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Abstract
Background: The impact of physical activity on immune response is a hot topic in 
exercise immunology, but studies involving asthmatic children are scarce. Our aims 
were to examine whether there were any differences in the level of physical activity 
and daily TV attendance, to assess its role on asthma control and immune responses 
to various immune stimulants.
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Methods: Weekly physical activity and daily television attendance were obtained 
from questionnaires at inclusion of the PreDicta study. PBMC cultures were stimu-
lated with phytohemagglutinin (PHA), R848, poly I:C, and zymosan. A panel of cy-
tokines was measured and quantified in cell culture supernatants using luminometric 
multiplex immunofluorescence beads-based assay.
Results: Asthmatic preschoolers showed significantly more TV attendance than their 
healthy peers (58.6% vs. 41.5% 1–3 h daily and only 25.7% vs. 47.2% ≤1 h daily) and 
poor asthma control was associated with less frequent physical activity (PA) (75% 
no or occasional activity in uncontrolled vs. 20% in controlled asthma; 25% ≥3 times 
weekly vs. 62%). Asthmatics with increased PA exhibited elevated cytokine levels in 
response to polyclonal stimulants, suggesting a readiness of circulating immune cells 
for type 1, 2, and 17 cytokine release compared to subjects with low PA and high TV 
attendance. This may also represent a proinflammatory state in high PA asthmatic 
children. Low physical activity and high TV attendance were associated with a de-
crease in proinflammatory cytokines. Proinflammatory cytokines were correlating 
with each other in in vitro immune responses of asthmatic children, but not healthy 
controls, this correlation was more pronounced in children with sedentary behavior.
Conclusion: Asthmatic children show more sedentary behavior than healthy subjects, 
while poor asthma control is associated with a substantial decrease in physical activity. 
Our results suggest that asthmatic children may profit from regular exercise, as elevated 
cytokine levels in stimulated conditions indicate an immune system prepared for respond-
ing strongly in case of different types of infections. However, it has to be considered that a 
hyperinflammatory state in high PA may not be beneficial in asthmatic children.

K E Y W O R D S
asthma, cytokines, immune modulation, physical activity, PreDicta

G R A P H I C A L  A B S T R A C T
Asthmatic children show more sedentary behavior than healthy peers, especially those with uncontrolled asthma. Regular moderate-to-
high PA is associated with elevated cytokine levels in response to viral, bacterial, and fungal stimulations in asthmatics, which indicates 
a strong immune response and readiness to respond upon infections. High cytokine levels associated with high PA might also indicate 
hyperinflammation, suggesting the need for individual assessment to find an optimum PA level.
Abbreviations: PA, physical activity; TVA, TV attendance
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1  |  INTRODUC TION

Asthma affects more than 300  million people worldwide, and it is 
estimated that this number will increase to over one billion by 2050.1 
It is more prevalent in children, where it lies among the top 20 chronic 
diseases for the global ranking of disability-adjusted life years1,2 with 
up to 25% of children affected in Western urban areas.3 The global 
burden of asthma in children and adolescents increased significantly 
over the last decades, while previously countries affected at lesser 
extent in Africa, South America, and Asia started to catch up on these 
numbers.1,4 Multiple factors are thought to play a role in this world-
wide increase in asthma prevalence including allergen exposure and 
sensitization, environmental influences, viral infections, urbanization, 
diet, and sedentary lifestyle with physical inactivity.5,6 Asthma at-
tacks often appear during physical activity (PA),7 termed “exercise-
induced asthma” (EIA) affecting 70–90% of asthmatic children.3

PA is beneficial both for growth and the psychological devel-
opment of children.8-10 Although the World Health Organization 
(WHO) recommends for children and adolescents aged 5–17 years 
to be moderately to vigorously active for a minimum of 60  min 
daily,10,11 specific guidelines for children suffering from asthma are 
lacking.12 Although it is agreed that it is essential for asthmatic chil-
dren to participate in sports,7 fear of EIA might prevent the practice 
of regular PA in children, particularly the ones with severe and/or 
uncontrolled asthma.3,13 This self-limiting cycle of inactivity has led 
to the common perception that asthmatics are more physically inac-
tive in comparison with healthy individuals.3

Asthma pathogenesis is a consequence of immune dysregula-
tion and epithelial barrier dysfunction,14 and research has shown 
that there are several underlying pathophysiological mechanisms 
(endotypes) that can lead to variable clinical presentations (pheno-
types).15-17 An imbalance of both Th1/Th2 cells and Th17/Treg cells 
can play a crucial role in its development.18-20 Type 2 inflammation is 
considered to be the major driver in the most common phenotype, 
allergic asthma,21 and seems to be the result of a complex cross-talk 
between airway epithelium, innate and adaptive immunity.19 PA is 
known to impact both the innate and adaptive immune responses in 
various ways: For example, moderate exercise was found to lead to 
an acute increase in the absolute numbers of natural killer (NK) cells 
and NK cell cytotoxicity.22,23 As for the adaptive immune response, 
increased and intensified training loads were shown to lead to a re-
duction of T-cell functionality in well-trained individuals, with lower 
numbers of circulating type 1 T cells, reduced T-cell proliferation re-
sponses, and B-cell immunoglobulin synthesis.22 While Walsh et al. 
describe in their position statement on immune function and exer-
cise a resulting temporary inhibition of Th1 cytokine production in 
trained individuals without asthma, studies examining the impact of 
aerobic exercise in murine asthma models reported an enhancement 
of Th1 and Treg responses and lower levels of Th2 cytokines.22,24,25

The “Post-infectious immune reprogramming and its associa-
tion with persistence and chronicity of respiratory allergic diseases” 
(PreDicta) study was designed to prospectively evaluate asthma per-
sistence in preschoolers in association with microbial exposures and 

immunological responses.26 PreDicta has demonstrated differential 
immune responses to viruses in asthma,27,28 as well as evolution of 
airway inflammation at that age.29 The objective of the present study 
was as follows: (a) to evaluate whether there were any differences 
in the level of PA and sedentary behavior between asthmatic and 
non-asthmatic children, (b) to assess the impact of asthma control on 
PA, and (c) to examine the influence of PA and long-time TV atten-
dance on the immune system in asthmatic children. We have investi-
gated multiple cytokine levels in response to four different immune 
stimuli: by phytohemagglutinin (PHA) that mimics polyclonal innate 
immune activation, by polyinosinic-polycytidylic acid (poly I:C) and 
R848 (resiquimod) that both mimic respiratory virus stimulation and 
by zymosan (zymo) that mimics fungal stimulation in PBMC cultures. 
R848 is an imidazoquinoline compound with potent antiviral activity 
that functions through the Toll-like receptor (TLR)7/TLR8  myeloid 
differentiation primary response protein (MyD88)-dependent sig-
naling pathway.30 Poly I:C is a synthetic analog of double-stranded 
RNA that induces the production of proinflammatory cytokines by 
the activation of NF-κB through TLR3.31 Zymosan is a glucan binding 
to TLR2 and dectin1 found on the surface of yeasts.32

2  |  METHODS

2.1  |  Study population & design

Our analyses were carried out within the framework of the PreDicta 
study, a 2-year multi-center prospective cohort study that has been 
conducted across five major European cultural and climatic regions 
(Greece, Germany, Belgium, Poland, and Finland).26

We included 140 pre-school children aged 4–6 years with a di-
agnosis of mild-to-moderate asthma confirmed by a doctor (in the 
preceding 2 years, according to the GINA guidelines 2005) as cases, 
which were previously recruited for the PreDicta study. Those chil-
dren were all out-patients in their local hospital's asthma clinic and 
were included in the PreDicta study upon (parental) informed con-
sent and fulfillment of eligibility criteria. Eligibility criteria for the 
PreDicta study included the ability to perform a peak expiratory flow 
(PEF) measurement at least once and a minimum of 3 wheezing epi-
sodes within the last 12 months prior to study inclusion (one of them 
within the last six months). Exclusion criteria were severe asthma, 
more than six courses of oral steroids during the last 12  months 
prior to study inclusion, immunotherapy, chronic medication use, or 
the history of chronic respiratory disease other than asthma and/
or allergic rhinitis (eg, cystic fibrosis). Additional exclusion criteria 
were an asthma exacerbation and/or upper respiratory tract infec-
tion within 4 weeks prior to study inclusion. The cross-sectional con-
trol group was recruited from surgical wards undergoing a planned 
minor operation (blood sampling was already scheduled as part of 
the standard diagnostic procedures). The control group consisted 
of 53 healthy, age- and center-matched children with no history of 
asthma/wheezing or any other allergic disease. Recruitment of both 
cohorts took place at the same time.
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At recruitment, a detailed questionnaire on demographic character-
istics, as well as asthma activity and control was handed out. Asthma was 
classified as uncontrolled, partly controlled, or controlled according to 
the GINA guidelines.12 As part of the questionnaires, weekly vigorous PA 
and daily television attendance (TVA) were assessed. PA with an intensity 
higher than 4 metabolic equivalents (METs) was classified as vigorous and 
included brisk walking, bicycling, gymnastics, dancing, basketball, soccer, 
athletics, tennis, swimming, jumping rope, and general participation in 
active outdoors games. Such activity had to be continuous and cause 
sweating and heavy breathing for periods longer than 15 min.

Whole blood was obtained at baseline for the analysis of cyto-
kine responses of peripheral blood mononuclear cells (PBMCs) cul-
tured in the presence of various stimuli.

Written informed consent was obtained from parents/guardians 
of all the children recruited in the PreDicta study. The study proto-
col was approved by the local Ethics Committee of all participating 
institutions.

2.2  |  Blinding of study subjects

The study participants were assigned individual study numbers, in 
which the first digit stands for the respective study center (1: Athens, 
2: Erlangen, 3: Ghent, 4: Lodz, 5: Turku). The participants' full name 
could only be accessed by the clinical investigator and study nurses 
of the respective Childrens' Hospital.

2.3  |  In vitro culture of peripheral blood 
mononuclear cells

Blood samples were collected in tubes with lithium heparin (Vacutainer®) 
and diluted with an equal volume of warm PBS (Gibco, Invitrogen, 
Massachusetts). PBMCs were isolated by centrifuging at 800 g for 20 min 
at 18–20℃ on Biocoll separating solution (Biochrom AG, Germany). 
PBMCs were washed three times, and the cell pellet was resuspended 

Patient characteristics
Healthy controls
(n = 53)

Asthmatic patients
(n = 140) p value

Gender (F/M) 31/22 58/82 0.04

Age (y) mean ± SD 5.0 ± 0.8 5.3 ± 0.7 ns

Wheezer (yes), n (%) 0 (0%) 140 (100%) <.0001

Atopic diseases (yes), n (%)

Allergic rhinitis, n (%) 0 (0%) 89 (64%) <.0001

Atopic dermatitis, n (%) 0 (0%) 73 (52%) <.0001

Adverse food reaction, n (%) 0 (0%) 44 (31%) <.0001

Asthma control, n (%)

Controlled – 74 (53%) –

Partly controlled – 50 (36%) –

Uncontrolled – 16 (11%) –

Vigorous physical activity (times per week), n (%)

Never or occasionally 13 (25%) 42 (30%) ns

Once/twice 10 (19%) 24 (17%) ns

Three times or more 30 (57%) 75 (53%) ns

TV attendance (hours per day), n (%)

≤1 h 25 (47%) 36 (26%) <.05

1–3 h 22 (42%) 82 (59%) <.05

≥3 h 6 (11%) 22 (16%) ns

Statistically significant values are shown bold.

TA B L E  1  Patient characteristics, 
allergic comorbidities, asthma control, 
physical activity, and TV attendance in 
asthmatic and healthy preschoolers

Asthma control
Controlled
(n = 74)

Partially controlled
(n = 50)

Uncontrolled
(n = 16) p value

Vigorous physical activity (times per week), n (%)

Never or occasionally 15 (20%) 14 (28%) 12 (75%) <.0001

Once/twice 13 (18%) 11 (22%) 0 (0%) ns

Three times or more 46 (62%) 25 (50%) 4 (25%) <.05

TV attendance (hours per day), n (%)

≤1 h 22 (30%) 11 (22%) 3 (19%) ns

>1 h 52 (70%) 39 (78%) 13 (81%) ns

Statistically significant values are shown bold.

TA B L E  2  Asthma control, weekly 
physical activity, and daily TV attendance 
in asthmatic preschoolers
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in complete medium [RPMI 1640 with HEPES 25 mM and l-Glutamine 
(Gibco, Life Technologies Ltd, UK), supplemented with 10 ml/L Penicillin-
Streptomycin USA, 50 μl/L 1 M β-mercaptoethanol, 20 ml/L l-Glutamine 
plus MEM Vitamin, 20 ml/L Non-essential Amino Acid, Sodium Pyruvate 
and 10% heat-inactivated FBS (all from Sigma-Aldrich, Germany)]. The 
suspension was seeded in a flat-bottom 48-well tissue plate (Corning 
Incorporated, Costar, New York), with 5 × 105 viable cells per well (500 μl). 
PBMCs were cultured in duplicates either with complete medium alone 
(unstimulated control) or with one of the following stimulants: 4 μg/ml 
Resiquimod (R848), 10  μg/ml Zymosan (InvivoGen, France), 10  μg/ml 
Phytohemagglutinin (PHA-M), 20 μg/ml Polyinosinic–polycytidylic acid 
potassium salt (Poly I:C), (Sigma-Aldrich, Germany), at 37℃, 5% CO2. 
Cultures were harvested after 48 h and, after centrifugation at 600 g for 
5 min, supernatants were stored at −80℃ until analysis.

2.4  |  Detection of cytokines secreted in PBMCs 
culture supernatants

Cytokine expression levels in the supernatants of stimulated cultures 
were quantified by multiplex bead-based fluorometric immunoassay 
(Milliplex, Millipore) using Luminex xMAP technology (Luminex 200, 
Bio-Rad) at the Swiss Institute for Allergy and Asthma Research (SIAF) 
in Davos, Switzerland. Values out of range were either marked as the 
lowest (those on a lower end) or the highest (those on a higher end) 
detectable values. The panel used contained IFNα2, IFNγ, IFNλ-2, IL-
1β, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-17A, IL-23A, IL-25, IL-27, 
IL-33, CCL3, CCL4, CCL5, CXCL8, CXCL10, and TNF-α. The T-cell sub-
set classification of all measured cytokines can be found in Table S1.

2.5  |  Statistical analysis

Nominal variables are presented as absolute and relative (%) frequen-
cies. Continuous variables are presented in violin plots to show fre-
quency distribution, with median and quartiles. Data were evaluated for 
significant statistical differences using (a) the Chi-square test to evalu-
ate associations between two nominal variables, (b) the non-parametric 
Kruskal-Wallis test for multiple comparisons, and (c) the non-parametric 
Mann-Whitney test for independent sample tests (Prism 8.0 for macOS; 
GraphPad Software, San Diego, CA, USA). Correlation was assessed 
with the Spearman method. A local regression fitting line was added to 
the scatter plot with a confidence level of 95%. Statistical significance 
was set at p < .05 (*p < .05; **p < .01; ***p < .001; ****p < .0001).

3  |  RESULTS

3.1  |  Baseline characteristics

From 167 cases and 66 controls that were recruited for the PreDicta 
cohort, a total of 140 asthmatic children (82  males, 59%) and 
53 healthy controls (22 males, 42%) were included in this study. The 

reason for the exclusion of 27 subjects was insufficient blood sam-
ples for cell culture experiments. The respective number of cases 
and controls per study center is as follows: Athens 36/13, Erlangen 
22/15, Ghent 20/13, Lodz 25/4, and Turku 37/8. Mean age at recruit-
ment was 5.3 ± 0.7 in asthmatic and 5.0 ± 0.8 in healthy children. 
The majority of asthma cases additionally suffered from allergic rhi-
nitis (64%) and more than half of them (52%) reported atopic derma-
titis, while 31% had experienced adverse food reactions.

Table 1 shows demographic characteristics, weekly vigorous PA 
and daily TVA as well as asthma control and allergic comorbidities, 
as gathered through questionnaires at inclusion. There were more 
boys in the asthmatic cohort (59% versus 42% in the healthy cohort).

3.2  |  Physical activity and TV attendance 
in asthmatic preschoolers and the effect of 
asthma control

In the asthmatic group, a significantly higher daily TVA was reported 
(daily TVA < 1 h in 26% of cases versus 47% of controls; 1–3 h daily 
TVA in 59% of cases and 42% of controls, Table 1). Also, there was 
a higher percentage of children that were never or only occasionally 

F I G U R E  1  Impact of asthma control on weekly physical activity 
(A) and TV attendance (B). (A) Fraction of total (%) analysis of 
subjects with vigorous PA ≥ 3 times a week, 1–2 times a week or 
never/occasionally physically active, grouped according to asthma 
control. (B) Fraction of total (%) analysis of subjects with daily TV 
attendance >1 h per day or ≤1 h per day, grouped according to 
asthma control. *p < .05 intergroup difference

(A)

(B)
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vigorously physically active in the case group (30% versus 25% of 
healthy subjects), whereas the control group showed more PA (≥3 
times of vigorous PA per week in 57% of controls versus 53% of 
cases). However, the differences in weekly PA were not statistically 
significant. A figure demonstrating the overlap of high TVA and 
low PA in asthmatic children is provided in Online Supplementary 
(Figure S1).

Children with poor asthma control were significantly more phys-
ically inactive (75% never or occasionally physically active versus 
25% ≥3 times per week, Table 2 and Figure 1A). In contrast, there 
was a significantly higher proportion of physically active subjects in 
those with good asthma control (62% of them with PA ≥ 3 times per 
week and 18% 1–2 times per week).

Daily TVA was slightly higher in children with uncontrolled 
asthma showing 81% >1 h TVA per day in the uncontrolled asthma 

group compared to 78% and 70% in the partly controlled asthma 
and controlled asthma groups, respectively (Figure 1B). However, no 
statistical significance was shown for this observation.

3.3  |  Cytokine levels under different stimulations 
in asthmatic preschoolers

No significant differences could be observed for baseline cytokine 
levels between healthy and asthmatic subjects, as displayed in 
Figure S2.

Asthmatic children showed high numbers of cytokines in-
creased in response to various stimuli compared to healthy 
subjects (Figure 2A). Particularly, R848 and poly I:C were the stim-
ulants that induced IL-10, IL-13, IL-25, IFNγ, CCL4, and CXCL10, 

F I G U R E  2  Increased (A) and decreased (B) cytokines under different stimulations in asthmatic preschoolers. Violin plots with median 
and quartiles visualizing cytokine levels. Asthma n = 140, healthy n = 53. PBMCs were cultured with different stimulants for 48 h. Cytokine 
levels were determined using a multiplex immunoassay. *p < .05, **p < .01, and ****p < .0001 intergroup difference, respectively

(A)

(B)
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while stimulation with PHA and zymo induced IFNα2 and CCL4, 
respectively.

In contrast, only IL-7 and IFNλ-2 were found to be lower in asth-
matic in comparison with healthy subjects after stimulation with 
PHA and poly I:C (Figure 2B). Cytokines that showed no significant 
difference between the two groups after polyclonal stimulation are 
found in Online Supplementary (Figures S3-S6).

3.4  |  Effect of physical activity and TV attendance 
on unstimulated cytokine levels

In unstimulated conditions, levels of IL-5, IL-7, IL-9, IL-17A, IL-23A, 
CCL4, and CXCL10 were significantly higher, and levels of IL-1β, IL-6, 
and IL-25 significantly lower in asthmatic children who were more 
physically active compared to those who never or only occasionally 
exercised (Figure 3A). In healthy subjects, increased cytokine levels 
with higher weekly PA could only be observed for IL-17A, TNF-α, 
CCL3, and CCL4 (Figure 3C).

Again, in unstimulated conditions, high daily TVA was associated 
with decreased levels of IL-12p70, IL-25, IL-33, and IFNλ-2 in asth-
matic children (Figure 3B). Healthy children with a more sedentary 
behavior exhibited increased IL-1β, IL-6, IL-7, IL-17A, IL-23A, IL-27, 
CCL3, and CCL4, whereas their IL-33 levels decreased (Figure 3D). 
Cytokines that showed no significant difference in baseline levels 
between the two groups according to PA and TVA are found in 
Online Supplementary (Figures S7 and S8).

3.5  |  Effect of physical activity on cytokine 
levels of polyclonally stimulated PBMCs

Asthmatic children with high PA showed elevated levels of IL-1β, IL-
5, IL-6, IL-7, IL-9, IL-12p70, IL-13, IL-17A, IL-23A, IL-27, TNF-α, CCL4, 
CCL5, CXCL8, and CXCL10 in response to stimulation with PHA, 
poly I:C, R848, and zymo (Figure  4A). A significant decrease was 
only observed for IL-10 in PBMCs stimulated with R848 and for IL-
25 after stimulation with PHA, poly I:C, and zymo.

In healthy children, high PA was associated with increased levels 
of IL-5, IL-7, IL-10, IL-17A, IL-33, TNF-α, CCL3, CCL4, and CXCL10 after 
PBMC stimulation with PHA, poly I:C, R848, and zymo (Figure 4B). 
Cytokines that showed no significant difference between asthmatic 
and healthy subjects according to their PA level are found in Online 
Supplementary (Figures S9-S12).

3.6  |  Effect of TV attendance on stimulated 
cytokine levels of polyclonally stimulated PBMCs

There were higher levels of IL-10 in response to stimulation with 
PHA and R848 in asthmatic children with high daily (Figure  5A). 
Elevated levels were also observed for CXCL8 after stimulation with 
zymo. A decrease in secretion of IL-1β, IL-6, IL-12p70, IL-13, IL-17A, 
IL-25, IL-33, IFNα2, IFNγ, and CXCL10 was observed in response to 
stimulation with PHA, poly I:C, R848, and zymo.

Daily long-time TVA in healthy children was associated with in-
creased levels of IL-7, IL-12p70, IL-23A, TNF-α, IFNα2, IFNγ, CCL3, 
CCL5, and CXCL10 in PBMC cultures stimulated by PHA, poly I:C, 
R848, and zymo. A slight reduction in IL-33 and CXCL8 levels was 
observed for healthy subjects with longer TVA after stimulation with 
zymo and PHA, respectively. Cytokines that showed no significant 
difference between asthmatic and healthy subjects according to 
their daily TVA are found in Online Supplementary (Figures S13-S16).

3.7  |  Correlation of unstimulated and stimulated 
cytokines in preschoolers with low physical 
activity and high TV attendance

Asthmatic children with no or only occasional PA and / or TVA ≥ 3 h 
per day showed high correlations of proinflammatory cytokines 
(Figure  6A,B), whereas barely any clusters of correlation could 
be identified in healthy children of the same PA and TVA groups 
(Figure 6C,D).

Cytokines that showed particularly high correlations in asthmat-
ics include IL-1β, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-23A, 
IL-27, TNF-α, IFNα2, IFNγ, CCL3, CCL4, and CXCL10. Mostly, these 
highly correlating cytokines were either measured in unstimulated 
conditions or after PBMC stimulation with PHA, poly I:C, and R848.

4  |  DISCUSSION

In the present study, we investigated the immunological effects of 
PA and asthma control. Children with controlled asthma engaged in 
vigorous PA considerably more often compared to those with par-
tially controlled or uncontrolled asthma. In addition, asthmatic pre-
schoolers reported more daily TV hours compared to their healthy 
peers. As a general finding, physically active asthmatics expressed 
higher levels of various cytokines in PBMC cultures under both 
unstimulated conditions and stimulation with different polyclonal 

F I G U R E  3  Impact of physical activity and TV attendance on unstimulated cytokines in asthmatic (A, B) and healthy (C, D) preschoolers. 
Violin plots with median and quartiles visualizing cytokine levels. Red and blue arrows indicate increase or decrease of cytokine levels with 
higher PA or TVA. (A) Asthma, physical activity: n/o (n = 42), 1–2/w (n = 24), ≥3/w (n = 75). (B) Asthma, TV attendance: ≤1 h/d (n = 36), 
1–3 h/d (n = 82), ≥3 h/day (n = 22). (C) Healthy, physical activity: n/o (n = 13), 1–2/w (n = 10), ≥3/w (n = 30). (D) Healthy, TV attendance: 
≤1 h/d (n = 25), 1–3 h/d (n = 22), ≥3 h/day (n = 6). *p < .05, **p < .01, ***p < .001 and ****p < .0001 intergroup difference, respectively. n/o 
(never or occasionally), 1–2/w (once or twice per week), ≥3/w (3 or more times per week), ≤1 h/d (less than one hour per day), 1–3 h/d (one 
to three hours per day), ≥3 h/day (3 or more hours per day)
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stimulants, while long daily TVA was associated with an overall de-
crease in cytokine levels.

Asthmatics are commonly perceived as being more physically 
inactive in comparison with healthy individuals.3 Significantly less 
TV hours in healthy children shown in the present study, which we 
interpret as less sedentary behavior, supports this notion. One ex-
planation for this behavior can be described as a vicious circle: in 
fear of experiencing exercise-induced dyspnea, the parents or the 
child might consciously or unconsciously restrict his or her practice 
of PA.33 Of course, such avoidance behavior particularly affects 
subjects with severe and/or uncontrolled asthma.3,13 Our study sup-
ports the importance of PA in asthma control, showing that children 
with controlled asthma are engaged in PA significantly more often 
than their peers with uncontrolled asthma.

Although there was a significant difference between controlled 
and uncontrolled asthma, we did not find any significant difference 
regarding the weekly amount of PA between asthmatic and healthy 
children in the present study. The impact of asthma diagnosis on 
sports in childhood and adolescence is generally accepted. The AIRE 
study demonstrated that 30% of asthmatic children felt limited in 
their physical activities.34 It was also reported that a majority of 
asthmatic children perceived the inability to participate in sports 
as the worst thing about their asthma.35 So far, studies comparing 
the level of PA in asthmatic and non-asthmatic children have shown 
controversial results.3 Whereas Firrincieli et al. found that asthmatic 
children are less physically active,33 others suggested their level of 
PA does not differ from healthy children,5,13,35 or that they are even 
more active.36 Factors that could make for this inconsistency could 
be the asthma diagnosis criteria used in this age group, awareness of 
the doctors for suggesting PA in the cohort, regional cultural differ-
ences as well as the instruments used to quantify PA.

Exercise is known to enhance the health-related quality of life 
in asthmatics not only by improving aerobic capacity, but also by re-
ducing dyspnea, the intensity of exercise-induced bronchoconstric-
tion, the dose of inhaled corticosteroids, and exacerbation of their 
asthma.13,37  Therefore, the American College of Sports Medicine 
and the American Thoracic Society endorse prescription of PA for 
all asthmatic subjects.6 Guidelines focused on physical activity for 
pediatric asthma patients are lacking. A recommendation to exercise 
on a regular basis for children with controlled asthma is made by 
the Global Initiative for Asthma (GINA).38 In addition, there has been 
substantial research on the use of exercise to treat asthma, which 
also proved to be safe and beneficial for pediatric asthmatic sub-
jects.39 Bonini et al. conducted a study with Italian Olympic athletes 
that may give young asthmatics every reason to support their PA. 
The authors reported that adequately diagnosed and treated asth-
matic athletes can compete at the highest level.7,40

The present study also investigated in vitro immune response 
of asthmatic and healthy children by analyzing cytokines produced 
from PBMC that may contribute to asthmatic inflammation in aller-
gic and nonallergic asthma.15 Baseline cytokine levels of unstimu-
lated PBMC did not differ between the two groups. Assessment 
of unstimulated cytokine levels in different levels of PA or TVA 
(Figure 3) revealed that cytokine response to regular physical exer-
cise is more pronounced in asthmatic children. This may in part be 
interpreted as the result of the underlying systemic inflammation 
due to their asthma. For our investigation of immune responses 
in PBMC cultures, we chose four stimulants: Phytohemagglutinin 
(PHA) acts as a mitogen that leads to a polyclonal immune acti-
vation, poly I:C, and R848 both mimic respiratory viral infections 
and zymosan (zymo) mimics immune response to a fungal infection. 
Compared to healthy subjects, asthmatic preschoolers show higher 
cytokine levels particularly after stimulation poly I:C and R848, 
indicating a strong response in case of respiratory virus contrac-
tion. Regular exercise is further known to have anti-inflammatory 
effects, which most likely play an important role in its ability to 
reduce the risk of chronic metabolic and cardiorespiratory dis-
eases.23,41 The three main mechanisms that are thought to lead to 
the anti-inflammatory effects of regular exercise are a reduction 
in visceral fat mass (leading to a decrease in proinflammatory adi-
pokines, eg, TNF-α), an increased production of anti-inflammatory 
cytokines from contracting skeletal muscle (myokines; eg, IL-6 lead-
ing to a subsequent rise in anti-inflammatory IL-10 and IL-1-RA) 
and a reduction of Toll-like receptor expression on monocytes and 
macrophages.41

Our results show that a higher amount of weekly vigorous PA 
is associated with a great number of elevated cytokine levels in re-
sponse to all four stimulants, which could indicate an immune system 
prepared for responding strongly in case of infection. PA is known to 
affect both innate and acquired immune response in various ways. 
As such, an increase in NK cell numbers and NK cell cytotoxicity, as 
well as a decrease in T-cell functionality, has been described in re-
sponse to exercise.22,24 An imbalance between Th1/Th2/Th17 cells 
and their control by Treg cells can play a crucial role in asthma de-
velopment, while different phenotypes show distinct immunological 
patterns.15,18-20 Type 2 inflammation is linked to the most common 
asthma phenotype and allergic asthma.15,19 Type 2 cytokines (eg, IL-
4, IL-5, IL-9, and IL-13), which are activated by allergen exposure, can 
cause airway hyperresponsiveness by contraction of smooth mus-
cles, mucus production, eosinophil activation, and an induction of 
allergen-specific IgE by B lymphocytes.19,42 Those type 2 cytokines 
can also be secreted by innate lymphoid cells (ILC2), after stimula-
tion by epithelial IL-25 and IL-33, which are generated by impaired 
airway epithelial cells in asthmatic subjects.15,19,43

F I G U R E  4  Impact of physical activity on PBMC cytokine response in asthmatic (A) and healthy (B) preschoolers. Violin plots with median 
and quartiles visualizing cytokine levels. Red and blue arrows indicate increase or decrease of cytokine levels with higher PA. (A) Asthma, 
physical activity: n/o (n = 42), 1–2/w (n = 24), ≥3/w (n = 75). (B) Healthy, physical activity: n/o (n = 13), 1–2/w (n = 10), ≥3/w (n = 30). 
*p < .05, **p < .01, ***p < .001, and ****p < .0001 intergroup difference, respectively. n/o (never or occasionally), 1–2/w (once or twice per 
week), ≥3/w (3 or more times per week)
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Due to ethical limitations, immune response to PA in children 
has been poorly investigated.24 In atopic individuals, PA may cause 
further Th2 polarization, leading to more severe allergic symptoms 
or exercise-related symptoms.24 However, it has also been shown 
that exercising on a regular basis induced beneficial changes in aller-
gic subjects, such as a reduction in proinflammatory cytokines (eg, 
IL-444) and a switch to a type 1 profile, which in turn may reduce 
allergic inflammation.24 Studies in murine asthma models reported 
an enhancement of Treg responses to aerobic exercise.25

In the present study, we found some type 2 cytokines (IL-5, IL-9, 
IL-13, and CCL5) to be upregulated in asthmatic preschoolers with 
a higher level of weekly PA, whereas IL-25 levels were significantly 
lower in more physically active individuals. The increase is not only 
found in type 2 cytokines, because regarding type 1- and type 
17-related cytokines, IL-12B, IL-17, IL-27, TNF-α, and CXCL10 were 
found to be upregulated in asthmatic preschoolers with high weekly 
PA, supporting the readiness to produce both type 1, type 2, and 
type 17 cytokines in response to various stimuli. These findings can 
be perceived as immunological fitness without any skew to a certain 
subtype observed by extensive PA. However, it may also implicate 
that very high levels of PA might lead to a hyperinflammatory state, 
which would not be beneficial in asthmatic individuals.

Apart from the Th1/Th2 imbalance predominantly found in al-
lergic asthmatics, a disequilibrium in Th17 and Treg cells has been 
noted in nonallergic asthmatic subjects with neutrophilic airway in-
flammation.15,18 IL-17, produced by Th17 cells, may be upregulated 
in these patients, while Treg functions are inhibited in children with 
asthma.45,46 This Th17/Treg imbalance was shown to be closely as-
sociated with asthma severity and steroid resistance.15,47 The pres-
ent study illustrated IL-17A is upregulated in asthmatic preschoolers 
with high PA. As Th1 and Th17 cells, which produce IL-17A, are domi-
nant in neutrophilic asthma,15 it could be hypothesized that PA might 
not have a beneficial effect in every asthma phenotype. However, 
we also observed a decrease of IL-6 and IL-1β levels in highly physi-
cally active asthmatic preschoolers. IL-6 is required for Th17 differ-
entiation and IL-1β promotes Th17 cell-dependent inflammation,15 
both leading to a disequilibrium of Th17/Treg cells (toward Th17). A 
fall in IL-6 and IL-1β levels may therefore positively impact the dis-
balance in such patients.

Longer TVA represent a longer indoor stay and less outdoor aller-
gen and air pollutant exposure and a less physically active condition. 
Our results demonstrate an overall decrease in cytokine levels in asth-
matic preschoolers with high daily TVA, indicating weaker immune 
responses to various stimuli (bacterial, viral, or fungal) compared to 
subjects with less daily TV hours. However, the Th2-related cytokines 
IL-25, IL-33, and IL-13, all playing a major role in allergic asthma, were 
found to be downregulated in asthmatic children with high TVA. Since 
they are epithelial cytokines, longer stay indoors, and less epithelial 

cell activation can be one of the reasons for this. It could therefore 
be argued that high TVA might have a positive impact on the epithe-
lial cell alarmins that may be the initiators of type 2 inflammation. 
Furthermore, IFNγ, which has previously been found to be associated 
with non-eosinophilic asthma and steroid-resistant asthma,15 was sig-
nificantly downregulated in asthmatic preschoolers with high TVA.

While some of these results indicate a potential positive influ-
ence of TVA on immunological reactions in asthmatic preschool-
ers, our data also show that asthmatic subjects with low weekly 
PA and / or high daily TVA exhibited highly positively correlating 
proinflammatory cytokines under stimulated, but also unstimulated 
conditions, suggesting an overall proinflammatory state in those 
individuals. Furthermore, the association between a sedentary life-
style and obesity is kept in mind. The worldwide increase in asthma 
prevalence occurred together with an increase in obesity and a sed-
entary lifestyle.39 A number of studies reported an association be-
tween obesity and childhood asthma; however, the causality is not 
clear.5,48

Our study has a number of limitations. Firstly, the PreDicta cohort 
is moderate in size, however, performing cell cultures in a standard 
way and measurement of many cytokines in all these patients and 
controls should be appreciated. The lack of objective criteria makes 
the diagnosis of asthma more difficult in preschoolers. In addition, 
parameters such as weekly PA or daily TVA were collected from 
questionnaires based on parental reports. Even though short-term 
parental reports were shown to be accurate,49 recall bias might be 
a source of error. For example, strictly interpreting daily TV hours as 
sedentary behavior can lead to the wrong assumption that a subject 
with high daily TVA cannot simultaneously be vigorously physically 
active more than 3 times a week. Our findings of lower PA with poor 
asthma control are prone to reverse causation bias. That is, while we 
suppose that poor asthma control leads to the observed decrease in 
PA, the association might as well be at least in part reversed, that is, 
lower PA leads to poor asthma control. Observational studies com-
monly face the problem of reverse causation bias because causality 
cannot usually be assessed from observational data alone. Therefore, 
for the detailed assessment of causal inference in the case of PA and 
asthma control, controlled studies are required. It is unclear whether 
the differences observed in cytokine levels actually result from the 
physical activity status of the subjects. Many factors, such as genet-
ics, type of asthma, asthma control, current medication, infections, 
immunizations, various exposures, and diet, can influence cytokine 
levels. For example, it can be well argued that the decrease in IL-
25  levels in asthmatic children with high weekly PA might be due 
to their well-controlled asthma and the regular use of asthma med-
ication. 120 out of 140 asthmatic children used inhaled corticoste-
roids (ICS). Although the usage of steroids may influence peripheral 
blood cytokine responses, it was not possible to elaborate the effect 

F I G U R E  5  Impact of TV attendance on PBMC cytokine response in asthmatic (A) and healthy (B) preschoolers. Violin plots with median 
and quartiles visualizing cytokine levels. Red and blue arrows indicate increase or decrease of cytokine levels with higher TVA. (A) Asthma, 
TV attendance: ≤1 h/d (n = 36), 1–3 h/d (n = 82), ≥3 h/day (n = 22). (B) Healthy, TV attendance: ≤1 h/d (n = 25), 1–3 h/d (n = 22), ≥3 h/day 
(n = 6). *p < .05, **p < .01, ***p < .001 and ****p < .0001 intergroup difference, respectively. ≤1 h/d (less than one hour per day), 1–3 h/d 
(one to three hours per day), ≥3 h/day (3 or more hours per day)
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F I G U R E  6  Correlations between cytokines in asthmatic and healthy preschoolers with low weekly physical activity (A, C) and high daily 
TV attendance (B, D). Spearman correlation heat maps visualizing correlations between measured cytokines in both asthmatic (A, B) and 
healthy (C, D) preschoolers. Red and blue squares indicate positive (0 to +1) and negative (0 to −1) correlations, respectively. (E) Spearman 
correlation scatter plots showing significant correlations between cytokines
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of ICS on the cytokine responses in the present study. It has to be 
additionally considered and needs further studies whether children 
staying indoors with increased TVA are having less exposure to en-
vironmental pollutants and outdoor allergens. Furthermore, low PA 
and high TVA are more likely to be results of uncontrolled asthma, 
which will be addressed elsewhere. Lastly, it would have added great 
value to this study if BMI values had been assessed. Since obesity is a 
proinflammatory state with elevated hormones (eg, leptin), cytokines 
(eg, IL-1, IL-6, and TNF-α), and chemokines,39,50 our data could be in-
fluenced by this comorbidity. As obesity certainly plays a role in the 
development and severity of asthma,39,51 collection of BMI data, and 
whenever possible assessment markers of metabolic dysfunction (eg, 
hyperglycemia, hyperinsulinemia),51 should be standard procedure in 
the future pediatric asthma cohorts.

In conclusion, our work shows an association of limited PA with 
poor asthma control and that both PA and TVA possibly impact sys-
temic immune response and immune and inflammatory thresholds 
in asthmatic preschoolers. Our findings of good immune response 
to viral, bacterial, and fungal stimulation in physically active asth-
matic children support the common recommendation that regular 
PA should be encouraged in this patient group, while good asthma 
control is essential. The high cytokine levels observed in association 
with high PA might also implicate hyperinflammation, indicating that 
the recommendation for PA should include individual assessment to 
find an optimum level of PA, which might be more moderate. The 
fitness and readiness of the immune system to secrete cytokines are 
becoming more and more important, with the recent knowledge in 
COVID-19, for example, in timely release of antiviral interferons.52,53 
However, an exaggerated cytokine release (eg, IL-1B and IL-6) may be 
part of a detrimental inflammatory response as observed in the cyto-
kine storm of COVID-19. Further studies are required to investigate 
the roles of controlled PA or “hyper” PA on inflammatory responses. 
Finally, it is of great importance not to forget about the association of 
physical inactivity, poor physical cardiovascular fitness, and obesity—
all of which threatens a child's health and well-being.
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