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Introduction: There is evidence that parameters obtained from exhaled breath condensate (EBC) reflect changes in
the level of the airway lining fluid. The telation between exhaled nitric oxide (NO) and EBC inflammatory markers
has not been analyzed in the context of the inflammatory profile in the airways in asthmatic children.

Aim: To show the cytokine profile in EBC of children with severe/refractory asthma as well as correlations between
the fractional exhaled NO (FeNO) level and cytokine concentrations.

Material and methods: The study population consisted of eight children aged 8 to 17 years with IgE-dependent,
severe/refractory asthma with a duration of at least 2 years. This was an observational study, the first consecutive
eight patients with asthma symptoms on the day of the study visit, when EBC samples were obtained.

Results: The inter-subject variability of study cytokines ranged from 8.6 to 54.6. Cytokines with coefficient of varia-
tion < 20% were: interferon-y, interleukins IL-2, IL-7, IL-15, IL-16, monokine induced by interferon y (MIG) and tumor
necrosis factor a. We showed a significant positive correlation between the FeNO level and crucial mediators in
asthma development and progression (IL-2, MCP-1), and potent markers of airway remodeling (PDGFBB, TIMP-2).
All correlations between two different variables were controlled for the effects of age, forced expiratory volume in
1 s and number of asthma exacerbations during last 12 months.

Conclusions: The profiling of cytokine expression in EBC can be reproducibly performed in children with severe/
refractory asthma. When treating asthma in children, the FeNO level should be monitored as a prevention strategy
of the progression of the remodeling leading to refractory/severe asthma. Exhaled breath condensate may be
a useful tool to phenotype asthma via a non-invasive approach.
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Introduction

Despite some methodological problems of the collec-
tion of exhaled breath condensate (EBC), its non-invasive
nature gives an opportunity for repeated measurements
for the same person and provides valuable informa-
tion for the assessment of airway inflammation. There
is evidence that parameters obtained from EBC reflect

changes in the level of airway lining fluid and theoreti-
cally allows assessment of the severity of asthma and
may provide some guidance for adjustment of drug ther-
apy [1, 2]. Exhaled breath condensate may also correlate
with lung function impairment, airway remodeling and
different aspects of the disease such as exercise induced
bronchoconstriction (EIB). Despite rapidly increasing data
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on inflammatory markers in EBC, until now only few re-
search groups reported on the concentration of the cy-

tokines in EBC of children with severe asthma.

Severe asthma is an uncommon, poorly understood
and heterogeneous disease [3]. A subgroup of these pa-
tients have more troublesome disease requiring high
medication to maintain control of the disease or per-
sistent symptoms, asthma exacerbations, or airflow ob-
struction despite high medication use, which is defined
as “refractory asthma” [4].

The role of exhaled nitric oxide (NO) in clinical asth-
ma management has been recently disputed [5]. How-
ever, a relation between exhaled NO and clinical pa-
rameters has not been analyzed in the context of the
inflammatory profile in the airways in asthmatic children.

Aim
Therefore, we aimed to show the cytokine profile in
EBC of children with severe/refractory asthma as well as

correlations between the fractional exhaled NO (FeNO)
level and cytokine concentrations.

Material and methods
Patients

The study population consisted of 8 children aged
8 to 17 years with asthma diagnosed on the basis of the
symptoms and an improvement in the prebronchodila-
tor forced expiratory volume in 1's (FEV)) of > 12% after
administration of salbutamol (400 pg) [6]. The first con-
secutive eight patients with severe/refractory asthma,
symptomatic on the day of the study visit who fulfilled
inclusion criteria were recruited. Patients were on a long-
term therapy with high-dose inhaled corticosteroids
(> 800 pg of budesonide) in combination with a long-act-
ing B,-agonist and a leukotriene receptor antagonist.
None of the patients was a smoker.

Inclusion criteria

Severe/refractory asthma with a duration of at least
2 years, with persistent symptoms/exacerbation requir-
ing hospitalization despite high-dose inhaled corticos-
teroid/long-acting beta agonist (ICS/LABA) and at least
step-4 treatment [6].

Exclusion criteria
Inability to perform the EBC procedure properly, ac-
tive smoking, other chronic respiratory tract disease.

Ethics

This study was approved by the Medical Ethics Com-
mittee of the Medical University. All parents or guardians
and children provided written consent to participation in
the study.
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Nitric oxide measurement

Fractional exhaled NO measurements were per-
formed prior to spirometry and exercise testing, ac-
cording to the European Respiratory Society/American
Thoracic Society (ERS/ATS) recommendations [7] with
a chemiluminescence analyzer (model 280i nitric ox-
ide analyzer; Sievers, Boulder, CO, USA) and defined in
parts per billion. The analyzer provides an on-line con-
tinuous measurement of NO in a single exhalation with
a detection range of 0.1 to 500 ppb. Environmental NO
was measured before and after each test and never ex-
ceeded 5 ppb. All subjects were studied in the sitting
position, without wearing a nose clip. The subjects ex-
haled at a constant flow rate (50 ml/s) from total lung
capacity to residual volume without breath holding. They
maintained a constant mouth pressure (17 cm H,0) by
monitoring a visual display in order to eliminate contam-
ination from nasal NO. Dead space and nasal NO (which
are reflected by the NO concentration peak during exha-
lation) and NO from the lower respiratory tract (deter-
mined by the plateau value after the peak) were record-
ed automatically by using the manufacturer’s software.
Three FeNO measurements of the plateau phase were
obtained, with less than 10% variation. The mean value
of 3 successive reproducible recordings was retained for
statistical analysis.

Exhaled breath condensate collection

Exhaled breath condensate samples were collected
through EcoScreen-Il device (Viasys Healthcare GmbH,
Berlin, Germany). Samples of EBC were obtained from
children during tidal breathing while wearing a nose clip,
as described previously [8]. The two-way non-rebreath-
ing valves and tubing to the condenser served as a saliva
trap. After collection (during 10 min), EBC was rapidly fro-
zen in small plastic tubes at —=80°C using dry ice and was
stored at —80°C until analysis.

Analysis of exhaled breath condensate

The material was the exhaled breath condensate
of 8 children diagnosed with asthma. The analysis was
performed using Quantibody Human Inflammation Ar-
ray 3 (RayBiotech, Norcross, GA, USA) according to the
manufacturer’s instructions. This multiplex ELISA array
kit allows quantitative measurement of 40 human cy-
tokines. Each standard glass slide consists of 16 wells,
each with an identical cytokine antibody array. All anti-
bodies and positive controls are printed in quadruplicate
in every well.

In the first step, the capture antibody was bound to
the glass surface of the slide. Next, 100 ul of each pa-
tient sample and the array specific cytokine standards
of known concentration were added to each well. After
incubation for 2 h at room temperature, the array was
washed 5 times with 150 pl of Wash Buffer | and twice
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with 150 pl of Wash Buffer Il, 5 min per wash. Next,
the array was incubated for 2 h with 1.4 ml of the bio-
tin — conjugated antibody at room temperature. Then,
the washing protocol was repeated before the addition
of 80 pl of Cy3 equivalent dye-conjugated streptavi-
din to each well for 1 h. After washing the array, the
fluorescence signal was detected and quantified with
the Axon GenePix 4000B scanner and GenePix Pro 6.0
software (Molecular Devices). The results were analyz-
ed using Q-Analyzer Software (RayBiotech, Norcross,
GA, USA).

Statistical analysis

For each cytokine concentration, inter-subject varia-
bility was assessed using a coefficient of variation (CV).
The coefficient of variation was estimated according to
the following rule: SD/mean x 100%. The associations
between study variables were assessed by partial corre-
lation analysis. The partial correlations procedure com-
putes correlation coefficients that describe the linear
relationship between two variables while controlling for
the effects of other additional variables. Partial correla-
tions analysis was done for all study cytokines irrespec-
tive of their CV. To determine differences between the
groups, Mann-Whitney test was used. All statistical anal-
yses were performed using StatSoft Statistica for Win-
dows, release 8.0 (StatSoft, Inc., Tulsa, USA). Values of
p < 0.05 was used as a definition of statistical signifi-
cance.

Results

Eight children were recruited for this study. Detailed
characteristics are shown in Table 1.

Table 1. Characteristics of study patients

Detections of cytokines

Lower detection limits for all cytokines are given in
Table 2. When the concentrations were below the detec-
tion limit in more than 50% of observations, cytokines
were excluded from the analysis (n = 20).

Inter-subject variability

The inter-subject variability of study cytokines ranged
from 8.6 to 54.6 (Table 2). Cytokines with CV< 20% were:
IFN-y, interleukins IL-2, IL-7, IL-15, IL-16, monokine induced
by interferony (MIG) and tumor necrosis factor a. (TNF-a).

Correlations

We conducted the correlation analysis between the
FeNO level and cytokines concentration in EBC. All corre-
lations between two different variables were controlled for
the effects of age, FEV, and number of asthma exacerbation
during last 12 months. The results of all correlation analy-
ses are shown in Table 2. We showed a significant positive
correlation between the FeNO level and IL-2, monocyte che-
moattractant protein-1 (MCP-1), platelet-derived growth fac-
tor BB (PDGFBB) and tissue inhibitory of metalloproteinase
2 (TIMP2) (Figure 1). We conducted a partial correlation be-
tween cytokines included into the analysis. Significant and
independent correlations have been found (Table 3). Addi-
tionally, we observed a significant correlation between FEV,
and IL-10 (R = 0,855; p < 0.001); all other cytokines were not
correlated with FEV, in our patients.

Discussion

Our manuscript addresses an important issue on
correlations of airway inflammatory markers in exhaled

Parameter Patients
1 2 3 4 5 6 7 8
Age [years] 17 8 8 17 17 16 17 17
Gender Male Male Female Female Male Female Female Male
Asthma duration 6 3 2 8 7 10 5 2
[years]
FEV, [% pred.] 84.8 88 82.4 73.6 95.2 76 72 100.8
FeNO [ppb] 8.9 30.8 31.6 108 15.6 251 71.2 237
Allergy profile Seasonal/ Seasonal Seasonal Seasonal/ Seasonal Seasonal/  Seasonal/  Seasonal/
perennial perennial perennial perennial perennial
Cat allergy Yes No No Yes No No Yes Yes
Current allergy Yes No No Yes No Yes Yes Yes
exposure
Asthma 2 2 2 1 1 5 3 3
exacerbation *
*Number of asthma exacerbations requiring hospitalization during last 12 months.
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Table 2. Descriptive statistics and partial correlations between study variables

Variables Mean SD [pg/ml] Range Lower detection limit  Coefficient of variation  Correlations with
[pg/ml] [pg/ml] [pg/ml] (SD/mean x 100%) FeNO [ppb]”

IFN-y 10.9 1.6 4.6 8.9 14.9 0.508
IL-1a 19.5 10.6 32 14.5 54.6 0.176
IL-1ra 125.6 39.4 128.1 67.4 313 0.155
IL-2 41 7.4 22.9 19.9 18 0.777*
IL-5 28.9 8.9 26.7 22.0 30.6 0.032
IL-6 16.4 4 121 9.6 243 0.631
IL-7 243 2.9 8.4 16.9 121 0.054
IL-8 3.9 0.8 2.3 2.9 213 0.583
IL-12p70 4.6 0.9 29 3.0 20.1 0.231
IL-13 11.8 31 8.6 7.5 26.5 -0.478
IL-15 65.4 12.3 35.6 24.1 18.9 0.485
IL-16 33.7 43 14 24.4 12.7 -0.084
IL-17 135 53.9 165.8 115.0 39.9 0.118
MCP-1 81.5 23.6 69.9 29.1 28.9 0.752*
MIG 188.1 36.1 91.4 84.0 19.2 0.06
MIP-1a 40.8 18.3 48.8 16.5 44.8 0.582
MIP-1b 29 0.8 2.1 1.6 25.7 0.475
PDGFBB 6.8 33 9.5 6.3 47.8 0.942**
TIMP-2 302.1 150.7 410.7 212.9 49.9 0.734*
TNF-a. 34.4 3 9.5 13.5 8.6 0.176

"All correlations between two different variables were controlled for the effects of age, FEV, and number of asthma exacerbations. Data presented as a correlation
coefficient. *Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).

breath with FeNO. Although the enthusiasm for the paper
is tempered by the small number of study subjects, our
results confirmed that various cytokines reflecting differ-
ent aspects of inflammation could be found in the airways
of severe/refractory asthmatic children. Here we showed
correlations between the FeNO level and IL-2 and MCP-1,
crucial mediators in asthma development and progres-
sion. Suppression of the lung expression of IL-2 protects
against allergen-related Th2-type airway inflammation
and hyperresponsiveness [9] and IL-2 inhalation thera-
py in patients with metastasizing renal cell carcinoma is
capable of temporarily inducing symptomatic, functional
and inflammatory alterations similar to those of bronchi-
al asthma [10]. It has been shown that MCP-1 in EBC of
asthmatic children was significantly increased in com-
parison with healthy controls [11]. What is more, MCP-1
is significantly higher in patients with refractory asthma
compared to those with chronic well-controlled asthma
[12, 13]. Monocyte chemoattractant protein-1 has been
found as one of the markers defining the inflammatory
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pattern of refractory asthma. For the first time, we showed
that two potent markers of airway remodeling PDGF-BB
and TIMP-2 correlate with the FeNO level in children with
refractory asthma. Such correlations seem to be of great
interest since airways remodeling has been found to be
one of major factors deciding on the weak answer to anti-
asthma therapy. Tissue inhibitory of metalloproteinase 2
is an important mediator of extracellular matrix turnover,
however its role in asthma is still not fully understood [14].
Platelet-derived growth factor-BB is a well-known airway
smooth muscle (ASM) mitogen in vitro [15]. It has been
shown recently that PDGF-BB overexpression resulted in
airway hyperresponsiveness, decreased lung compliance,
increased airway smooth muscle cell numbers and con-
sequently changed lung mechanics in mice [16]. Interest-
ingly, during periods of allergen exposure the PDGF-BB
level has been elevated in lungs and was associated with
changes in the airway structure and function [16].
Collectively, all above findings showed that a high
FeNO level may reflects various unwelcome inflam-
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Figure 1. Correlations between cytokines (IL-2, MCP-1, PDGF-BB, TIMP-2) concentration in the airways and the fractional

exhaled nitric oxide FeNO level

matory processes and it cannot be ignored in clinical
practice.

When compared to previous studies in children with
mild to moderate asthma, the concentration of TNF-a in
our severe/refractory asthmatic children seems to be sig-
nificantly higher [11, 17]. However, IFN-y, IL-1a,, IL-2, IL-5,
IL-6, IL-12p70 and IL-13 are lower than previously reported
[11]. In contrast to a recently published study [18], we ob-
served a significant correlation between FEV, and IL-10,
however all other cytokines were not correlated with FEV,
in our patients.

A similar cytokine profile in bronchoalveolar lavage
(BAL) in children with severe asthma was characterized
by Bossley et al.; there was no increase in BAL fluid of
IL-4, IL-5, or IL-13 levels in patients with severe asthma
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compared with controls, and these cytokines were rarely
detected in induced sputum [19]. Available data suggest
that activation of the TNF-a axis is fundamental to the
process leading to asthma and, particularly, to the de-
velopment of the persistent airflow limitation and bron-
chial hyperreactivity in patients with refractory asthma
[20]. Interestingly, it has been shown that eosinophilic
inflammation of the airway is not linked to bronchial hy-
perresponsiveness and that anti-TNF-a did not reduce
the total eosinophil cell counts in such patients. Also,
exhaled NO, surrogate for eosinophilic airway inflam-
mation was not affected by inhibition of TNF-a [20].
The above findings support the concept that bronchi-
al hyperresponsiveness is not a direct consequence of
nitric oxide levels or eosinophilia in severe/refractory
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Table 3. Partial correlations between cytokines

IFN-y Il-la 12 15 16 17 I8 IL-12p70 IL-15 IL-17 MCP-1 MIG MIP1b PDGFBB TIMP2 TNF-
IFN-y 045 074 076 045 079 033 033 055 029 045 074 069 005 -005 -0.67
IL-1a 0.45 024 031 019 048 014 014 038 -031 024 029 026 014 -021 -0.74
IL-2 074 024 017 090 045 083 -007 076 002 071 029 031 019 029 -014
IL-5 076 031 017 -017 071 -031 050 007 052 -002 0.83 064 -014 -036 -0.79
IL-6 045 019 090 -017 031 098 -017 081 -021 086 010 012 033 052 014
IL-7 079 048 045 071 031 019 052 069 -005 060 071 067 -012 002 =050
IL-8 033 014 083 -031 098 019 -024 074 -031 0.83 002 005 036 057 024
IL-12p70 033 014 -0.07 050 -0.17 052 -0.24 017 036 021 033 088 036 038 -024
IL-15 055 038 076 007 081 069 074 017 -040 090 017 033 005 038 0.0
IL-16 021 -019 -033 064 -052 036 -0.60 0.83 -024 060 -019 043 069 005 005 -024
IL-17 029 -031 002 052 -021 -0.05 -031 036 -0.40 -031 036 040 033 002 -026
MCP-1 045 024 071 -002 086 060 083 021 090 -031 026 038 033 067 014
MIG 074 029 029 083 010 071 002 033 017 036 026 057 005 -010 -0.64
MIPlb 069 026 031 064 012 067 005 088 033 040 038 057 038 036 -043
PDGFBB 005 014 019 -014 033 -012 036 036 005 033 033 005 038 074 0.2
TIMP2 005 -021 029 -036 052 002 057 038 038 002 067 -010 036 0.74 0.52
TNFo 067 —074 -014 -079 014 -050 024 -024 000 -026 0.4 -064 —-043 002 052

All correlations between two different variables were controlled for the effect of all other variables. Data presented as a correlation coefficient; significant

correlations are bolded.

asthma. Since we did not observe any correlation be-
tween TNF-a and NO concentrations in airways, our
results seem to confirm the above hypothesis. It seems
that up-regulation of TNF-a. in airways of children with
severe/refractory asthma reflects a distinct inflamma-
tory process in contrast to the classic Igk-dependent
answer to an allergen. Tumor necrosis factor-a may
decide on severity of asthma as well as on the answer
to corticosteroids. Therefore, we postulate to measure
exhaled TNF-a in children with severe/refractory asth-
ma followed by differential diagnosis of other possible
reasons for TNF-a up-regulation. In children with refrac-
tory/severe asthma, measuring exhaled TNF-a seems to
be helpful in approach to failure in asthma treatment.
This is an observational study based on correlation’s
analysis in a relatively small sample size to draw general
conclusions about potential correlations between FeNO
and inflammatory markers. Therefore, our results must
be confirmed in a larger population.

The detection rates were close to 100% for 13 cy-
tokines and exceeded 50% for 20 cytokines. In addition,
the inter-subject variability below 20% was observed for
the following cytokines: IFN-y, IL-2, IL-7, IL-15, IL-16, MIG
and TNF-a.. Lower intra-subject variability was previously
observed among healthy subjects and subjects with mild
to moderate asthma and the authors concluded that in-
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tra-subject variability increased with the disease severity
[7]. In our study, inter-subject variability was higher, what
may indicate different inflammatory responses involved in
pathophysiology of severe/refractory asthma in children.
Although inter-subject variability in the present study
seems to be wide, many correlations reached the level of
significance, what improves the reliability of the findings.

The technique used in the present study during EBC
analysis combines the advantages of the high detection
sensitivity/specificity of ELISA and the high throughput of
the arrays, what is necessary in assessment of inflamma-
tion in airways of children with severe/refractory asthma.
The main results of this manuscript are that cytokines/
inflammatory markers are reproducibly measured in EBC,
and that their expression correlates with exhaled nitric
oxide levels. When treating asthma in children, the FeNO
level should be closely monitored as a prevention strate-
gy of the progression of the remodeling leading to refrac-
tory/severe asthma. Exhaled breath condensate may be
a useful tool to phenotype or further characterize asthma
via a non-invasive approach.
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