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Fine Ambient Particles from Various Sites in Europe Exerted
a Greater IgE Adjuvant Effect than Coarse Ambient Particles

in a Mouse Model

Torunn Alberg!, Flenming R. Cassee?, Else-Carin Groeng?, Erik Dybing?,

and Martinus L avik?!

!Norwegian Institute of Public Health, Division of Environmental Medicine, Oslo,
Norway, and National Institute for Public Health and the Environment,
Centre for Environmental Health Research, Bilthoven, The Netherlands

In the European Union (EU)-funded project Respiratory
Allergy and Inflammation due to Ambient Particles (RAIAP),
coar se and fine ambient particulate matter (PM) was collected at
traffic dominated locationsin Oslo, Rome, L odz, and Amsterdam,
in the spring, summer, and winter 2001/2002. PM was also
collected in de Zilk, a rural seaside background location in the
Netherlands. The aim of this study was to screen the ambient PM
fractionsfor allergy adjuvant activity measured asthe production
of allergen- (ovalbumin-) specificimmunoglobulin (Ig) E following
subcutaneous (sc) injection into the footpad of mice. A second aim
was to determine whether the 6-d popliteal lymph node (PLN)
assay can be used to detect an allergy adjuvant activity. Allergy
screening for 1gE adjuvant activity showed that in the presence of
ovalbumin (Ova) 12 out of 13 of the fine ambient PM fractions
exerted a significant IgE adjuvant activity. In contrast, only 3 out
of 13 of the coarse PM fractions had significant adjuvant activity.
Overall, fineambient PM exerted significantly greater 1gE adjuvant
activity per unit mass than coarse PM. No significant differences
were observed between locations or seasons. Substantial higher
levels of specific components of PM such as vanadium (V), nickel
(Ni), zinc (Zn), ammonium (NH,), and sulfate (SO,) were present
in thefine compared to coarse PM fractions. However, differences
in the content of these components among fine PM fractions did
not reflect the variation in the levels of 1gE anti-Ova. Still, when
comparing all seasons overall, positive correlations wer e obser ved
between V, Ni, and SO, and the allergen specific IgE levels. The
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PLN responses (weight and cell number) to Ova and ambient PM
in combination were significantly higher than to Ova or PM alone.
Still, the PLN assay appears not to be useful as a quantitative
assay for screening of allergy adjuvant activity since no correla-
tion was observed between PLN responses and allergen specific
IgE levels. In conclusion, fine ambient PM fractions consistently
were found to increase the allergen-specific IgE responses more
than the coarse ones. Our finding isin agreement with the notion
that traffic-related air pollution contributes to the disease burden
in asthma and allergy, and points to fine and ultrafine ambient
PM asthemost important fractionsin relation to aller gic diseases.

Air pollution has been suggested as a causative or promoting
factor of respiratory alergies (D’ Amato et a., 2005; Gilmour
et a., 2006). The RAIAP project has focused on one specific
type of air pollutant, namely, ambient particulate matter (PM).
Although the exposure to ambient PM is substantial in urban
environments throughout Europe, the prevalence of respiratory
alergies has been reported to differ, with a higher prevalence
in the western than eastern countries (Braback et al., 1994,
ISAAC & the International Study of Asthma and Allergiesin
Childhood Steering Commitee, 1998; Janson et al., 2001; von
Mutius et a., 1994). After the reunification of East and West
Germany, however, an increase in hay fever and atopic sensiti-
zation occurred in the former Eastern Germany (von Mutius
et a., 1998; Weiland et a., 1999). Since the 1950s air pollution
has differed between European countries, with the eastern type
of pollution being dominated by particles and sulfur dioxide
from coal combustion and the western type by smaller particles
and oxides of nitrogen largely derived from combustion of fossil
fuels. During recent years, however, there has been a changein
the air pollution in Europe: The burning of coal in the east being
reduced, and diesel emissions in these locations increasing
(Ebelt et al., 2001; Kreyling et al., 2003; Weiland et al., 1999).
Traffic-related air pollution has been speculated to be one
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reason for the rise in alergic diseases observed in Europe
during the past decades, and it was recently shown that expo-
sure to traffic-related air pollutants exerts adverse effects in
relation to atopic diseases as well as alergic sensitization
(Morgenstern et al., 2008). In addition to locality differences,
seasonal variability in air pollutants was observed, with high
PM10 concentrations during the winter compared to summer
months, due to residentia heating, inversions, and less complete
combustion by automobile engines during the colder months of
the year (Adto et a., 2005; Ebelt et a., 2001; Harrison and
Jones, 2005; Namork et al., 2004; Paoletti et al., 2002).

A main objective of the RAIAP project was to address
whether quaitative differencesin particulate air pollution at dif-
ferent locations in part might explain differences in prevalence
or severity of respiratory allergies throughout Europe. For this
purpose, coarse (2.5-10 um in aerodynamic diameter) and fine
(0.2-2.5 um in aerodynamic diameter) ambient PM was col-
lected nearby busy streets in four European cities: a northern
one—QOsdl o0, a southern one—Rome, an eastern one—L odz, and
a western one—Amsterdam. PM was collected in three
seasons: spring, summer, and winter in the years 2001/2002.
Moreover, in thefall 2001, PM was collected in de Zilk, arural
seaside background location in the Netherlands with no major
traffic road in the vicinity. In the present study the PM fractions
were screened in a mouse model for their alergy adjuvant
activity, measured as the allergen-specific immunoglobulin
(lg) E response following subcutaneous sc injection into the
footpad of BALB/CA mice. Diesel exhaust particles (DEP)
were included as a positive adjuvant control. A second aim was
to determine whether the 6-d PLN assay might be used for
alergy screening since (1) it is highly sensitive (i.e. producing
a measurable immune response), (2) it is simple to perform
because the immune response is focused to one single well-
defined and easily detectable lymph node, and (3) results are
reproducible. For this purpose the results obtained in the PLN
assay were compared with the production of allergen specific
IgE after sc injection into the footpad of mice. A short account
for this study has appeared previously (Dybing et al., 2004).

METHODS

Animals

Inbred 6-wk-old female BALB/cA mice, weighing approxi-
mately 15 g each, were obtained from Taconic M&B A/S
(Ry, Denmark). Mice were distributed in groups of 8 animals
per cage (type |1l macrolon) containing Beekay GLP bedding
(B&K Universal A/S, Nittedal, Norway), and rested for 1 wk
before entering the experiments. The cages were placed in
filter cabinets (Scantainers) and mice exposed to a 12/12-h
light/dark cycle, a temperature of 21 + 2°C, and a relative
humidity of 40-60%. The mice were given pelleted food (RM 1,
SDS, Essex, UK) and tap water ad libitum. The experiments
were performed in conformity with the laws and regulations

controlling experiments with live animalsin Norway, and were
approved by the local officer of the Experimental Animal
Board under the Ministry of Agriculture in Norway.

Particulate Material

Ambient PM was collected in Oslo, Rome, Lodz, and
Amsterdam during the spring, summer, and winter in the years
2001/2002. In addition, PM was collected in de Zilk, a seaside
background location in the Netherlands, in the fall 2001. PM
was collected as described by Cassee et al., (2003). In short,
two high-volume cascade samplers with a multistage dlit nozzle
impactor were used to collect coarse and fine PM fractionsinto
polyurethane foams. PM was extracted with methanol from the
polyurethane foams (Demokritou et al., 2002; Sillanpaa et al.,
2003). Standard Reference Material 1650 (DEP) was obtained
from the National Ingtitute of Standards and Technology
(Gaithersburg, MD), whereas Ottawa dust (EHC-93) was
kindly provided by Dr. Renauld Vincent (Environmental
Health Directorate, Health Canada, Ottawa, Ontario, Canada).
PM was suspended in Hanks balanced salt solution (HBSS)
and stirred at 18°C overnight using a magnetic stirrer. When
appropriate, alergen was added to the suspension simulta-
neously with particles.

Particle Characterization

Characterization of the collected ambient PM fractions was
performed at the National Institute of Public Health and the
Environment, the Netherlands, and is described in detail by
Cassee et . (2003). In summary, elemental composition of the
PM was analyzed with inductively coupled plasma mass spec-
trometry. Secondary aerosols were detected with ion chroma-
tography (Cl, NO,, and SO,) or photometry (NH,), and anions
were andyzed using a Dionex guard column (AG-4A), separation
column (Dionex AS-4A), and pulsed electrochemical detector
(Dionex-PED). Polycyclic aromatic hydrocarbons (PAH) were
analyzed on a 30-m, 0.25-mm, WCOT DB-5MS column in a
Fisons 8000 series gas chromatograph equipped with an Inter-
science MD800 mass spectrometer with electron ionization
(EI) in SIR mode.

Experimental Design

An overview of the experimental design isshown in Figure 1.
All experiments were performed with groups of 8 mice
injected into the right hind footpad in a heel-to-toe direction
using a 100-ul Hamilton syringe (Hamilton Bonaduz AG,
Switzerland) with a 30-G needle. Suspensions (20 ul) of ambi-
ent particles in HBSS (200 and 100 pg single dose per animal
in the antibody and PLN experiments, respectively) were given
together with the model allergen ovalbumin (Ova) (grade VI,
Sigma, St. Louis, MO, 50 ug single dose per animal). DEP was
included as a positive control (50 ug single dose per animal,
30ug in the spring antibody experiment). In the PLN assay,
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A)
Sensitization:
Ova (50 pug) +/-
PM (200 pg) s.c.

Booster:
Ova (50 pg) s.c.

I
Day: O

B)
Sensitization: PLN
Ova (50 pug) +/-
PM (100 pg) s.c

21 26

Ova-IgE

I I
Day: O 6

Weight and cell
numbers

FIG. 1. Experimental design for examination of effects of ambient PM on (A) allergen-specific IgE production and (B) PLN weight and cell number responses
after scinjection of Balb/cA miceinto the hind footpad. See Methods section for details.

ambient particles were also given in the absence of Ova. In the
antibody experiments untreated and HBSS-treated mice were
included as controls and ambient dust collected in Ottawa
(EHC-93) was administered as a generally available reference
particle. All particle fractions collected in the same season
were examined in one antibody production experiment,
whereas the coarse and fine PM fractions for practical reasons
were examined in separate experiments in the PLN assay.

The PLN Assay

Six days after sensitization mice were killed by cervical
dislocation under CO, anesthesia, and PLNs from both hind
legs were dissected out and kept onicein HBSS. Further prep-
aration of the lymph nodes was carried out as described by
Lavik and coworkers (1997). In short, after removal of excess
fat and connective tissue, the lymph nodes were weighed. Each
lymph node was then teased into a single-cell suspension by
means of two 18-G needles, and the number of cells was deter-
mined in a Beckman Coulter Counter (Beckman Coulter, Inc.,
Fullerton, CA). Weight and cellular indices were calculated by
dividing the value of the right (inoculated) lymph node with
that of the left (noninocul ated).

Allergen-Specific IgE Assay

For measurements of allergen-specific IgE antibodies, mice
were given a second injection of Ova 20 d after the first one,
and 5 d later the mice were anesthetized with CO, and blood
drawn from the heart. Sera were prepared and stored at —20°C
until analyzed by enzyme-linked immunosorbent assay

(ELISA). The ELISA for Ova-specific IgE has been described
previously (Lovik et al., 1997; Ormstad et al., 1998). In short,
microtiter plates coated with rat anti-mouse IgE (LO-ME-3,
Experimental Immunology Unit, University of Louvain,
Belgium) were allowed to capture IgE. Capture of IgE antibod-
ies was followed by incubation with biotinylated Ova and
thereafter with preformed complexes of streptavidin and
biotinylated alkaline phosphatase, and finally with p-nitropheny!
phosphate. Optical density was measured at 405 nm and the
antibody concentration calculated in arbitrary units per milli-
liter (AU/ml).

A standard curve was made on each IgE plate using a serum
pool from BALB/cA mice immunized with Ova and Al(OH)s.
Ova and Al(OH); were given intraperitoneslly on d O, 20, 34,
and 41 as single doses of 10 ug and 2 mg, respectively. Mice
were anesthetized with CO, and blood drawn from the heart on
d 48. After preparation serawere stored at —20°C.

Statistical Analysis

Stetistical analysis was performed using SigmaStat for
Windows Version 2.03 (Statistical Solutions, Saugus, MA).
Nonparametric analyses on ranks were performed on the IgE
antibody data sets, which were nonnormally distributed. More-
over, some antibody values were outside the detection range of
the ELISA. Variance was introduced into the groups in which
nearly al values were below the detection level of the ELISA,
by creating normally distributed random numbers with standard
deviation below 0.02. Parametric analyses were performed on
the PLN data sets that were normally distributed. Each separate
experiment was analyzed using one-way analysis of variance,
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and adjuvant activity was examined by multiple comparisons
versus the Ova group (Dunn’s and Dunnett’s method for the
nonparametric and parametric responses, respectively). To deter-
mine whether the PLN response in the presence of Ovawas sig-
nificantly greater than in the absence of Ova, and for which
particle sampling locations, two-way analysis of variance was
performed (Holm-Sidak method). To find out whether the
popliteal response to the combination of Ova and ambient PM
was due to a synergistic or additive effect of Ova and particles,
the mean index values of al groups following subtraction of one
(reflects no stimulation) were calculated. The mean index value
of the Ova group was then added to the mean index vaue of the
individua particle groups and the sum obtained compared by a
Student’ s t-test to the mean index vaues of the particle and Ova
groups. The importance of sampling site, season, and particle
size for the PLN and IgE antibody responses was determined
following a three-way anadysis of variance (Holm—Sidak
method). To determine the association between the alergen-
specific IgE levelsand PLN responses (weight and cell number),
aswedll as between alergen-specific IgE levels and specific com-
ponents of PM, Spearman’s rank order correlation analysis was
performed. Correlation coefficients below .6 were not consid-
ered to be relevant. The limit for statistical significance was set
ap<.05.

RESULTS

Allergen-Specific IgE Responses

To examine the allergy adjuvant activity of the ambient PM,
its ability to increase an alergen specific IgE response was
analyzed. Theresults obtained are presented in Figure 2. Upper,
middle, and lower panels show the results for ambient PM col-
lected in the spring, summer, and winter season, respectively.
The result obtained for the PM collected at the rural seaside
background location de Zilk is shown in the lower panel.
A weak IgE antibody response to Ova without PM was
observed. However, in the presence of Ova 12 out of 13 of thefine
ambient PM fractions significantly increased the IgE anti-Ova
responsein the dose examined (200 ug single dose per animal).
In contrast, only 3 out of 13 of the coarse ambient PM fractions
had significant IgE adjuvant activity. No adjuvant activity was
observed with alower dose of ambient PM (50 ug single dose
per animal, data not shown). The Ottawa dust gave a rather
weak IgE antibody response compared with the European
ambient PM. The dose of the positive control particles (DEP)
was increased from 30 to 50 ug per mouse in the summer and
winter experiments, after it was found that the dose of 30 ug
did not significantly enhance IgE anti-Ova responses compared
to Ova alone (upper panel). It was noticeable that both the
coarse and fine PM fractions from de Zilk did not markedly
differ from the other locations.

Three-way analysis of variance showed that the fine PM
fractions in combination with Ova produced a significantly

greater allergen specific IgE response than the coarse ones.
However, no significant differences in the IgE antibody
response were observed between locations or seasons.

PLN Responses

Figure 3 shows the popliteal lymph node weight responses
to coarse (white columns) and fine (gray columns) ambient
PM, collected in Oslo, Rome, Lodz, and Amsterdam, in the
spring (upper panel), summer (middle panel), and winter
(lower panel), respectively. The results obtained for the PM
collected at the background location de Zilk are shown in the
lower panel. It should be noticed that the coarse and fine
ambient PM for practical reasons were examined in separate
experiments.

Only weak lymph node weight responses to Ova without
PM were obtained. The same was found for the mgjority of PM
fractions in the absence of Ova. With the exception of several
coarse summer PM fractions and the fine winter PM fraction
from Odlo, the lymph node weight responses to most PM
fractions were significantly increased in the presence of Ova.
The response turned out to be synergistic, not just an additive
effect of Ova and particles. Similar results were obtained for
the popliteal lymph node cellular responses (data not shown),
with the correlation coefficient between weight and cellular
PLN responses being .8. There were, however, no significant
correlations between the IgE anti-OVA and PLN responses,
with the correlation coefficient being .2 for both the weight and
cellular lymph node responses.

Particle size was an important determinant for popliteal
weight responses for the PM fractions collected in the summer.
No other statistically significant differences were obtained in
the PLN responses (weight and cell number) for PM in combi-
nation with Ova according to variance analysis of PM sam-
pling location, season, and size.

Allergen-Specific IgE Responses in Relation to Chemical
Components of PM

An extensive chemical characterization of the ambient PM
fractions collected in the RAIAP project showed that the PM
fractions differed among the sampling sites with respect to
both mass concentration and composition (Cassee et al., 2003).
Higher concentrations (ug/m°) of ambient PM were found in
Lodz and Rome compared to Oslo, Amsterdam, and de Zilk.
There was a clear predominance of combustion particles in
Lodz, particularly in the winter samples. The relationship
between aluminum (Al) and the transition metals iron (Fe),
copper (Cu), zinc (Zn), vanadium (V), and nickel (Ni) in the
PM and the production of allergen-specific IgE is shown in
Figure 4. In general, the highest concentrations of metals were
found in Rome (Cassee et a., 2003), with the exception of Zn,
which was highest in Lodz, particularly in the winter. Al, Fe,
and Cu are typical for crustal material and were usually higher
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FIG. 2. Levelsof IgE anti-Ovain BALB/cA mice 5 days after footpad inoculation with Ova, 25 days after inoculation of Ova and PM into the same footpad.
The upper, middie, and lower panels show the results obtained for ambient PM collected in the spring, summer, and winter season, respectively. Individual results
(circles) and medians (columns) for groups of eight mice are shown. The dotted lines indicate the lower and upper detection limits of the ELISA. The stars
indicate a statistically significant difference compared to Ova (p < .05).
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FIG. 3. Weight indices in the PLN 6 d after footpad inoculation of BALB/cA mice with Ova and ambient PM fractions, separately or in combination. The
upper, middle, and lower panels show the results obtained for ambient PM collected in the spring, summer, and winter season, respectively. Individual results
(circles) and means (columns) for groups of eight mice are shown. Coarse PM (white bars) and fine PM (gray bars) were examined in separate experiments. The
dotted line indicates 1, which signifies no reaction. The stars indicate a statistically significant difference compared to the respective Ova group, whereas brackets
denote a significant difference between the groups indicated (p < .05).
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FIG. 4. The concentrations of selected metals in the ambient PM fractions are presented together with the respective PM-induced IgE anti-Ova level. The
upper, middle, and lower panels show the results obtained for ambient PM collected in the spring, summer, and winter season, respectively. Points represent the
metal concentration, and the bars the median of the IgE anti-Ova level (presented together with the individual results of eight mice in Figure 2). Metal
concentration is shown on the left ordinate (ng/mg PM), and IgE anti-Ova levels at the right ordinate (AU/ml). Indicated values in the diagram for Al and Fe
should be multiplied by 103, values for Zn and Cu by 102, and values for V and Ni by 10".
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in the coarse PM fractions, whereas Zn, V, and Ni often are
related to combustion processes and were usually higher in the
fine PM fractions. Zn, V, and Ni might therefore be thought to
contribute to the higher IgE production associated with the fine
compared to the coarse PM fractions, and positive correlations
(both correlation coefficients being .6) were observed between
V and Ni and the alergen-specific IgE levels when examining
all seasons overall. No association was observed between Zn
and the levels of allergen-specific IgE. Figure 5 showstherela
tionship between the concentrations of PAH (light and heavy)
in ambient PM and production of allergen-specific IgE. PAHs
are found in both size fractions of PM. The highest yields of
PAH were found in Lodz, particularly in the winter season. No
clear relationship between PAH concentrations and the IgE
adjuvant potential of the PM fractions was observed. The asso-
ciation between the inorganic components ammonia (NH,),
potassium (K), nitrate (NO3), and sulfate (SO,) of PM and the
production of alergen-specific IgE is illustrated in Figure 6.
K and NO; are found in both the fine and coarse PM fractions.
The highest levels of NO; were observed for Amsterdam. The
summer samples contained high levels of SO,, probably due to
more warm and humid conditions favorable for more rapid oxi-
dation of sulfur dioxide generated from combustion of fossil
fuels. SO, and NH, are predominantly found in the fine PM
fractions, and may therefore contribute to the higher IgE
production of fine compared to coarse ambient PM fractions.
Although the variation in the content of SO, was not reflected
in the allergen-specific IgE levels, a positive correlation (with
the correlation coefficient being .6) was observed between SO,
and the production of allergen-specific IgE when examining all
seasons overal. It is noteworthy that the PM fractions from the
background location de Zilk are not markedly different from
the urban locations with regard to the content of metals or to
organic or inorganic components.

DISCUSSION

Allergy screening for IgE adjuvant activity showed that in the
presence of Ova 12 out of 13 of the fine ambient PM fractions col-
lected nearby busy streets in Odo, Rome, Lodz, and Amsterdam,
in the spring, summer, and winter 2001/2002, exerted a significant
IgE adjuvant activity at the dose examined (200 ug single dose per
animal). In contrast, only 3 out of 13 of the coarse PM fractions
possessed significant adjuvant activity. Overall, fine ambient PM
exerted significantly greater IgE adjuvant activity per unit mass
than coarse PM. No dgnificant differences were observed
between locations or seasons. The finding that PM from the back-
ground location de Zilk showed an alergy adjuvant activity smi-
lar to that from the four city traffic Sitesis in agreement with the
fact that the PM fractions from de Zilk were chemically equivaent
to those from the urban locations. Small combustion particles are
transported over long distances, and northwestern winds across
the North Seafrom British Ides may explain the presence of these
particlesin the rural samplesfrom de Zilk.

The lack of differences in effects among PM from different
locations is probably not due to an insensitivity of the ELISA
used, since the assay discriminates between the adjuvant
activity of coarse and fine PM, aswell as between the Ottawa
and European ambient dust. The relatively low IgE anti-Ova
response with urban dust from Ottawa, which contains both
coarse and fine PM, may be due to a considerable content of
large particles or aggregates of particles (observed by transmis-
sion electron microscopy analysis, data not shown), which seemto
have much less alergy adjuvant activity than the smaller particles.

Epidemiological observations indicate that fine PM exert
greater effects with regard to acute asthma-related responses
than coarse particles (Penttinen et al., 2001; Schwartz & Neas,
2000). The present findings of a more potent IgE adjuvant
effect attributed to fine than coarse PM may suggest that the
same or overlapping mechanisms are involved in alergy adju-
vant activity and acute precipitation of worsening asthma. Fur-
thermore, our finding that fine PM from ambient air exerts a
greater alergy adjuvant effect than coarse PM is in support of
the notion that traffic-related air pollution contributes to the
disease burden from asthma and allergy (Annesi-Maesano
et a., 2007; Janssen et al., 2003; Nicolal et a., 2003), and that
traffic pollution not only aggravates preexisting disease but
also contributes to the inception and increased prevalence of
dlergy (Morgenstern et al., 2008). Whether the differencesin
dlergic adjuvant activity between coarse and fine ambient PM
fractions can be explained by different elemental composition,
adsorbed chemicals, or surface area is not known, and there is
evidencefor arole of all these factors.

In our study, higher levels of specific components of PM
such as SO, NH,, V, Ni, and Zn were present in the fine com-
pared to the coarse PM fractions, and these components might
therefore be thought to contribute to the higher IgE production
associated with the fine compared to coarse PM fractions.
However, differencesin the content of SO, and Zn among fine
PM fractions did not reflect the variation in levels of IgE anti-
Ova. Still, when comparing all seasons overall positive corre-
lations were observed between V, Ni, and SO, and the
alergen specific IgE responses. The finding that VV and Ni are
associated with the production of allergen specific IgE isin
accordance with allergic diseases being high at locations in
Germany characterized by high levels of metals such as lead
(Pb), cadmium (Cd), chromium (Cr), and Ni in ambient air
(Heinrich et al., 1999; Wilhelm et al., 2007). Further, the
metal composition of ambient air was found to influence the
severity of allergic respiratory disease in a mouse model
(Gavett et a., 2003). Ni and V were aso shown to enhance
dlergic sensitization to house dust mite in a rat model
(Lambert et al., 2000). SO,, on the other hand, in epidemio-
logic studies primarily was associated with bronchitis, not
with allergy and asthma (Dockery et al., 1996; von Mutius
etal., 1992). Moreover, the concentration of SO, in Asian
sand dust did not reflect the degree of eosinophilic lung
inflammation produced by Asian sand dust and Ova (Hiyoshi
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FIG. 5. The concentration of PAHSs (light and heavy) in the ambient PM fractions presented with the respective PM-induced IgE anti-Ova level. The upper,
middle, and lower panels show the results obtained for ambient PM collected in the spring, summer, and winter season, respectively. Points represent the PAH
concentrations, and bars the median of the IgE anti-Ova level (presented together with the individual results of 8 mice in Figure 2). The PAH concentration is
shown on the |eft ordinate (hg/mg PM), and IgE anti-Ova levels at the right ordinate (AU/ml).
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FIG. 6. The concentration of selected inorganic components in the ambient PM fractions presented together with the respective PM-induced IgE anti-Ova
level. The upper, middle, and lower panels show the results obtained for ambient PM collected in the spring, summer, and winter season, respectively. Points
represent the concentration of inorganic components, and bars the median of the IgE anti-Ovalevel (presented together with the individual results of eight micein
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et a., 2005). However, in those studies only Ova and Asian
sand dust containing high levels of SO, stimulated the produc-
tion of alergen-specific 1gG1l. No association was found
between the PAH levels in the ambient PM and the allergen-
specific IgE responses. Our findings are in agreement with the
epidemiological observation that allergic diseases are not
associated with high levels of PAH at alocation in Germany
(Wilhelm et al., 2007). The evidence for a role of PAH in
alergic diseases, however, is conflicting. In studies in vitro,
PAHs extracted from DEP enhanced ongoing IgE production
in human B cells (Takenaka et al., 1995) and induced hista-
mine release from a murine mast cell line (Diaz-Sanchez
et a., 2000). Organic extracts from urban PM also seem to be
of importance in the induction of alergic diseases by activat-
ing human basophils (Devouassoux et al., 2002; Schober
et a., 2007). Moreover, PAH in the RAIAP ambient PM were
associated with the production of allergen-specific IgE after intra-
nasal exposure (whereas V, Ni, and SO, were not) (Steerenberg
etd., 2006). The conflicting results for PAH may to some
extent be explained by the fact that in some studies the effect
of soluble PAH were examined, whereas in other studies the
effect of PM associated PAH were determined.

Particle size appears to be of importance since fine but not
coarse polystyrene particles possess allergy adjuvant activity
(Nygaard et al., 2004). Moreover, fine PM has been reported to
exert an alergy adjuvant effect regardless of composition
(Granum et a., 2001). Allergy adjuvant activity of polystyrene
particles in mice was shown to be determined by particle num-
ber and surface area, and not particle mass (Nygaard et a.,
2004). Small particles have per mass unit much larger numbers
and surface area than larger particles. A large surface area is
advantageous if particles exert their adjuvant activity by acting
asacarrier of alergen, or asacarrier of chemicals and metals,
or by other surface interactions. By acting as a carrier of aller-
gen, particles may make the uptake, processing, and presenta-
tion in antigen-presenting cells more effective.

The quality of an immune response (Thl or Th2) to an anti-
gen in mice is dependent on the adjuvant used (van Zijverden
et a., 2000), the antigen characteristics (Dearman et al., 2000),
dose and frequency of exposure (Kolbe et al., 1994; Morokata
et a., 2000; Nelde et a., 2001), site of delivery (Constant et al.,
2000; Nelde et al., 2001; Repaet a., 2004), and animal strain,
i.e., genetic factors (Brewer et al., 1999; Constant et a., 2000;
Nygaard et al., 2005). Although the route of exposure is of
importance, an adjuvant effect of particles on the allergen
specific IgE production was demonstrated in mice regardless
of the route of exposure (Granum et a., 2001; Lovik et al.,
1997; Muranaka et a., 1986; Takano et al., 1997). The alergy
adjuvant activity of the RAIAP PM observed following sc
exposure in the footpads is therefore assumed to be of impor-
tance also following exposure via routes more relevant for the
real-life situation, specifically inhalation exposure. This notion
is supported by the demonstration of an allergy adjuvant effect
of the ambient RAIAP PM following intranasal bolus exposure

(Steerenberg et a., 2004, 2005). Although discrepancies were
found with regard to which PM fractions that responded, the
fine PM fractions in both mouse models (using different routes
of exposure) induced a greater IgE immune response than
coarse PM fractions. This fact strengthens the value of the IgE
footpad immunization model as a screening model for adjuvant
activity of air pollutants.

The PLN assay, on the other hand, appears not to be useful as
a quantitative assay for screening of alergy adjuvant activity,
athough the weight and cellular responses to particles and Ova
in combination were significantly greater than to Ova or parti-
cles alone. Moreover, the response turned out to be synergistic,
not just an additive effect of Ova and particles. However, there
was no correlation between the level of allergen-specific IgE
production and the PLN weight and cell number responses. This
may be due to the fact that the PLN assay does not distinguish
between an alergic and a nonalergic immune response, or a
nonspecific inflammatory response. The potent adjuvant activity
of the fine compared to coarse PM fractions observed in the
alergen-specific IgE assay was not reflected in the PLN assay,
which indicates better relevance and sensitivity of the IgE assay.

In conclusion, compared to the PLN assay, the allergen-
specific IgE footpad immunization assay is clearly to be pre-
ferred for screening for alergy adjuvant activity of PM. Fine PM
fractions consistently were found to increase the allergen-specific
IgE responses more than the coarse ones. Our finding is in
agreement with the notion that traffic-related air pollution con-
tributes to the disease burden in asthma and alergy, and points
to fine and ultrafine ambient air PM as the most important frac-
tionsin relation to allergic diseases.
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