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Abstract
Nitric oxide has different roles in asthma as both an endogenous modulator of airway function and
a pro-inflammatory mediator. Fractional exhaled nitric oxide (FeNO) is a reliable, quantitative,
non-invasive, simple, and safe biomarker for assessing airways inflammation in asthma. Previous
genome-wide and genetic association studies have shown that different genes and single nucleotide
polymorphisms (SNPs) are linked to FeNO. We aimed at identifying SNPs in candidate genes or
gene regions that are associated with FeNO in asthma. We evaluated 264 asthma cases (median age
42.8 years, female 47.7%) who had been identified in the general adult population within the Gene
Environment Interactions in Respiratory Diseases survey in Verona (Italy; 2008–2010). Two
hundred and twenty-one tag-SNPs, which are representative of 50 candidate genes, were genotyped
by a custom GoldenGate Genotyping Assay. A two-step association analysis was performed
without assuming an a priori genetic model: step (1) a machine learning technique [gradient
boosting machine (GBM)] was used to select the 15 SNPs with the highest variable importance
measure; step (2) the GBM-selected SNPs were jointly tested in a linear regression model with
natural log-transformed FeNO as the normally distributed outcome and with age, sex, and the
SNPs as covariates. We replicated our results within an independent sample of 296 patients from
the European Community Respiratory Health Survey III. We found that SNP rs987314 in family
with sequence similarity 13 member A (FAM13A) and SNP rs3218258 in interleukin 2 receptor
subunit beta (IL2RB) gene regions are significantly associated with FeNO in adult subjects with
asthma. These genes are involved in different mechanisms that affect smooth muscle constriction
and endothelial barrier function responses (FAM13A), or in immune response processes (IL2RB).
Our findings contribute to the current knowledge on FeNO in asthma by identifying two novel
SNPs associated with this biomarker of airways inflammation.

1. Introduction

Asthma is a complex chronic disorder of the con-
ducting airways, which is related to an immunolo-
gical reaction, inflammation of bronchial walls, and
increased mucus secretion [1]. Asthma involves the
interaction among multiple genetic, environmental,
and lifestyle factors [2], and it presents with different
phenotypes. The most prevalent phenotype is type

2 inflammation (TH2)-associated asthma, which is
strongly linked to atopy, allergy, and the response to
corticosteroids [1, 3]. In TH2-associated asthma, the
immune process initiates with the development of
TH2 cells, which produce interleukin (IL) 4, IL5, and
IL13 cytokines. These cytokines are responsible for
both the stimulation of the allergic and eosinophilic
inflammation, and the epithelial and smooth-muscle
changes that contribute to asthma pathobiology
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[3]. Pro-inflammatory cytokines [interferon gamma
(IFNγ), IL1β, IL13, and tumour necrosis factor alpha
(TNFα)] induce the production of nitric oxide (NO)
in the airway epithelial cells by promoting the expres-
sion of the enzyme TH2-regulated inducible NO syn-
thase (iNOS) [4]. NO has different roles in asthma
as both an endogenous modulator of airway function
and a pro-inflammatory mediator [4].

NO levels can be measured in human breath.
Fractional exhaled NO (FeNO) is a reliable, quant-
itative, non-invasive, simple, and safe biomarker
for assessing airways inflammation in subjects with
asthma [5]. FeNO is higher in males and increases
with increasing age and height [6], but it is negat-
ively associated with tobacco smoking and obesity
[7]. Furthermore, previous genome-wide and genetic
association studies have shown that different genes
[8] and single nucleotide polymorphisms (SNPs)
[9–17] are linked to FeNO.

Typically, genetic association studies consist of
single-SNP-based tests under the assumptions that
genetic variants independently contribute to a given
phenotype and that the underlying genetic model of
inheritance is additive. The main limitation of this
approach is that single SNPs can only explain a small
proportion in the genetic variation of complex traits,
which results in themissing heritability problem [18].
Furthermore, true associations can be missed when
assuming an additive genetic model in case the cor-
rect model is recessive or dominant, which also leads
to a reduction in statistical power [19]. These short-
comings have encouraged the application of statist-
ical learning methods that allow to jointly analyse
a large number of SNPs in a high dimensional set-
ting without an a priori specification of the underly-
ing genetic model, such as gradient boostingmachine
(GBM) [19].

The present study is a candidate gene association
analysis aimed at identifying SNPs that are associ-
ated with FeNO in adult subjects with asthma. To
fulfil this purpose, we jointly analysed data from
the Gene Environment Interactions in Respiratory
Diseases (GEIRD) survey [20]. In the original sur-
vey (2008–2010), an overall panel of 384 SNPs tagging
53 candidate genes or gene regions (see table S1) was
assessed. The selection of the 53 genes or gene regions
was based on their association with asthma, chronic
obstructive pulmonary disease (COPD), or allergic
rhinitis, as observed in previous studies identified
from literature [21–23] (the full list of references is
reported in table S2), or on their involvement in pos-
sible related biological pathways (such as inflamma-
tion, innate immunity and immunoregulation, oxid-
ative stress and xenobiotic metabolism, regulation of
protease-antiprotease equilibrium, and tissue remod-
elling) [24]. Then, we replicated our findings within
the European Community Respiratory Health Survey
(ECRHS) III (www.ecrhs.org) [25–27].

2. Materials andmethods

2.1. GEIRD study
GEIRD is an Italian, multi-centre, (multi)case-
control study on the role of genetic and modifi-
able factors in asthma, COPD, chronic bronchitis,
and allergic rhinitis (the protocol is fully described
elsewhere [20]). Briefly, the cases and the controls
were identified in pre-existing cohorts [25–28] and
in new random samples of the general adult pop-
ulation through a two-stage process, which con-
sists of a mailed screening questionnaire (stage 1)
and a clinical examination for accurate phenotyp-
ing (stage 2) (figure 1). The participants in GEIRD
stage 2 also provided blood samples for genetic data
collection.

Asthma cases were the individuals who had repor-
ted at least one of the following two conditions:

(a) ever asthma;
(b) asthma-like symptoms [asthma attacks, wheez-

ing, chest tightness, shortness of breath (SoB)
at rest, SoB at night time, SoB following strenu-
ous activities] or the utilization of anti-asthmatic
drugs in the previous 12 months, having ful-
filled at least one of the following clinical
characteristics:
1. positive methacholine challenge test [pro-

vocative dose (PD20) <1 mg causing a 20%
fall in forced expiratory volume in one
second (FEV1)];

2. pre-bronchodilator (BD) airflow obstruc-
tion (AO) [FEV1/forced vital capacity (FVC)
<lower limit of normal (LLN) [29] or
<70%] and a positive reversibility test
(increase in post-BD FEV1 >12% and
>200 ml with respect to pre-BD FEV1 after
400 mcg of salbutamol);

3. pre- but not post-BD FEV1/FVC <LLN or
<70%, and post-BD FEV1 ⩾80% predicted.

The subjects with current asthma were those who (i)
had reported asthma-like symptoms or the utilization
of anti-asthmatic drugs in the previous 12 months,
or (ii) had pre-BD AO or (iii) had a positive
methacholine challenge test. The criteria used to
identify the cases of COPD, chronic bronchitis, or
allergic rhinitis are described elsewhere [20]. The
controls were the subjects without asthma, COPD,
chronic bronchitis, and allergic rhinitis who had pre-
BD FEV1 >70% predicted and pre-BD FEV1/FVC
⩾LLN and ⩾70%. The subjects not fulfilling the cri-
teria for cases and controls were included in a residual
group.

2.2. FeNO and genetic protocols
In GEIRD, FeNO (exhalation flow rate of 50 ml s−1)
was measured according to international guidelines
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Figure 1. Selection of the asthma cases included in the genetic association analysis (GEIRD, Verona centre). COPD: chronic
obstructive pulmonary disease; GEIRD: Gene Environment Interactions in Respiratory Diseases. aSubjects who did not fulfil the
criteria for cases and controls.

[30] by using a chemiluminescence analyser (CLD88,
Ecomedics, Switzerland). FeNO measurements were
expressed as ‘part per billion’ (ppb) absolute val-
ues. Blood samples were collected and stored for
genomic DNA extraction according to standardized
international protocols [20]. The selection of the
384 SNPs in the 53 genes or gene regions [31] was
based on including SNPs tagging most of haplotype
variability in the CEU population (HapMAp phase
II) and SNPs from literature (www.ncbi.nlm.nih.gov/
snp). These SNPs were chosen by STAMPA applica-
tion (GEVALT software; acgt.cs.tau.ac.il/gevalt/#ver2)
and constitute the optimal set of tag-SNPs that are
representative of a given genomic region with high
linkage disequilibrium (LD) and maximum predic-
tion accuracy. Candidate gene SNPs were analysed
using a high degree genotyping method (GoldenGate
Genotyping assay, Illumina).

2.3. Study subjects
In the present analyses, only the participants in
GEIRD stage 2 from the Verona centre were included
due to the availability of their genetic data. In this
centre, 1322 cases and controls were identified at the
clinical stage and 997 of these individuals were gen-
otyped (figure 1). Genetic data from all the geno-
typed subjects were used for additional SNP quality
checks. Of all the cases of asthma who had provided
genetic data in the original study in Verona (342

subjects), 264 patients with a FeNO measurement
were included in this genetic association analysis.

The appropriate ethics committee (‘Comitato
Etico per la Sperimentazione dell’Azienda Ospedaliera
Istituti Ospitalieri di Verona’) approved the GEIRD
survey in Verona and all the aspects of the research
project were fully explained to the participants, who
gave their written informed consent.

2.4. Genetic association analysis
Of the 384 SNPs assessed in the original survey
(GEIRD), 221 SNPs tagging 50 genes or gene regions
(see table S1) met the following criteria and were
included in the present analysis:

1. genotype failure rate ⩽5% in the 997 genotyped
subjects;

2. genotype failure rate ⩽5% in the 342 asthma
cases;

3. minimum genotype frequency ⩾5% in the 342
asthma cases;

4. allele frequencies needed to respect Hardy–
Weinberg equilibrium (HWE) in the 303 con-
trols (the SNPs not available for the controls were
excluded from the analysis) [32]. P-values for
testing deviation from HWE were corrected for
the false discovery rate by using the Benjamini–
Yekutieli procedure [33, 34].
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In order to identify the SNPs that are associated with
FeNO, a two-step approach was adopted: GBM [19,
35] was used to select the SNPs (step 1) that were sim-
ultaneously included as covariates in a multivariable
linear regression model for significance testing (step
2). In both steps, natural log-transformed FeNO (log-
FeNO)was the normally distributed outcome and the
covariates were age, sex, and the SNPs (the genotype
data for all SNPs were coded without assuming an
a priori genetic model: 0 = reference = homozyg-
ous with higher allele frequency, 1 = heterozygous,
2 = homozygous with lower allele frequency). Other
covariates (such as cigarette smoking, obesity, or
allergic rhinitis) were not analysed because these vari-
ables are not confounders of the relationship between
SNPs and FeNO.

At step 1, GBM was used to rank-order the
221 SNPs according to their variable importance
measure (VIM), which quantifies the total contri-
bution of each SNP to the prediction of log-FeNO.
Because VIM in GBM is biased for SNPs in LD, the
221 SNPs were divided into ten overlapping sub-
sets of low correlated SNPs (within-subset correla-
tion <0.1) [36], and GBM was applied to each sub-
set in parallel (‘gbm’ package in R software; cran.r-
project.org/web/packages/gbm) [37]. The tuning of
GBM hyper-parameter was performed by ten-fold
cross-validations, which suggested a shrinkage rate of
0.01, at least five observations per node of each tree,
a bagging fraction of 0.8, and a training fraction of
one. Five hundred trees were used to build the first
deep learning model and the interaction depth was
set equal to one. An aggregate VIM was obtained as
the median of the VIMs computed in the overlapping
subsets. The 15 SNPs that had the highest aggregate
VIM were selected for step 2 because of the relatively
small sample size.

At step 2, the GBM-selected SNPs were included
as covariates in a multivariable linear regression
model for significance testing. The strength of the
association between each SNP and log-FeNO was
measured through the beta regression coefficient,
which represents the difference in the expected log-
FeNO (∆log-FeNO) between the heterozygous geno-
type (or the homozygous genotype with lower allele
frequency) and the reference for a given SNP, with
the genotype of the other SNPs held constant. A sens-
itivity analysis was performed to evaluate the gener-
alizability of the results to the European population,
repeating the genetic association analysis (step 2) by
including only the asthma cases with both parents
born in Europe.

2.5. Replication analysis
The GBM-selected SNPs in GEIRD were tested for
association with log-FeNO in a replication sample of
296 asthma cases who had participated in ECRHS III
(from 15 centres located in Estonia, France, Germany,

Norway, Spain, Sweden, and United Kingdom) [27].
ECRHS is a population-based, cohort study that
recruited subjects aged 20–44 at baseline (ECRHS
I; 1991–1993) [25]. The study subjects answered a
mailed screening questionnaire (stage 1) and a 20%
‘random sample’ of the responders underwent a
detailed clinical examination (stage 2). The follow-up
of the participants in ECRHS I stage 2 took place in
1998–2002 (ECRHS II) [26] and 2010–2013 (ECRHS
III) [27]. A standardized clinical interview, lung func-
tion, and laboratory tests were performed on all occa-
sions. Blood samples for genotyping were collected
in ECRHS II, and FeNO (exhalation flow rate of
50 ml s−1) was measured in ECRHS III. Additional
information regarding the ECRHS III survey, includ-
ing ethics approvals, was included as supplementary
material.

The definition of asthma in ECRHS III was com-
parable with that used in GEIRD. Asthma cases were
the subject who had fulfilled at least one of the follow-
ing criteria:

1. ever asthma OR (asthma attacks/asthma-like
symptoms/anti-asthmatic drugs in the previ-
ous 12 months AND PD20 <1 mg) OR (asthma
attacks/asthma-like symptoms/anti-asthmatic
drugs in the previous 12 months AND pre-BD
FEV1/FVC<LLN [29] or<70%) at ECRHS I;

2. ever asthma OR (asthma attacks/asthma-like
symptoms/anti-asthmatic drugs in the previ-
ous 12 months AND PD20 <1 mg) OR (asthma
attacks/asthma-like symptoms/anti-asthmatic
drugs in the previous 12 months AND pre-BD
FEV1/FVC<LLN or<70%) at ECRHS II;

3. ever asthma OR (asthma attacks/asthma-like
symptoms/anti-asthmatic drugs in the previous
12 months AND pre-BD FEV1/FVC <LLN or
<70% AND post-BD FEV1 >12% and >200 ml
with respect to pre-BD FEV1 after 400 mcg
of salbutamol) OR (asthma attacks/asthma-
like symptoms/anti-asthmatic drugs in the past
12 months AND pre- but not post-BD FEV1/FVC
<LLN or <70% AND post-BD FEV1 >80% pre-
dicted) at ECRHS III.

The subjects with current asthma at ECRHS III were
those who (i) had reported asthma attacks, asthma-
like symptoms, or anti-asthmatic drugs in the previ-
ous 12 months or (ii) had pre-BD FEV1/FVC <LLN
or<70%.

A 2-level (subject: level 1 unit; centre: level 2 unit)
random-intercept linear regression model, with age,
sex, and all the GBM-selected SNPs as fixed-effect
covariates, was used to account for the ECRHS hier-
archical data structure.One-sided p-valueswere com-
puted for the beta regression coefficients that were
statistically significant inGEIRDandwere in the same
direction in GEIRD and ECRHS III.
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All statistical analyses were performed by using
R software (version 3.6.2; The R Foundation for
Statistical Computing, Vienna, Austria) and STATA
software (release 16; StataCorp, College Station,
Texas, USA).

3. Results

3.1. Main characteristics of the asthma cases
The 264 asthma cases identified in GEIRD and
included in the genetic association analysis (step 1)
had a median age of 42.8 years (female 47.7%) and
a median BMI of 24.0 (table 1). The vast major-
ity (96.6%) of these patients had both parents born
in Europe. Past, current light, and current heavy
smokers were 29.2%, 11.0%, and 12.5%, respectively.
Of the subjects who reported asthma in their life,
about 43% developed the disease before the age of
10. Sixty-two per cent of the asthma cases had cur-
rent asthma, those with allergic rhinitis were 54.6%
and those with chronic cough or phlegm were 12.1%.
The median pre-BD FEV1, FVC, and FEV1/FVC %
predicted was 96.8, 100.5, and 93.9, respectively, and
the median FeNO was 20.1 ppb. The distribution of
the demographic and clinical variables, and smoking
habits was not significantly different between the 264
study subjects and the 122 eligible patients in GEIRD
who were excluded from the analysis due to miss-
ing information on genetic data and/or FeNO (see
table S3).

Of the 264 asthma cases included in the genetic
association analysis at step 1 (GBM), 19 patients with
a missing value in at least one of the GBM-selected
SNPs were excluded from the analysis at step 2.
Compared to the 245 GEIRD patients included in the
genetic association analysis (step 2), the 296 asthma
cases identified in ECRHS III and assessed in the rep-
lication analysis had a higher percentage of females
(58.8% vs 46.9%, p = 0.006), a higher age (median:
54.0 vs 42.4 years, p< 0.0001), a higher BMI (median:
26.7 vs 23.9, p< 0.0001), an older age of asthma onset
(p < 0.001), a higher percentage of current asthmat-
ics (69.3% vs 60.8%, p = 0.040), a higher percentage
of subjects with coexisting cough or phlegm (24.0%
vs 11.8%, p = 0.001), a lower pre-BD FEV1% pre-
dicted (median: 85.6 vs 97.2, p < 0.0001), a lower
FVC % predicted (median: 96.3 vs 100.4, p < 0.001),
a lower FEV1/FVC% predicted (median: 86.2 vs 93.8,
p< 0.0001), and a lower FeNO (median: 17.0 vs 20.0,
p= 0.004) (table 1).

3.2. Genetic association and replication analyses
At step 1, the following 15 SNPs were selected by
GBM (table 2): rs2735014 (HLA-G; VIM = 44.54),
rs2523793 (HLA-G; VIM = 27.93), rs13022785
(TNS1; VIM = 19.48), rs1419779 (NPSR1;
VIM = 17.35), rs987314 (FAM13A; VIM = 13.97),
rs2069812 (IL5; VIM = 13.50), rs1063320 (HLA-G;
VIM = 13.21), rs2869546 (CHRNA3; VIM = 12.76),

rs174579 (FADS2; VIM = 8.56), rs11639224 (IREB2;
VIM = 8.15), rs944725 (NOS2; VIM = 7.33),
rs647041 (CHRNA5; VIM = 5.83), rs953569
(HAVCR1; VIM = 5.66), rs1610696 (HLA-G;
VIM= 4.97), and rs3218258 (IL2RB; VIM= 4.84).

At step 2, SNP rs2523793 inHLA-G was not eval-
uated because of multi-collinearity (variance import-
ance factor >10). Six out of the remaining 14
GBM-selected SNPs were associated with log-FeNO
(table 2): rs13022785 (TNS1; TC vs TT, p = 0.012),
rs1419779 (NPSR1; GG vs AA, p = 0.002), rs987314
(FAM13A; TC vs CC, p = 0.011), rs174579 (FADS2;
TT vs CC, p = 0.020), rs953569 (HAVCR1; AA
vs CC, p = 0.006), and rs3218258 (IL2RB; TC vs
CC, p = 0.048). The observed associations did not
change after including only the 237 asthma cases
with both parents born in Europe (table S4). Of
these polymorphisms, only rs987314 (FAM13A; AG
vs GG, p = 0.038) and rs3218258 (IL2RB; AG vs
GG, p= 0.030) were significantly associated with log-
FeNO in the replication analysis using the ECRHS III
data (table 2).

4. Discussion

Out of six polymorphisms inTNS1,NPSR1, FAM13A,
FADS2, HAVCR1, and IL2RB genes that were signi-
ficantly linked to FeNO in Italian adult subjects with
asthma, SNPs rs987314 in FAM13A and rs3218258 in
IL2RB were replicated in an independent sample of
patients from other European countries. Compared
to previous studies from literature, our findings con-
tribute to the current knowledge on FeNO by identi-
fying two novel SNPs in candidate genes that are asso-
ciatedwith this biomarker of airways inflammation in
asthma, supporting accordingly a possible causal role
for FAM13A and IL2RB genes in this phenotype.

4.1. FAM13A
FAM13A gene is involved in different mechanisms
that could affect smooth muscle constriction and
endothelial barrier function responses, leading to
increased FeNO levels and asthma risk. In more
detail, FAM13A gene encodes a Ras homologous
GTPase-activating protein (Rho-GAP) domain-
containing protein, which is expressed in mucosal
cells, epithelial cells, alveolar cells, and alveolar
macrophages [38–40]. Proteins containing this
domain are involved in GTP phosphatase (Rho-
GTPases) activity modulation in lung diseases and
they are key regulators in cytoskeletal and cellu-
lar processes. These proteins regulate Ras homolog
family member A (RhoA) activity, actin cytoskel-
eton dynamics (induction of F-actin stress fibres),
and epithelial-mesenchymal transition by marker
modulation (E-cadherin, α-smooth muscle actin
and vimentin) [38, 39, 41]. Moreover, Rho-GTPases
are involved in the pulmonary endothelial bar-
rier function, which is dysregulated in several lung
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Table 1.Main characteristics of the asthma cases included in the genetic association analysis (GEIRD dataset) and in the replication
analysis (ECRHS III dataset).

Genetic association analysis

Step 1 Step 2 Replication analysis P-valueb

Sample, n 264 245a 296 —
Females, % 47.7 46.9 58.8 0.006
Age (years), median
(IQR)

42.8 (35.7, 49.5) 42.4 (35.2, 49.4) 54.0 (48.0, 59.0) <0.0001

European-born
parentsc, %

Both 96.6 96.7 — —

Only one 1.5 1.2 —
None 0.8 0.8 —
Unknown 1.1 1.2 —

BMI, median (IQR) 24.0 (21.9, 26.7) 23.9 (21.7, 26.6) 26.7 (23.5, 30.3) <0.0001
Tobacco smoking, % Never 47.4 46.5 42.4 0.197

Past 29.2 29.8 35.6
Current light 11.0 11.4 7.5
Current heavy 12.5 12.2 14.6

Age of asthma onset
(years)d, %

0–9 42.9 42.0 21.2 <0.001

10–19 17.9 19.1 18.7
⩾20 37.1 36.6 52.5
Unknown 2.1 2.3 7.6

Current asthma, % 61.7 60.8 69.3 0.040
Allergic rhinitise, % Absent 44.7 44.9 51.4 0.092

Present 54.6 54.3 48.7
Unknown 0.8 0.8 0.0

Chronic cough or
phlegmf, %

Absent 87.1 87.4 75.0 0.001

Present 12.1 11.8 24.0
Unknown 0.8 0.8 1.0

Pre-BD FEV1%
predicted, median
(IQR)

96.8 (87.6, 109.0) 97.2 (88.1, 108.9) 85.6 (75.9, 99.5) <0.0001

Pre-BD FVC %
predicted, median
(IQR)

100.5 (91.9, 110.5) 100.4 (92.4, 110.7) 96.3 (86.8, 106.3) <0.001

Pre-BD FEV1/FVC
% predicted, median
(IQR)

93.9 (88.7, 101.2) 93.8 (89.1, 101.1) 86.2 (82.7, 96.2) <0.0001

FeNO (ppb), median
(IQR)

20.1 (12.2, 40.2) 20.0 (12.3, 39.7) 17.0 (12.0, 25.5) 0.004

Gene Environment Interactions in Respiratory Diseases; ECRHS: European Community Respiratory Health Survey; IQR: interquartile

range; BMI: body mass index; pre-BD: pre-bronchodilator; FEV1: forced expiratory volume in one second; FVC: forced vital capacity;

FeNO: fractional exhaled nitric oxide; ppb: part per billion.
a Of the 264 asthma cases included in the genetic association analysis at step 1 (gradient boosting machine, GBM), 19 patients with a

missing value in at least one of the GBM-selected SNPs were excluded from the analysis at step 2.
b Pearson chi-squared test, Fisher’s exact test, or Wilcoxon rank-sum test were used when needed to compare the distribution of the

main characteristics between the 245 GEIRD patients included in the genetic association analysis at step 2 and the 296 ECRHS III

patients included in the replication analysis.
c Not measured in ECRHS III.
d Information obtained from the patients who reported asthma in their life.
e Having reported any nasal allergies, including hay fever.
f Having reported cough and/or phlegm from the chest, usually in winter and on most days for as long as three months each year.

diseases, such as asthma, COPD, and cystic fibrosis
[38, 39, 42, 43]. In addition, FAM13A plays a role in
asthma by regulating β-catenin stability and increas-
ing Wingless/Integrase-1 (WNT) signalling path-
ways. Finally, alterations in these signalling pathways

have been linked to airway remodelling pathogenesis
[40, 44].

Different SNPs in FAM13A gene, which are in LD
with rs987314, may affect Rho-GTPase activity and
cellular pathways associated with FAM13A, such as
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endothelial barrier function, contributing to ineffi-
cient gas exchanges that are common in lung diseases.
Furthermore, these SNPs may influence FAM13A
gene expression, as most of them have been identi-
fied in non-coding regions downstream theRho-GAP
domain [38, 40, 45, 46]. In particular, SNP rs987314
is reported to be negatively associated with FAM13A
gene expression levels in the whole blood [47]. In
addition, the percentage of asthma cases with non-
normal FeNO (⩾25 ppb) in GEIRD was significantly
higher among the patients with TT or TC genotypes
than among those with CC genotype in this SNP
(45.3% vs 30.7%, p = 0.032). Finally, the observed
association between SNP rs987314 and FeNO should
not depend on the confounding effect of the main
characteristics of the asthma cases in GEIRD, as the
distribution of these variables was not significantly
different among the SNP genotypes (see table S5).

4.2. IL2RB
IL2RB gene encodes IL2Rβ, which is a subunit of IL2
receptor that is involved in receptor-mediated endo-
cytosis and in transduction of the mitogenic signals
of IL2. It belongs to the type I cytokine receptor fam-
ily, it is devoid of intrinsic kinase activity, and its
presence influences receptor affinity (intermediate-
high affinity forms) [48, 49]. IL2, which is a pro-
inflammatory cytokine secreted by activated T cells
after antigen stimulation, is expressed in the hem-
atopoietic system (including lymphoid linages T, B,
and NK cells, as well as myeloid cells, such as macro-
phages, monocytes, and neutrophils) and plays a crit-
ical role in controlling immune system homeostasis
[50, 51]. IL2 is a T cell growth and survival factor
that promotes survival and proliferation of regulat-
ory T cells (primary andmemory immune responses)
by binding its receptor and by activating its down-
stream signalling, which leads to the transcription of
IL2-dependent genes [48, 50].

SNPs in IL2RB gene, which are not in LD with
rs3218258 (r2 < 0.025), are associated with asthma
severity, inflammation, and dysregulation of the
immune system [49, 52]. However, SNP rs3218258
is negatively associated with IL2RB gene expression
levels in the whole blood [53] and, in GEIRD, non-
normal FeNO was largely more prevalent among
the asthma cases with TT genotype than among
the patients with TC or CC genotypes for this SNP
(72.2% vs 38.3%, p = 0.005). As observed for SNP
rs987314, the association between rs3218258 and
FeNO should not depend on the potential confound-
ing effect of the main characteristics of the GEIRD
patients (see table S6).

4.3. TNS1, NPSR1, FADS2, and HAVCR1
SNPs rs13022785 in TNS1, rs1419779 in NPSR1,
rs174579 in FADS2, and rs953569 in HAVCR1 genes
were not significantly associated with FeNO in the
ECRHS III dataset. Despite lack of replication in this

independent sample of patients, these genes might be
interesting targets for further investigations into their
role in asthma (see table S7).

4.4. Strengths and limitations of the study
A major strength of the current report is the replica-
tion analysis that was carried out within an independ-
ent sample of asthma cases from different European
countries. Secondly, an accurate phenotyping with
similar protocols was carried out in GEIRD [20]
and ECRHS III [27]. Thirdly, the study designs of
GEIRD and ECRHS should guarantee that represent-
ative samples of asthma cases, presenting a wide range
of asthma phenotypes, were identified from the gen-
eral adult population in Europe. Finally, we used a
statistical approach (GBM) that does not require an
a priori specification of the genetic model and that
permits inclusion of a large number of predictors.
Therefore, GBM can be used for jointly exploring
multiple SNPs (step 1) and for reducing the num-
ber of SNPs for statistical testing within a parametric
framework (step 2).

A few limitations of our study should be men-
tioned. Both the sample size and the number of gen-
otyped SNPs are relatively small. In particular, the
limited sample size did not allow the analysis to be
stratified by different asthma phenotypes, as asthma
SNPs may be associated with one or more disease-
related traits (e.g. eosinophilia, airway obstruction,
atopy) in affected subjects [54], and to create a valida-
tion set for GBM. In the latter case, however, we used
a cross-validation technique (k-fold) that permits an
accurate performance estimation [55]. In addition,
the asthma cases identified in ECRHS III had a dif-
ferent range of age (40–66 years), as compared to
the patients in GEIRD (20–66 years). This difference
between the datasets could reduce the replicability
and generalizability of our results. Finally, we tested
an Italian cohort of European ancestry and replic-
ated our results in an independent cohort from other
European countries, which limits the generalizability
of our findings to other populations because ethnicity
has also been shown to influence FeNO [56].

5. Conclusions

Two novel SNPs in FAM13A and IL2RB genes are
associated with FeNO in adult subjects with asthma
who were identified from random samples of the
general European population. This positive associ-
ation supports a possible causative role for FAM13A
and IL2RB genes in airway inflammation in asthma,
therefore establishing the role of these genes deserves
further investigations. Moreover, these genes repres-
ent an interesting target because of their involve-
ment in different mechanisms that affect smooth
muscle constriction and endothelial barrier function
responses (FAM13A), or in immune response pro-
cesses (IL2RB).
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