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a b s t r a c t

Epidemiological studies indicate that asthmatic children are more susceptible to traffic-related air pol-
lution exposure than non-asthmatic children. Local and systemic inflammation in combination with
oxidative stress have been suggested as a possible susceptibility factor.

We investigated effect modification by asthma status for the association between air pollution ex-
posure and systemic effects using whole blood cytokine responsiveness as an inflammatory marker.

The study was nested within the two German birth cohort studies GINIplus and LISAplus and initially
designed as a random sub-sample enriched with asthmatic children. Using data from 27 asthmatic and
59 non-asthmatic six-year-old children we measured the production of Interleukin-6 (IL)-6, IL-8, IL-10,
monocyte chemotactic protein-1 (MCP-1), tumour necrosis factor-alpha (TNF-alpha) and interferon-
gamma (IFN-gamma) in whole blood after ex-vivo stimulation with urban particulate matter (EHC-93).
Air pollution exposure (nitrogen dioxide (NO2), nitrogen oxides (NOx), particulate matter with an
aerodynamic diameter o10 μm (PM10), particulate matter with an aerodynamic diameter o2.5 μm
(PM2.5mass), coarse particulate matter (PMcoarse) and PM2.5absorbance (PM2.5abs)) was modelled for chil-
dren´s home addresses applying land-use regression. To assess effect modification by asthma status
linear regression models with multiplicative interaction terms were used.

In asthmatics exposure to NO2 was associated with higher production of pro-inflammatory cytokines:
adjusted means ratio (MR) 2.22 (95% confidence interval 1.22–4.04) for IL-6 per 2.68 mg/m³ NO2. The
interaction term between asthma status and NO2 exposure was significant. Results for NOx, PM10,
PM2.5mass and PM2.5abs were in the same direction. No association between air pollution and cytokine
responsiveness was found in the group of non-asthmatic children and in the overall group.

Traffic-related air pollution exposure is associated with higher pro-inflammatory cytokine respon-
siveness in whole blood of asthmatic children.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Asthma is one of the most common chronic diseases in child-
hood (Sennhauser et al., 2005). Many studies have investigated the
role of traffic-related air pollution (TRAP) in childhood asthma and

there is sufficient evidence for a causal association between TRAP
and the exacerbation of asthma symptoms in children (Health
Effects Institute, 2010). Whereas there is more evidence from
studies investigating short-term effects of air pollution exposure
on acute asthma exacerbation (Mann et al., 2010; Segala et al.,
1998), the effects of long-term exposure to air pollution in asth-
matics are less well investigated. A few studies indicate that long-
term air pollution exposure is associated with an increase in
chronic asthma symptoms (Braun-Fahrländer et al., 1997; Heinrich
et al., 2000; McConnell et al., 1999 and 2003; Brauer et al., 2007).
However, the underlying biological pathways behind these ob-
servations have still to be elucidated. In accordance with the
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oxidative stress hypothesis it has been shown that inhaled parti-
culate matter (PM) induces pro-inflammatory responses in the
respiratory system (Behndig et al., 2011; Stenfors et al., 2004;
Wessels et al., 2010). Besides local inflammation systemic in-
flammation plays an important role in asthma pathogenesis
(Baines et al., 2011; Wouters et al., 2009). Thus, components of
TRAP might trigger the asthmatic immune system via systemic
effects. There is strong evidence that systemic effects can be in-
duced by inhaled PM, especially by ultrafine particles (UFPs) and
nanoparticles (NPs) (Nemmar et al., 2013). One suggested me-
chanism is particle translocation from the lungs into the blood
circulation (Nakane, 2012) where translocated particles might
cause direct systemic effects like the release of pro-inflammatory
mediators. The whole blood assay (WBA) is a suitable method to
detect an altered stimulus-dependent production of systemic in-
flammatory markers (inflammatory responsiveness) caused by
exposure to various environmental factors (Herberth et al., 2008;
Schins et al., 1996). However, no study has previously investigated
the association between long-term traffic-related air pollution
exposure and whole blood cytokine responsiveness as a marker for
systemic effects. We hypothesized that long-term TRAP exposure
is associated with a higher pro-inflammatory cytokine response in
asthmatic children compared to non-asthmatic children, explain-
ing the higher susceptibility of asthmatics to TRAP. To proof our
hypothesis we used a unique approach choosing whole blood cy-
tokine responsiveness after stimulation with urban particulate
matter as a marker for inflammatory patterns. Conducting a study
on 27 asthmatic and 59 non-asthmatic six-year-old children par-
ticipating in the population-based German birth cohort studies
(GINIplus and LISAplus) we evaluated effect modification by
asthma status for the association of long-term residential TRAP
exposure with whole blood cytokine responsiveness.

2. Material and Methods

2.1. Study collective

The present study was nested within the regular six year fol-
low-up examination of the two ongoing birth cohort studies
GINIplus and LISAplus and included children from the study centre
in Wesel. Designs of both studies have been described elsewhere
in detail (Zirngibl et al., 2002; Zutavern et al., 2006). As we wanted
to investigate effect modification by asthma status our nested
study was initially designed as a sub-sample enriched with asth-
matic children. Between September 2002 and March 2005 all
children with parent-reported physician-diagnosed asthma at-
tending the study centre for the follow-up examination were in-
vited to participate. Parent-reported physician-diagnosed asthma
had to be confirmed a priori by a pediatric pulmonologist. Criteria
for the diagnosis of asthma were: medical history, physical ex-
amination or a long-term asthma medication with a combined use
of anti-inflammatory medication and bronchodilator medication
and if available data on lung function testing (available for more
than 90% of the children). To each confirmed asthma case two
control subjects were matched according to sex and the time of
the examination. The study was approved by the local Ethics
Committee and written consent from parents was obtained.

2.2. Exposure assessment

Air pollution exposure data for nitrogen dioxide (NO2), nitrogen
oxides (NOx), particulate matter with an aerodynamic diameter
o10 μm (PM10), particulate matter with an aerodynamic diameter
o2.5 μm (PM2.5mass), coarse particulate matter (PMcoarse) and
PM2.5absorbance (PM2.5abs) were collected and modeled for children's

home addresses using land use regression (LUR) models devel-
oped in the frame work of the EU project ESCAPE (Cyrys et al.,
2012; Eeftens et al., 2012). Briefly, between October 2008 and
November 2009 three two-week air pollution measurement
campaigns were performed at 40 NOx measurement sites and 20
PM measurement sites in the study area. Site-specific annual
averages were calculated using the average of these three mea-
surement periods and were adjusted for temporal variation using
data from a centrally located background reference site which
operated continuously throughout the measurement year. Area-
specific LUR models were used to estimate exposures and modeled
annual averages were then assigned to children´s home addresses
at the age of six. Validity of the modeled exposure estimates was
high: explained variance (R2) and R2 cross validation was 88% and
79% for PM2.5mass, 69% and 63% for PM10, 97% and 95% for PM2.5abs,
66% and 57% for PMcoarse, 89% and 84% for NO2 and 88% and 81%
for NOx.

2.3. Whole blood assay (WBA)

The WBA was performed as described previously (Schins et al.,
1996), with some minor modifications (see online supplementary
file). Ex-vivo stimulation of blood samples with particulate matter
(PM tubes) was performed by using EHC-93 urban dust at a final
concentration of 100 mg/ml in the RMPI-diluted blood. EHC-93
represents a well investigated PM standard that has been collected
in Ottawa 1993 from ambient air filter.

2.4. Cytokine measurement

Concentrations of interleukin (IL)-6, IL-8, IL-10, IL-12p70, monocyte
chemotactic protein-1 (MCP-1), tumour necrosis factor- alpha (TNF-
alpha) and interferon-gamme (IFN-gamma) were measured by flow
cytometry using the BD CBA Human Soluble Flex Set system (BD
Bioscience, Heidelberg, Germany) as described previously (Herberth
et al., 2008). Lowest quantification limit for each cytokine was 3 pg/ml.
Samples with concentrations below the detection limit were assigned
a value that was half of the lowest quantification limit (1.5 pg/ml) and
were included in the analysis.

2.5. Statistical analysis

The association between long-term TRAP exposure and blood
responsiveness was analyzed by multiple linear regression models
(Model 1, see online supplementary file). Air pollution variables
were included as continuous variables (increment: interquartile
range) in the model. Blood responsiveness was defined as the ratio
between cytokine concentration in EHC-93-stimulated and spon-
taneous (Sp) blood. Using this method we account for inter-in-
dividual differences. We stabilized the variance of the residuals
with logarithmic transformation of cytokine concentrations (Her-
berth et al., 2008). To assess effect modification by asthma status
in the association between TRAP and cytokine responsiveness we
included asthma status (binary) and a multiplicative interaction
term of asthma status and air pollution exposure (continuous) in
our model (Model 2, see online supplementary file) and calculated
the stratum-specific effect estimates for asthmatic and non-asth-
matic children by adding the regression coefficients of the ex-
posure term and the respective interaction term. In the main
model we adjusted for sex. In the extended model we additionally
adjusted for parental school education, siblings, current environ-
mental tobacco smoke at child´s home, visible signs of mold or
dampness in the home and body mass index of the child. Sensi-
tivity analyses were done including additional variables in our
main model: parental allergy, age at blood sampling, season of
blood sampling, time between blood sampling and start of
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incubation, incubation duration as well as time between the end of
incubation and freezing. Furthermore, in sensitivity analyses we
excluded children with anti-inflammatory asthma medication and
with parental-reported doctor diagnosis of eczema and hay fever
at the age of six. Details on the different models and adjustment
sets are provided in the online supplementary file. Effect estimates
are presented as means ratios with 95% confidence intervals (95%-
CI). Means ratios indicate the relative change from the overall
geometric mean in blood responsiveness for an interquartile range
increase in air pollution exposure. All analyses were completed
using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Characterization of the study population

In total, 86 children had data on blood responsiveness and
TRAP exposure and were included in the analysis (Table 1).

13 asthmatic children had detailed data on a combined use of
anti-inflammatory medication (mostly inhaled corticosteroids)
and bronchodilator medication. 8 asthmatic children did not use
any asthma medication. For 6 asthmatics using asthma medica-
tion, we did not have detailed information on the kind of medi-
cation. Furthermore, 1 non-asthmatic child used bronchodilator
medication. Except for prescribed asthma medication and doctor-
diagnosed hay fever there were no significant differences between
asthmatic and non-asthmatic children (Table 1). However, in the
asthmatic group the proportion of children with doctor-diagnosed
eczema, with parental allergy, and with high parental education
tended to be higher than in the non-asthmatic group.

3.2. Cytokine production in WBA

Ex-vivo production of IL-6, IL-8, TNF-alpha, IL-10 and MCP-1
was increased after stimulation with EHC-93 (Fig. 1). After sti-
mulation there was no elevated production of IL-12p70 and IFN-
gamma and more than half of the samples had concentrations
below the detection limit. Percentage of EHC-93-stimulated sam-
ples with cytokine concentrations below the detection limit (3 pg/
ml) was: 5.8% for IL-10, 68.6% for IFN-gamma and 82.6% for IL-
12p70. The other cytokines had no stimulated samples with cy-
tokine concentrations below the detection limit.

The blood responsiveness differed markedly between different
cytokines (Fig. 1 Ratio PM/Sp Median (IQR)). IL-6 showed the
strongest response. After stimulation IL-6 concentrations were on
average 287 times higher than before. For IFN-gamma and IL-
12p70 blood responsiveness was below one (ratio: 0.5), which
indicates that cytokine production after stimulation was lower
than spontaneous production. There were no significant differ-
ences in blood responsiveness between asthmatic and non-asth-
matic children (see online supplementary file Table S1). Excluding
20 children with asthma medication did not change this picture.

3.3. Traffic-related air pollution and whole blood cytokine
responsiveness

There was no association between traffic-related air pollution
and whole blood cytokine responsiveness in the overall group
(Fig. 2). Results did not differ when using different adjustment sets
(see online supplementary Table S 2).

3.4. Interaction between traffic-related air pollution and asthma
status

With regard to IL-6, IL-8 and TNF-alpha responsiveness the

stratum-specific means ratios differed between asthmatic and
non-asthmatic children (Fig. 3): Means ratios for asthmatic chil-
dren tended to be greater than 1, whereas means ratios for the
group of non-asthmatic children were equal to or slightly below
one. In case of IL-6 stratum-specific means ratios for NO2, NOx and
PM10 were significant for asthmatic children but not for non-
asthmatic children. The stratum-specific means ratio for the as-
sociation between NO2 and IL-6 responsiveness was 2.22 (95%-CI
1.22-4.04) in asthmatic children versus 0.86 (95%-CI 0.67-1.09) in
non-asthmatic children. These data indicate that in asthmatic
children whole blood IL-6 responsiveness doubles per 2.68 mg/m3

(interquartile range) increase in NO2 exposure. As indicated by
asterisks in Fig. 3, graphic for IL-6 the multiplicative interaction
term between asthma status and NO2 and NOx exposure was also
significant (NO2: means ratio 2.48; 95%-CI 1.32-4.68; p¼0.005;
NOx: means ratio 2.06; 95%-CI 1.25-3.39; p¼0.004). Similar results
were observed for TNF-alpha and to a lesser extent also for IL-8.
Results were consistent when using different adjustment sets
(online supplementary figure S1 and Table S3).

There was no interaction between air pollution exposure and
asthma status with regard to the production of IL-10, IL-12p70,
MCP-1 and IFN-gamma (Fig. 3 and Table S3).

Excluding children with anti-inflammatory asthma medication
had little impact on the estimated effects of IL-6 and TNF-alpha
responsiveness, but as sample size became much smaller (only 73
children without anti-inflammatory asthma medication) con-
fidence limits became wider (online supplementary Table S4
(Model 2sens1)). The same was true for the results after excluding
children with parental-reported doctor-diagnosis of eczema or
hay-fever at the age of six (online supplementary Table S4 (Model
2sens3)). Including parental allergy in our main model had only
little impact on effect estimates (online supplementary Table S4
(Model 2sens2)): estimates were slightly lower but still significant.
We also investigated whether differences in age of blood sampling,
differences in time between blood sampling and start of incuba-
tion and season of blood sampling might change the results.

Table 1
Description of the study population with modelled residential exposure.

Asthma þ Asthma –

Males, % (N) 66.7 (27) 61.0 (59)
Parental allergy, % (N) 69.2 (27) 47.4 (57)
Siblings, % (N) 63.0 (27) 62.7 (59)
Passive smoking in household in the
last 12 month, % (N)

30.0 (27) 39.0 (59)

Asthma medication prescribed at the
age of 6, % (N)

48.2nnn(27) 1.7 (59)

Doctor-diagnosed eczema at the age of
6, % (N)

15.4n(26) 3.6 (55)

Doctor-diagnosed hay-fever at the age
of 6, % (N)

15.4 (26) 1.8 (56)

Dampness or mould in household,
% (N)

20.0 (25) 17.2 (58)

Parental school education: o 10 years,
% (N)

14.8 (27) 15.5 (58)

¼10 years, % (N) 29.6 (27) 44.8 (58)
4 10 years, % (N) 55.6 (27) 39.7 (58)
Body mass index [kg/m2] means7SD
(N)

15.6671.69 (27) 15.6671.43 (59)

NO2 [mg/m³] median7 IQR (N) 22.8171.48 (27) 23.1873.27 (59)
NOx [mg/m³] median7 IQR (N) 32.3674.72 (27) 33.7177.25 (59)
PM2.5 [mg/m³] median7 IQR (N) 17.1970.67 (27) 17.2471.25 (59)
PM10 [mg/m³] median7IQR (N) 25.1670.90 (27) 25.2671.44 (59)
PMcoarse [mg/m³] median7IQR (N) 8.2470.48 (27) 8.4270.79 (59)
PM2.5 abs [10�5/m] median7 IQR (N) 1.1370.16 (27) 1.1770.21 (59)

Chi-square test comparing children with and without asthma. npo0.05, nnpo0.01,
nnnpo0.001.
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However, none of them had an effect on the interaction terms of
traffic air pollution and asthma status (online supplementary Table
S5 (Model 2sens4-6)).

4. Discussion

Our study shows an effect modification by asthma status for the

Fig. 1. Cytokine production in the whole blood assay: cytokine concentration in spontaneous (SP) and PM-stimulated (PM) blood samples (N¼86). Box plots: minimum, 25%
percentile, median, 75% percentile and maximum; diamond: arithmetic mean; dots: outliers. Footnote: Ratios between PM-stimulated and spontaneous blood samples,
median and interquartile range (IQR).
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association of long-term residential TRAP exposure with whole
blood cytokine responsiveness in six-year-old children. In asth-
matic children exposure to air pollution was associated with

higher production of the pro-inflammatory markers IL-6, IL-8 and
TNF-alpha. There was no association between air pollution and
production of pro-inflammatory markers in non-asthmatic

Fig. 2. Effect estimates for the association between traffic-related air pollution and blood responsiveness adjusted for sex andasthma status (N¼86)- Results of model 1.
Estimates are presented as mean ratios with 95% confidence intervals.

C. Klümper et al. / Environmental Research 138 (2015) 381–390 385



Fig. 3. Stratum-specific effect estimates (calculation based upon model 2 with interaction term) for the association between traffic-related air pollution and blood responsiveness in
asthmatic and non-asthmatic children adjusted for sex (N¼86). Estimates are presented as mean ratios with 95% confidence intervals; black dots: asthmatic children; white dots: non-
asthmatic children. P-values for a significant interaction term between asthma status and exposure are indicated by asterisks (n p-value o0.05; nn p-value o0.01).
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children. No such interactions were found for IL-10, IL-12p70,
MCP-1 and IFN-gamma. There was no indication of an association
between TRAP exposure and cytokine responsiveness in non-
asthmatic children.

4.1. Traffic-related air pollution, asthma and inflammation

Although many studies have reported that increases in traffic-
related air pollution are associated with asthma outcomes in
children (Health Effects Institute, 2010), little is known about the
susceptibility of asthmatic children. Whereas effects of short-term
air pollution exposure on acute asthma exacerbation have been
shown by several studies (Mann et al., 2010; Segala et al., 1998),
effects of long-term exposure to air pollution are less well in-
vestigated. Only one study so far has indicated an effect of long-
term TRAP on asthma hospitalizations in older adults (Andersen
et al., 2012). However, some studies indicate an association be-
tween long-term TRAP exposure and chronic asthma symptoms in
children like an increase in chronic symptoms of bronchitis
(Braun-Fahrländer et al., 1997; Heinrich et al., 2000; McConnell
et al., 1999 and 2003), an increased risk of wheezing (Brauer et al.,
2007) or use of asthma medication (Gauderman et al. 2005). The
effect of ambient air pollution on acute asthma exacerbation may
initially be a short term effect (Johnston and Sears, 2006). How-
ever, it is also likely that long-term exposure to air pollution might
act synergistically with other factors (e.g. viral infections) leading
to more chronic symptoms (Mc Connell et al., 2003; Künzli et al.,
2008; Chauhan and Johnston, 2003).

There is growing evidence that systemic inflammation besides
local inflammation plays an important role in asthma pathogenesis
(Wouters et al., 2009). We used a unique approach to analyze the
systemic effects of long-term traffic-related air pollution exposure
by choosing whole blood responsiveness as a marker for altered
systemic inflammatory status. Up to know mainly local in-
flammation in combination with oxidative stress has been sug-
gested as a possible biological pathway explaining higher sus-
ceptibility of asthmatic people towards traffic-related air pollution
exposure (Auerbach and Hernandez, 2012). Interestingly, several
controlled human exposure studies (Stenfors et al., 2004; Behndig
et al., 2011) and epidemiological studies (Barraza-Villarreal et al.,
2008; Yeatts et al., 2007) could not confirm a TRAP-related en-
hanced airway inflammation in asthmatic indiviuals compared to
non-asthmatic individuals. Partially, this might be due to a lack of
appropriate biomarkers (Balmes, 2011). It is well-known that ex-
posure to diesel exhaust and PM induces a marked systemic in-
flammatory response (Van Eeden et al., 2001). Furthermore, recent
studies have shown that blood inflammatory patterns might help
to differentiate between asthma phenotypes and to understand
differences in asthma severity (Baines et al., 2011; Nadif et al.,
2009; Wouters et al., 2009). Thus, whole blood cytokine produc-
tion patterns might be an appropriate diagnostic tool helping to
explain higher susceptibility of asthmatic children towards long-
term TRAP exposure.

IL-6, IL-8 and TNF-alpha belong to the group of pro-in-
flammatory cytokines and play an important role in the chronic
inflammatory process in asthma (Brightling et al., 2008; Neurath
and Finotto, 2011).

There are only very few epidemiological studies investigating
the association between traffic-related air pollution and cytokine
levels in children (Barraza-Villarreal et al., 2008; Brown et al.,
2012). Brown et al. (Brown et al., 2012) observed no association
between residential proximity to a major roadway and plasma
levels of IL-6, IL-8, IL-10 and TNF-alpha in asthmatic children.
Barraza-Villarreal et al. (Barraza-Villarreal et al., 2008) found a
positive association between PM2.5 exposure and IL-8 levels in
nasal lavage from both asthmatic and non-asthmatic children. In

contrast to our results the effect was stronger for non-asthmatic
children than for asthmatic children. However, as cytokine levels
in nasal lavage might not be directly comparable with cytokine
levels in whole blood interpretation should be done cautiously.

In our analysis NO2 was the pollutant with the most consistent
effect. NO2 has been suggested to be a good marker for exposure
with UFPs (diametero1 mm) (Seaton and Dennekamp, 2003;
World Health Organization, 2006). To date toxicological and epi-
demiological studies have not provided consistent findings on the
health effects of exposures to ambient levels of UFPs. However,
compared with larger particles UFPs deposit with higher effi-
ciency, are cleared more slowly and might be able to translocate
into the systemic circulation (HEI 2013).

4.2. Whole blood assay as a promising tool in epidemiological
studies

Whole blood assays, like the one used in the present study,
have been performed mostly with lipopolysaccharide (LPS) en-
dotoxin as stimulus (Herberth et al., 2009) and the molecular
mechanisms whereby LPS triggers inflammatory signal cascades
are well known (Hasiwa et al., 2013). However, as we wanted to
assess the effect of traffic-related exposure we chose EHC-93 as
stimulus. Even though EHC-93 is a several decade old urban dust,
that is probably not representative for the air pollution the chil-
dren in our study were exposed to, we have chosen this stimulus
as it is a well-known PM-reference with known elemental com-
position and pro-inflammatory potency (Vincent et al., 1997) and
available in sufficient quantity for large scale studies. However,
future studies should investigate the inflammatory response of PM
samples collected at the study sites that are representative of the
air pollution exposure at these sites.

We used a dose of 100 mg/ml selected on the basis of dose-re-
sponse studies with blood samples from healthy donors. Ob-
viously, the dose in this WBA by far exceeds concentrations of PM
or its specific components (e.g. metals) that might reach the blood
after inhalation. The choice of the dose used in the WBAwas made
on its ability to detect contrasting responsiveness between blood
samples from different individuals. However, findings have to be
interpreted with caution and the degree to which the results can
be generalized to real life situations is limited. EHC-93 particles
contain small amounts of endotoxin (Vincent et al., 1997). The
particle dose used in our study corresponds to only trace amounts
(o 2ng) of endotoxin (van Eeden et al., 2001) that are unlikely to
cause the responsiveness of certain inflammatory markers ob-
served in our study. However, previous investigations with coarse
and fine PM collected from urban versus rural environment sug-
gest a contribution of endotoxin to cytokine release in whole blood
assays (Schins et al., 2004) and we cannot fully exclude that re-
sidues of endotoxin in EHC-93 particles are partly responsible for
the observed cytokine release.

Using air-liquid interface cultures from asthmatic and non-
asthmatic epithelial cells Hackett et al. (2011) have recently shown
an aberrant IL-6 and IL-8 response in asthmatic epithelium after
exposure to EHC-93 (Hackett et al., 2011). However, in contrast to
our findings there was no significant production of TNF-alpha after
challenge with EHC-93. As epithelial cells do not produce con-
siderable amounts of TNF-alpha results are not conflicting. We
observed that EHC-93 is highly potent in inducing the production
of the pro-inflammatory cytokines IL-6, IL-8 and TNF-alpha in
whole blood. The production of the anti-inflammatory cytokine IL-
10 and the chemokine MCP-1 was stimulated to a lesser extent
and after stimulation there was no production of IL-12p70 and
IFN-gamma. IL-6, IL-8 and TNF-alpha are mainly produced by
monocytes and macrophages. Uptake of particles by phagocytosis
stimulates these cells to produce pro-inflammatory markers.
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T-lymphocytes and natural killer cells producing INF-gamma are
not directly stimulated by particles. Thus, it is plausible that the
production of IFN-gamma is not stimulated by EHC-93 in the
whole blood assay. Our results are in concordance with findings
obtained with diesel engine particles in dendritic cells (Ohtani
et al., 2005; Williams et al., 2007) showing that the production of
IL-12 and IFN-gamma is not stimulated by urban dust.

4.3. Strengths and limitations

So far, this is the first study assessing the effect of long-term
TRAP exposure on inflammatory patterns by using a WBA. Com-
pared to measurements of instantaneous levels of cytokines whole
blood cytokine responsiveness is more independent of short-term
effects influencing the cytokine level at the time of sampling.
Furthermore, using the WBA is advantageous because specific in-
flammatory responses can be measured in the presence of auto-
logous plasma components and cross talk between different cell
types or subsets of cell types is still possible whereas artifacts due
to isolation of cells can be excluded (Schins et al., 1996).

A major strength of our study is the assessment of TRAP ex-
posure on the residential level by using the validated ESCAPE ex-
posure modeling. As we wanted to investigate potential effect
modifications of asthma status in the association between long-
term TRAP exposure and whole blood cytokine responsiveness
using a study population enriched with asthmatic children is also
advantageous.

The main limitation of our study is the comparatively small
sample size. Therefore, results have to be interpreted cautiously
and we might not have sufficient power to detect smaller differ-
ences in cytokine production patterns between asthmatic and
non-asthmatic children or to detect a much more moderate as-
sociation between TRAP exposure and pro-inflammatory response
in non-asthmatic children. The proportion of asthmatic children
with anti-inflammatory asthma medication is relatively high in
our study (almost 50%) and we cannot fully exclude that this has
biased our results. However, excluding children with anti-in-
flammatory asthma medication had little impact on our results.

As we were mainly interested in the effect of long-term TRAP
exposure on cytokine responsiveness we did not investigate the
effect of short-term exposure. However, short-term effects might
also be relevant and should be studied in future studies.

The long-term air pollution estimates were derived from LUR
models built using data from the ESCAPE measurement campaign
between 2008 and 2009. As measurements were done after blood
sampling campaign between 2002 and 2005 we investigated the
validity of the modeled exposure estimates by applying the ES-
CAPE land-use regression models to air pollution measurements
done earlier in 2002 and 2003 (Hochadel et al., 2006). We calcu-
lated the annual means using these earlier measurements and
compared them with annual means from ESCAPE models. The
correlation coefficients of the concentration measurements from
2002/2003 and the estimates using ESCAPE measurements were
0.9 for NO2, 0.8 for PM2.5abs and 0.3 for PM2.5mass. Additionally, we
looked at the annual mean concentrations of air pollutants (PM10,
NO2 and NOx) measured between 2002 and 2009 at the local
governmental monitoring station (see table S6) nearby the study
center Wesel and found no statistically significant trend. Further-
more, LUR models for NO2 have been shown to be temporally
stable over 7–12 years (Cesaroni et al. 2012; Eeftens et al. 2011;
Wang et al. 2013). Thus, it is reasonable to assume that air pollu-
tion patterns remained stable between the year of blood sampling
and the ESCAPE measurement campaign.

In this study asthma cases were identified on the basis of a
physical examination by a pediatric pulmonologist. We were not
able to discriminate between different asthma phenotypes that

might be related to different inflammatory patterns in peripheral
blood. A more differentiated case classification with regard to in-
flammatory markers would be an interesting approach for future
research.

5. Conclusion

Our results suggest an effect modification by asthma status for
the association of long-term residential TRAP exposure with whole
blood pro-inflammatory cytokine responsiveness in six-year-old
children. Thus, different systemic pro-inflammatory response
patterns might be the key to understand the higher susceptibility
of asthmatic individuals. The WBA seems to be an useful and
simple tool for epidemiological studies to gain better knowledge
on the effect of TRAP exposure and cytokine production patterns.
Future large-scale studies should attempt to replicate our findings.
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Supplementary File

Whole blood assay (WBA)

Heparinized blood samples (5 ml) from children were processed within 4 h. For cytokine

analyses in spontaneous blood samples (SP tubes), 0.5 ml heparinized blood was

diluted 1:1 with RPMI-1640 medium without supplements in endotoxin free

polypropylene tubes. Ex-vivo stimulation of blood samples with particulate matter (PM

tubes) was performed by using EHC-93 urban dust at a final concentration of 100 µg/ml

in the RMPI-diluted blood. The concentration of 100 µg/ml EHC-93 was chosen on the

basis of pilot experiments in a wide concentrations range in which dose-response

curves for TNF-alpha and IL-8 were evaluated in relation to cell toxicity as well as

absorption effects (data not shown). The SP and PM tubes were incubated for 4 h at

37° C on a gently shaking thermoblock and then centrifugated at 800 g for 5 min at 4°

C. The supernatants free of cells and particles were collected and stored below -20° C

until subsequent cytokine measurement.

Statistical Analyses

To prove whether long-term traffic-related air pollution exposure has an effect on

cytokine responsiveness in the overall group we applied the following crude linear

regression model:

Model 1:

To prove our research hypothesis that long-term traffic-related air pollution exposure

has different effects on the blood responsiveness in asthmatic and non-asthmatic



children and to evaluate effect modification by asthma status we used a model including

air pollution exposure and asthma status as independent variables and a multiplicative

interaction term between air pollution exposure and asthma status. Based upon the

estimate for the main effect (β1) and the interaction term (β3) we calculated stratum-

specific effect-estimates: The effect estimate for the non-asthmatics is β1 and the effect

estimate for the asthmatics is β1+ β3.

Model 2:

All models were run as crude (see formulas above) and adjusted models. Potential

confounders were identified based upon knowledge from our previous studies and

knowledge from the literature. Data on potential confounders were obtained from

parental questionnaires. We used two different adjustment sets (main model and

extended). For our main model we additionally included the covariates asthma status

(only model 1) and sex in the crude model. In the extended model the following 7

covariates were included: asthma status (only model 1), sex, parental education

(categorized as <10 years, =10 years and >10 years), siblings, current environmental

tobacco smoke at child´s home, visible signs of mold or dampness in the home and

body mass index of the child at the age of 6. Except for parental education (categorical

variable) and body mass index all covariates were included as binary variables.

Parental allergy was not included in our main and extended model as it is highly

correlated with asthma status and thus might lead to over-adjustment. However,

parental allergy was considered in sensitivity analyses. Day-care center attendance

within the first 2 years of life was also not included in the models as none of the children

visited daycare centers. We performed additional sensitivity analyses by separately



including the following variables in our main model: parental allergy, age at blood

sampling, season of blood sampling, time between blood sampling and start of

incubation, incubation duration as well as time between the end of incubation and

freezing. Except for parental allergy (binary variable) and season of blood sampling

(categorical variable) all covariates were included as continuous variables.



Table S1 Blood responsiveness in asthmatic and non-asthmatic children:
Ratios PM-stimulated/spontaneous blood. Values are presented medians with
interquartile ranges (IQR)

*p values for differences between children with and without asthma using Mann-Whitney U-Test

Ratio: PM-stimulated/spontaneous blood

All children Children without medication

Asthma +
(N=27)

Asthma –
(N=59)

Asthma +
(N=8)

Asthma –
(N=58)

Median
(IQR)

Median
(IQR)

p* Median
(IQR)

Median
(IQR)

p*

IL-6 231.4
(149.7-490.9)

363.1
(156.2-556.7)

0.5894 217.7
(166.5-536.2)

336.0
(156.2-556.7)

0.8136

IL-8 63.8
(25.9-133.9)

101.0
(39.9-155.4)

0.3868 69.2
(38.2-225.7)

98.1
(39.1-155.4)

0.8519

IL-10 5.6
(4.2-7.4)

4.6
(2.6-7.2)

0.1136 7.3
(4.7-11.4)

4.6
(2.6-7.2)

0.0529

IL-12p70 0.5
(0.4-1.0)

0.6
(0.4-1.0)

0.7300 0.7
(0.5-1.0)

0.6
(0.4-1.0)

0.5546

MCP1 6.1
(3.8-11.5)

6.1
(2.8-10.3)

0.6551 6.1
(4.5-20.0)

6.1
(2.8-10.3)

0.3928

TNF α 132.5
(75.5-304.4)

142.3
(45.0-221.4)

0.3920 189.2
(123.8-368.7)

149.9
(45.0-221.3)

0.1230

IFN-
gamma

0.4
(0.3-1.0)

0.6
(0.2-1.0)

0.5147 0.7
(0.2-2.1)

0.6
(0.2-1.0)

0.7666



Table S2 Effect of traffic air pollution (MR: Means ratio) on whole blood
cytokine responsiveness - Results of model 1

Model 1 crude
(N=86)

Model 1 main1

(N=86)
Model 1 extended2

(N=81)
MR

(95% CI) p-value MR
(95% CI) p-value MR

(95% CI) p-value

IL-6
NO2 0.97

(0.77-1.22) 0.794 0.99
(0.79-1.25) 0.944 0.95

(0.75-1.21) 0.688

NOx 0.96
(0.80-1.16) 0.693 0.98

(0.82-1.18) 0.840 0.95
(0.79-1.16) 0.629

PM2.5mass 0.97
(0.68-1.38) 0.875 0.99

(0.70-1.40) 0.974 1.01
(0.69-1.46) 0.971

PM10 1.25
(0.92-1.69) 0.153 1.31

(0.97-1.77) 0.077 1.25
(0.90-1.73) 0.176

PMcoarse 0.99
(0.78-1.27) 0.954 1.04

(0.82-1.34) 0.734 1.02
(0.79-1.32) 0.864

PM2.5abs 1.21
(0.89-1.64) 0.227 1.29

(0.95-1.75) 0.104 1.22
(0.88-1.69) 0.242

IL-8
NO2 0.81

(0.63-1.05) 0.109 0.81
(0.63-1.05) 0.115 0.79

(0.60-1.05) 0.104

NOx 0.84
(0.69-1.03) 0.099 0.84

(0.69-1.04) 0.107 0.83
(0.67-1.04) 0.103

PM2.5mass 0.86
(0.58-1.28) 0.467 0.87

(0.58-1.28) 0.472 0.92
(0.60-1.41) 0.690

PM10 1.09
(0.77-1.53) 0.635 1.10

(0.78-1.56) 0.596 1.15
(0.79-1.68) 0.470

PMcoarse 0.91
(0.69-1.20) 0.498 0.91

(0.69-1.21) 0.532 0.93
(0.69-1.25) 0.629

PM2.5abs 1.03
(0.73-1.45) 0.884 1.04

(0.73-1.48) 0.822 1.07
(0.73-1.57) 0.734

IL-10
NO2 1.05

(0.89-1.23) 0.579 1.08
(0.92-1.25) 0.345 1.05

(0.89-1.25) 0.546

NOx 1.02
(0.90-1.16) 0.712 1.05

(0.93-1.18) 0.461 1.03
(0.90-1.18) 0.677

PM2.5mass 0.94
(0.74-1.20) 0.616 0.97

(0.77-1.22) 0.797 0.93
(0.72-1.20) 0.569

PM10 0.96
(0.77-1.18) 0.677 1.01

(0.82-1.24) 0.940 0.94
(0.75-1.18) 0.599

PMcoarse 0.99
(0.84-1.18) 0.952 1.06

(0.90-1.25) 0.488 1.04
(0.87-1.24) 0.678

PM2.5abs 0.98
(0.80-1.22) 0.875 1.05

(0.85-1.29) 0.643 0.98
(0.78-1.23) 0.853



IL-12p70
NO2 1.01

(0.89-1.15) 0.851 1.01
(0.89-1.14) 0.933 0.98

(0.87-1.10) 0.728

NOx 1.01
(0.91-1.11) 0.881 1.00

(0.91-1.11) 0.965 0.98
(0.89-1.08) 0.681

PM2.5mass 1.00
(0.83-1.21) 0.959 1.00

(0.83-1.20) 0.980 0.98
(0.82-1.18) 0.860

PM10 1.00
(0.85-1.18) 0.997 0.99

(0.84-1.17) 0.884 0.97
(0.82-1.14) 0.705

PMcoarse 1.01
(0.88-1.15) 0.915 0.99

(0.87-1.14) 0.911 1.01
(0.89-1.14) 0.921

PM2.5abs 1.01
(0.85-1.19) 0.948 0.99

(0.84-1.17) 0.905 0.97
(0.82-1.14) 0.686

MCP-1
NO2 0.78

(0.60-1.00) 0.053 0.78
(0.60-1.01) 0.055 0.77

(0.59-1.00) 0.050

NOx 0.81
(0.66-0.99) 0.042 0.81

(0.66-0.99) 0.043 0.80
(0.65-0.99) 0.039

PM2.5mass 0.81
(0.55-1.20) 0.301 0.81

(0.55-1.21) 0.311 0.83
(0.55-1.26) 0.387

PM10 0.93
(0.66-1.32) 0.695 0.94

(0.66-1.34) 0.727 0.92
(0.63-1.32) 0.639

PMcoarse 0.92
(0.70-1.21) 0.566 0.93

(0.70-1.23) 0.598 0.90
(0.68-1.20) 0.486

PM2.5abs 0.92
(0.65-1.30) 0.629 0.92

(0.65-1.32) 0.661 0.89
(0.61-1.28) 0.519

TNF-alpha
NO2 1.02

(0.84-1.25) 0.818 1.05
(0.86-1.28) 0.664 1.04

(0.83-1.29) 0.758

NOx 1.01
(0.86-1.19) 0.893 1.03

(0.88-1.21) 0.744 1.02
(0.86-1.21) 0.832

PM2.5mass 0.91
(0.67-1.23) 0.54 0.93

(0.69-1.26) 0.643 0.96
(0.69-1.34) 0.813

PM10 1.08
(0.83-1.41) 0.586 1.13

(0.86-1.47) 0.385 1.17
(0.87-1.57) 0.305

PMcoarse 1.02
(0.83-1.27) 0.828 1.08

(0.87-1.34) 0.507 1.12
(0.89-1.41) 0.338

PM2.5abs 1.06
(0.81-1.38) 0.689 1.11

(0.85-1.46) 0.435 1.16
(0.86-1.56) 0.338

IFN-gamma
NO2 0.96

(0.77-1.18) 0.680 0.96
(0.78-1.19) 0.719 0.94

(0.74-1.18) 0.580

NOx 0.95
(0.81-1.13) 0.588 0.96

(0.81-1.14) 0.622 0.94
(0.78-1.12) 0.480

PM2.5mass 0.95
(0.69-1.32) 0.771 0.96

(0.69-1.33) 0.804 0.89
(0.63-1.26) 0.515

PM10 0.89
(0.67-1.17) 0.395 0.89

(0.67-1.19) 0.433 0.82
(0.60-1.12) 0.208

PMcoarse 0.97
(0.78-1.22) 0.804 0.98

(0.78-1.24) 0.891 0.92
(0.72-1.17) 0.504

PM2.5abs 0.94
(0.71-1.25) 0.663 0.95

(0.71-1.27) 0.729 0.89
(0.65-1.22) 0.468

1Adjusted for asthma status, gender
2Adjusted for sex, parental education, siblings, current environmental tobacco smoke at child´s home, visible

signs of mold or dampness in the home, body mass index



Table S3 Stratum specific effect estimates1 (MR: Means ratio) of traffic-related
air pollution exposure on whole blood cytokine responsiveness in asthmatic
and non-asthmatic children – results based on model with interaction term

Model 2 crude
(N=86)

Model 2 main2

(N=86)
Model 2 extended3

(N=81)
Asthma + Asthma- Asthma + Asthma- Asthma + Asthma-

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

IL-6
NO2 2.22

(1.22-4.04)
0.009

0.86
(0.67-1.09)

0.199

2.16
(1.20-3.90)

0.010

0.87
(0.69-1.11)

0.263

2.24
(1.23-4.09)

0.009

0.84
(0.66-1.07)

0.158
NOx 1.86

(1.16-2.97)
0.009

0.87
(0.72-1.05)

0.145

1.82
(1.15-2.88)

0.011

0.88
(0.73-1.07)

0.201

1.88
(1.17-3.01)

0.009

0.86
(0.71-1.04)

0.127
PM2.5mass 1.88

(0.85-4.18)
0.120

0.84
(0.57-1.24)

0.381

1.89
(0.87-4.12)

0.109

0.86
(0.59-1.25)

0.418

2.04
(0.94-4.42)

0.070

0.83
(0.55-1.25)

0.365
PM10 1.99

(0.99-3.99)
0.053

1.15
(0.82-1.61)

0.422

2.04
(1.03-4.02)

0.039

1.18
(0.85-1.64)

0.320

1.99
(0.96-4.12)

0.063

1.13
(0.79-1.60)

0.509
PMcoarse 1.17

(0.62-2.20)
0.624

0.98
(0.75-1.29)

0.879

1.22
(0.66-2.26)

0.534

1.01
(0.78-1.33)

0.916

1.12
(0.59-2.12)

0.729

1.01
(0.76-1.33)

0.962
PM2.5aabs 2.10

(0.96-4.58)
0.062

1.12
(0.80-1.57)

0.502

2.23
(1.05-4.76)

0.038

1.16
(0.84-1.61)

0.359

1.98
(0.90-4.35)

0.090

1.11
(0.78-1.58)

0.554
IL-8
NO2 1.50

(0.76-2.97)
0.243

0.73
(0.56-0.96)

0.023

1.48
(0.75-2.93)

0.256

0.74
(0.56-0.97)

0.028

1.67
(0.83-3.38)

0.153

0.71
(0.53-0.95)

0.020
NOx 1.39

(0.81-2.36)
0.230

0.77
(0.62-0.96)

0.019

1.37
(0.81-2.33)

0.245

0.78
(0.63-0.97)

0.024

1.52
(0.87-2.63)

0.138

0.76
(0.60-0.95)

0.018
PM2.5mass 1.87

(0.76-4.57)
0.170

0.72
(0.47-1.10)

0.129

1.87
(0.77-4.56)

0.167

0.72
(0.47-1.11)

0.138

1.98
(0.81-4.86)

0.136

0.74
(0.46-1.19)

0.214
PM10 2.04

(0.92-4.49)
0.078

0.93
(0.64-1.37)

0.721

2.07
(0.94-4.53)

0.070

0.95
(0.65-1.39)

0.784

2.43
(1.05-5.64)

0.038

0.97
(0.64-1.46)

0.887
PMcoarse 1.01

(0.50-2.06)
0.968

0.88
(0.65-1.19)

0.399

1.03
(0.51-2.10)

0.924

0.89
(0.66-1.21)

0.470

0.98
(0.47-2.06)

0.962

0.92
(0.67-1.27)

0.611
PM2.5abs 1.59

(0.65-3.88)
0.308

0.94
(0.64-1.38)

0.744

1.65
(0.68-4.00)

0.272

0.96
(0.65-1.40)

0.827

1.74
(0.69-4.39)

0.241

0.98
(0.65-1.47)

0.911
IL-10
NO2 1.11

(0.73-1.70)
0.621

1.05
(0.89-1.25)

0.546

1.09
(0.72-1.64)

0.687

1.07
(0.91-1.27)

0.393

1.06
(0.69-1.65)

0.787

1.05
(0.88-1.26)

0.580
NOx 1.09

(0.78-1.52)
0.622

1.03
(0.90-1.18)

0.710

1.06
(0.77-1.47)

0.706

1.04
(0.91-1.19)

0.522

1.05
(0.74-1.48)

0.798

1.03
(0.89-1.18)

0.721



PM2.5mass 0.97
(0.56-1.68)

0.902

0.96
(0.73-1.25)

0.750

0.97
(0.57-1.66)

0.907

0.97
(0.75-1.26)

0.819

0.97
(0.56-1.67)

0.909

0.92
(0.69-1.22)

0.559
PM10 0.76

(0.47-1.23)
0.264

1.05
(0.83-1.33)

0.682

0.77
(0.48-1.23)

0.282

1.07
(0.85-1.35)

0.546

0.71
(0.43-1.18)

0.182

1.00
(0.78-1.29)

0.977
PMcoarse 0.90

(0.59-1.38)
0.627

1.06
(0.88-1.27)

0.555

0.93
(0.61-1.40)

0.718

1.09
(0.91-1.30)

0.361

0.88
(0.57-1.37)

0.576

1.07
(0.88-1.29)

0.497
PM2.5abs 0.68

(0.40-1.16)
0.157

1.10
(0.87-1.38)

0.421

0.71
(0.42-1.19)

0.195

1.13
(0.90-1.41)

0.288

0.63
(0.36-1.08)

0.093

1.06
(0.83-1.35)

0.624
IL-12p70

NO2 1.08
(0.77-1.51)

0.657

1.00
(0.87-1.14)

0.983

1.09
(0.78-1.52)

0.628

0.99
(0.87-1.14)

0.916

0.98
(0.71-1.34)

0.889

0.98
(0.86-1.11)

0.745
NOx 1.06

(0.81-1.38)
0.672

1.00
(0.90-1.11)

0.959

1.07
(0.82-1.38)

0.636

0.99
(0.89-1.10)

0.883

0.98
(0.76-1.25)

0.850

0.98
(0.89-1.09)

0.707
PM2.5 0.88

(0.57-1.35)
0.547

1.03
(0.84-1.27)

0.764

0.87
(0.57-1.35)

0.543

1.03
(0.84-1.27)

0.791

0.93
(0.63-1.38)

0.728

1.00
(0.81-1.23)

0.986
PM10 1.04

(0.71-1.52)
0.852

0.98
(0.82-1.18)

0.863

1.03
(0.71-1.51)

0.874

0.98
(0.81-1.18)

0.811

1.08
(0.75-1.56)

0.688

0.95
(0.79-1.13)

0.542
PMcoarse 0.92

(0.66-1.30)
0.646

1.02
(0.88-1.17)

0.837

0.92
(0.65-1.28)

0.610

1.01
(0.87-1.17)

0.923

1.03
(0.75-1.42)

0.851

1.00
(0.87-1.15)

0.973
PM2.5abs 1.16

(0.76-1.78)
0.485

0.97
(0.81-1.16)

0.749

1.15
(0.75-1.76)

0.520

0.96
(0.80-1.16)

0.687

1.18
(0.80-1.76)

0.404

0.93
(0.78-1.11)

0.428
MCP-1

NO2 0.61
(0.30-1.22)

0.162

0.81
(0.61-1.06)

0.129

0.61
(0.30-1.22)

0.162

0.81
(0.61-1.07)

0.131

0.54
(0.27-1.08)

0.081

0.81
(0.61-1.07)

0.135
NOx 0.68

(0.40-1.17)
0.165

0.83
(0.67-1.04)

0.105

0.68
(0.40-1.17)

0.166

0.83
(0.67-1.04)

0.107

0.62
(0.36-1.07)

0.085

0.83
(0.67-1.04)

0.107
PM2.5mass 0.50

(0.20-1.23)
0.130

0.91
(0.59-1.41)

0.684

0.50
(0.20-1.23)

0.130

0.91
(0.59-1.41)

0.686

0.48
(0.20-1.14)

0.096

0.97
(0.61-1.54)

0.903
PM10 0.93

(0.41-2.08)
0.860

0.94
(0.64-1.39)

0.758

0.93
(0.41-2.09)

0.861

0.94
(0.64-1.39)

0.761

0.81
(0.36-1.86)

0.625

0.94
(0.63-1.41)

0.767
PMcoarse 0.66

(0.33-1.35)
0.258

0.98
(0.73-1.34)

0.923

0.66
(0.33-1.35)

0.258

0.99
(0.72-1.34)

0.924

0.54
(0.27-1.10)

0.088

0.99
(0.73-1.34)

0.931
PM2.5abs 0.70

(0.28-1.71)
0.433

0.97
(0.66-1.43)

0.881

0.70
(0.28-1.72)

0.434

0.97
(0.66-1.43)

0.882

0.58
(0.24-1.41)

0.230

0.96
(0.64-1.42)

0.831



TNF-alpha
NO2 2.01

(1.19-3.40)
0.009

0.93
(0.76-1.15)

0.517

1.99
(1.18-3.35)

0.010

0.94
(0.76-1.16)

0.576

2.26
(1.31-3.88)

0.003

0.92
(0.74-1.15)

0.472
NOx 1.74

(1.16-2.62)
0.008

0.93
(0.79-1.10)

0.417

1.73
(1.15-2.59)

0.009

0.94
(0.80-1.11)

0.473

1.91
(1.25-2.91)

0.003

0.93
(0.78-1.10)

0.387
PM2.5mass 1.99

(1.01-3.93)
0.048

0.77
(0.56-1.07)

0.126

1.99
(1.01-3.92)

0.046

0.78
(0.56-1.08)

0.135

2.12
(1.07-4.20)

0.032

0.77
(0.54-1.11)

0.161
PM10 1.24

(0.67-2.29)
0.499

1.08
(0.80-1.46)

0.594

1.25
(0.68-2.31)

0.474

1.10
(0.82-1.48)

0.535

1.41
(0.73-2.73)

0.311

1.12
(0.81-1.54)

0.499
PMcoarse 1.20

(0.69-2.07)
0.521

1.03
(0.82-1.31)

0.781

1.22
(0.71-2.10)

0.477

1.05
(0.83-1.33)

0.674

1.31
(0.74-2.33)

0.350

1.09
(0.85-1.40)

0.501
PM2.5abs 1.12

(0.56-2.24)
0.742

1.09
(0.81-1.46)

0.574

1.15
(0.58-2.29)

0.684

1.11
(0.82-1.49)

0.499

1.23
(0.60-2.54)

0.566

1.14
(0.83-1.57)

0.417
IFN-gamma

NO2 1.03
(0.58-1.84)

0.917

0.95
(0.75-1.19)

0.652

1.03
(0.58-1.83)

0.927

0.95
(0.75-1.20)

0.671

0.98
(0.54-1.79)

0.955

0.93
(0.73-1.19)

0.564
NOx 1.01

(0.64-1.59)
0.968

0.95
(0.79-1.14)

0.567

1.01
(0.64-1.58)

0.979

0.95
(0.79-1.14)

0.587

0.97
(0.60-1.55)

0.893

0.93
(0.77-1.13)

0.474
PM2.5mass 1.11

(0.52-2.34)
0.791

0.93
(0.65-1.33)

0.677

1.11
(0.52-2.34)

0.790

0.93
(0.65-1.33)

0.686

1.01
(0.48-2.14)

0.976

0.86
(0.58-1.28)

0.451
PM10 0.96

(0.50-1.85)
0.907

0.87
(0.64-1.20)

0.401

0.96
(0.50-1.86)

0.913

0.88
(0.64-1.20)

0.412

0.85
(0.42-1.71)

0.651

0.81
(0.58-1.14)

0.233
PMcoarse 1.28

(0.72-2.29)
0.397

0.93
(0.73-1.20)

0.576

1.29
(0.72-2.31)

0.388

0.94
(0.73-1.20)

0.604

1.15
(0.63-2.10)

0.654

0.89
(0.68-1.15)

0.362
PM2.5abs 1.19

(0.57-2.48)
0.640

0.91
(0.66-1.24)

0.539

1.20
(0.58-2.50)

0.627

0.91
(0.66-1.25)

0.559

1.09
(0.51-2.33)

0.825

0.86
(0.61-1.20)

0.373
1 Calculated based upon the estimate of the main effect and the multiplicative interaction term in model 2
2 Adjusted for sex
3 Adjusted for sex, parental education, siblings, current environmental tobacco smoke at child´s home, visible
signs of mold or dampness in the home, body mass index



Figure S1 Stratum-specific effect estimates (calculated
based upon the estimate of the main effect and the
multiplicative interaction term in model 2) for the association
between traffic-related air pollution and blood
responsiveness in asthmatic and non-asthmatic children
adjusted for sex, parental education, siblings, current
environmental tobacco smoke at child´s home, visible signs
of mold or dampness in the home, body mass index (N=81).
Estimates are presented as mean ratios with 95%
confidence intervals; black dots: asthmatic children; white
dots: non-asthmatic children

P-values for a significant interaction term between asthma
status and exposure are indicated by asterisks (* p-value
<0.05; ** p-value <0.01).



Table S4 Stratum specific effect estimates1 (MR: Means ratio) of traffic-related
air pollution exposure on whole blood cytokine responsiveness in asthmatic
and non-asthmatic children – results based on models with interaction term

Model 2sens12

(N=73)
Model 2sens23

(N=83)
Model 2sens34

(N=70)
Asthma + Asthma- Asthma + Asthma- Asthma + Asthma-

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

IL-6
NO2 3.25

(0.67-15.78)
0.144

0.88
(0.69-1.13)

0.309

2.32
(1.22-4.41)

0.011

0.87
(0.68-1.10)

0.249

2.21
(1.01-4.82)

0.047

0.98
(0.70-1.36)

0.889
NOx 2.53

(0.73-8.71)
0.142

0.89
(0.73-1.08)

0.245

1.90
(1.15-3.13)

0.012

0.88
(0.73-1.06)

0.184

1.84
(0.99-3.39)

0.052

0.97
(0.74-1.26)

0.803
PM2.5mass 2.74

(0.84-8.88)
0.093

0.86
(0.58-1.26)

0.437

2.02
(0.83-4.91)

0.122

0.84
(0.57-1.24)

0.393

2.18
(0.65-7.31)

0.205

0.98
(0.63-1.54)

0.933
PM10 1.83

(0.58-5.83)
0.305

1.18
(0.84-1.67)

0.334

2.11
(1.02-4.37)

0.045

1.18
(0.84-1.65)

0.338

2.25
(0.89-5.73)

0.088

1.29
(0.90-1.85)

0.169
PMcoarse 1.87

(0.74-4.73)
0.186

1.02
(0.78-1.34)

0.880

1.18
(0.60-2.34)

0.628

1.01
(0.77-1.33)

0.937

1.61
(0.51-5.06)

0.414

1.16
(0.85-1.59)

0.359
PM2.5abs 2.45

(0.62-9.71)
0.204

1.17
(0.83-1.64)

0.371

2.37
(1.03-5.43)

0.042

1.17
(0.84-1.63)

0.359

2.83
(1.00-8.01)

0.051

1.29
(0.87-1.90)

0.200
IL-8
NO2 3.47

(0.63-19.04)
0.151

0.74
(0.57-0.97)

0.030

1.71
(0.82-3.59)

0.153

0.75
(0.57-0.99)

0.043

1.53
(0.65-3.59)

0.327

0.83
(0.58-1.19)

0.306
NOx 2.61

(0.69-9.88)
0.159

0.79
(0.63-0.97)

0.026

1.52
(0.86-2.70)

0.152

0.79
(0.64-0.99)

0.038

1.41
(0.72-2.75)

0.314

0.85
(0.64-1.14)

0.275
PM2.5mass 4.40

(1.25-15.54)
0.021

0.73
(0.48-1.10)

0.131

2.51
(0.92-6.85)

0.072

0.77
(0.50-1.19)

0.234

1.98
(0.54-7.31)

0.304

0.93
(0.57-1.51)

0.775
PM10 2.95

(0.83-10.49)
0.094

0.95
(0.66-1.39)

0.810

2.44
(1.06-5.62)

0.035

0.99
(0.67-1.45)

0.945

2.87
(1.05-7.86)

0.040

1.11
(0.75-1.64)

0.600
PMcoarse 2.19

(0.79-6.06)
0.130

0.91
(0.67-1.22)

0.515

1.11
(0.51-2.41)

0.792

0.91
(0.67-1.25)

0.573

1.15
(0.33-3.99)

0.827

1.07
(0.76-1.51)

0.704
PM2.5abs 3.11

(0.68-14.25)
0.144

0.97
(0.67-1.41)

0.864

1.98
(0.76-5.18)

0.162

0.99
(0.67-1.46)

0.969

2.18
(0.69-6.87)

0.184

1.09
(0.71-1.68)

0.684



TNF-alpha
NO2 4.82

(1.21-19.24)
0.026

0.94
(0.76-1.17)

0.577

2.34
(1.34-4.08)

0.003

0.95
(0.77-1.17)

0.632

2.00
(1.05-3.81)

0.035

1.01
(0.77-1.32)

0.955
NOx 3.45

(1.17-10.21)
0.025

0.94
(0.79-1.12)

0.479

1.94
(1.25-2.99)

0.003

0.95
(0.81-1.12)

0.549

1.74
(1.05-2.89)

0.032

1.00
(0.80-1.24)

0.977
PM2.5mass 3.62

(1.32-9.97)
0.013

0.78
(0.56-1.08)

0.136

2.51
(1.18-5.37)

0.018

0.81
(0.58-1.13)

0.210

2.17
(0.81-5.85)

0.126

0.86
(0.59-1.24)

0.419
PM10 1.54

(0.55-4.32)
0.416

1.09
(0.80-1.49)

0.574

1.33
(0.69-2.55)

0.393

1.12
(0.83-1.51)

0.449

1.36
(0.62-2.99)

0.447

1.17
(0.86-1.59)

0.314
PMcoarse 2.42

(1.08-5.44)
0.032

1.05
(0.83-1.33)

0.702

1.26
(0.69-2.28)

0.451

1.06
(0.84-1.35)

0.609

1.98
(0.77-5.07)

0.155

1.12
(0.86-1.45)

0.403
PM2.5abs 1.61

(0.47-5.53)
0.453

1.10
(0.81-1.49)

0.543

1.26
(0.60-2.64)

0.545

1.12
(0.83-1.51)

0.464

1.26
(0.52-3.07)

0.610

1.15
(0.82-1.60)

0.414
Calculated based upon the estimate of the main effect and the multiplicative interaction term in model 2
Adjusted for sex; children with anti-inflammatory asthma medication use have been excluded
3 Adjusted for sex and parental allergy
4 Adjusted for sex; children with parental-reported doctor-diagnosis of eczema or hay-fever at the age of six have

been excluded



Table S5 Stratum specific effect estimates1 (MR: Means ratio) of traffic-related
air pollution exposure on whole blood cytokine responsiveness in asthmatic
and non-asthmatic children – results based on models with interaction term

Model 2sens42

(N=85)
Model 2sens53

(N=86)
Model sens64

(N=86)
Asthma + Asthma- Asthma + Asthma- Asthma + Asthma-

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

MR
(95% CI)
p-value

IL-6
NO2 2.09

(1.17-3.76)
0.013

0.90
(0.71-1.14)

0.386

2.15
(1.19-3.88)

0.011

0.87
(0.69-1.10)

0.254

2.17
(1.20-3.90)

0.010

0.87
(0.69-1.10)

0.241
NOx 1.77

(1.12-2.80)
0.014

0.91
(0.75-1.10)

0.312

1.81
(1.14-2.87)

0.012

0.88
(0.73-1.07)

0.194

1.82
(1.15-2.87)

0.011

0.88
(0.73-1.06)

0.181
PM2.5mass 1.92

(0.89-4.14)
0.096

0.87
(0.59-1.27)

0.463

1.88
(0.86-4.12)

0.116

0.86
(0.59-1.25)

0.423

1.89
(0.87-4.12)

0.108

0.83
(0.57-1.22)

0.350
PM10 1.81

(0.90-3.63)
0.094

1.19
(0.85-1.66)

0.313

2.03
(1.02-4.03)

0.043

1.18
(0.85-1.64)

0.319

2.05
(1.04-4.04)

0.038

1.17
(0.84-1.63)

0.349
PMcoarse 1.16

(0.63-2.14)
0.630

1.03
(0.79-1.35)

0.828

1.22
(0.66-2.27)

0.525

1.02
(0.78-1.33)

0.904

1.22
(0.66-2.26)

0.531

1.00
(0.77-1.32)

0.974
PM2.5abs 1.93

(0.89-4.22)
0.098

1.18
(0.85-1.65)

0.319

2.21
(1.03-4.74)

0.041

1.17
(0.84-1.62)

0.355

2.26
(1.06-4.82)

0.036

1.16
(0.83-1.60)

0.387
IL-8
NO2 1.45

(0.73-2.88)
0.283

0.75
(0.57-0.99)

0.045

1.43
(0.73-2.82)

0.296

0.73
(0.55-0.95)

0.020

1.49
(0.76-2.92)

0.251

0.73
(0.55-0.95)

0.022
NOx 1.35

(0.79-2.31)
0.269

0.79
(0.63-0.99)

0.039

1.33
(0.79-2.26)

0.288

0.77
(0.62-0.96)

0.018

1.37
(0.81-2.33)

0.242

0.77
(0.62-0.96)

0.018
PM2.5mass 1.89

(0.78-4.60)
0.159

0.73
(0.47-1.13)

0.163

1.77
(0.73-4.32)

0.210

0.73
(0.48-1.12)

0.149

1.88
(0.78-4.54)

0.162

0.68
(0.44-1.06)

0.086
PM10 1.91

(0.85-4.31)
0.117

0.96
(0.65-1.41)

0.822

1.95
(0.88-4.30)

0.098

0.95
(0.65-1.39)

0.798

2.10
(0.96-4.60)

0.063

0.93
(0.63-1.36)

0.698
PMcoarse 1.00

(0.49-2.03)
0.998

0.91
(0.66-1.24)

0.539

1.05
(0.52-2.12)

0.891

0.90
(0.66-1.22)

0.493

1.04
(0.51-2.10)

0.916

0.87
(0.64-1.19)

0.383
PM2.5abs 1.47

(0.59-3.70)
0.409

0.97
(0.66-1.44)

0.892

1.58
(0.65-3.83)

0.312

0.97
(0.66-1.41)

0.858

1.68
(0.69-4.09)

0.249

0.94
(0.64-1.38)

0.760



TNF-alpha
NO2 2.02

(1.20-3.38)
0.008

0.96
(0.78-1.19)

0.716

1.98
(1.17-3.34)

0.010

0.94
(0.76-1.16)

0.562

1.99
(1.18-3.35)

0.009

0.93
(0.76-1.15)

0.528
NOx 1.74

(1.16-2.61)
0.007

0.95
(0.81-1.13)

0.588

1.72
(1.14-2.59)

0.010

0.94
(0.80-1.11)

0.463

1.73
(1.15-2.59)

0.009

0.93
(0.79-1.10)

0.426
PM2.5mass 1.99

(1.01-3.90)
0.046

0.82
(0.59-1.14)

0.235

1.99
(1.00-3.93)

0.049

0.78
(0.56-1.08)

0.136

2.00
(1.02-3.91)

0.044

0.75
(0.54-1.04)

0.089
PM10 1.31

(0.70-2.44)
0.400

1.16
(0.86-1.57)

0.320

1.23
(0.66-2.29)

0.508

1.10
(0.82-1.48)

0.531

1.26
(0.68-2.33)

0.456

1.09
(0.81-1.46)

0.589
PMcoarse 1.22

(0.71-2.10)
0.461

1.10
(0.87-1.40)

0.432

1.22
(0.71-2.11)

0.467

1.05
(0.83-1.33)

0.663

1.22
(0.71-2.10)

0.472

1.04
(0.82-1.32)

0.754
PM2.5abs 1.20

(0.59-2.42)
0.614

1.17
(0.87-1.57)

0.311

1.14
(0.57-2.27)

0.708

1.11
(0.83-1.49)

0.490

1.17
(0.59-2.32)

0.657

1.10
(0.82-1.47)

0.540
1Calculated based upon the estimate of the main effect and the multiplicative interaction term in model 2
Adjusted for sex and differences in time between blood sampling and start of incubation
3 Adjusted for sex and season of blood sampling
4 Adjusted for sex and age of blood sampling



Table S6 Annual mean concentrations of air pollutants measured between
2002 and 2009 at the local governmental monitoring station Wesel
Feldmark

Year PM10 NO2 NOx
N* Mean

[µg/m³]
N* Mean

[µg/m³]
N* Mean

[µg/m³]
2002 338 23.94 344 32.67 344 22.59
2003 357 21.72 325 37.98 325 26.42
2004 361 23.40 347 37.31 347 24.89
2005 357 23.26 353 34.03 353 25.17
2006 364 23.88 352 35.74 352 26.71
2007 358 26.58 291 33.60 291 24.37
2008 359 21.47 314 33.26 314 24.95
2009 354 24.17 325 35.98 325 26.64

*Number of measurements
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