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Abstract

In the framework of an EU project entitled, ‘‘Respiratory Allergy and Inflammation due to Ambient Particles (RAIAP)’’, various ambient

particulate matter samples were tested for their adjuvant potency in an animal allergy model to ovalbumin. Coarse (2.5–10 Am) and fine

(0.15–2.5 Am) particles were collected during the spring, summer, and winter in Rome, Oslo, Lodz, and Amsterdam. Coarse and fine

particles were also collected near a seaside location in the Netherlands, where prevailing winds are westerly. These latter particles served as a

control, with a minimum contribution by traffic. Ottawa dust (EHC-93) was used as a standard reference sample. Immunoglobulins (IgE,

IgG1, and IgG2a), histopathological changes in the lung, cytokines, and the number of cells and their differentiation in lung lavages were used

as effect parameters to study the adjuvant potency of these particles. The particles (3 mg/ml) were mixed with ovalbumin (0.4 mg/ml) and

intranasally administered during the sensitization or the challenge phase. Intranasal administration of ovalbumin only induced very little

antibody response, but introduced a minor inflammatory response in the lung or BAL during the sensitization and challenge phase. On the

contrary, after coexposure to EHC-93 and ovalbumin, a major increase was found in immunoglobulin levels specific for ovalbumin, and a

major inflammatory response in lung and BAL was induced. Coexposure to ovalbumin with 4 out of 12 collected PM samples (3 mg/ml)

resulted in an increase of mainly IgE and IgG1. The histopathological changes consisted of a small to severe peribronchial and perivascular

inflammatory response, a hypertrophy of bronchiolar mucous cells and an increase in eosinophils and neutrophils in the BAL. Statistical

evaluation of the above-mentioned parameters showed associations with PMx (coarse and fine), site, season, season � PMx, season � site

and PMx � site. In addition, adjuvant activity of the PMx can be ranked as Lodz > Rome = Amsterdam > Oslo. When the different seasons

were compared for IgE, PM from winter was found more active compared to PM from spring and summer. Only for the histopathological

lesions, statistically significant difference in effects was found between coarse and fine (coarse > fine). No associations were found between

the endotoxin content and the biological effects parameters, although endotoxin was much more confined to the coarse fraction.

In conclusion, PM, both coarse and fine, and from various geographic sites, was found to differ in adjuvant activity; furthermore, winter

was found more active than spring and summer.

D 2004 Elsevier Inc. All rights reserved.
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Introduction and asthma are two of the most common allergic diseases.
The prevalence of allergy has increased globally in the

last few decades (Sly, 1999). Allergic rhinitis (‘‘hay fever’’)
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The prevalence of allergic disease varies considerably

throughout the world (Anonymous, 1998; Arshad et al.,

2001; Jarvis and Burney, 1998; Strachan et al., 1997). It

has been widely accepted that atopy is for more than 40%

inherited (Anonymous, 1997). However, it seems unlikely

that genetic factors could contribute to the rising trend of

allergy and asthma alone and lifestyle and environmental

factors will likely play a crucial role in the increased

prevalence of atopic diseases (Steerenberg et al., 1999).

In the several hypotheses explaining the increased allergy/



1 See http://www.raiap.org for additional information on this EU
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asthma prevalence in the last 10 years attention was

focused on ambient particulate matter (PM) derived both

from industrial processes (Kim et al., 2001) and from traffic

near the homes of subjects (Duhme et al., 1998; Edwards et

al., 1994; Nitta et al., 1993; Oosterlee et al., 1996; van

Vliet et al., 1997; Weiland et al., 1994; Wjst et al., 1993).

PM from industrial processes originates from the combus-

tion of carbon-containing fuels and beside carbonaceous

compounds, also includes water-soluble metal salts (espe-

cially V, Ni and Fe sulfate) and metal complexes of

insoluble components (Dreher et al., 1997; Gavett et al.,

1997). Traffic-related PM air pollution is primarily com-

posed of elemental and organic carbon species; it contains

very little sulfate and metals (Westerholm and Egeback,

1994).

Epidemiological studies in large cities have consistent-

ly demonstrated associations between daily changes of

ambient PM10 concentrations, and morbidity and mortal-

ity, particularly among those with respiratory and cardio-

vascular diseases (Dockery et al., 1993; Schwartz and

Dockery, 1992; Schwartz et al., 1996; Zanobetti et al.,

2000).

What has emerged from several studies is that living in

urban areas with a high incidence of traffic was positively

associated with reported symptoms of allergic rhinitis and

respiratory complaints (Ciccone et al., 1998; Duhme et al.,

1998; Kramer et al., 2000; Weiland et al., 1994) where

pollen sensitization is prevalent (Wyler et al., 2000). In

other studies, traffic-related air pollution was also found to

be associated with reported respiratory complaints, but not

with an increase in the prevalence of allergic symptoms

(Hirsch et al., 1999; Oosterlee et al., 1996; Wjst et al.,

1993). However, there are uncertainties about the role of

PM in the induction of traffic-related morbidity (Nicolai,

2002).

To study possible effects of PM on respiratory allergy,

the ovalbumin model in the mouse has been used, as it

mimics allergic reactions in the human airways (Hamada

et al., 1999). Experimental studies in mice have shown

adjuvant activity of DEP or airborne particles when co-

exposed to ovalbumin (Fujimaki et al., 2001; Heo et al.,

2001; Maejima et al., 1997; Nel et al., 1998; Steerenberg

et al., 2003a; Takafuji et al., 1987, 1989; van Zijverden et

al., 2000). Several studies have shown that PM influences

cytokine production, enhances the IgE response or the

allergen specific IgE, modulates the immunoglobulin iso-

type switching and increases inflammatory response in

lung (Diaz-Sanchez et al., 1997, 2000; Maejima et al.,

1997, 2001; Nel et al., 1998; Rusznak et al., 1997;

Steerenberg et al., 2003a). The purpose of the present

study was to screen the possible adjuvant activity of

ambient PM for four European cities (sites) and study

the impact of size (coarse and fine) and seasons (spring,

summer and winter) using the ovalbumin mouse model.

The sites were selected for the substantial contribution of

traffic emissions to PM. This investigation was performed
in the framework of an European Union project entitled,

‘‘Respiratory Allergy and Inflammation due to Ambient

Particles’’ (RAIAP).1
Materials and methods

Animals. Six to eight-week-old male BALB/cByJ.ico

mice, obtained from Charles River (L’Ardresle, France),
were housed in Macrolon Type III cages. Food pellets and

tap water were available ad libitum and all animals were

allowed to adapt for at least 1 week before the experiments

started. All experiments were performed according to inter-

national and institutional guidelines for animal care.

Sensitization and challenge allergens

Ovalbumin. The mice were randomly placed in groups

(n = 8). For intranasal sensitization on days 0 and 14, the

mice were slightly anaesthetized with halothane (Table 1).

At the moment of wakening, 0.4 mg/ml ovalbumin (grade V,

Sigma, St. Louis, MO. USA) in a total of 50 Al saline was

administered into both nostrils. For the challenge mice were

again intranasally exposed to ovalbumin at the same con-

centration on days 35, 38 and 41. To study the effects of

particles, the suspension of particles and ovalbumin were

mixed at a final concentration of 0.4 mg/ml ovalbumin and

3 mg/ml particles. Animals were euthanized on day 42.

According to our histopathological study, the quantity of a

150 Ag dose per mouse did not result in overloading of lung

(Steerenberg et al., 2003a).

Particles

Particle collection. Ottawa dust (EHC-93) (Bouthillier

et al., 1998), used as a standard reference, was a gift of

Dr. R. Vincent (Environmental and Occupational Toxicolo-

gy Division, Environmental Health Directorate, Health

Canada, Ottawa, Ontario, Canada).

A high-volume cascade impactor with a multistage round

slit nozzle impactor was used to collect PM fractions on

methanol-cleaned polyurethane foam (PUF) by impaction

(Demokritou et al., 2002; Kavouras, 2001). This instrument,

developed at the Harvard School of Public Health, can be

used to collect large amounts of fractionated PM for periods

up to 1 week at a flow rate of 900 l per minute. The key

feature of the sampler is the ability to collect particles in

different size ranges using a selection of impactor stages

with the appropriate size cutoffs. The selected stages for the

RAIAP project have actual measured cut-points at 8.5, 2.35,

and 0.12 Am mass median aerodynamic diameter. The

fractions between 8.5 and 2.35 and 2.35–0.12 Am will be

called coarse and fine, respectively.

 http:\\www.raiap.org 
 http:\\www.raiap.org 


Table 1

Experimental design

Group

(N = 8)

Sensitization

(days 0 and 12)

Challenge

(days 35, 38, and 41)

1 NaCl NaCl

2 ova + Ottawa dust (EHC-93) ova

3 ova ova

4 ova + coarse ova

5 ova ova + coarse

6 ova + fine ova

7 ova ova + fine

Autopsy was performed at day 42.
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Sampling locations and seasons. The selection procedure

of the five locations inEurope, aswell as the samplingperiods,

has been extensively described earlier (Cassee et al., 2003).

The sampling sites in Rome, Oslo, Lodz, and Amsterdam

are in the center of the cities with a high population,

dominance of traffic and nearby roads (>10 and <100 m).

With its prevailing southwesterly sea wind, very low traffic

emissions, and natural allergens such as pollen, De Zilk was

selected as a control site. The site is about 800 m away from

the sea and surrounded with sand dunes and fields. The

nearest traffic route is 500 m eastward.

Particle extraction from substrate. To perform chemical

analysis and experiments, the PM was extracted from the

PUF by methanol extraction based on a method described

by Salonen et al. (2000). About 20 ml methanol was added

to the tube containing the foam. This mixture was vortexed

violently and sonicated for 30 min. The supernatant was

decanted into a round-bottom flask and the above steps

repeated twice. The suspension was then evaporated under

vacuum by using a rotary evaporator at 25 jC for about

15 min, until about 1 ml suspension was left. This suspen-

sion was sonicated in the flask for several seconds to

remove the PM from the wall of the flask. The suspension

was transferred and divided over weighed and labeled

Eppendorf tubes. The flask was washed with 1 ml fresh

methanol and sonicated again to remove all PM from the

wall of the flask; this suspension was also divided over the

Eppendorf tubes. If the flask still contained PM, the wash

step, as described above, was repeated. The Eppendorf tubes

were transferred to a vacuum centrifuge and spun down for

about 4 h. After this, the open tubes were put in an oven at

30 jC for 24 h. The next day, the dried PM samples were

weighed and PM yield measured. Finally, these tubes were

stored at �20 jC to prevent changes in the composition of

PM due to evaporation or chemical reactions.

A Limulus amebocyte lysate (LAL) test (Heamachem

Inc., St Louis, MO), as described by the manufacturer, was

used to determine the endotoxin content of the 3 mg/ml PM

suspensions; this included the BRP-3, which was used as a

reference. The detection level was <0.125 ng endotoxin/ml.

EHC-93 contained 50 ng endotoxin/ml.

Autopsy. At autopsy animals were anaesthetized with ket-
amine/Rompun [0.1 ml/100 g body weight of a mix of
0.85 ml 100 mg/ml ketamine (Aesculaap, Boxel, The

Netherlands) and 0.65 ml of 20 mg/ml Rompun (Bayer,

Leverkusen, Germany)]. Blood was taken by orbital punc-

tion. A cannula was inserted into the trachea, and lung

lavage was performed with 1 ml phosphate-buffered saline

(PBS, pH 7.2, 37 jC). The lungs were lavaged three times

with the same fluid and identical volumes, after which they

were intratracheally fixed with formalin.

Serum samples. After collection, blood was kept at room

temperature for about 2–4 h or overnight at 4 jC to allow for

clotting. The blood samples were centrifuged for 5 min at

1200 � g at RT. Serum was removed and stored in small

aliquots at �20 jC until use.

Bronchoalveolar lavage fluid (BAL). Fluid collected from

the BAL of each animal was centrifuged at 400� g, 4 jC, for
10 min. Supernatant from the lavage was used for cytokine

analysis, including interleukin-4 (IL-4), IL-5, interferon-g

(IFNg), and tumor necrosis factor (TNFa). Sediments were

used for determination of total cell number [mixing 0.1 ml of

the pelleted cells with 2.9 ml isoton (Beckman Coulter B.V.,

Mijdrecht, The Netherlands)] and for producing cytospin

preparations on which differential cell counts were per-

formed after staining with May-Grunwald Giemsa. Per

cytospin preparation, 400 cells were counted.

Enzyme-linked immunosorbent assay (ELISA) for specific

ovalbumin IgE. In short, enzyme-linked immunosorbent

assay (ELISA) was performed with serum in flat-bottom

96-well polystyrene microtiter plates with a high binding

capacity (MaxiSorpk, No 439454, Nunc, Denmark or No

655092, Greiner, Germany). All incubations were per-

formed with 100-Al aliquots. After adding a solution, the

plates were covered and shaken for 30 s. Each incubation

was followed by extensive washing—six cycles on an

automatic plate washer with PBS containing 0.1%

Tween-20. The incubations at 37 jC were performed in

a thermostatically controlled incubator. A conjugate of

ovalbumin–digoxigenin (DIG) solution was prepared by

labeling the ovalbumin with DIG using a reagent kit (see

labeling DIG).

Microtiter plates were coated overnight at 4 jC with

monoclonal rat antimouse IgE (Jackson, PA, USA) in

Na2CO3 buffer (0.1 M; pH 9.6). Blocking reagent [PBS

containing 0.1% (v/v) Tween-20 and 1% (w/v) dried milk]

was added and incubated for 1 h at 37 jC. Mouse serum

samples (1:3 diluted) were incubated for 1 h at 37 jC in

PBS. The IgE binding was measured by incubating the

ovalbumin extract-DIG solution (0.01 Ag/ml in blocking

reagent) for 1 h at 37 jC, followed by an incubation of anti-

DIG Fab fragments poly labeled with peroxidase (PO) (No.

1633716; Boehringer, Mannheim, Germany; 50 U/ml;

1:625) and an incubation of 3 min at 20 jC in the dark

with tetramethylbenzidin/dimethylsulfoxide (TMB/DMSO)

substrate. The enzyme reaction was stopped by adding

50 Al 2 M H2SO4, and optical density was read at 450 nm
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on a multichannel photometer. A pooled positive serum with

antibodies to ovalbumin was derived from mice sensitized

and challenged in a different way, i.e., intraperitoneal

sensitization by injection with 20 Ag ovalbumin emulsified

in 2.25 mg aluminum hydrochloride in a total volume of

100 Al on day 0 and challenged on days 35, 38, and 41 by

exposure to a nebulized ovalbumin solution (aerosol: 1% in

7 ml PBS) using an ultrasonic nebulizer for 20 min. This

was used as standard. Extinction values of samples were

expressed as percentage of the standard.

ELISA for specific ovalbumin IgG1 and IgG2a. Microwells

were coated overnight at 4 jC with 10 Ag ovalbumin/ml

PBS (grade V, Sigma). Blocking reagent (EDTA buffer:

3.03 g Tris aminomethane, 0.372 g EDTA, 14 g NaCl in 450

ml water and adjusted for pH 7.2) was added for 60 min at
Fig. 1. (a, b, c) IgE, IgG1, and IgG2a responses of mice, sensitized and challenged to

and fine PM fractions from Lodz spring. EHC-93 was used as a positive referenc

Significant differences from OVA-exposed group: *P < 0.05. **P < 0.01, ***P <
37 jC. Serum samples were diluted (IgG1 1:10
6 and IgG2a

1:50) in 0.5% bovine serum albumin (BSA/PBS) and were

kept for 2 h at room temperature (RT) while shaking. After

washing, the wells were incubated (shaking them for 1.5 h at

RT) with biotinylated rat monoclonal antimouse IgG1 (di-

luted 1:2000 in PBS) and IgG2a (diluted 1:6000 in PBS)

(Zymed, Laboratories, San Francisco CA, USA). The wells

were washed and incubated with streptavidin-conjugated to

poly-horseradish peroxidase (CLB, Amsterdam, The Neth-

erlands) in a dose of 100 Al 0.5% BSA/PBS for 45 min

(shaking) at RT. This was followed by a washing of the

wells and an incubation for 3 min at 20 jC in the dark with

tetramethylbenzidin/dimethylsulfoxide (TMB/DMSO) sub-

strate. The enzyme reaction was stopped by adding 50 Al 2
M H2SO4, and the optical density read at 450 nm on a

multichannel photometer.
20 Ag ovalbumin and coexposed during sensitization or challenge to coarse

e. IgE, IgG1, and IgG2a are expressed as percentage of a positive standard.

0.001.



Table 2

Summary of significantly increased responses of anti-IgE, IgG1, and IgG2a to ovalbumin after coadministration of various PM samples during the sensitization

or challenge phase compared to the antibody response to ovalbumin only

Site Season Sensitization Challenge

Coarse Fine Coarse Fine

IgE IgG1 IgG2a IgE IgG1 IgG2a IgE IgG1 IgG2a IgE IgG1 IgG2a

Rome Spring + + = = = = = = = = = =

Summer = = = + = = = = = = = =

Winter = + + = = + = = = = = +

Oslo Spring = = = = = = = = = = = =

Summer = = = = = = = = = = = =

Winter = = = = = = = = = = = =

Lodz Spring + + = + + + + + = = + =

Summer = = = = = = = = = = = =

Winter + + + + + + = = = = = +

Amsterdam Spring = = = = = = = + = = + =

Summer + = = = = = = = = = = =

Winter = = = + + = = = = = = =

De Zilk – = = = = = = = = = = = =

Total 4 4 2 4 3 3 1 2 0 0 2 2

=: similar; +: statistically significant increased production.

Table 4

Statistical evaluation of the production of immunoglobulins and histopatho-

logical lesions after coexposure to PM from different sites

Rome Oslo Lodz Amsterdam Ova

only
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Labeling proteins with DIG. Ovalbumin was labeled with

digoxigenin-3-0-succinyl-q-aminocaproic acid-N-hydroxy-

succinimide ester (DIG-NHS) using the DIG antibody

labeling kit (DIG Antibody Labeling Kit, No. 1367200,

Boehringer). Nonreacted DIG-NHS was separated on a

SephadexR*G-25 column. The labeled protein was collect-

ed in fractions of 1 ml. After determining the protein

concentration (BCA Protein Assay Kit (Pierce, Rockford,

IL), the fractions with the highest protein concentration

were pooled and the protein concentration determined.

The solution had a protein concentration of 80 mg/ml

(ovalbumin-dig) in PBS.

Cytokines. Kits for measuring the interleukins tumor ne-

crosis factor (TNFa) and IL-5 were purchased from Bio-

Source (Woerden, The Netherlands), and IL-4, and

interferon gamma (IFNg) kits were from R&D (ITK Diag-

nostics, Uithoorn, The Netherlands). The assays were per-

formed according the manufacturer’s instructions.

Histopathology. The excised lungs were inflated with 4%

phosphate buffered formaldehyde (pH 7.2) by a syringe,

inserted into the trachea. After full inflation the trachea was

ligated, and the lungs were immersed in fixative and

embedded in paraplast. Five-micrometer sections were pre-

pared and stained with hematoxylin and eosin (HE). The
Table 3

Statistical evaluation (P value) of variables on development of antibodies

after coexposure to PM and ovalbumin compared to ovalbumin only

Variables IgE IgG1 IgG2a

Site 0.0001 0.0941 0.0087

PMx 0.1963 0.7047 0.7312

Season 0.0000 0.0000 0.0000

Site � PMx 0.0689 0.0518 0.6995

Site � season 0.0007 0.0594 0.2710

PMx � season 0.0164 0.1008 0.1242
histopathological lesions were semiquantitatively and blind-

ly scored from absent (0), minimal (1), slight (2), moderate

(3), marked (4) to strong (5). The incidence as well as the

severity of the lesions was incorporated into this score.

Examples of the scoring values were illustrated in Steer-

enberg et al. (2003b).

Statistical analysis. Serum antibody titers and numbers of

BAL cells were compared after sensitization and challenge

with ovalbumin only and after ovalbumin in combination

with PM. The statistical differences between groups were

determined using an analysis of variance (ANOVA). The

Student’s two-sample t tests was used to derive the 95%

confidence interval of each parameter for each treatment

group. The histological parameters were statistically tested

with the Wilcoxon test. The data were expressed as meansF
SEM (standard error of the mean). The result was considered

significant when a P value of <0.05 was found.
IgE 0.3688a (2) �0.0636 (3) 1.3044 (1) 0.2612 (2) 0.4677

IgG1 0.9023 (2) 0.6868 (2) 1.4405 (1) 0.6836 (2) 0.9282

IgG2a 1.2487 (1) 0.6724 (2) 1.4583 (1) 0.7407 (2) 1.0301

Peribr.inf. 1.3401a (2) 1.0684 (2) 2.5630 (1) 0.9868 (3) 1.4896

Periv.inf. 1.7595 (2) 1.2160 (3) 3.3628 (1) 1.1617 (3) 1.8750

Hypertrophy 2.3336 (2) 1.9532 (3) 3.4749 (1) 1.6271 (4) 2.3472

Alveolitis 0.4503 (3) 0.8851(2) 1.2927 (1) �0.3920 (4) 0.5590

Eos-influx 0.7015 (2) �0.2767 (4) 2.3320 (1) 0.0765 (3) 0.7083

( ) ranking from high (1) to low (4); ranking is based on the difference

between the means of the log value (P < 0.05). Peribr.inf.: peribronchiolar

infiltrate; periv.inf.: perivascular infiltrate; hypertrophy: hypertrophy of

bronchiolar mucous cells; eos-influx: influx of eosinophilic granulocytes.
a Mean of the log value.



Table 5

Statistical evaluation of the production of immunoglobulins and histopath-

ological lesions compared to location of de Zilk after coexposure to PM

from different sites

Rome Oslo Lodz Amsterdam

IgE = = > =

IgG1 > > > >

IgG2a = = > =

Peribr.inf. > = > =

Periv.inf. > = > =

Hypertrophy > = > =

Alveolitis > > > >

Eos-influx > > > =

Peribr.inf.: peribronchiolar infiltrate; periv.inf.: perivascular infiltrate;

hypertrophy: hypertrophy of bronchiolar mucous cells; eos-influx: influx

of eosinophilic granulocytes. (>) Statistically significantly (P < 0.05)

stronger or (=) similar compared to location de Zilk.

Table 6

Statistical evaluation of the production of immunoglobulins after

coexposure to PM from different seasons

Spring Summer Winter Ova only

IgE 1.1443a (1) 0.8912 (2) 1.1030 (1) 0.6892

IgG1 1.5328 (2) 1.3103 (2) 1.7951 (1) �0.3731

IgG2a 0.9664 (3) 1.2461 (2) 1.7997 (1) 0.4153

( ) ranking from high (1) to low (2), ranking is based on the difference

between the means of the log value F 2 times the standard errors (P <

0.05).
a Mean of the log value.
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Eight mice per group were used for each combination of

site (Amsterdam, Lodz, Oslo, and Rome), season (spring,

winter and summer), and test substance (coexposure to

coarse PM and ovalbumin, to fine PM and ovalbumin, and

ovalbumin only). Statistical analysis included visual inspec-

tion of the data with box-plots per season and site. A log 10

transformation (after adding the usual number 0.5 to prevent

difficulties with zero) of the variables was chosen for use.

The variables of pathology—although formally ordinal var-

iables on a scale of 0 to 5—were considered to be linear;

these were used as not transformed. The formal analysis has

been done using an analysis of variance (ANOVA) with

factors site, season, and test substance and by blocking the

data according to the experiment number as an added control

was used for each combination of site and season. A P value

of less than 0.05 was considered to be significant.

The three-way interaction was included in the residual

error (as the eight mice were each treated with one batch of

each test substance in turn). A P value of less than 0.05 was

considered to be significant. If a factor or interaction was

found significant, further tests were performed using the

Least-Significant Difference as test criterion (i.e.,

performing a Student’s t test for each sublevel of the factor

with threshold 0.05). Ranking was achieved when the

difference between computed values was more than twice

the standard error (SE) (P < 0.05).

Residuals were used to compute correlation matrices

between all variables on the combined levels of site,

season, and test substance (36 matrices in total). For each

test substance, a combined correlation matrix was com-

puted as an ‘‘average’’ over season and site using the

Fisher’s Z transformation with a bias correction. We

computed a test on heterogeneity. If significant, it was

not considered proper to perform further analysis using

this correlation.

As the correlation is expected to exist a priori between

the variables on the lowest level (site by season by test

substance), we considered the difference between the cor-

relation of test substances (coexposure with coarse against

ovalbumin only, coexposure with fine against ovalbumin
only, and coexposure with coarse against coexposure with

fine), once again using Fisher’s Z test.

We noted here that a significant correlation does not

mean that a (difference in) correlation is relevant, rather that

a significant difference was considered relevant when larger

than or equal to 0.30.
Results

From all the PM samples tested, both the coarse and fine

fractions of the spring sample of Lodz showed the most

prominent stimulation of the response to ovalbumin for all

endpoints tested, when coexposed with PM during the

sensitization or challenge phase. This is why we used,

besides EHC-93, these PM results to exemplify the effects

on the IgE, IgG1, and the IgG2a, the histopathological effects

in the lung, the cytokines, and influx of inflammatory cells in

the BAL.

Immunoglobulins

IgE

EHC-93 (standard reference PM) very strongly increased

the IgE antibody response. The antibody response to oval-

bumin was also significantly increased in mice coexposed to

ovalbumin and coarse or fine particles from Lodz/spring

during sensitization compared to the mice sensitized and

challenged with ovalbumin only (Fig. 1). Coexposure with

the coarse fraction during the challenge phase only evoked a

significant IgE response to ovalbumin. Samples from Rome,

Lodz, and Amsterdam showed respective adjuvant activity

in spring/summer, spring/winter, and summer/winter. Sam-

ples from Oslo and the seaside (De Zilk) did not affect the

responses. Table 2 showed the increase of IgE to be mostly

confined to the sensitization phase (8 out of 26 vs.1 out of

26 in the challenge phase).

IgG1

EHC-93 (standard reference PM) strongly increased the

IgG1 antibody response in comparison with the standard

reference serum. The antibody response to ovalbumin was

significantly increased in mice when ovalbumin was coex-

posed with particles from Lodz/spring compared to the mice



Table 7

Mean score F SEM of histological parameters per group after administration during sensitization or challenge of coarse and fine PM from Lodz spring sample

in the ovalbumin-mouse model

Sensitization Saline OVA + EHC-93 OVA OVA + coarse OVA OVA + fine OVA

Challenge Saline OVA OVA OVA OVA + coarse OVA OVA + fine

Peribronchiolar infiltrate 0 2.9 F 0.2a 1.1 F 0.1 2.4 F 0.2a 1.5 F 0.3 3.0 F 0.3a 1.3 F 0.2

Perivascular infiltrate 0.4 F 0.2 4.1 F 0.3a 1.3 F 0.2 3.3 F 0.3a 2.1 F 0.2a 4.3 F 0.3a 1.9 F 0.4

Hypertrophy mucous cells 0 3.9 F 0.2a 1.6 F 0.2 3.5 F 0.4a 2.9 F 0.2a 4.3 F 0.2a 2.4 F 0.2

Alveolitis 0.5 F 0.2 2.1 F 0.4a 0 1.6 F 0.2a 2.3 F 0.4a 1.1 F 0.4a 1.1 F 0.2a

Eosinophils influx 0 3.6 F 0.2a 0 1.9 F 0.5a 1.4 F 0.5a 3.1 F 0.1a 0.8 F 0.5

a Significantly different from group treated with OVA alone.
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sensitized and challenged with ovalbumin only (Fig. 1). The

coarse or the fine fractions coexposed with ovalbumin

during the sensitization phase increased the IgG1 response

of the standard reference serum. Coexposure of ovalbumin

with the coarse and fine fraction during the challenge phase

evoked a significant IgG1 response to ovalbumin.

Comparable results were found for coarse and fine

fractions from Lodz/winter during sensitization, while Oslo

and the Zilk were negative (Table 2). Coarse fractions

from Rome/spring and winter (during sensitization) and

Amsterdam/spring (during challenge) were also positive.

Coexposure of ovalbumin and PM (coarse and fine) during

the sensitization phase induced a higher incidence of

increased responses than exposure during the challenge

phase (7/26 vs. 4/26). As seen in Table 2, clearly the IgG1

response runs mainly parallel with the presence of IgE

antibodies.

IgG2a

EHC-93 (standard reference PM) strongly increased the

antibody response. The IgG2a antibody response to ovalbu-

min was most significantly increased in mice when ovalbu-

min was coexposed with fine particles from Lodz/spring
Table 8

Summary of significantly pathological responses compared to the

ovalbumin group after coadministration of various PM samples during

the sensitization or challenge phase

Pathology Sensitization Challenge

Site Season Coarse Fine Coarse Fine

Rome Spring + = + =

Summer = = + =

Winter = = = =

Oslo Spring = = = =

Summer = = + =

Winter + = = =

Lodz Spring + + + =

Summer + = + =

Winter + + = +

Amsterdam Spring = = = =

Summer + = + =

Winter = = = =

De Zilk � = = = =

Total 6 2 6 1

=: similar; +: statistically significant increase compared to ova treatment

alone.
during the sensitization phase compared to the mice sensi-

tized and challenged with ovalbumin only (Fig. 1). From

Table 2, it is shown that only Rome winter showed adjuvant

activity comparable to Lodz winter.

Statistical consideration of effects on IgE, IgG1, and IgG2a

Statistical evaluation revealed that IgE, was correlated

with the variables ‘sites’ ‘season’, ‘site � season’, PMx �
season (Table 3). IgG1 was associated with season while

IgG2a was associated with site and season. Additional

analysis based on the main antibody (IgE) showed that the

sites could be ranked from high to low as follows: Lodz >

Rome = Amsterdam > Oslo (Table 4). Ranking was based

on the statistically significant difference between the means

of the log value (P < 0.05). Separately, the antibody

response after coexposure to PM from all sites was com-

pared to the location de Zilk (Table 5). Lodz showed a

significant increase of antibodies in comparison to de Zilk.

With respect to season, the all-over antibody response was

stronger (P < 0.05) by PM obtained in winter compared to

spring and summer (Table 6).

Pathology

Administration of the coarse fraction from the Lodz

spring sample showed a clear increased inflammatory

response after administration during the sensitization and

challenge phases (Table 7). With exception of the fine

fraction after the challenge phase, the coarse and fine

fractions of this location showed a significant increased

histopathological response in comparison to the ovalbu-
Table 9

Statistical evaluation (P value) of variables on development of histopatho-

logical lesions after coexposure to PM and ovalbumin compared to

ovalbumin only

Variables Peribr.inf. Periv.inf. Hypertrophy Alveolitis Eos-influx

Site 0.0000 0.0000 0.0000 0.0001 0.0000

PMx 0.0090 0.0383 0.0006 0.0000 0.0515

Season 0.0000 0.0000 0.0000 0.0000 0.0000

Site � PMx 0.1258 0.0039 0.0380 0.0011 0.0631

Site � season 0.0230 0.0108 0.0002 0.2613 0.0080

PMx � season 0.0642 0.0001 0.1047 0.2353 0.0000

Peribr.inf.: peribronchiolar infiltrate; periv.inf.: perivascular infiltrate;

hypertrophy: hypertrophy of bronchiolar mucous cells; eos-influx: influx

of eosinophilic granulocytes.



Table 10

Statistical evaluation of effect of coarse and fine PM on histopathological

lesions after coexposure with ovalbumin

Coarse Fine Ova only

Peribr. inf. 1.6701 (1) 1.3090 (2) 1.4896

Periv. Inf. 2.0486 (1) 1.7014 (2) 1.8750

Hypertrophy 2.5694 (1) 2.1250 (2) 2.3472

Alveolitis 0.8090 (1) 0.3090 (2) 0.5590

Eos-influx 0.8547 (1) 0.5625 (1) 0.7083

Peribr.inf.: peribronchiolar infiltrate; periv.inf.: perivascular infiltrate;

hypertrophy: hypertrophy of bronchiolar mucous cells; eos-influx: influx

of eosinophilic granulocytes. mean of histopathological score; ( ) ranking

from high (1) to low (3), ranking is based on the difference between the

means of the log value F 2 times the standard errors (P < 0.05).
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min-only group when administered during the sensitization

or challenge phase. The saline group did not reveal any

treatment-related responses, whereas the EHC-93 group

showed a strong positive response as indicated by a strong

inflammation and hypertrophy of bronchiolar mucous

cells.

Six out of 13 coarse samples showed a strong adjuvant

activity after administration during the sensitization phase

(Rome spring, Oslo winter, Lodz spring/summer/winter,

and Amsterdam summer) and 6 out of 13 samples after

administration during the challenge phase (all sites in

summer, and Rome and Lodz in spring) (Table 8). Two

out of 13 fine samples (Lodz spring and winter) appeared

to have strong adjuvant activity after administration during

the sensitization phase and one sample (Lodz winter) out

of 13 after administration during the challenge phase. The

severity of lesions observed with all PM samples was

comparable to the lesions observed with EHC-93.

Statistical consideration of effects on histopathological

lesions

Statistical evaluation revealed that most of the histopath-

ological lesions were correlated with ‘site’, ‘PMx’, ‘season’,
Fig. 2. BAL cell analysis of mice, sensitized and challenged with 20 Ag ovalbum

fractions from Lodz spring. Statistically significant different (**P < 0.01) from O
‘site * PMx ’ and ‘site � season’ (Table 9). Additional

analysis showed that the sites could be ranked from high to

low as follows: Lodz > Rome > Oslo > Amsterdam (Table

4). In addition, Lodz and Rome showed significantly higher

pathological responses than de Zilk (Table 5). Significant

differences were found between coarse and fine; the coarse

was found most severe (Table 10). No obvious ranking

could be found between the spring, summer, and winter

seasons, except for peribronchiolar infiltration and alveolitis

of which spring/winter and spring, respectively, were more

potent compared to the other seasons (not shown).

Bronchoalveolar lavage (BAL)

After coexposure with ovalbumin and EHC-93, a sta-

tistically significant increase was found for the number of

eosinophils, neutrophils, and monocytes. The macrophages

have been shown as the predominant cell type isolated by

BAL. The results of coexposure to ovalbumin and all 13

PM samples is exemplified by the Lodz spring sample

(Fig. 2). Coexposure to ovalbumin and the PM fraction

(coarse and fine) from the Lodz spring sample during the

sensitization period resulted in a statistically significant

increase of eosinophils and neutrophils in comparison with

ovalbumin only.

Coexposure to coarse PM with ovalbumin in the sen-

sitization or challenge phase induced a statistically signif-

icant increase in eosinophils (4/13 and 5/13, respectively)

and neutrophils (6/13 and 3/13, respectively) (Table 11). A

remarkable increase in BAL neutrophils was observed after

coexposure to ovalbumin and fine in both phases (11/13

and 8/13).

Statistical consideration on BAL cells

Statistical evaluation revealed the number of eosinophils

from the BAL cells to be correlated with ‘site’, ‘PMx’,

‘season’, ‘site � season’, and ‘PMx � season’ (Table 12).

The number of eosinophils correlated with many more
in and coexposed during sensitization or challenge to coarse and fine PM

VA-exposed group.



Table 11

Effect of coarse and fine PM coadministered during sensitization or challenge with ovalbumin on the absolute counts of BAL cells

Site Season Sensitization Challenge

Coarse Fine Coarse Fine

MB Eo Neu Mo MB Eo Neu Mo MB Eo Neu Mo MB Eo Neu Mo

Rome Spring = + = = = = = = + = = = = = = =

Summer = = = = = = + = = = = = = = = =

Winter + = = = = = = = = = = = = = = =

Oslo Spring = + = + = = + + = + = = = = + =

Summer = = + � = + + = = = = = = = + =

Winter = = = = = = + = = = = = = = + =

Lodz Spring = = + = = = + = = + = + = = + =

Summer � + + + � = + + = = = = � = = =

Winter + = + = + = + + + + + + + + + +

Amsterdam Spring = = + = = = + = = = + = = = + =

Summer = + + = + = + + = = = = = = + =

Winter = = = = + + + = = + = = = = + =

De Zilk = = = = + = + + = + + + = = = =

Number of increases 2 4 6 2 4 2 11 3 2 5 3 3 1 1 8 1

MB: alveolar macrophages, Eo: eosinophils, Neu: neutrophils, Mo: monocytes; =: similar, �: statistically significant reduction; +: statistically significant

increase compared to OVA treatment.

Table 12

Statistical evaluation (P value) of variables on the presence of leukocytes in

BAL after coexposure to coarse and fine PM during sensitization challenge

to ovalbumin

Variables Macrophages Eosinophils Neutrophils Monocytes

Site 0.7726 0.0000 0.2089 0.0047

PMx 0.1020 0.1858 0.0017 0.1519

Season 0.0967 0.0000 0.0000 0.0006

Site � PMx 0.5864 0.0671 0.3616 0.6776

Site � season 0.0302 0.0038 0.1177 0.5709

PMx � season 0.5864 0.0001 0.3616 0.3199
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variables (4�) compared to the number of macrophages

(1�), neutrophils (2�), and monocytes (2�). Further anal-

ysis revealed that particles from Lodz evoked more eosino-

phils and monocytes compared to particles from Amsterdam

and Oslo and particles from the spring and winter season

induced more eosinophils, neutrophils, and monocytes com-

pared to spring (not shown).

Cytokines in BAL

The results of coexposure to Lodz spring is exemplified

in Fig. 3. All coexposures are compared to ovalbumin only.

The IL-4 content in the BAL showed a statistically signif-

icant increase for the fine fraction during both phases. The

fine fraction during the challenge phase showed a statisti-

cally significant increase in IFNg concentration of the BAL,

whereas the coarse fraction (sensitization and challenge) and

the fine fraction (sensitization) induced a nonstatistically

significant decrease. TNFa and IL-5 concentrations showed

mostly statistically significant increases during both phases.

Table 13 presents all 13 fractions. In one-third of the cases,

the concentration of IL-4 was under the detection level. In

most of the BAL, the IL-4 concentration was found com-

parable to the ovalbumin-only group. IFNg was found

mainly comparable with the ovalbumin-only group or

showed a statistically significant decrease. The TNFa con-

centration of the BAL was comparable to the ovalbumin-

only group (39�) or was statistically significantly increased

(7�) or decreased (6�). In most cases, the IL-5 concentra-

tion in BAL was comparable to the ovalbumin, but showed

a significant increase 15 (coarse 8, fine 7) times and a

decrease 5 (coarse 1, fine 4) times.

Statistical consideration of effects on cytokines in BAL

Statistical evaluation revealed the concentration of cyto-

kines from the BAL to be correlated with site (IL4), PMx

(IFNg), season (IFNg), and site � season (IL4) (Table 14).
Additional analysis for IL4 revealed that Lodz was more

potent than other sites and for IFNg summer and winter

were more potent than spring (not shown).

Endotoxin content of PM

In a large number of particle samples, endotoxin was

encountered using the Limulus test (Fig. 4). The concen-

trations varied from 0 to 200 ng/ml. To ensure that all

LPS contained within the particle fraction became avail-

able for detection, we have also ultrasonified the samples.

No differences were found in LPS content, compared to

particle fractions that were vigorously vortexed before

use.

A statistically significant difference in endotoxin con-

tent was found between coarse and fine, and between

seasons, but not between sites (not shown). The coarse

fraction contained more endotoxin compared to the fine

fraction, and winter was less compared to spring and

summer (Table 15). Using the endotoxin level as a variable

in the analysis of covariance, no statistical association was

found for any of the parameters (n = 16) except for

alveolitis and increased number of eosinophils, and IL-4

and TNFa in the BAL. However, adjusting for endotoxin



Fig. 3. (a–d) Cytokines (IFNg, IL-4, TNFa, and IL-5) from BAL analysis of mice, sensitized, and challenged with 20 Ag ovalbumin and coexposed during

sensitization or challenge to coarse and fine PM fractions from Lodz spring. Statistically significant differences (*P < 0.05, **P < 0.01) from OVA-exposed

group.
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effects did not influence the statistical evaluations of the

effects (Tables 3, 8, 12, and 14).
Discussion

Our investigation on the effect of adjuvant activity of PM

on site, size, and season differences showed that (1) com-

bined exposure to allergens (i.e., ovalbumin) and PM resulted
Table 13

Effect of coarse and fine PM on the amount of cytokines in BAL

Site Season Sensitization

Coarse Fine

IL4 IFNg TNFa IL5 IL4 IFNg TNF

Rome Spring = = = + = � =

Summer = = = = = � �
Winter 0 = = = 0 = =

Oslo Spring = � = = = � =

Summer 0 = = = 0 � =

Winter = = � = = = �
Lodz Spring = = = + + = +

Summer 0 = = = 0 = =

Winter = = = = = = =

Amsterdam Spring 0 = = + 0 � =

Summer = = = + = = =

Winter = = = = = � =

De Zilk = = = + = = +

=: similar; �: statistically significant reduction; +: statistically significant produc
in a potentiation of allergic responses (antibody responses

and histopathological lesions) and (2) that PM collected at

different locations and different seasons has a different

potential to act as an adjuvant. Among all the parameters

studied, winter has more pronounced adjuvant activity than

spring and summer with respect to the antibodies; for other

parameters, there was no season dependency.

In this study, we have chosen for the application of PM

by the intranasal route, based on our findings in the past
Challenge

Coarse Fine

a IL5 IL4 IFNg TNFa IL5 IL4 IFNg TNFa IL5

+ + � + = = = = =

= = � � = = � � =

= 0 = = = 0 + = =

= = � = = = � = =

= 0 � + = 0 � = �
� = = = = = = � �
+ = = + + + + = =

= 0 = + + 0 � = =

= = = = = = = = +

= 0 � = = 0 = = +

+ = = = = = = = =

� = � = � = � = =

+ = = + + = + = +

tion compared to ova treatment alone; 0: below detection level.



Table 14

Statistical evaluation (P value) of variables on interleukins isolated from

BAL after coexposure to PM during sensitization and challenge to

ovalbumin

Variables IL4 IFNg TNFa IL5

Site 0.0086 0.6335 0.2159 0.2891

PMx 0.7828 0.0001 0.4547 0.9566

Season 0.5657 0.0000 0.7754 0.2489

Site � PMx 0.0571 0.1952 0.3786 0.4701

Site � season 0.0023 0.8308 0.1490 0.4976

PMx � season 0.4787 0.1952 0.3786 0.4946

Table 15

Statistical evaluation between endotoxin content and PMx (coarse and fine)

or season (spring, summer, and winter)

Coarse Fine sea Spring Summer Winter se

Endotoxin 1.7321b 0.8321 0.1394 1.3330 1.5391 0.9742 0.1708

a Se: standard error for differences of means.
b Mean of the log value.
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(Steerenberg et al., 2003b). As four collaborative laborato-

ries with their own toxicological parameters were involved

in this RAIAP project, whole-body inhalation was not

achievable by the restricted availability of PM. However,

the mouse is an obligatory nose inhaler, which favor the

intranasal application because the whole route of respiratory

tract is involved.

We have analyzed the influence of three variables on

many critical parameters: (1) site, (2) PM size fraction, and

(3) season. With respect to site, the adjuvant activity of PM

from different sites can be ranked based on increased IgE/

IgG1 production: Lodz > Rome = Amsterdam > Oslo.

Coexposure to 4 out of 13 samples of the collected PM

(coarse and fine) resulted in a statistically significant in-

crease of IgE. The concentration IgG1 in serum, which is

106 times higher than IgE, showed an almost similar

sensitivity. The response was confined to a Th2-mediated

response, while the IgG2a response was almost absent, with

exception of PM from Lodz winter, which showed adjuvant

activity in all measured immunoglobulins (IgE, IgG1 and

IgG2a). This was also found for EHC-93, where, in 10 out of

13 experiments, IgG2a was increased after coexposure.

Therefore, it is concluded that the adjuvant activity is

confined to the allergic response, and also that PM can

trigger the Th1 response depending on its potency. The
Fig. 4. Endotoxin concentrations in coarse and fine fractions from five sites in
histopathological changes in the lung reflected small to

severe peribronchiolar and perivascular inflammatory

responses during both the sensitization and the challenge

phase. Based on the difference in response during the

challenge phase, it seems that the histopathological changes

occurred before the development of the specific production

of the IgE response. This holds true, in particular, for the

coarse fraction during the challenge phase. The adjuvant

activity of PM from different sites can be shown to be

ranked as Lodz > Rome > Oslo > Amsterdam. The Zilk,

which served as a control, with a minimum contribution by

traffic, was comparable to Amsterdam and to a lesser degree

comparable to Oslo.

After coexposure during the sensitization phase, eosino-

phils were found as the prominent cell type in the BAL that

increased in number. This is in line with the increased

responses of IgE and IgG1 antibodies, and the presence of

an eosinophil influx in the lung tissue. In contrast, neutrophils

were predominantly present in the fine fraction, suggesting

that coarse and fine PM might differ in their mechanisms of

action due to differences in size or composition.

Cytokines found in the BAL, however, were generally

not predictive for the antibody production and the histo-

pathological observations in the lung. Cytokines such as IL-

4, IL-5, and TNFa enhance IgE synthesis, while IFNg

inhibits IgE production (Purkerson and Isakson, 1992).

Furthermore, the IgE production critically depends on a

high ratio of IL-4 and IFNg (Belardelli, 1995; So et al.,

2000). In our study, a correlation between this ratio and IgE
three seasons. C = coarse; F = fine; s– s–w = spring–summer–winter.
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production and histopathological lesions was not present. It

is plausible that both the chosen protocol for sensitization

and challenge with ovalbumin and the point in time of BAL

collection are not optimal for the cytokines tested.

Much weaker associations were found between all var-

iables and parameters during the challenge phase compared

to the number of associations in the sensitization phase,

except for the pathological responses. Administration of PM

during the sensitization phase resulted in a more distinct

response than coexposure during the challenge phase (data

not shown). Regarding the sampling sites, we should realize

that the samples taken is not representative for the whole

city as only one location per city has been chosen.

With respect to size (variable 2), particulates were

categorized into coarse (>2.5 Am) and fine (0.1–2.5 Am).

Histopathological examination also revealed changes in the

lung, which were more pronounced due to the coarse

fraction exposures both during the sensitization and chal-

lenge phase, when compared to the fine fraction. Both

coarse and fine PM fractions can stimulate an allergic

response mediated by IgE and IgG1, when ovalbumin is

coexposed with PM during the sensitization phase. Neutro-

phils were more strongly induced by the coarse than by the

fine fraction. Apparently, the sensitivity of different param-

eters for PM varied considerably.

The particle size defined by coarse and fine fraction is

based on the collection method rather than on the size

instilled. In our study, fractions are collected on foams.

After collecting and eluting the material, the particles will

not be identical to their original size, although from scan-

ning electron microscopic examination of clumps of mate-

rial, one can distinguish an architecture build up from coarse

or fine particles (not shown). Although the PM samples

have been extracted with great care, losses of semivolatiles

cannot be excluded and this might have had an impact on

the potential of the PM samples. Given the fact that fine PM

has often more semivolatiles than coarse PM, these effect

might be more pronounced in the fine fraction. The con-
Table 16

Correlation matrix between all variables measured during sensitization on the com
stituents of coarse and fine fractions will differ, and deter-

mine the toxicity (Becker et al., 2003; Kleinman et al.,

2003) and its potency to provoke adjuvant activity. This

subject will be addressed and discussed in a next paper.

For variable 3, season, seasonal differences were

expected to influence the composition and the physicochem-

ical characteristics of PM (Diociaiuti et al., 2001; Paoletti et

al., 2002). Our results regarding the influence of season,

however, did not reveal much differences. Only for the

antibody responses, winter was more active compared to

spring and summer.

Thus, a clear ranking was obtained for the four sites

based on the antibody response and the histopathological

observations. With respect to size, the coarse fraction

resulted in more pronounced histopathological lesions than

the fine fraction.

Because there is a physiological coherence between the

chosen parameters, e.g., cytokines, triggering the Th2 path-

way, resulting in inflammatory responses by predominantly

eosinophils, IgE, and histopathological lesions, correlations

between these parameters are evident. Table 16 shows a

correlation for the sensitization phase between antibodies

and the parameters of the histopathological lesions except

for alveolitis. Moreover, in the BAL, the number of eosi-

nophils and monocytes were also associated with the

pulmonary lesions. In contrast, the interleukin production

did not correlate to antibodies, lung lesions, and the number

of cells in the BAL. There was, however, a correlation

between IL-4 and IFNg. These data suggests that for

monitoring purposes, a restricted number of parameters

can be chosen: in our study, concentrations of antibodies

and histopathological observations were the most discrim-

inatory parameters in comparison to BAL, cytokines, and

inflammatory cells data.

Endotoxin is known to play an important role in allergy

and asthma. Nowadays, data are present that endotoxin can

protect children in the initial phase from allergy and asthma,

while at a later age endotoxin may exacerbate atopic
bined levels of site, season, and PM (coarse, fine, and ovalbumin alone)
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diseases (Holla et al., 2002; Litonjua et al., 2002; von

Mutius et al., 2000). Ambient air particles have been shown

to contain endotoxin. We have measured this with the

Limulus amebocyte lysate test, as done by others (Holla et

al., 2002; Huang et al., 2002; Ning et al., 2000; von Mutius

et al., 2000). This test reacts with LPS, but the proclotting

enzyme can also be activated with glucans, chemicals,

proteins, and other agents (Hollander et al., 1993). Studies

with macrophage cell lines show an association of cytokine

products with the endotoxin content of PM to which the

cells were exposed (Huang et al., 2002; Ning et al., 2000).

Inactivation of endotoxin by polymyxin B abrogated almost

all the TNFa induction by concentrated air particle suspen-

sions and to a lesser extent the MIP-2 production (Huang et

al., 2002; Ning et al., 2000). In the present study, we found

no difference in endotoxin content, comparing the different

sites. However, the coarse fraction contained relatively

higher concentrations of endotoxin compared to the accom-

panying fine fraction, albeit that in the fine fractions

endotoxin is still detected. This is in agreement with Huang

et al. (2002) and Becker et al. (2003), who found the

microbial products preferentially in the coarse fraction of

PM. In our experiments, endotoxin is less evident in winter

than in seasons with a higher temperature. Wan et al. (2000)

demonstrated that coexposure with ovalbumin and endotox-

in (40 ng/ml) potentiates allergen-specific airway inflam-

mation and IgE responses. Although the immunization

scheme of Wan et al. (2000) was different from ours, the

adjuvant activity of PM based on the endotoxin content in

the sample cannot be excluded. However, it is not expected

that endotoxin is responsible for the increase in IgE and

other biomarkers after coexposure to PM and ovalbumin, as

demonstrated by the absence of correlation in 12 out of 16

parameters. Moreover, the four parameters with a positive

correlation did not influence the statistical evaluation of the

tested variables (site, PM, season, etc.).

In summary, we have shown PM collected at different

geographic sites in Europe to evoke an adjuvant activity

differing in severity. It remains to be determined if the

chemical composition can explain the differences. No differ-

ences were found between coarse and fine; however, when

histopathological lesions in the lung were considered, the

coarse fraction induced more severe reactions there. The

time of the year, at which PM has been collected, did not

seem to affect the measured responses.
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