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Abstract

PMyo and PMs fractions were collected by high-volume cascade impactors during 4-week periods in spring, summer and
winter seasons in Amsterdam, Lodz, Oslo and Rome and at a Dutch seaside site. The samples were screened for respiratory
allergy potential with the mouse popliteal lymph node (PLN) and the ELISA-based IgE antibody assays. For inflammatory
screening, release of the cytokine macrophage inflammatory protein-2 (MIP-2) from primary rat type 2 cells was determined.
Most fractions gave an increase in the lymph node response with the model allergen ovalbumin indicating adjuvant activity.
Some of the coarse fractions gave a lymph node response even in the absence of ovalbumin, caused probably by non-specific
inflammation. With the exception of a few of the coarse fractions, all ambient fractions increased the production of specific IgE.
Fine particles had stronger adjuvant effect than coarse particles. A significant increase in the allergen specific IgG2a response
was observed for the fine and some of the coarse fractions, indicating a non-allergic Thl response. No consistent differences in
adjuvant effects between the locations were observed. Particle samples collected in the different European cities differed in their
potency to induce MIP-2 in type 2 cells. Coarse fractions of the urban particles samples, as well as the coarse fraction collected
at the seaside, were more potent than the fine fractions to induce MIP-2. With respect to seasonal variations, the coarse fractions
collected in summer seemed to be the most potent.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction groups (le Hartog et al., 2003; Pope et al., 1999,
2002; von Klot et al.,, 2002 In the APHEA-study
Inhaled ambient particles have been found to be as- correlating exposure to urban air pollutants among 12
sociated with adverse short-term health effects, such European cities with short-term health outcomes, re-
as increased cardiopulmonary mortality in elderly gional as well as seasonal differences in the estimated
individuals and the exacerbation of asthma in all age pooled risks were observeldtsouyanni et al., 1997
With regard to long-term health effects, in particular
— , _ _ the development of allergy and asthma, evidence for
o Jcrz;r_ezsz?gfz'rgg”ho“ Tel+47-22-04-26-37; an adverse effect from particulate exposure is less ob-
E-mail addresserik.dybing@fhi.no (E. Dybing). vious, but some epidemiological studies have reported
URL: http://www.raiap.org. an association between the prevalence of asthma and
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allergy or pulmonary function and road traffic pollu- electron microscopic studies. The following measure-
tion (Janssen et al., 20pFEcological epidemiological ments were performed on the high-volume samples:
studies have demonstrated marked differences in themass and concentration, 32 elements, 5 inorganics,
prevalence of allergy and/or asthma between former 23 PAHs, 7 hopanes and stearanes (traffic markers)
west and east Germanydn Mutius et al.,, 1992, and endotoxinsGassee et al., 2003
1994 and between Hong Kong and other regions For assaying respiratory allergy potential, the
of China (eung and Ho, 19941997;Diaz-Sanches  popliteal lymph node (PLN) assayDéscotes and
et al., 1999. Self-reported asthma is about eight times Verdier, 1995; Lovik et al., 199@&nd an ELISA-based
higher in the UK than in south-eastern countries such IgE, IgG1 and IgG2a ovalbumin-specific antibody as-
as Greece, Georgia and RomanidAAC, 1998. says (modified afte©rmstad et al., 20Q3wvere used.
Given that there are widely different prevalence In the PLN assay, Balb/cA mice were injected in one
rates of respiratory allergies and asthma between thehind foot pad with ovalbumin (5Qg), with or without
countries of Europe and exposure to ambient parti- particles (10Gw.g), or particles alone on day 0. The
cles is substantial in urban environments throughout draining popliteal lymph nodes were harvested on day
Europe, the following research question was formu- 6 and weight. Cell number and ex vivo in vitro prolif-
lated: May qualitative differences in air pollution at erative indices YH-thymidine incorporation, without
different locations in part explain differences in preva- in vitro stimulation) were determined. Diesel exhaust
lence or severity of respiratory allergies throughout particles (DEP, 5@ug) (1650, US National Institute of
Europe? To answer this question, a research projectStandards and Technology) were included as a posi-
named “Respiratory Allergy and Inflammation Due tive reference particle. In the specific antibody assays,
to Ambient Particles—a European-wide Assessment serum levels of ovalbumin-specific IgE, 1IgG1 and
(RAIAP)” was initiated in 2001. PNp and PM 5 am- IgG2a were determined on day 26 after similar inoc-
bient particulate fractions were collected in the cities ulation (100-20Qug particles), 5 days after a second
of Amsterdam (The Netherlands), Lodz (Poland), Oslo injection with ovalbumin without particles on day 21.
(Norway) and Rome (ltaly), and at a Dutch seaside  For inflammatory screening, human lung alveolar
background site during the spring (pollen), summer epithelial cells (A549), primary human small airway
and winter seasons. The particles have been charac-epithelial cells, primary rat type 2 and Clara cells, and
terised for physical, chemical and immunological pa- rat alveolar macrophages were used. With respect to
rameters. In the present communication, part of the experiments with primary rat type 2 cells, which are
results from the screening studies of respiratory aller- presented here, the cells were exposed to various con-
gic and inflammatory potential of the collected RA- centrations of particle samples for 20 h with addition
IAP samples will be described. of foetal bovine serum 6 h after the start of exposure.
The culture medium was analysed for the cytokine
macrophage inflammatory protein-2 (MIP-2) using a
2. Methods commercial ELISA kit (Biosource International, Ca-
marillo, CA, USA).
PM fractions were collected on polyurethane foams
with the aid of two high-volume (1.100I/min) cas-
cade impactors with a multi-stage round slit nozzle 3. Results
impactor Kavouras et al., 2000 The sampling cam-
paigns were performed close to busy streets in the 3.1. Allergy screening
four cities during staggered 4-week periods from
March 2001 until March 2004. Particulate samples  To be able to compare the different sampling sites,
were extracted with methanol from the polyurethane the coarse and fine fractions were examined in sep-
foams, evaporated and dried. During the same pe- arate PLN assay experiments. fiig. 1A and Bthe
riods, low-volume (1-21/min) sampling on carbon popliteal response to ambient particulate matter col-
coated and germanium coated polycarbonate fil- lected in Oslo, Rome, Lodz, and Amsterdam in the
ters was also conducted for analytical transmission spring season is shown (data from summer and winter



E. Dybing et al. / Toxicology 198 (2004) 307-314 309

SPRING SPRING
Coarse Fine

Weight index
Weight index

Cell number index
Cell number index

20 + o 20 -

15 - 15

10 10 - ©

1

e

ﬁoo

Proliferation index
Proliferation index

OVA + Amst +x» E3EZ4o

y=a)
o
X0
XX

OVA + DEP +* [
OVA + Lodz += &
OVA + DEP+x*
OVA + Oslo =
OVA + Rome +x*
OVA + Lodz
OVA + Amst

(A) (B)

OVA + Rome * B

Fig. 1. Weight (upper panels), cell number (middle panels), and proliferative indices (lower panels) in the popliteal lymph node 6 days
after footpad inoculation of Balb/cA mice as specified in Methods for coarse (A) and fine (B) ambient particles collected in the spring
season. An index above 1 signifies activity. Individual (points) and medians (columns) for groups of eight mice are shown. The following
comparisons were made all “particle alone” groups vs. diesel exhaust particles (BER)I (“particle and ovalbumin (OVA) groups”

vs. “OVA” (%), and vs. the respective “particle alone” group)( Brackets denote statistically significant differences between similar
preparations with particles from different sites.

samples not shown). No, or only weak weight, cellu- the coarse summer samples (not shown), as well as
lar, and proliferative responses to ovalbumin (OVA) the spring sample from Rome, which seemed to be
given without particles was obtained. In the presence more irritating than the remaining ambient fractions.
of particles, however, the OVA response showed a To further examine the adjuvant activity of the am-
statistically significant increase (indicated by stars), bient particulate matter, its ability to elicit an allergen
indicative of an adjuvant effect. Particles elicited gen- specific IgE and IgG1 response was analysed, indicat-
erally only weak popliteal responses in the absence of ing an allergy-related Th2-immune response. The re-
OVA. Following a pairwise comparison of particles sults obtained are presentedrig. 2for ambient par-
from each location, a significantly stronger weight ticles collected in the spring. The antibody response to
and cell number response in the presence than in theOVA was usually significantly stronger as compared
absence of OVA was observed for a majority of the to the control groups. Moreover, all the European am-
fractions (indicated by plus signs). An exception was bient particle fractions, from all seasons, significantly
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Fig. 2. The upper, middle and lower panels show the levels of IgE,
IgG1, and IgG2a anti-OVA, respectively, in Balb/cA mice 5 days
after footpad inoculation with ovalbumin (OVA), and 25 days after
inoculation into the same footpad as specifie@éttion 2EHC-93

is a reference sample of urban air particles collected in Ottawa.
Dark columns represent the coarse fraction and light columns
the fine fraction, respectively. Individual (points) and medians
(columns) for groups of eight mice are shown. Asterisks indicate
a statistically significant stronger response compared to OVA.
Brackets denote statistically significant differences between similar
preparations with particles from different cities, and between coarse
and fine fractions from the same location.

increased the Thl-dependent IgG1 response to OVA
With the exception of a few coarse ones, all frac-
tions also significantly increased the IgE anti-OVA re-
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OVA as well. Thus, it seemed as the ambient particles
not only are able to stimulate an allergic Th2-, but also
a non-allergic Thl-response. Although not observed
for all locations, it seemed as the fine particles have a
stronger adjuvant activity than the coarse ones follow-
ing a pairwise comparison of the coarse and fine par-
ticles from the same location. Taken together, only a
few marked differences in the antibody response were
observed between the locations.

3.2. Inflammation screening

When type 2 cells were exposed to the various
PM samples, different levels of MIP-2 release were
induced Fig. 3A and B. As had been seen with
macrophages (data not shown), the coarse fractions
were more potent than the fine fraction. With respect
to the coarse fractions collect in the pollen (spring)
season, the Lodz and Rome samples induced higher
levels of MIP-2 than the samples from Oslo and
Amsterdam. Among the summer samples, the coarse
fraction from Lodz demonstrated the highest potency,
whereas no marked differences in potency were ob-
served between the coarse fractions from Rome, Oslo
and Amsterdam. The observed decrease in MIP-2 at
exposure above 3bg/ml of the coarse particles from
Amsterdam may be explained by a decrease in cell sur-
vival. Regarding the winter samples, coarse fractions
from Lodz, Oslo and Amsterdam were less potent
compared to the respective pollen and summer sam-
ples. The most obvious differences in seasonal varia-
tion in potency to induce MIP-2 were observed within
the samples from Lodz, whereas no marked seasonal
variation was revealed between the coarse fractions
from Rome. As compared to the macrophages, the
coarse fraction from the seaside elicited a marked
increase in cytokine release in the type 2 cells. The
potency was at the same level as the coarse frac-
tions collected in Rome. Only minor responses were
observed by the fine fractions from the urban sites.

4. Discussion

The allergy screening for adjuvant activity show are
that ambient particles, with the exception of a few of

sponse. All fine fractions, and some of the coarse ones, the coarse fractions, collected in the four cities of Eu-
gave a significant increase in the 1gG2a response torope: Oslo, Rome, Lodz and Amsterdam, in the three
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Fig. 3. Release of MIP-2 from type 2 cells exposed to coarse (A) or fine fraction (B) of ambient PM collected in different European cities
during pollen (upper), summer (middle) and winter season (lower). Results aredn®B&rM., n = 3.

seasons (spring, summer, and winter), have an adju-IgE assay, with the immunisation protocol used, were
vant activity in the doses examined (100—2QP per not sensitive enough to differentiate between smaller
mouse). It appears, however, as the fine fractions haddifferences in the adjuvant capacity of ambient par-
a stronger adjuvant activity than the coarse ones. Fewticulate matter. Alternatively, ambient particles from
marked differences were observed between locations.different locations may not differ substantially in
We cannot exclude, however, that the popliteal lymph qualitative characteristics important for allergy adju-
node assay and the allergen specific ELISA-based vant activity. Conceivably, differences in qualitative
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characteristics of particles may not influence the during three seasons. In addition to possible size dis-
allergy adjuvant effect. tribution and surface area variations, metal content

Our results are in agreement with those obtained might play an important role for potency differences.
by van Zijverden and Granum (200@nd Granum Thus, the importance of metals for eliciting the re-
et al. (2001) who found particles generally seem to lease of pro-inflammatory cytokines from lung cells
have an adjuvant activity. However, different particles and in whole lung has been elucidated in several stud-
appear to stimulate distinct immune responses to anies (Carter et al., 1997; Ghio et al., 2002; Molinelli
allergen. Whereas DEP seem to skew the immune re-et al., 2002. Transition metals such as Fe and Cu have
sponse in a Th2-direction, silica particles skew it in a been shown to participate in the production of reac-
Thl-direction yan Zijverden and Granum, 20p0n tive oxygen species (ROSEhio et al., 1998 Recent
the present study, DEP was mainly found to elicit a studies have demonstrated that the non-redox metal
Th2-immune response. The ambient particulate mat- Zn also can be involved in lung injury and inflamma-
ter samples, on the other hand, which are composedtion (Prieditis and Adamson, 2002; Kodavanti et al.,
of different types of particles including both com- 2002. Furthermore, components that might be bound
bustion and silica particles, elicit a Th2- as well as a to the particles, such as endotoxins and other organic
Thl-immune response. compounds, could contribute as inducers of biolog-

The results obtained using the relatively simple 6 ical responses. High organic carbon and polycyclic
days popliteal lymph node assay seem to correlate well aromatic hydrocarbon (PAH) content of particles has
with the results obtained using the more sophisticated been correlated with oxidative stress induced by ultra-
26 days ELISA-based allergen specific IgE assay. Both fine PM in macrophages and epithelial cells€t al.,
assays, in which mice are sensitised by footpad inoc- 2003. However, correlation studies have not yet been
ulation, appear to be suitable as allergen screening as-finalised.
says. The popliteal lymph node assay may be further In the present study, the coarse fractions were more
simplified by leaving out measurements of prolifera- potent to induce MIP-2 than the fine fractions. In sup-
tive responses, which are time-consuming and costly port of these findings, the coarse fraction of RM
considering the information obtained. However, the induced cytokines to a much higher extent than the
popliteal lymph node assay does not distinguish be- PM, s fraction in alveolar macrophageSdukup and
tween an allergic and non-allergic immune or inflam- Becker, 200). This cytokine release was partly inhib-
matory response. Further, IgE represents a biologically ited by polymyxin B and LPS-binding protein, impli-
relevant endpoint. In the present experiments, the rel- cating endotoxin as a cytokine-inducing moiety. Thus,
atively strong IgE adjuvant activity of fine particulate the higher potency of the coarse fractions in our study
samples from Rome (spring) and Lodz (summer, data may be due to particle-bound endotoxin.
not shown) was not reflected by the popliteal lymph  The results from the type 2 cell experiments indi-
node response. The IgE assay may therefore be bothcated that coarse particles collected during summer
more specific for allergy adjuvant activity and be more were the most potent. This was most evident with the
sensitive. It further remains, however, to compare the coarse particles from Lodz, whereas seasonal varia-
IgE responses measured following footpad inoculation tion was less obvious with the particles from Rome.
with those obtained following a more real-life expo- Whether the seasonal variations may be due to chemi-
sure such as intranasal administration. cal or physical differences remains to be clarifigtii

The results from the present study of inflammatory et al. (2003)found that weekly collected samples in
responses in primary rat type 2 cells demonstrated two different townships varied in their potential to in-
that ambient air particles collected at different sites duce ROS formation from week to week. Also this re-
may differ in their potency to induce inflammatory sult might indicate variations in the particle properties
markers. Ambient air particles are a complex mix- that change relatively frequently.
ture of particles with different sources in urban ar- In this study only the results with rat lung cells
eas. The observed variations may therefore be due tohave been reported. To achieve a broader database on
differences in physical or chemical characteristics of which to judge the in vitro effects of particles, ex-
the particle samples collected in the indicated cities periments need to be performed in different types of
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lung cells from both rats and humans. Previous stud- Carter, J.D., Ghio, A.J., Samet, J.M., Devlin, R.B., 1997. Cytokine
ies have shown that different cell types may give dif- product_lon by _human_alrvyay epithelial cells after_ exposure
ferent responsedHgtland et al., 2008 The in vitro t;,’hi':m"’;{[xﬂ‘)"{ifg) nlggr—tllcslaz ' metal-dependent. Toxicol. Appl

results can then be verified in limited in vivo experi- Cassee, F.R., Fokkens, PH.B., Leseman, D.LAC., Bloemen,

ments. In a study with mineral particles the results of H.J.T., Boere, A.J.F., 2003. Respiratory allergy and inflam-

cytokine release in vitro and neutrophil influx in vivo mation due to ambient particles (RAIAP). Collection and
correlated well Becher et al., 2001 The results of characterisation of particulate matter from 5 European sites.
these extended in vitro and limited in vivo studies are _ RePO't 863001001/2003. RIVM, Bilthoven.

. de Hartog, J.J., Hoek, G., Peters, A., Timonen, K.L., Ibald-Mulli,

Currently belng analysed' A., Brunekreef, B., Heinrich, J., Tiittanen, P., van Wijnen,
Taken together, the results from the present in vitro  J.H., Kreyling, W., Kulmala, M., Pekkanen, J., 2003. Effecdts
screening of inflammatory responses in different types  of fine and ultrafine particles on cardiorespiratory symptoms
Of |ung Ce"s demonstrate that amblent a|r parucles in elderly SUbjeCtS with coronary heart disease. The ULTRA

collected at different sites may differ in their po- __Study- Am. J. Epidemiol. 157, 613-623. ,
. . Descotes, J., Verdier, F., 1995. Popliteal lymph node assay. In:
ten_cy_to induce mﬂammatory markers._The ob_served Burleson, G.R., Dean, J.H., Munson, A.E. (Eds.). Methods in
variations may be due to differences in physical or Immunotoxicology, vol. 1, Wiley-Liss, New York, pp. 189-196.
chemical characteristics of the particles. Furthermore, Diaz-Sanches, D., Garcia, M.P., Wang, M., Hyrala, M., Saxon, A.,
components that might be bound to the particles, such 1999_.‘Na‘sal challenge with digsel exhaust particles can induce
as endotoxins and other organic compounds, may con- sensitization to a neoallergen in the human mucosa. J. Allergy

tribut ind f bioloaical Th It Clin. Immunol. 104, 1183-1188.
ribute as inducers of biological responses. eresu SGhio, AJ., Stonehuerner, J., Dailey, L.A., Carter, J.D., 1999.

from the present studies, Where diﬁe.rent types of Igng Metals associated with both the water-soluble and insoluble
cells were exposed to particles of different sampling  fractions of an ambient air pollution particle catalyze an
sites, showed that the order of potency among the  oxidative stress. Inhal. Toxicol. 11, 37-49. o
particle samples was relatively similar from one cell Ghio. A.J., Silbajoris, R., Carson, J.L., Samet, J.M., 2002. Biologic
effects of oil fly ash. Environ. Health Perspect. 110 (Suppl.
type to another (here only results from the type 2 cells 1), 89-94
are shown). Among the coarse PM collected during granum, B., Gaarder, P.I., Groeng, E., Leikvold, R., Namork, E.,
pollen and summer seasons, the overall result was that  Lovik, M., 2001. Fine particles of widely different composition
the coarse fractions from Lodz and Rome were more have an adjuvant effect on the production of allergen-specific
potent than the coarse fractions from Oslo and Ams-  antibodies. Toxicol. Lett. 118, 171-181.
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