OR =
1.12, P = .044), and had previously been associated with pre-
school asthma.’
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TABLE lll. Association results containing novel variants carried forward to replication stage

Discovery +
Discovery Replication replication
Nearby OR (95% OR (95% OR (95%

Phenotype SNP gene Cl) P N Phet Cl) P N Phet Cl) P Direction

TEW Chr7 HGF 1.25 2.32E-07 12, 604 .116 1.11 .071 7,323 .066 1.20 1.52E-07 ++
1s2214823-A (1.15-1.35) (0.99-1.26) (1.12-1.29)

EOW Chr18 DcC 1.16 2.33E-07 17,383 .933 0.95 37 7,355 307 1.13 3.93E-06 +—
rs11877254-A (1.10-1.23) (0.85-1.04) (1.07-1.18)

PEW Chr6 ARGI 1.75 3.48E-07 13, 878 .069 0.72 33 6,642 325 1.38 6.22E-06 +—
rs6941858-G (1.41-2.17) (0.38-1.38) (1.24-1.49)

CA Chr9 PRUNE?2 1.35 3.97E-07 15,074 .749 1.03 76 4,653 .761 1.26 5.30E-06 ++
rs12554253-T (1.20-1.51) (0.84-1.26) (1.14-1.39)

EOW Chrl2 RPL31PI0 1.15 8.75E-07 17,383 .012 1.00 93 7,355 934 1.09 8.26E-04 ++
1s12817967-A (1.09-1.22) (0.91. 1.10) (1.04-1.15)

EOW Chrl5 ADAMTSL3 1.15 1.22E-06 17,383 .993 1.01 79 7,355 793 1.11 391E-05 ++
rs1896796-A (1.09-1.22) (0.92-1.11) (1.06-1, 17)

CA Chr10 SLC29A3 1.29 1.36E-06 15,074 .954 1.06 S 4, 653 .504 1.23 6.87E-06 ++
1s12767108-A (1.17-1.44) (0.89-1.27) (1.12-1.35)

PEW Chrl CAMTAI 1.37 1.71E-06 13, 878 .102 1.00 99 6,642 998 1.20 490E-05 ++
1s3752543-C (1.21-1.56) (0.81-1.23) (1.11-1.29)

EOW Chrl SLC35D1 1.30 1.74E-06 17, 383 .479 0.97 .8 7, 355 .796 1.16 4.30E-04 +—
rs12082330-G (1.17-1.45) (0.82-4.46) (1.07-1.23)

TEW Chr6 SLC22A2 1.27 3.29E-06 12,604 .711 1.10 25 7,323 .098 1.14 8.18E-04 ++
rs505000-C (1.15-1.40) (0.93-1.29) (1.06-1.21)

Results from both phases are shown for allele conferring risk in discovery phase. Py, indicates P value for heterogeneity test across included cohorts.

Genetic similarity between adult traits and
preschool wheeze

EOW significantly overlapped with most of the asthma-related
traits, including asthma at older ages, eosinophil count, allergic
sensitization, and lung function. A similar pattern of association
was seen for PEW, with significant overlap with 6 of 10 traits, and
CA with overlap for 9 of 10 traits. TEW showed a distinct
association pattern compared to the other phenotypes, and only
showed significant overlap with peak expiratory flow (PEF) (OR
[95% CI] = 0.64 [0.48-0.86], P = 2.73e-3). Forced expiratory
volume in 1 second (FEV)/forced vital capacity (FVC) ratio
(0.79 [0.64-0.98], P = .032) and asthma exacerbations (1.12
[1.004-1.24], P = .041) showed nominally significant overlap
with TEW (Fig 2). Results are shown in Tables E10 and E11,
and scatter plots of SNP effect sizes between traits and preschool
wheeze are shown in Figs E3-E13, all of which are in the Online
Repository available at www.jacionline.org.

Lung development genes

When only considering variants closest to genes associated with
lung development, the number of statistical tests was reduced from
~3.1M to ~10K. The variant rs2214823 near the HGF gene was
significantly associated with TEW after correcting for multiple
testing (see Figs E14 and E15 in the Online Repository available
at www.jacionline.org). No other signals were detected across the
4 phenotypes. The TEW risk allele of rs2214823 was associated
with a lower PEF in adults (P = 6.86e-03), but not FEV, or
FEV,/FVC (see Table E12 in the Online Repository).

DISCUSSION
Wheeze in preschool age, and particularly in the first 3 years of
life, is a common clinical syndrome that is still poorly understood.

It clearly represents heterogeneous mechanisms, as also indicated
by the different temporal subtypes, with a large proportion of
children experiencing remission before age 6. Diagnosing and
subtyping wheezing illnesses in the first 3 years of life is chal-
lenging both clinically and in a research context. The mechanistic
understanding of this process remains a black box because of the
limited lung function assessment options and the absence of
markers of airway inflammation in this age group. For this reason,
many clinicians and researchers are hesitant to diagnose asthma
before age 3.

Our GWAS of recurrent wheeze or asthma before age 3 years
(EOW) showed genetic similarity, with some of the traits also
characterizing later asthma, including blood eosinophil count,
allergic sensitization, and lower lung function. This indicates that
some of the mechanisms involved in later asthma are also
involved in wheeze in the first 3 years of life, including
eosinophilic inflammation. However, even though there was an
overlap between previously reported asthma loci and EOW-
associated loci (Fig 1), the pattern of association was different for
EOW compared to studies in older children and adults. The 17q
locus showed much stronger association than the remaining
asthma loci; the second strongest locus was CDHR3, which was
not the case for childhood-onset asthma (before 12 years) or
adult-onset asthma (onset between 26 and 60.5 years). 13

The 17q locus (at chromosome 17q12-21) is one of the strongest
and most robustly replicated asthma loci.** It is specifically associ-
ated with childhood-onset asthma and increases the susceptibility
to rhinovirus respiratory illnesses.”” The locus spans several genes,
but recent evidence points toward GSDMB as the causal asthma
gene in the region.”® GSDMB is involved in a form of programmed
cell death called pyroptosis, resulting in excessive airway inflamma-
tion after triggers such as viral infections.”” CDHR3 was discovered
in a GWAS of asthma with severe exacerbations at age 2-6 years,’
and it was later demonstrated that CDHR3 acts as a rhinovirus
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FIG 1. Left, Volcano plots of 4 wheeze phenotypes: EOW, TEW, PEW, and CA (top to bottom). Pink dashed
line indicates FDR < 0.05; blue dashed line, nominal significance level (P<.05). Plots show if there is trend in
risk effects of known asthma variants and effect in wheeze, with log odds for wheeze status on x-axis and
—logqo(P value) on y-axis. Right, Variants with nominally significant association in at least one phenotype.
Cells are colored according to logOR; stars indicate level of significance (+P < .05, *FDR < 0.05).

C receptor’® and increases the risk of rhinovirus C respiratory ill-
nesses in the first 3 years of life.” Interestingly, there is interaction
between 17q and CDHRS3 risk variants, so that the CDHR3 risk
variant only increases the risk for severe asthma exacerbations in in-
dividuals carrying at least one 17q risk allele.*” This indicates a com-
mon mechanism for these two loci, potentially involving an
exaggerated inflammatory response to viral infections, and on the
basis of our genetic findings, this mechanism seems to be particularly
important in the pathogenesis of EOW.

Our two subtypes of early-onset wheeze, PEW and TEW, differed
in their pattern of genetic associations. PEW showed similarity in
genetic risk with asthma, eosinophil counts, and low lung function
and showed associations to previously reported asthma genes. In
contrast, TEW was mainly influenced by risk of low PEF and
possibly also FEV/FVC and preschool asthma exacerbations. These
results suggest that distinct genetic mechanisms underlie TEW
compared to PEW, although we cannot exclude the notion that
lack of statistical power due to low heritability can play a role.

Several nongenetic studies have compared TEW and PEW in
terms of associated traits. The Tucson Children’s Respiratory

Study (n = 125) found that TEW was associated with lower lung
function shortly after birth, while PEW had normal lung function
at birth and lower lung function at age 6.° In contrast, the Perth
birth cohort study (n = 243)*' reported reduced infant lung func-
tion in children with PEW but not TEW, while COPSAC,, with
higher statistical power (n = 403), found that persistent wheeze
was associated with reduced lung function already at birth, with
further reduction to age 7 years, and transient wheeze showed a
trend of reduced lung function at birth.*” The large ALSPAC
study (n = 6265) reported reduced lung function at age 7 for
both transient and persistent wheeze.”” Regarding atopic traits,
most studies have shown that persistent (but not transient) wheeze
is associated with atopic traits such as allergic sensitization.®*
The literature thus suggests that wheeze restricted to the first 3
years of life is associated with reduced lung development and
early lung function decline, while wheeze persisting after 3 years
is more atopic in nature, but that both etiologies involve reduced
lung function by the age of 6, possibly through different mecha-
nisms. Our analysis of shared genetic influence supports these
findings by showing that genetic risk for low PEF and possibly
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FIG 2. Log odds ratios increase for wheeze risk of shared genetic influence between adult traits and
preschool wheeze. Association results of variant coefficients between adult traits (y-axis) and preschool
wheeze (boxes), including 95% confidence intervals for association result. Stars indicate significance of

association (+P < .05, *FDR < 0.05).

low FEV/FVC and asthma exacerbations are associated with
TEW, while PEW and CA were consistent with genetic risk for
asthma at older ages, atopy and lung function. In line with our
results, a study from the PIAMA cohort showed that TEW was
associated with known chronic obstructive pulmonary disease
genes.”’ Overall, this suggests that TEW is distinct from
childhood asthma and more likely involves impaired lung devel-
opment, and as a result impaired respiratory function.

We did not identify novel susceptibility loci at the genome-
wide association level in our study. A recent GWAS of temporal
childhood wheeze phenotypes was performed in 9658 subjects
from the STELAR and UNICORN cohorts. This study utilized
latent class analysis—derived temporal phenotypes based on
5 time points to define wheeze trajectories from birth to 18 years
and identified one novel genome-wide significant variant near
ANXAI associated with wheeze persisting from birth until

adolescence.'® The identified ANXAI variant was not present in

our study, and we had no strong tagging variant, potentially due
to the low allele frequency (~2%). We were therefore unable to
test if this variant replicated in our study.

In the replication phase, a single variant rs2214823 near HGF
showed a trend toward replication. The HGF variant also showed
significant association to TEW after adjustment for multiple
testing when considering only genes involved in fetal lung devel-
opment. No associations were found between the HGF variant
and EOW, PEW, or CA. Additionally, we found that the variant
was associated with PEF in the UK Biobank (ukbiobank.ac.uk),
indicating a possible role in adult lung function. Even though
replication failed for rs2214823, these results suggest that TEW
may be predisposed to wheeze in early childhood as a result of
underdeveloped airways, a view shared by Martinez et al.° HGF
has been implicated in pulmonary fibrosis™* and is also expressed
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in embryonic lung tissues,"”"* suggesting it may play a role in
both tissue repair and lung development.

We found that the 17q12-21 locus was strongly associated with
EOW, PEW, and CA but not TEW, despite the relatively large
sample size in the discovery phase. In contrast to our findings, a
study combining multiethnic US birth cohorts (CREW) found
associations between multiple 17q variants and latent class
analysis—derived transient wheeze from O to 11 years.*” In the pre-
sent study, we used a different approach to define transient
wheeze based on children who wheezed more than 3 times or
were diagnosed with asthma before age 3. Simultaneously, they
were completely free of wheeze and asthma at age 6. This con-
trasts with the definition in the CREW study, in which ~20%
wheezed at age 6, meaning that their transient phenotype could
potentially overlap with our persistent phenotype. In line with
our findings, a study combining UK birth cohorts (STELAR)
found no association between transient wheeze and 17q in 7719
children.*® It should be noted that some cohorts in the two studies
described above participated in the discovery phase of this study.

In our study, CDHR3 was associated with both persistent
(OR = 1.17, P = 6.2e-3) and transient wheeze (OR = 1.12,
P =.044). The STELAR study found that CDHR3 was associated
with persistent and intermittent wheeze, but not with transient and
late-onset wheeze. This contradicts our findings, but our defini-
tion of TEW differed slightly from that of STELAR in that we
required at least 3 episodes of wheeze before the age of 3 to clas-
sify TEW, in contrast to a single episode in STELAR. The higher
symptom burden of TEW in this study may explain the different
results.

This study represents what is to our knowledge the largest
GWAS of preschool wheeze phenotypes to date, providing a
resource for understanding the genetic background of wheezing
and asthma-like symptoms in preschool children. Another study
strength is our inclusion of a large number of well-characterized
birth cohorts with wheeze phenotypes characterized longitudi-
nally, thereby minimizing the risk of recall bias.

Preschool wheeze is a heterogenous and poorly defined syn-
drome. To be able to perform a sufficiently powered GWAS, we
used all available cohorts with genotype and phenotype data, and
we standardized the criteria for defining wheeze/asthma as much
as possible. This resulted in similar but not uniform definitions, as
shown in Table E2. Lung function assessments in preschool age is
difficult, and few cohorts have information on reversible airflow
limitation in this age group. In order to achieve statistical power
for a GWAS, we therefore had to rely on wheeze symptoms
observed by parents and/or physicians as indirect measures of
airflow limitation. Similarly, we did not verify the asthma diag-
nosis at 5 to 7 years via spirometry because only some children
could perform a reliable spirometry maneuver in this age, and
often a single baseline measurement would be an insufficient ba-
sis for a diagnosis. It is another limitation of our study that we did
not include a late-onset wheeze phenotype. This decision was
made because of the expected low numbers of children with
this phenotype, which therefore limited statistical power during
data analysis. Also, in spite of being the largest GWAS on pre-
school wheeze to date, the sample sizes were still relatively small
compared to previous GWAS using other definitions of asthma,
which is also reflected in the paucity of genome-wide significant
associations. Given the limited statistical power in our discovery
analyses, we were not able to estimate genetic correlation with
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other traits using the standard approach of LD score regression.
LD score regression is more robust than our approach because
LD structure is taken into account.””

The strength of GWAS is the unbiased approach to identifying
mechanisms involved in the disease pathogenesis as future thera-
peutic or preventive targets. However, genetic variants on their own
are generally weak and have limited predictive potential, as
demonstrated in previous asthma GWASs.'® Adding exposure data
may lead to more precise risk estimates, and improved prediction
might also be obtained in the future using more downstream and dy-
namic biomarkers, such as gene expression, methylation, and pro-
tein levels. Our genetic findings indicate that GSDMB and
CDHR3-related pathways are promising targets for improved treat-
ment and prevention of early-onset wheeze and asthma.

In conclusion, we performed what is to date the largest GWAS
on recurrent wheeze or asthma in the first 3 years of life and found
the strongest signals for the 17q and CDHR?3 loci, both of which
are implicated in responses to respiratory infections. This pheno-
type also showed genetic similarity with asthma at older ages and
asthma-related traits in terms of blood eosinophils, allergic sensi-
tization, and low lung function. The genetic similarity with atopic
traits was driven by children with symptoms persisting to age 6,
while children with symptoms that remitted before age 6 only
showed similarity to genetics of reduced lung function in adult-
hood and risk of early-life asthma exacerbations. These results
suggest that TEW is influenced by other molecular mechanisms
than persistent phenotypes. Future studies should investigate the
genetic mechanisms and biomarkers of early-onset wheeze to
both improve prediction of the disease course and improve dis-
ease treatment.
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This article is dedicated to the memory of our wonderful colleague and

friend, Professor John Henderson (1958-2019), whose contribution to our
work cannot be overstated. In addition, we acknowledge the important work of
late professor Hans Bisgaard (1955-2022), who was the founder of COPSAC
and was head of the clinical research center for more than 25 years. Hans was a
dedicated, innovative physician-scientist who pushed the asthma research
field forward. He contributed immensely to pediatric research through the
COPSAC birth cohorts, as well as a vast amount of other clinical studies on
childhood asthma. Hans’s impressive work and ideas live on in the studies
conducted in the birth cohort. Thank you for being a great inspiration to us all.

Clinical implication: Preschool wheeze phenotypes displayed

distinct patterns of single SNP associations and genetic enrich-
ment with asthma-related traits, indicating different etiologies.

REFERENCES

1.

14.

Lozano P, Sullivan SD, Smith DH, Weiss KB. The economic burden of asthma in
US children: estimates from the National Medical Expenditure Survey. J Allergy
Clin Immunol 1999;104:957-63.

. Kocevar VS, Bisgaard H, Jonsson L, Valovirta E, Kristensen F, Yin DD, et al. Var-

iations in pediatric asthma hospitalization rates and costs between and within
Nordic countries. Chest 2004;125:1680-4.

. Bush A. Practice imperfect—treatment for wheezing in preschoolers. N Engl J

Med 2009;360:409-10.

. Pardue Jones B, Fleming GM, Otillio JK, Asokan I, Arnold DH. Pediatric acute

asthma exacerbations: evaluation and management from emergency department
to intensive care unit. J Asthma 2016;53:607-17.

. Lemanske RF Jr, Jackson DJ, Gangnon RE, Evans MD, Li Z, Shult PA, et al.

Rhinovirus illnesses during infancy predict subsequent childhood wheezing.
J Allergy Clin Immunol 2005;116:571-7.

. Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ.

Asthma and wheezing in the first six years of life. The Group Health Medical As-
sociates. N Engl J Med 1995;332:133-8.

. Ullemar V, Magnusson PKE, Lundholm C, Zettergren A, Melén E, Lichtenstein P,

et al. Heritability and confirmation of genetic association studies for childhood
asthma in twins. Allergy 2016;71:230-8.

. van Beijsterveldt CEM, Boomsma DI. Genetics of parentally reported asthma,

eczema and rhinitis in 5-yr-old twins. Eur Respir J 2007;29:516-21.

. Bgnnelykke K, Sleiman P, Nielsen K, Kreiner-Mgller E, Mercader JM, Belgrave

D, et al. A genome-wide association study identifies CDHR3 as a susceptibility lo-
cus for early childhood asthma with severe exacerbations. Nat Genet 2014;46:51-5.

. Demenais F, Margaritte-Jeannin P, Barnes KC, Cookson WOC, Altmiiller J, Ang

W, et al. Multiancestry association study identifies new asthma risk loci that coloc-
alize with immune-cell enhancer marks. Nat Genet 2018;50:42.

. Han Y, Jia Q, Jahani PS, Hurrell BP, Pan C, Huang P, et al. Genome-wide analysis

highlights contribution of immune system pathways to the genetic architecture of
asthma. Nat Commun 2020;11:1776.

. Ahluwalia TS, Eliasen AU, Sevelsted A, Pedersen CET, Stokholm J, Chawes B,

et al. FUT2-ABO epistasis increases the risk of early childhood asthma and Strep-
tococcus pneumoniae respiratory illnesses. Nat Commun 2020;11:6398.

. Pividori M, Schoettler N, Nicolae DL, Ober C, Im HK. Shared and distinct genetic

risk factors for childhood-onset and adult-onset asthma: genome-wide and
transcriptome-wide studies. Lancet Respir Med 2019;7:509-22.

Ferreira MAR, Mathur R, Vonk JM, Szwajda A, Brumpton B, Granell R, et al. Ge-
netic architectures of childhood- and adult-onset asthma are partly distinct. Am J
Hum Genet 2019;104:665-84.

. Wolters AAB, Kersten ETG, Koppelman GH. Genetics of preschool wheeze and its

progression to childhood asthma. Pediatr Allergy Immunol 2024;35:¢14067.

. Granell R, Curtin JA, Haider S, Kitaba NT, Mathie SA, Gregory LG, et al. A meta-

analysis of genome-wide association studies of childhood wheezing phenotypes iden-
tifies ANXAL as a susceptibility locus for persistent wheezing. eLife 2023;12:e84315.

. EArly Genetics Lifecourse Epidemiology (EAGLE) consortium; Early Growth Ge-

netics (EGG) consortium, Middeldorp CM, Felix JF, Mahajan A, McCarthy MI.
The Early Growth Genetics (EGG) and EArly Genetics and Lifecourse Epidemi-
ology (EAGLE) consortia: design, results and future prospects. Eur J Epidemiol
2019;34:279-300.

. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, et al. A large-

scale, consortium-based genomewide association study of asthma. N Engl J Med
2010;363:1211-21.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

FISCHER-RASMUSSEN ET AL 1545

Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genome-
wide association scans. Bioinformatics 2010;26:2190-1.

. Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration of

summary data from GWAS and eQTL studies predicts complex trait gene targets.
Nat Genet 2016;48:481-7.

Lander E, Kruglyak L. Genetic dissection of complex traits: guidelines for inter-
preting and reporting linkage results. Nat Genet 1995;11:241-7.

Olafsdottir TA, Theodors F, Bjarnadottir K, Bjornsdottir US, Agustsdottir AB, Ste-
fansson OA, et al. Eighty-eight variants highlight the role of T cell regulation and
airway remodeling in asthma pathogenesis. Nat Commun 2020;11:393.

Tsuo K, Zhou W, Wang Y, Kanai M, Namba S, Gupta R, et al. Multi-ancestry meta-
analysis of asthma identifies novel associations and highlights the value of
increased power and diversity. Cell Genomics 2022;2:100212.

Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, et al, Schizophrenia
Working Group of the Psychiatric Genomics Consortium. LD score regression dis-
tinguishes confounding from polygenicity in genome-wide association studies. Nat
Genet 2015;47:291-5.

Kraft P, Chen H, Lindstrom S. The use of genetic correlation and Mendelian
randomization studies to increase our understanding of relationships between com-
plex traits. Curr Epidemiol Rep 2020;7:104-12.

Zhu Z, Zheng Z, Zhang F, Wu Y, Trzaskowski M, Maier R, et al. Causal associa-
tions between risk factors and common diseases inferred from GWAS summary
data. Nat Commun 2018;9:224.

Waage J, Standl M, Curtin JA, Jessen LE, Thorsen J, Tian C, et al. Genome-wide
association and HLA fine-mapping studies identify risk loci and genetic pathways
underlying allergic rhinitis. Nat Genet 2018;50:1072.

Sliz E, Huilaja L, Pasanen A, Laisk T, Reimann E, Migi R, et al. Uniting biobank
resources reveals novel genetic pathways modulating susceptibility for atopic
dermatitis. J Allergy Clin Immunol 2022;149:1105-12.¢9.

Vuckovic D, Bao EL, Akbari P, Lareau CA, Mousas A, Jiang T, et al. The polygenic
and monogenic basis of blood traits and diseases. Cell 2020;182:1214-31.el1.

Shrine N, Guyatt AL, Erzurumluoglu AM, Jackson VE, Hobbs BD, Melbourne
CA, et al. New genetic signals for lung function highlight pathways and chronic
obstructive pulmonary disease associations across multiple ancestries. Nat Genet
2019;51:481-93.

Portas L, Pereira M, Shaheen SO, Wyss AB, London SJ, Burney PGJ, et al. Lung
development genes and adult lung function. Am J Respir Crit Care Med 2020;202:
853-65.

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 2010;26:841-2.

Henderson J, Granell R, Heron J, Sherriff A, Simpson A, Woodcock A, et al-
Associations of wheezing phenotypes in the first 6 years of life with atopy,
lung function and airway responsiveness in mid-childhood. Thorax 2008;63:
974-80.

Stein MM, Thompson EE, Schoettler N, Helling BA, Magnaye KM, Stanhope C,
et al. A decade of research on the 17q12-21 asthma locus: piecing together the puz-
zle. J Allergy Clin Immunol 2018;142:749-64.e3.

Caliskan M, Bochkov YA, Kreiner-Mgller E, Bgnnelykke K, Stein MM, Du G,
et al. Rhinovirus wheezing illness and genetic risk of childhood-onset asthma. N
Engl J Med 2013;368:1398-407.

Ober C, McKennan CG, Magnaye KM, Altman MC, Washington C, Stanhope C,
et al. Expression quantitative trait locus fine mapping of the 17q12-21 asthma locus
in African American children: a genetic association and gene expression study.
Lancet Respir Med 2020;8:482-92.

Schoettler N, Dissanayake E, Craven MW, Yee JS, Eliason J, Schauberger EM,
et al. New insights relating gasdermin B to the onset of childhood asthma. Am J
Respir Cell Mol Biol 2022;67:430-7.

Bochkov YA, Watters K, Ashraf S, Griggs TF, Devries MK, Jackson DJ, et al. Cad-
herin-related family member 3, a childhood asthma susceptibility gene product,
mediates rhinovirus C binding and replication. Proc Natl Acad Sci U S A 2015;
112:5485-90.

Bgnnelykke K, Coleman AT, Evans MD, Thorsen J, Waage J, Vissing NH, et al.
Cadherin-related family member 3 genetics and rhinovirus C respiratory illnesses.
Am J Respir Crit Care Med 2018;197:589-94.

Eliasen AU, Pedersen CET, Rasmussen MA, Wang N, Soverini M, Fritz A, et al.
Genome-wide study of early and severe childhood asthma identifies interaction be-
tween CDHR3 and GSDMB. J Allergy Clin Immunol 2022;150:622-30.

Turner SW, Palmer LJ, Rye PJ, Gibson NA, Judge PK, Cox M, et al. The relation-
ship between infant airway function, childhood airway responsiveness, and asthma.
Am J Respir Crit Care Med 2004;169:921-7.

Bisgaard H, Jensen SM, Bgnnelykke K. Interaction between asthma and lung func-
tion growth in early life. Am J Respir Crit Care Med 2012;185:1183-9.


http://refhub.elsevier.com/S0091-6749(25)00803-6/sref1
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref1
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref1
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref2
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref2
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref2
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref3
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref3
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref4
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref4
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref4
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref5
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref5
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref5
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref6
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref6
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref6
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref7
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref7
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref7
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref8
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref8
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref9
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref9
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref9
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref10
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref10
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref10
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref11
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref11
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref11
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref12
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref12
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref12
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref13
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref13
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref13
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref14
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref14
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref14
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref15
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref15
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref17
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref17
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref17
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref18
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref18
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref18
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref18
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref18
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref19
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref19
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref19
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref20
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref20
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref21
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref21
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref21
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref22
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref22
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref23
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref23
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref23
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref24
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref24
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref24
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref25
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref25
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref25
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref25
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref26
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref26
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref26
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref27
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref27
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref27
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref28
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref28
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref28
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref29
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref29
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref29
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref30
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref30
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref31
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref31
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref31
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref31
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref32
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref32
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref32
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref33
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref33
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref34
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref34
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref34
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref34
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref35
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref35
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref35
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref36
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref36
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref36
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref37
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref37
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref37
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref37
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref38
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref38
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref38
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref39
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref39
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref39
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref39
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref40
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref40
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref40
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref41
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref41
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref41
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref42
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref42
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref42
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref43
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref43

1546 FISCHER-RASMUSSEN ET AL

43.

44.

45.

Kerkhof M, Boezen HM, Granell R, Wijga AH, Brunekreef B, Smit HA, et al.
Transient early wheeze and lung function in early childhood associated with
chronic obstructive pulmonary disease genes. J Allergy Clin Immunol 2014;133:
68-76.c1-4.

Panganiban RAM, Day RM. Hepatocyte growth factor in lung repair and pulmo-
nary fibrosis. Acta Pharmacol Sin 2011;32:12-20.

Chanda D, Otoupalova E, Smith SR, Volckaert T, De Langhe SP, Thannickal VJ.
Developmental pathways in the pathogenesis of lung fibrosis. Mol Aspects Med
2019;65:56-69.

46.

47.

48.

J ALLERGY CLIN IMMUNOL
DECEMBER 2025

He P, Lim K, Sun D, Pett JP, Jeng Q, Polanski K, et al. A human fetal lung cell atlas
uncovers proximal—distal gradients of differentiation and key regulators of epithe-
lial fates. Cell 2022;185:4841-60.e25.

Hallmark B, Wegienka G, Havstad S, Billheimer D, Ownby D, Mendonca EA,
et al. Chromosome 17q12-21 variants are associated with multiple wheezing phe-
notypes in childhood. Am J Respir Crit Care Med 2021;203:864-70.

Haider S, Granell R, Curtin J, Fontanella S, Cucco A, Turner S, et al. Modeling
wheezing spells identifies phenotypes with different outcomes and genetic associ-
ates. Am J Respir Crit Care Med 2022;205:883-93.


http://refhub.elsevier.com/S0091-6749(25)00803-6/sref44
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref44
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref44
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref44
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref45
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref45
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref46
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref46
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref46
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref47
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref47
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref47
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref48
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref48
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref48
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref49
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref49
http://refhub.elsevier.com/S0091-6749(25)00803-6/sref49

	Genetic characterization of preschool wheeze phenotypes
	Methods
	Preschool wheeze phenotypes
	Discovery analysis
	Replication analysis
	Analysis of known asthma variants
	Genetic similarity between adult traits and preschool wheeze
	Lung development genes

	Results
	Discovery analyses
	Replication analysis
	Analysis of known asthma variants
	Genetic similarity between adult traits and preschool wheeze
	Lung development genes

	Discussion
	Declaration of generative AI and AI-assisted technologies in the writing process

	Disclosure statement
	References


