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ABSTRACT
Background: Airway obstruction and wheezing in preschool children with recurrent viral infections are a
major clinical problem, and are recognised as a risk factor for the development of chronic asthma. We
aimed to analyse whether gene expression profiling provides evidence for pathways that delineate distinct
groups of children with wheeze, and in combination with clinical information could contribute to
diagnosis and prognosis of disease development.
Methods: We analysed leukocyte transcriptomes from preschool children (6 months–3 years) at acute
wheeze (n=107), and at a revisit 2–3 months later, comparing them to age-matched healthy controls
(n=66). RNA-sequencing applying GlobinLock was used. The cases were followed clinically until age
7 years. Differential expression tests, weighted correlation network analysis and logistic regression were
applied and correlations to 76 clinical traits evaluated.
Findings: Significant enrichment of genes involved in the innate immune responses was observed in
children with wheeze. We identified a unique acute wheeze-specific gene-module, which was associated
with vitamin D levels (p<0.005) in infancy, and asthma medication and FEV1%/FVC (forced expiratory
volume in 1 s/forced vital capacity) ratio several years later, at age 7 years (p<0.005). A model that predicts
leukotriene receptor antagonist medication at 7 years of age with high accuracy was developed (area under
the curve 0.815, 95% CI 0.668–0.962).
Interpretation: Gene expression profiles in blood from preschool wheezers predict asthma symptoms at
school age, and therefore serve as biomarkers. The acute wheeze-specific gene module suggests that
molecular phenotyping in combination with clinical information already at an early episode of wheeze may
help to distinguish children who will outgrow their wheeze from those who will develop chronic asthma.
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Introduction
Recurrent viral wheeze in preschool children is a major clinical problem that requires high healthcare and
economical resources. In the majority of infants, wheeze is a transient condition, but wheeze caused by
early rhinovirus infections has been associated with a significantly increased risk of asthma later in
childhood [1]. In a recent study, risk of asthma development was associated with the number of
respiratory episodes in the first years of life, but not with specific viruses or bacteria [2]. Thus, whether
infection causes asthma or serves as a marker for genetically predisposed individuals is yet unknown.
Factors that determine the persistence or remittance of preschool wheeze remain unclear, but exposure to
tobacco smoke is a confirmed risk factor [3], and other factors, e.g. sensitisation and viral infections in
early life are possible risk factors [4]. Early identification of preschool children at risk of developing
chronic asthma would make it possible to provide more specific therapeutic interventions, which might
even interfere with the disease trajectory, and help to improve the prognosis.

Today, no simple tools or biomarkers are available to predict the long-term outcome of preschool children
with wheeze. Interferons (IFNs) were originally identified through their ability to contribute to the viral
resistance of cells, but their role is much broader, with involvement in both the innate and adaptive
immune response [5, 6]. Three types of IFNs are described: type I (e.g. IFN-α, -β), type II (IFN-γ) and
type III (IFN-λ), which all use distinctive, but related, multimeric receptors [7]. During a respiratory viral
infection, an increase of IFN-I and -III occurs, followed by induction of cytokines and accumulation of
immune cells [8, 9]. Significant alteration of serum IFN levels has been found in relation to asthma
exacerbation upon rhinovirus infection [10].

Key molecular findings have been made for asthma with global gene expression studies in leukocytes,
bronchial biopsies and epithelial cells [11]. However, longitudinal studies including gene expression
profiles in preschool children with wheeze are rare. In an attempt to identify gene expression profiles that
could be used for prognosis of asthma development and increase the understanding of the
pathophysiology, we have analysed gene expression profiles in acute wheeze in relation to clinical
characteristics in a longitudinal cohort of preschool children with wheeze.

Materials and methods
A full description is provided in the supplementary material.

Ethics
The study protocol was approved by the regional ethics committee of Karolinska Institutet, Stockholm
(Dnr 2008/378-31/4 and 2014/399-31/3). Written informed consent was obtained from parents and/or
legal guardians of all children.

Study design and subject enrolment
The children in this study are part of a longitudinal study on preschool children ⩾6 months to 3 years old
with wheezing, enrolled between 2008 and 2012, recruited consecutively when visiting the paediatric
emergency department at Astrid Lindgren Children’s Hospital (Stockholm, Sweden) because of acute
wheezing [12, 13]. Diagnosis of acute wheeze was based on a clinical diagnosis made by the treating
physician at the paediatric emergency department. The enrolment criteria were confirmed by the study
doctor. Of children with acute wheeze, 80% were hospitalised for ⩾24 h [12]. The children came to a
revisit 2–3 months later (median 12 weeks), and thereafter annually to the same paediatrician and
allergologist (study doctor KSH) until they reached school age. The children are well characterised with
clinical examinations, standardised questionnaires and biological sampling at all visits. Families
documented some characteristics, e.g. medication, contact with healthcare, days of absence due to illness
during the year preceding each visit. Lung function tests at age 7 years were performed, as well as the
Childhood Asthma Control Test (C-ACT). Included in this study are the acute visit (transcriptomics and
clinical information), the first revisit after 2–4 months (transcriptomics and clinical information), and the
annual visit at 7 years of age (clinical information). For inclusion and exclusion criteria see table 1. During
the same recruitment period, age-matched healthy control children were recruited (table 1). For detailed
information of the study design see figure 1, and clinical parameters see supplementary table E1. In total,
334 samples were included (figure 2b). For 80 children, transcriptome profiles were available from both
acute wheeze and from the revisit.

Definitions of clinical parameters
For further details, see supplementary table E1. Acute wheeze was based on a clinical diagnosis made by
the treating physician at the paediatric emergency department [12]. At the visit at 7 years, the children
were examined by the study doctor. Asthma at age 7 years (7Y_ASTHMA_GA2LEN) was defined as a
positive answer to either “Have you had an attack of asthma in the past 12 months?” or “Are you currently
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taking or have you during the past 12 months taken any medication for asthma, including short-acting
β2-agonists, inhaled corticosteroids and montelukast?”, modified from [14]. In addition, allergic asthma
(7Y_ASTHMA_ALLERGIC) was defined as asthma with allergic sensitisation and clinical symptoms of
allergy until the age of 7 years. (7Y_FEV1%_FVC_RATIO) refers to the ratio between forced expiratory
volume in 1 s (FEV1) and forced vital capacity (FVC) at the visit at 7 years. (7Y_LTRA) refers to
leukotriene receptor antagonist medication during the year preceding the visit at 7 years. Self-reported

TABLE 1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Children with
wheeze/
asthma

Age 6–48 months
Presenting at the emergency

department with acute
symptoms of wheeze

Prematurity (birth before 36 gestational weeks)
Any chronic disease

Any simultaneous complications such as sepsis,
bacterial pneumonia, diabetes at the time

point of inclusion
Healthy children Age 6–48 months

Otherwise healthy
Prematurity (birth before 36 gestational weeks)

A history of bronchial obstruction/asthma#

Known sensitisation to airborne allergens
Any chronic disease

#: this criterion is aimed at excluding wheezing children at enrolment.

Cases

Clinical investigation

Questionnaires

Nasal swab samples

Blood samples

RV+, RV-A, -B, -C

RV-specific antibodies

n=107

n=66 n=42

n=94

n=93

Clinical investigation

Questionnaires

Nasal swab samples

Blood samples

RV+, RV-A, -B, -C

RV-specific antibodies

Clinical investigation (reversibility, C-ACT)

Questionnaires

Visit 1 Visit 2 Revisit at age 7 years

Acute

wheeze
Revisit

Questionnaires

Blood samples

Clinical investigation (reversibility, C-ACT)

Questionnaires

Controls

Visit 1 Revisit at age 7 years

Age-matched

healthy control

FIGURE 1 Overview of the study design. Children were recruited consecutively when visiting the paediatric emergency department because of
acute wheezing. Diagnosis of acute wheeze was based on a clinical diagnosis made by the treating physician at the paediatric emergency
department. The enrolment criteria were confirmed by the study doctor [12]. The children came back for a revisit 2–3 months later (median
12 weeks). At the visit at 7 years, the children were examined by the study doctor. Age-matched healthy control children were recruited during the
same time period. Guardians and children responded to questions in structured interviews concerning medication, contact with healthcare, days
of absence due to illness during the year preceding each visit, and also reported symptoms of allergy and eczema. Asthma at 7 years of age was
defined as a positive answer to either “Have you had an attack of asthma in the past 12 months?” or “Are you currently taking or have you during
the past 12 months taken any medication for asthma, including short-acting β2-agonists, inhaled corticosteroids and montelukast?”, modified
from [14]. Allergic asthma at the age of 7 years was based on atopy in blood samples at the first revisit and clinical history of allergy until the age
of 7 years. Numbers of individuals included in the final analyses are shown. See also the supplementary material and methods and
supplementary table E1. RV: rhinovirus; C-ACT: Childhood Asthma Control Test.
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asthma control test at the visit at 7 years (7Y_ASTHMA_CONTROL_TEST) was assessed using the
C-ACT [15].

Sampling and RNA extraction
Blood samples were collected both at the acute visit and the revisit for the wheezing children, and at
recruitment for the healthy controls. The legal guardian filled out a standardised questionnaire, as detailed
previously [12, 13]. Total RNA was extracted from buffy coat, and a RNA integrity number >8 was used as
RNA quality cut-off for inclusion.

RNA sequencing and statistical analyses
A transcriptome sequencing (RNA-seq) method that targets the 5′-ends of RNA transcripts, known as
STRT [16], was applied [17]. In brief, 80 ng of total RNA from each individual was used for the library
preparation. To suppress uninformative globin gene transcripts originating from red blood cells, RNA
samples were treated with GlobinLock oligonucleotides [17]. The samples were subdivided into eight
48-plex libraries. Each library was sequenced on three HiSeq2000 flow-cell lanes (Illumina, San Diego, CA,
USA) using Illumina TruSeq v3 chemistry. The raw sequences were processed, aligned and summarised
using the STRTprep pipeline v3 [16]. Library bias was corrected by an approximation-based approach
[18], and spike-in based normalisation was applied. The level of significance of variation between samples
was evaluated by comparison with the technical variation of spike-in RNAs [16]. Outlier samples were
excluded (supplementary figure E1). Significant differential expression between the sample groups was
tested using SAMstrt [19]. In the differentially expressed gene analyses, false discovery rates were estimated
by permutation, as described in LI and TIBSHIRANI [20]. Hierarchical clustering was performed using the
Spearman correlation distance and Ward clustering methods. Gene set enrichment analysis was performed
using EnrichR [21]. WGCNA was applied according to the developers’ recommendations [22].

Results
When analysing the transcriptome of peripheral blood leukocytes, the acute wheeze samples differed the
most from the others. A unique acute wheeze-specific gene module, associated with vitamin D levels in
infancy, and asthma medication and FEV1/FVC ratio several years later, at age 7 years, was identified. This
gene module was shown to be a predictor of LTRA medication at 7 years with high accuracy. Another
gene module showed association to allergic asthma at 7 years.

After sequencing

quality control
a) b)

c)

Low library quantity (n=46)

Failure on barcoding or

  RNA degradation (n=16)

Expression outlier (n=5)

Samples n

CTRL 83
ACW 137

REV 114
Total 334

CTRL 66
ACW 107

REV

CTRL
ACW
REV

22.6

0.5

12.6

0.7

CTRL
ACWA

REV

CTRL
ACW

REV

1260
1025

1257

647
694

709

WGCNA (characterisation of the individual variations)

Group Neutrophils Lymphocytes

Group
Neutrophils

Lymphocytes

540
618

384

0
145

0

632
597 3079

729

CTRL ACW

407 332
561

A < B

A > B

Module
Genes

Turquoise Blue Brown Yellow Grey Total

412
3 551

REV

CTRL
ACW
REV

94
Total 267

Samples n

Differntial expression analysis between

two groups (characterisation of the groups)

DEGs

A versus B

B

20

0

P
C

2
 (

1
6

.3
%

)

–20

–40

–40 –20 0 20

PC1 (20.5%)

40

FIGURE 2 Overview of the transcriptome analysis. a) Number of samples available (n=334) and included in the study after sequencing quality
control (n=267), and differentially expressed genes (DEGs) between the groups and genes categorised into modules by their expression profiles
using weighted correlation network analysis (WGCNA), according to the analysis steps. b) Similarity of the expression profiles for the different
sample groups by principal component (PC) analysis. Sample group is annotated. c) Similarity of the expression profile for the different groups by
hierarchical clustering. Sample group, cell counts of neutrophils and lymphocytes (106 cells·µL−1) are annotated. Both b) and c) illustrate the 267
samples on the leukocyte transcriptome profile of the 1476 protein coding genes, which showed significant variation after normalisation
fluctuated significantly. CTRL: healthy controls; ACW: acute wheeze; REV: revisit.
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Transcriptome profiling
In total, 334 preschool children were included in the current study. 67 samples were excluded for technical
reasons, failing quality control (figure 2a, supplementary figure E1). 267 samples were included in the
statistical analyses (figure 2a, table 2). Unsupervised clustering of the samples according to the expression
profile suggested clear differences between acute wheeze and controls, while cases at revisit were more
similar to controls (figure 2b and c). Significantly differentially expressed genes were identified between
the groups (figure 2a, supplementary table E2) and co-regulated genes in each group were classified into
modules using WGCNA implemented in R, as described later (figure 2a, supplementary table E3).

Differentially expressed genes in preschool children with wheeze in acute phase and at revisit
In order to characterise the expression profile of acute wheeze, we compared the expression of the acute
wheeze samples to the revisit and the control samples. The majority (96%, 391 out of 407) of the genes
upregulated in acute wheeze when compared to controls were also upregulated when compared to revisit
samples in the 80 sample pairs available from both visits. This was expected, given the similarity between
the expression profiles of the revisit and control samples (figure 2b and c). Gene ontology analyses of the
391 consistently upregulated genes revealed biological functions with plausible relevance to wheeze, such
as neutrophil activation, cytokines and interferon signalling pathways, as well as inflammatory response
and negative regulation of viral replication (figure 3a). The increased levels of neutrophils in the group of
children with acute wheeze are in agreement with enrichment of genes involved in neutrophilic activity
(figures 2c and 3a). Gene enrichment analyses showed highly overlapping genes in the categories
IFN-signalling pathways and negative regulation of viral replication, supporting the importance of viral
infections in preschool wheeze. The majority (90%, 371 out of 412) of the downregulated genes were
consistent between the comparisons, and gene ontology analyses revealed mainly biological functions
related to defence against viral infection (figure 3b).

The 170 upregulated genes specific for the paired samples between acute wheeze and revisit showed
neutrophilic involvement, and mast cell activation and degranulation, as well as cytokine and
IFN-I-mediated signalling pathways (data not shown). This probably reflects phenotype-relevant biological

TABLE 2 Basic characteristics of the children

Wheeze acute visit Wheeze revisit Healthy controls

Subjects 107+ 94 66
Male 68 (64) 48 (51) 52 (82)
Age months median (range) 17 (7–42) 19 (9–45) 17 (6–44)
Birth weight kg 3.4 (3.0–3.7)+ 3.4 (3.1–3.8) 3.5 (3.2–3.8)
Ethnicity mother Caucasian 79 (86)+ 78 (83) 53 (84)
Ethnicity father Caucasian 79 (86)+ 80 (85) 53 (84)
Heredity: mother and/or father with
Asthma 33 (35)+ 38 (40) 10 (16)
Eczema 21 (23)+ 22 (23) 8 (13)
Pollen allergy 52 (56)+ 55 (58) 18 (29)

Duration of smoking in pregnancy months 9 (10)+ 8 (8) 3 (5)
Current smoking 17 (18)+ 19 (20) 12 (20)
Dog and/or cat at home 20 (22)+ 20 (21) 13 (21)
Eczema 18 (20)+ 22 (23) 3 (5)
Sensitised# 23 (26)# 27 (29)# 10 (20)#

>6 colds·year−1 62 (67)+ 61 (64) 14 (22)
Total WBC ×109 cells·L−1 11.4 (8.4–14.1)§ 9.1(7.2–11.2)ƒ 8.8 (7.0–10.4)
Neutrophils ×109 cells·L−1 7.3 (4.1–10.4)§ 3.3 (2.2–4.2)ƒ 2.7 (1.9–3.7)
Eosinophils¶ ×109 cells·L−1 0.0 (0.0–0.1) 0.3 (0.2–0.6) 0.2 (0.2–0.3)
Oral steroids at inclusion 86 (80) 0
25-OH-vitamin D 84 (67–99)## 83.5 (70.5–100.5)¶¶

Data are presented as n, n (%) or median (interquartile range), unless otherwise stated. #: specific IgE
>0.35 kU·L−1 in fx5 and/or phadiatop, n=87 analysed in the acute wheeze group, n=92 in the revisit group
and n=49 controls; ¶: eosinophil measurements missing for acute wheeze n=6, revisit n=3 and control n=4;
+: 15 children have missing data, since they did not come to the follow-up visit after the acute visit; §: blood
count missing n=6; ƒ: blood count missing n=1; ##: vitamin D level missing n=30; ¶¶: vitamin D level
missing n=12. WBC: white blood cells.
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processes similar to the genes consistently upregulated in both comparisons, supporting the importance of
interferons/cytokines in the wheezing preschool child.

WGCNA reveals an acute wheeze-specific co-regulated gene module
In the group-wise comparisons of differentially expressed genes we assumed homogenous characteristics
within the groups. This is the most commonly used approach, but it tends to ignore genes that vary
between individuals within a group. The dendrogram in figure 2c illustrates the individual variation within
each group. The acute wheeze samples differed the most from the others, and the majority of the acute
wheeze samples clustered together, but several of them were included in the cluster dominated by control
samples. Based on that, we hypothesised that the transcriptomic profiles were heterogeneous even within
each group, and that this variation might be relevant to their clinical characteristics. WGCNA was used to
find modules of highly correlated genes within each sample group [22]. From 3079 significantly variable
protein coding genes, three overlapping modules from co-regulated gene networks were defined in the
acute wheeze, revisit and control sample groups (figure 2a, supplementary figures E2–E4 and
supplementary table E3). We denote these gene networks by colour (blue, brown, turquoise, yellow and
grey). In addition, one unique module consisting of 145 genes was defined for acute wheeze
(ACW-yellow). We focused on that acute wheeze-specific module and used WGCNA [22] to identify
clinical traits that correlated with this gene module.

Gene set enrichment analysis suggests variation in IFN responses in the acute-phase wheezing
children
To reveal the roles of the 145 genes in the acute wheeze-specific yellow gene module, we applied gene set
enrichment analysis. Genes for IFN-I/-II signalling pathways and responses, cytokine-mediated signalling
pathways and antiviral response were the most enriched (figure 4a). Most prominent was the enrichment
of genes in the IFN-signalling pathways and response. We found both genes crucial for signal transduction
(e.g. STAT1 and STAT2) as well as downstream IFN-sensitive response element (ISRE)-regulated antiviral
genes (e.g. OAS1, OAS2, OASL, MX1) and γ-activated sequence (GAS)-regulated pro-inflammatory genes
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391

170

16

a)

b)

371

180

41

Neutrophil degranulation (GO:0043312)

Neutrophil-mediated immunity (GO:0002446)

Neutrophil activation involved in immune response (GO:0002283)

Type I interferon signalling pathway (GO:0060337)

Cytokine-mediated signalling pathway (GO:0019221)

Cellular response to type I interferon (GO:0071357)

Cellular response to interferon-γ (GO:0071346)

Negative regulation of viral genome replication (GO:0045071)

Cellular response to cytokine stimulus (GO:0071345)

Regulation of nuclease activity (GO:0032069)

-log10(adj.P)

0 30 60 90 120

-log10(adj.P)

0 30 60 90 120

Enrichment of CTRL<ACW and REV<ACW genes

Protein targeting to ER (GO:0045047)

SRP-dependent cotranslational protein targeting to membrane (GO:0006614)

Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay (GO:0000184)

Peptide biosynthetic process (GO:0043043)

Viral transcription (GO:0019083)

Viral gene expression (GO:0019080)

Cotranslational protein targeting to membrane (GO:0006613)

rRNA metabolic process (GO:0016072)

ncRNA processing (GO:0034470)

Cellular macromolecule biosynthetic process (GO:0034645)

Enrichment of CTRL>ACW and REV>ACW genes

84/480 

84/488 

85/484 

22/66 

68/634 

22/66 

18/117 

14/51 

38/457 

4/7

74/98 

74/90 

74/113 

81/175 

72/114 

72/111 

74/94 

74/201 

74/228 

90/368

FIGURE 3 Characterisation of the acute wheezing children by comparison to healthy controls and the same children at revisit after 2–3 months.
Characterisation by comparison of differentially expressed genes (DEGs), which were consistently a) upregulated in acute wheeze and b)
downregulated in acute wheeze, when compared to healthy controls and their own revisit. Euler diagrams illustrate overlap of the DEGs.
Enrichment of the consistently regulated genes in gene ontology biological process was tested using EnrichR, and the 10 most enriched terms
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revisit; ER: endoplasmic reticulum.
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FIGURE 4 Characterisation of a co-regulated gene module “ACW-yellow” specifically identified in acute wheezing children. a and b)
Characterisation of ACW-yellow module by enrichment of the module genes in a) Gene Ontology Biological Process and b) Drug Perturbation from
Gene Expression Omnibus (GEO) using human blood samples. Enrichments were tested by EnrichR, and the 10 most enriched terms on the
combined score were shown here with the significance (x-axis) and the overlap rate; the denominator is member genes of the term, and the
numerator is the ACW-yellow genes overlapping with the member genes. c) Significant associations between clinical traits and the ACW-yellow
module. Each panel illustrates an association between the i) binary and ii) quantitative traits and the ACW-yellow modules. Each column is a
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(e.g. IRF1) to be enriched. Additionally, USP18, which mediates suppression of IFN-I signalling via STAT2
[23], is a member of this module. Genes within the IFN-III signalling pathway were not significantly
enriched, probably due to the limited available information for this newest group of IFNs. The expression
variation of IFNs (not of IFN-response genes) was not significant and therefore the IFNs were not
included in WGCNA (out of the 3079 genes in figure 2a). Our results indicate that the acute
wheeze-specific module represented a variation of IFN response for antiviral activity and inflammation in
children with acute wheeze, but that IFN expression in peripheral leukocytes was independent of the IFN
response in peripheral leukocytes.

To identify molecules that interfere with the genes in the acute wheeze-specific module, we again applied
gene set enrichment analysis, but utilising a database focused on drug targets (figure 4b). We found that
52% (76 out of 145) of the acute wheeze-specific module genes were upregulated by in-vitro IFN-β
stimulation of human peripheral blood mononuclear cells (PBMCs) (GEO:GSE26104, figure 4b). In
addition, IFN-I/-II targets were significantly enriched, but the combined enrichment scores were relatively
low. IFN-III targets could not be evaluated, as these were not available in the gene sets of the enrichment
analysis. These results supported the contribution of IFN-I/-II in variation of acute wheeze, but did not
exclude the contribution of IFN-III. Furthermore, an enrichment of genes downstream of
lipopolysaccharide stimulation was found. In contrast, 31% (46 out of 145) of the acute wheeze-specific
module genes were downregulated by etanercept, a known tumour necrosis factor inhibitor, or in vitro
nitric oxide stimulation of cells (GEO:GSE13887, figure 4b).

Gene module–trait association analysis suggests that higher IFN response at the acute-phase
wheezing is a predictor of poor respiratory prognosis
We used WGCNA [22] to identify clinical traits that correlated with the gene modules. 76 clinical traits
(supplementary table E1) and blood cell counts were compared with representative expression patterns of
each gene module (figure 4c, supplementary figures E5 and E6). The acute wheeze-specific module showed
positive correlations with the FEV1/FVC ratio at the visit at age 7 years (7Y_ FEV1%_FVC_RATIO in
figure 4c; p<0.05) and the leukotriene receptor antagonist (LTRA, montelukast) medication in the year
preceding the revisit at 7 years (7Y_LTRA in figure 4c; p<0.005). More than half of the acute
wheeze-yellow module genes (55%; 80 out of 145) were significantly correlated with LTRA medication
(adjusted p<0.05; supplementary table E4), with TRIM22 as the most significant gene (figure 4d;
p=2.49×10−4). TRIM22 expression differed between children with or without LTRA treatment, with higher
expression in those who received treatment. TRIM22 is induced by IFN-I/-II/-III, and represses virus
replication [24]. Among the 25 acute wheeze-specific module genes involved in the IFN-I-signalling
pathway (figure 4a; GO:0060337), 19 (76%) genes including TRIM22 were correlated with LTRA
treatment. Similarly, 10 (59%) out of 17 genes of the IFN-II-mediated signalling pathway in this acute
wheeze-specific module were also correlated with LTRA treatment at 7 years. The differential expression of
TRIM22 seems to be independent of allergies in our material (supplementary figures E7a).

Based on the WGCNA analyses, we used logistic regression to develop a prediction model, and the acute
wheeze-specific gene module was shown to be a predictor of LTRA-medication at 7 years with high
accuracy (table 3; area under the curve (AUC)ACW-yellow 0.785, 95% CI 0.652–0.917; figure 4e and f).
Among the correlated traits in WGCNA, the body weight at acute visit was suggested as the primary
confounder (table 3; AUCACW-yellow+weight 0.815, 95% CI 0.668–0.962; figure 4g), and was therefore added
to the prediction model, although no significant improvement of the prediction model was seen (p=0.77;
figure 4f). This effect by body weight could not be explained by the age or sex of the child (table 3;
BG_GENDER and ACW_AGE in supplementary figures E5 and E6). The significant association between

clinical trait. Each cell is coloured by -log10(p)×sgn(r), where p is p-value of the corresponding correlation, and r is the correlation coefficient;
thus red is positive correlation and blue is negative. *: p<0.05, #: p<0.005, ¶: p<0.0005. Legend of the trait IDs is in supplementary table E1, and
the complete results are found in supplementary figures E5 and E6. d) Differential gene expression (y-axis) of TRIM22, a member of the acute
wheeze-specific module, in the cases with (Yes) or without (No) a leukotriene receptor antagonist (LTRA) medication (montelukast) the year
preceding the visit at 7 years of age (x-axis). Significance level (p-value at the top of each panel) was tested by Kruskal–Wallis rank sum test.
e) Relationship between ACW-yellow eigengene and 7Y_LTRA. The probability at 7 years based on the expression profile at acute visit was
modelled by logistic regression (table 3). Line is a trace of the probability (y-axis) according to ACW-yellow eigengene (x-axis). Point is a predicted
probability (y-axis) of a child with acute wheeze based on the ACW-yellow eigengene (x-axis) with the prognosis (7Y_LTRA). f ) Receiver-operating
characteristic (ROC) curves and corresponding areas under the curve (AUC) statistics of the 7Y_LTRA risk prediction models. Dotted line is about
the model using ACW-yellow eigengene only, and grey line is about ACW-yellow eigengene and ACW_WEIGHT. p-value was estimated by DeLong’s
test for two ROC curves. g) Relationship between ACW-yellow eigengene, ACW_WEIGHT and conditional probabilities of 7Y_LTRA. The probability
at 7 years based on the expression profile and the body weight at the acute visit was modelled by multiple logistic regression (table 3). Line is a
trace of the probability (y-axis) according to ACW-yellow eigengene (x-axis) in each body weight, either the first quartile (Q1), median or the third
quartile (Q3). Point is a predicted probability (y-axis) of an ACW child based on the ACW-yellow eigengene (x-axis) and the body weight (coloured)
with the prognosis. h) Negative correlation with CREM gene expression (y-axis) and 25-OH-vitamin D concentration of the cases at the first revisit
(x-axis; RE_VITAMIND). Biweight midcorrelation coefficient (r) and the significance (p) are labelled.
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the acute wheeze-specific yellow module and clinical traits suggested that children with higher IFN
response at acute wheeze often had more LTRA-responding respiratory symptoms at the age of 7 years.

The acute wheeze-specific module showed a negative correlation with the number of visits to the
emergency room between acute-visit and revisit (p<0.05; figure 4c), and 25-OH vitamin D levels in the
cases (REV_VITAMIND in figure 4c; p<0.005). Vitamin D levels were not a confounder of the prediction
model for LTRA treatment at 7 yrs (table 3). 51 (35%) out of the 145 acute wheeze-specific module genes
were significantly correlated with vitamin D levels (adjusted p<0.05; supplementary table E5), with CREM
the most significant gene (figure 4h; p=4.12×10−4). Of these 51 genes, 38 genes (75%, including STAT1,
TRIM22 and CREM) were also correlated with LTRA at the age of 7 years, suggesting association between
vitamin D level and the prognosis. In the acute wheeze-specific gene module, 10 (40%) of the 25 genes in
the IFN-I-signalling pathway, and eight (47%) of the 17 genes in the IFN-γ-mediated signalling pathway
were correlated with the vitamin D levels at revisit.

Gene module–trait association analysis suggests that downregulation of the turquoise module at
the revisit indicates an increased risk for allergic asthma and less asthma control at the age
of 7 years
The REV-turquoise gene module showed association to asthma-related traits (figure 5a). The module was
associated to asthma (7Y_ASTHMA_GA2LEN), allergic asthma (7Y_ASTHMA_ALLERGIC) and asthma
control (7Y_ASTHMA_CONTROL_TEST), all at 7 years of age. By logistic regression analysis, this module
was a predictor of prognostic asthma risk (7Y_ASTHMA_GA2LEN; table 3, figure 5b and c, AUC 0.730,
95% CI 0.573–0.888). Among the REV-turquoise genes, downregulation of DYNC1I2 at the revisit was the
most significant in asthma at 7 years (figure 5d), and PRMT9 for allergic asthma at 7 years (figure 5e and f).
In this module there were genes for targeting of proteins to the endoplasmic reticulum, nonsense-mediated
mRNA degradation and viral transcription and processes enriched (figure 5g). The REV-turquoise module
consists of 1257 genes (supplementary figure E4). <10% of the module genes (118 out of 1257) were found
in the enrichment analysis of the module, and therefore the annotation was limited. Because of a correlation
to lymphocyte counts at the revisit (figure 5a and h, supplementary figure E7B), the reason for the
co-expression of the module genes probably represent changes of the lymphocyte population in the

TABLE 3 Logistic regression models for prediction of prognostic traits

Coefficient±SE Z-value Pr(>|z|) OR (95% CI)

Model for 7Y_LTRA prediction by ACW-yellow
eigengene
Intercept −11.577±3.906
ACW-yellow 9.675±3.668 2.638 0.008 1.592×104 (2.004×101–5.005×107)

Model for 7Y_LTRA prediction by ACW-yellow
eigengene and ACW_WEIGHT#

Intercept −9.725±4.251
ACW-yellow 13.565±4.456 3.044 0.002 7.783×105 (2.888×102–1.639×1010)
ACW_WEIGHT −0.532±0.227 −2.339 0.019 5.877×10−1 (3.550×10−1–8.797×10−1)

Model for 7Y_LTRA prediction by ACW-yellow
eigengene, BG_GENDER and ACW_AGE#

Intercept −1.412×101±4.278×101

ACW-yellow 9.523×100±3.718×100 2.561 0.010
BG_GENDER 1.172×10−1±6.974×10−1 0.246 0.806
ACW_AGE 6.517×10−5±1.058×10−3 0.062 0.951

Model for 7Y_LTRA prediction by ACW-yellow
eigengene, ACW_WEIGHT and REV_VITAMIND#

Intercept −10.528±6.002
ACW-yellow 13.988±5.592 2.501 0.012
ACW_WEIGHT −0.465±0.236 −1.975 0.048
REV_VITAMIND −0.004±0.021 −0.182 0.856

Model for 7Y_ASTHMA_GA2LEN prediction by
REV-turquoise eigengene
Intercept 9.688±3.518 2.754
REV-turquoise −8.323±3.355 −2.481 0.013 2.429×10−4 (1.852×10−7–1.162×10−1)

In all models, subjects with missing values, were excluded before the model fitting. LTRA: leukotriene receptor antagonist; ACW: acute wheeze.
#: there was no multiple colinearity between the explanatory variables.
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peripheral blood leukocytes rather than changes of a specific molecular pathway. Therefore, our data indicate
that downregulation of the module genes by lower lymphocyte count at the revisit suggest higher risk for
allergic asthma, and progress to chronic asthma.
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FIGURE 5 Characterisation of a co-regulated gene module “REV-turquoise” identified in the wheezing children at the revisit. a) Significant
associations between clinical traits and the REV-turquoise module. Each panel illustrates an association between the i) binary and ii) quantitative
traits and the REV-turquoise module. Each column is a clinical trait. Each cell is coloured by -log10(p)×sgn(r), where p is p-value of the
corresponding correlation, and r is the correlation coefficient; thus red is positive correlation and blue is negative. *: p<0.05, #: p<0.005,
¶: p<0.0005. Legend of the trait ID is in supplementary table E1, and the complete results are found in supplementary figures E5 and E6.
b) Relationship between REV-turquoise eigengene, probabilities of 7Y_ASTHMA_GA2LEN. The probability at 7 years using a trait at the revisit is
based on the multiple logistic regression model (table 3). Line is a trace of the probability (y-axis) according to ACW-yellow eigengene (x-axis).
Point is a predicted probability of a REV child. c) Receiver-operating characteristic curve and corresponding area under the curve statistics for the
7Y_ASTHMA_GA2LEN risk score of REV children. d) Differential gene expression of DYNC1I2 (y-axis), a member of the REV turquoise module, in
the cases with (Yes) or without (No) asthma diagnosis at 7 years of age (x-axis). Significance level (p-value at the top) was tested by Kruskal–
Wallis rank sum test. e) Differential gene expression of PRMT9 (y-axis), a member of the REV turquoise module, in the cases with (Yes) or without
(No) allergic asthma at 7 years of age (x-axis). Significance level (p-value at the top) was tested by Kruskal–Wallis rank sum test. f ) Differential
gene expression of PRMT9 (y-axis) in the cases with asthma subtypes at 7 years of age (x-axis). g) Characterisation of REV-turquoise module by
enrichment of the module genes in Gene Ontology Biological Process. Enrichments were tested by EnrichR, and the 10 most enriched terms on
the combined score were shown here with the significance (x-axis) and the overlap rate; the denominator is member genes of the term, and the
numerator is the REV turquoise genes overlapping with the member genes. SRP: signal recognition particle. h) Positive correlation between
lymphocyte counts (x-axis) and expression of T- and B-cell markers (y-axis; CD3D and CD79B, respectively) in the REV-turquoise module at the
revisit. Biweight midcorrelation coefficient (r) and the significance (p) are labelled.
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Discussion
The most prominent findings of the significant differences in gene expression between wheezing children
and healthy controls showed upregulation of genes involved in IFN response, as well as neutrophil activity.
Furthermore, we identified an acute wheeze-specific gene module consisting of 145 genes, which was
associated to vitamin D levels in infancy, as well as with FEV1%/FVC and asthma medication several years
later. This module was a predictor of asthma medication at 7 years with high accuracy, and therefore genes
in this module are strong candidates as prognostic markers. The major role of the genes in this module
was related to the innate immune response combined with reduction of viral replication through IFN
signalling. Another co-regulated gene module correlated to development of allergic asthma.

Interferons are secreted as part of the innate immune response by lymphocytes and infected non-immune
cells, e.g. epithelial cells, as defence against pathogens. Viral infections trigger as many as 85% of acute
asthma attacks in children, with rhinovirus as the most common agent [25]. During a respiratory viral
infection, an increase of IFN-I and -III will occur, followed by induction of, e.g. cytokines and accumulation
of immune cells, but the specific response differs depending on age and the viral trigger [9, 26, 27].
Rhinovirus-associated acute wheeze correlates with higher serum IFN-II levels than respiratory syncytial
virus-associated acute wheeze [27]. Similarly, an in vitro approach revealed that IFN-α/-β/-λ are produced
by rhinovirus infection in bronchial epithelial cells and PBMCs [28]. These studies suggest an increased
serum IFN level in children with an acute viral infection with wheeze. Furthermore, a recent observation
showed that the general impairment of IFN-I/-III production in asthmatics previously seen both in vivo
[10] and in vitro [29–31] can be overcome at an acute rhinovirus infection [10]. Our study consistently
revealed an enrichment of genes known to be upregulated by IFN-stimulation in the acute wheeze-specific
module. Genes crucial for signal transduction, as well as downstream ISRE-regulated antiviral genes, and
GAS-regulated pro-inflammatory genes were enriched, clearly showing an increased IFN response in acute
wheeze. Importantly, this gene module identified in infancy was significantly correlated with LTRA
medication at 7 years. In common Swedish practice, LTRA is used as add-on medication to inhaled
corticosteroids. Based on this, our data suggested that children with higher serum IFN level at acute wheeze
are those with the worst prognosis, as they tend to need continuous LTRA medication several years later.

Decreased IFN levels in asthmatic samples [10, 29–31] and low IFN-γ production in the first year of life
have been suggested as predictors of childhood wheeze [32]. LTRA blocks leukotrienes and increases IFN-γ
production in T-lymphocytes [33]. LTRA medication will support the native IFN production to prevent
infection as an asthma trigger, or asthma exacerbations. We hypothesise that the children in our cohort in
general, but especially those with LTRA treatment at 7 years, were those with a generally impaired IFN
production at an early age. Therefore, those children were more severely affected by common respiratory
viruses, such as rhinovirus, resulting in acute wheeze severe enough to result in a visit to the emergency
room at the hospital at an early age. However, the reason for this suggested impairment is unknown. For
the majority of infants with wheeze it is a transient condition, and viral-induced wheezing will remit by
school age [34]. At least part of the explanation might be that IFN-γ production increases with age [35].
Wheeze caused by early rhinovirus infections has been associated with a significantly increased risk of
asthma later in childhood [1], and it was suggested recently [26] that identification of the viral trigger
should be included in the diagnosis of bronchiolitis, to improve treatment. In our cohort, rhinovirus was
detected in 74% at acute wheeze, dominated by species rhinovirus-C, and children with species-specific
IgG1 antibody increase against rhinovirus-A or against rhinovirus-A and -C until the revisit had longer
time with respiratory symptoms [13]. As IFN-γ reduces IgG1 production [36, 37], rhinovirus-A could result
in lower IFN-γ induction than the other rhinovirus subtypes. Importantly, the time with reported
respiratory symptoms seemed to relate more to the antibody response than the rhinovirus species at the
acute visit [13], indicating a more general deficiency of the early innate immune response.

Vitamin D is required for IFN-mediated defence against pathogens; its deficiency is a risk factor for
childhood asthma, and vitamin D supplementation during pregnancy seems to reduce risk of asthma/
recurrent wheeze in the offspring [38–41]. In this cohort, we have shown previously that low vitamin D
(25-OH)D <30 ng·mL−1) is associated with an increased risk of acute wheeze [12]. Thus, either reduced
IFN production capacity or vitamin D deficiency, or both, could lead to viral-induced exacerbation
through deficient IFN response. Our data imply that vitamin D-deficient children tend to be on LTRA
medication at age 7 years for prevention/alleviation of respiratory symptoms. Our study not only supports
the impact of vitamin D levels for wheeze, but also shows a connection to gene expression, with CREM as
the most negatively correlated gene. CREM is a repressor of the vitamin D receptor expression [42], and a
negative regulator of the T-helper type 2 response [43]. Interestingly, the expression of the vitamin D
receptor may be a limiting factor in the vitamin D response. A general deficiency of the innate immune
response in children with rhinovirus-induced respiratory symptoms would also provide room for other
viruses and even bacteria to colonise and affect the host. In our cohort, children with vitamin D
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insufficiency were not colonised with virus or bacteria to any higher degree than vitamin D-sufficient
children [12].

Another interesting finding was that downregulation of the REV-turquoise module genes at the revisit
indicates an increased risk for allergic asthma, and less asthma control several years later, at the age of
7 years. The risk of adverse health effects in the offspring by maternal tobacco smoking during pregnancy
is well documented [44], with for example increased risk of childhood wheeze and asthma [45], but its
effect on development of allergic sensitisation in the child is unclear. In our material, a correlation was
seen between the module genes and smoking of the mother during pregnancy and allergic sensitisation
during infancy. In a previous study, >80% of Swedish school children with problematic severe asthma or
persistent asthma were atopic [46]. Allergic asthma is often chronic and requires anti-inflammatory
treatment, which would be represented by the correlation of the gene module with asthma control at
7 years in our material. Based on our data, the REV-turquoise module genes could be evaluated as
biomarkers for development of allergic asthma. This gene module may serve as a complement to clinical
follow-ups to identify the preschool wheezing children that will gain the most from more frequent clinical
examinations as well as more active anti-inflammatory treatment. Unlike the prediction value of the acute
wheeze-specific gene module which is limited to sampling during acute wheeze, the turquoise module
could be evaluated at any timepoint without requirements of ongoing respiratory symptoms.

Our study had some limitations and the findings have to be further validated in independent longitudinal
cohorts. Many genes show cell-type specific expression patterns, and therefore it is preferable to study
gene expression in disease-relevant tissue whenever possible. However, disease-relevant tissue can be very
hard or impossible to access, especially when investigating diseases in preschool children. As acute
wheezing primarily affects the airways, the most relevant samples would be bronchial epithelial cells or
bronchial biopsies, which is not realistic in studies of preschool children. Blood is more accessible, as it
demands less invasive sampling and reflects relevant changes in the regulation of the inflammatory
mechanisms. Despite the heterogeneity in the samples, our analyses approach of the transcriptome in
peripheral blood identified an acute wheeze-specific gene module, that associated with later clinical
characteristics of the wheezing children. Gene enrichment analyses showing plausible pathways, supported
our approach of studying expression profiling for respiratory diseases in peripheral blood. To increase the
molecular understanding of the pathophysiology and identification of therapeutic targets, further
mechanistic studies will be necessary.

In conclusion, our data strongly support the role of skewed IFN-response in children with wheeze. Despite
the heterogeneity in the acute wheeze samples, the gene expression changes in the acute-wheeze specific
module correlated with lung-function measurements at 7 years of age and LTRA treatment in the year
preceding the revisit at age 7 years. This acute wheeze-specific gene module was a predictor of asthma
medication with high accuracy, and therefore we hypothesise that these 145 genes are candidate diagnostic,
or even prognostic, markers for a more long-term prognosis of preschool children with wheeze. The gene
expression profiles in this acute wheeze group may reflect the cause of the wheezing, and could in that
case, serve as candidate markers for more short-term outcomes. Moreover, the same analysis approach
might well identify relations between other variable gene modules and clinical characteristics. This gives
hope to the long-term aim of development of trustworthy prognostic models based on blood biomarkers.
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