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Abstract

Diesel exhaust particles (DEP) are reported to increase the specific IgE response to allergens, and results from our
laboratory suggest that the particle core of DEP contribute to this adjuvant activity. The purpose of the present study
was to explore further the adjuvant effect of particles per se, that is particles by themselves. NIH/Ola mice were given
two intraperitoneal injections with ovalbumin (OVA; 10 mg) alone or OVA in combination with PSP, polyte-
trafluoroethylene (teflon), titanium dioxide (TiO2) or amorphous silica particles (2.8×1010–2.8×1012). Blood
samples were drawn 7 days after the last injection, and serum levels of allergen-specific and total IgE and IgG2a were
measured. All types of particles gave increased levels of allergen-specific IgE and IgG2a. Similar results were obtained
after intranasal or intratracheal instillation with OVA plus PSP or silica. Our results indicate that fine particles of
widely different composition may have an adjuvant effect on the production of allergen-specific antibodies. © 2001
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

In recent decades, an increased prevalence of
allergic conditions has been observed in developed
countries (Howarth, 1998). The causes for this
trend are not known, but components of air pol-

lution may play a role. In industrialised countries,
the exposure to some components of air pollution
(SO2, large soot particles) has declined during the
last decades. However, there is an increased emis-
sion of oxides of nitrogen and fine particles (di-
ameter B2.5 mm). Combustion of diesel fuels has
been estimated to contribute about 20–38% of the
particle load in the air over Great Britain (Quality
of Urban Air Review Group, 1993; Anderson,
1997; Murphy et al., 1998).
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There are several studies reporting that diesel
exhaust particles (DEP) can augment allergy-re-
lated immune responses (Muranaka et al., 1986;
Fujimaki et al., 1995; Diaz-Sanchez et al., 1997;
Løvik et al., 1997). In a previous study in BALB/c
mice, both DEP and carbon black (CB) were
found to have an adjuvant effect on the produc-
tion of allergen-specific IgE (Løvik et al., 1997).
The IgE adjuvant effect of CB was, however,
slightly lower than the effect from the same dose
weight of DEP. Both DEP and CB have a non-ex-
tractable carbon core. In contrast to DEP, CB has
a very low amount of chemical substances ad-
sorbed to the carbon core. These results, there-
fore, indicate that although some of the adjuvant
effect of DEP may be due to the adsorbed chemi-
cals, the non-extractable carbon core causes much
of the observed adjuvant effect (Suzuki et al.,
1993; Løvik et al., 1997; Tsien et al., 1997). In a
previously reported experiment, we studied fur-
ther the adjuvant effect of particles per se, that is
particles by themselves, by giving NIH/Ola mice
intranasal, intratracheal or intraperitoneal admin-
istration of ovalbumin (OVA) plus well-character-
ised particles, namely polystyrene particles (PSP).
Mice given OVA plus PSP produced higher levels
of allergen-specific IgE than mice given OVA
alone did (Granum et al., 2000c).

The aim of the present study was to elucidate
further the adjuvant effect of particles per se in
NIH/Ola mice, using well-characterised particles
such as polytetrafluoroethylene (teflon), titanium
dioxide (TiO2) and silica particles, in addition to
PSP. In a previous study, we found that the total
number and surface area of particles were better
parameters than the total mass of particles when
investigating the adjuvant capacity of PSP
(Granum et al., 2000b). Since PSP, teflon, TiO2

and silica particles have different densities (1.05,
1.50, 3.90 and 1.96 g/ml, respectively), on an
equal mass basis, each particle dose would differ
considerably in both the number of particles and
total surface area. We, therefore, chose to give
mice particle doses based on the number of parti-
cles. Specific IgE antibodies was used as an indi-
cator of an allergy-related (Th2-dependent)
immune response, while specific IgG2a antibodies
was used as an indicator of a non-allergic (Th1-
dependent) response (Finkelman et al., 1990).

2. Materials and methods

2.1. Mice

Specific pathogen-free 6–8 week old inbred fe-
male NIH/OlaHsd mice were obtained from Har-
lan UK Limited, Oxon, UK. They were randomly
allocated into groups of 8 mice each, and rested
for 1–2 weeks before entering the experiment.
The mice were housed on Beekay GLP Bedding
(B&K Universal AS, Nittedal, Norway) in type
III macrolon cages placed in filter cabinets, and
they were fed pelleted food (RM1, SDS, Essex,
UK) and tap water ad libitum. Each mouse was
marked by ear punching. The room had a 12 h/12
h light/dark cycle (30–60 lux in cages), and air
temperature and moisture were within recom-
mended limits (2091°C and 40–50%, respec-
tively). The experiments were performed in
conformity with the laws and regulations con-
trolling experiments with live animals in Norway.

2.2. Allergen and particles

OVA (chicken egg albumin, grade VII, cat. no.
A-7641, Sigma, St Louis, MO) was dissolved (1
mg/ml) in Hank’s Balanced Salt Solution (HBSS;
Gibco BRL, Paisly, Scotland). PSP (cat. no.
07304, Polysciences Europe GmbH, Eppelheim,
Germany) had a diameter of 0.2 mm (S.D.: 0.01
mm) and were provided as 2.5% aqueous suspen-
sions. PSP instilled intratracheally had a diameter
of 0.1 mm (cat. no. 00876). Teflon (cat. no.
44 509-6, Aldrich Chemical Company, Inc., Mil-
waukee, WI) had a diameter ranging from 0.05 to
0.5 mm, and they were provided as 60 wt% disper-
sion in water containing 6 wt% of octyl phenoxy
polyethoxyethanol (Triton). Triton (cat. no. T-
6878, Sigma), used to explore possible adjuvant
effect from this chemical, was diluted to a concen-
tration of 6 wt% in deionised, sterile water. Both
PSP and teflon are man made, and they belong to
a class of covalent compounds of high polymers
(Waser et al., 1982a). PSP consist of polymerised
styrene (CH2�CHC6H5). Due to the polymerisa-
tion process and the use of an initiator, every
polystyrene chain has a sulphate group at both
ends (Polysciences, personal communication).
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Teflon consists of polymerised tetrafluoroethylene
(CF2�CF2) and has fluoride ions on the surface
(Waser et al., 1982b).

TiO2 (cat. no. 89490, Fluka Chemie AG, Buch,
Switzerland) and amorphous silica particles (stock
code S0002005PN, Bangs Laboratories, Inc.,
Fishers, IN) were provided as dry powders, and
they were 0.2 mm in diameter according to the
supplier. Both TiO2 and silica particles were sus-
pended in deionised, sterile water before use. Sil-
ica particles were included because silicates make
up a large part of ambient inorganic mineral
particles in urban areas in industrialised countries
(Takafuji et al., 1989; Ormstad et al., 1997;
Williams, 1999). We used amorphous (non-crys-
talline) silica particles that are made by a precipi-
tation reaction of silicon dioxide. Thus, these
particles have hydroxyl or silanol (Si�OH) surface
groups (Bangs Laboratories, personal communi-
cation). TiO2 particles were chosen because, with
the particle diameter used in this study, they are
known to be of low toxicity and have a low in
vivo solubility (Oberdörster et al., 1992). The
TiO2 particles used are mineral particles that have
an anatase structure (tetragonal–ditetragonal
dipyramidal crystal system; The Barthelmy Bit
Home Page, 1999).

2.3. Transmission electron microscopy

Particles of silica, TiO2 and teflon were diluted
in distilled water. Droplets (5 ml) of the suspen-
sions were adsorbed to glow discharged carbon
grids for 1 min, negatively stained with 0.5%
phosphotungstic acid (NaPT, pH 7.0) for another
min, drained with filter paper and air dried. The
specimens were inspected in a transmission elec-
tron microscope (JEM-1010, Jeol Ltd, Tokyo,
Japan) at 100 keV. The TEM micrographs
showed that these particles varied in size and
shape (Fig. 1 shows TiO2 and silica). However,
when calculating the number of particles in a
given amount of TiO2 and silica suspensions, we
used the diameter defined from the suppliers,
namely 0.2 mm. According to the supplier, the
teflon particles ranged from 0.05 to 0.5 mm in
diameter. We calculated the size distribution and
could, thereby, estimate the approximate number
of particles in a given amount of the teflon sus-
pension. Since the purpose of this study was to
investigate qualitative, and not quantitative, dif-
ferences in the adjuvant effects of the various
particles, we chose to give mice particle doses
based on an approximately equal number of par-
ticles. Thus, we did not calculate the total surface
area of each particle dose.

Fig. 1. Electron micrographs of negatively stained preparations of (a) TiO2 particles and (b) silica particles. ×60 000.
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Table 1
The table summarises the design of the experiments using intraperitoneal injectiona

Exp. 1 Exp. 3Exp. 2

Group Days 0 and 17 GroupDays 0 and 16 Days 0 and 16Group

A – A – A –
B OVAB BOVA OVA
C Low silica+OVALow TiO2+OVA CC Med silica

Med TiO2+OVAD D Med silica+OVA D Med silica+OVA
E High silica+OVAE EHigh TiO2+OVA Med TiO2

F Med TiO2+OVALow teflon+OVA FF Med TiO2+OVA
Med teflon+OVAG G Low teflon+OVA G High teflon

H Med teflon+OVA HH High teflon+OVAHigh teflon+OVA
I High teflon+OVAHigh PSP+OVA II Triton
J High PSP+OVA J Triton+OVA

a The mice were exsanguinated 7 days after the last injection. Low: 2.8×1010 particles; med: 2.8×1011 particles; high: 2.8×1012

particles.

2.4. Collection of blood samples

Before the start of each experiment, the mice
were bled once. Blood samples were drawn from
the distal part of the lateral femoral vein (Aaberge
et al., 1992). After removing hair from the area
with a scalpel blade, the vein was punctured with
a 21-G needle (Terumo Europe n.v., Leuven, Bel-
gium) and 200 ml blood samples were collected
into heparinised capillary tubes (Vitrex, Herlev,
Denmark). At the end of each experiment, the
mice were anaesthetised with CO2, and blood was
obtained by heart puncture. Serum or heparin
plasma from all blood samples was stored at
−20°C until analysed.

2.5. Experimental design

In experiment 1, NIH/Ola mice were given in-
traperitoneal injections on days 0 and 16 with 10
mg of OVA alone or OVA in combination with
TiO2, teflon or PSP (see Table 1 for details). One
group of mice was left untreated. On day 23, the
mice were exsanguinated. We have previously in-
vestigated the effect of different doses of PSP on
the production of antibodies. Therefore, we used
only one dose of PSP in the present study
(Granum et al., 2000b).

Experiment 2 was performed to verify the find-
ings in the first experiment, and in addition ex-

plore the adjuvant effect of silica particles.
NIH/Ola mice were given intraperitoneal injec-
tions on days 0 and 17 with 10 mg of OVA alone
or OVA in combination with silica, TiO2, teflon
or PSP (see Table 1 for details). One group of
mice was left untreated. The mice were exsan-
guinated on day 24.

In experiment 3, we explored the effect from the
different particles alone. NIH/Ola mice were given
intraperitoneal injections, on days 0 and 16, with
OVA alone, silica, TiO2 or teflon alone or OVA
plus the different particles (see Table 1 for de-
tails). The mice were exsanguinated on day 23.
We have in a number of previous experiments
found that PSP alone do not influence the levels
of either allergen-specific or total IgE and IgG2a
(Granum et al., 2000c). PSP were, therefore, left
out in this experiment. Since the teflon suspension
contained Triton, mice were given OVA plus the
same amount of Triton as in the final dilution of
the teflon suspension (0.85 mg/injection), or Tri-
ton alone to explore possible adjuvant effects
from this chemical.

We also explored the adjuvant effect from silica
and PSP after intranasal and intratracheal instilla-
tions. Due to practical considerations, such as the
volume and the viscosity of the test solution that
could be used, mice were given different particle
doses in these experiments. Before each instilla-
tion, NIH/Ola mice were anaesthetised with an
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intravenous injection with diprivan (1–3 mg/
mouse, 10 mg/ml, Zeneca Ltd, Macclesfield,
Cheshire, UK). In experiments using intranasal
instillation, mice were given, via the nostrils, 30 ml
of a solution containing 3 mg of OVA alone, OVA
plus 1.7×1011 particles of silica or PSP, or PSP
alone. The instillations were given once a week for
3 weeks. The instillation protocol was repeated
three times with 1–2 week intervals. The mice
were exsanguinated 8 days after the last instilla-
tion. In experiments using intratracheal instilla-
tion, mice were given 100 ml of the test solution
via a blunt needle mounted on a 1-ml syringe
(Codan Medical ApS, Rødby, Denmark), intro-
duced perorally into the trachea. Groups of mice
were given 5 mg of OVA alone, OVA plus 1×1012

particles of silica or PSP, or particles alone on
days 0 and 14. The mice were exsanguinated on
day 22. One group of mice was left untreated as a
negative control.

2.6. Mouse IgE and IgG2a antibodies to OVA

The procedures have been described in detail
previously (Løvik et al., 1997; Granum et al.,
2000c). In short, micro-titre plates coated with a
monoclonal rat anti-mouse IgE or rat anti-mouse
IgG2a were allowed to capture IgE or IgG2a
antibodies, respectively, in mouse sera. Then fol-
lowed by incubation with, in succession, biotiny-
lated OVA, pre-formed complexes of streptavidin
and biotinylated alkaline phosphatase, and finally
with p-nitrophenyl phosphate diluted in di-
ethanolamine buffer. Dilutions of a mouse serum
pool containing defined amounts of IgE anti-
OVA (0.05–3.2 arbitrary U/ml) and IgG2a anti-
OVA (0.002–0.64 arbitrary U/ml) were included
on every plate for standard curve production.
Optical density was measured at 405 nm.

2.7. Total mouse serum IgE and IgG2a

The procedures have been described in detail
previously (Løvik et al., 1997; Granum et al.,
2000c). In short, microplates coated with a mono-
clonal rat anti-mouse IgE or IgG2a were allowed
to capture IgE and IgG2a antibodies, respectively,
in mouse sera, followed by incubation with biotin

labelled rat anti-mouse IgE or IgG2a. The micro-
titre plates were then incubated with alkaline
phosphatase labelled avidin (for the detection of
total IgE) or pre-formed complexes of avidin and
biotinylated phosphatase (for detection of IgG2a
antibodies), followed by p-nitrophenyl phosphate
in a diethanolamine buffer. Mouse IgE or IgG2a
isotype standards were used to construct the stan-
dard curves (1–1000 ng/ml and 0.01–2 mg/ml,
respectively). Optical density was measured at 405
nm.

2.8. Statistics

Statistical analysis was performed with Sigma-
Stat® Statistical Analysis System for Windows
Version 2.03 (Jandel Scientific, Erkrath, Ger-
many). SigmaStat performs normality and equal
variance tests on all data. Kruskal–Wallis One
Way Analysis of Variance on Ranks was used to
analyse for differences among the treatment
groups in each experiment. When the difference
among the treatment groups were greater than
would be expected by chance (P50.05) the data
were further analysed using Student’s t test for
pairwise comparison when normality and equal
variance tests for the different groups to be com-
pared were passed. The Mann–Whitney Rank
Sum Test was used when some of the test samples
were outside the detection range, or when normal-
ity or equal variance tests failed. Limit for statisti-
cal significance was set at P=0.050.

3. Results

3.1. All particle types tested had an adju6ant
effect on the production of allergen-specific IgE
and IgG2a after intraperitoneal injection in
NIH/Ola mice

Mice given OVA plus the highest dose of silica
or TiO2 particles (2.8×1012) became sick right
after the first injection and had to be taken out of
the experiments. In experiment 1, NIH/Ola mice
given intraperitoneal injections with OVA in com-
bination with TiO2 (2.8×1011), teflon (2.8×1011,
2.8×1012) or PSP (2.8×1012) had significantly
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higher levels of allergen-specific IgE compared to
mice given OVA alone (Fig. 2a). There were no
statistically significant differences between mice
given OVA in combination with the lowest dose
of TiO2 or teflon (2.8×1010) and mice given OVA
alone. Regarding allergen-specific IgG2a, the mice
showed an antibody response pattern similar to
IgE anti-OVA (Fig. 2b). In experiment 2 (Table
2), OVA plus silica (2.8×1010, 2.8×1011), teflon
(2.8×1011, 2.8×1012) or PSP (2.8×1012) gave
significantly higher levels of allergen-specific IgE
compared to OVA alone. Mice given OVA plus
TiO2 (2.8×1011) or teflon (2.8×1010) had higher,

but not significantly higher, levels of IgE anti-
OVA compared to mice given OVA alone. Except
for mice given OVA plus the lowest dose of silica
(2.8×1010), all mice given OVA plus particles had
significantly higher levels of IgG2a anti-OVA
compared to mice given OVA alone.

The level of total IgE showed response patterns
similar to the level of allergen-specific IgE. How-
ever, there were statistically significant differences
in the level of total IgE between mice given OVA
alone and mice given OVA plus 2.8×1012 teflon
or 2.8×1011 silica particles only. Except for mice
given OVA plus PSP, there were no statistically

Fig. 2. Fig. 2a–d show the levels of IgE anti-OVA, IgG2a anti-OVA, total IgE and total IgG2a, respectively, in untreated NIH/Ola
mice, mice given intraperitoneal injections with OVA alone and OVA plus TiO2, teflon or PSP. Individual (�) and median
(columns) values for each group of mice are shown. A statistically significant difference between mice given OVA and mice given
OVA plus particles is denoted by (aP00.01; bP00.001). The black dashed lines denote lower and upper quantitative detection-lim-
its for measurements of allergen-specific IgE and IgG2a. Low: 2.8×1010 particles; med: 2.8×1011 particles; high: 2.8×1012

particles.
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Table 2
Median values and 5 and 95 percentiles of antibody levels in groups of untreated mice, mice given intraperitoneal injections with
OVA alone and in mice given OVA in combination with silica, TiO2, teflon or PSPb

IgE anti-OVA (arbitrary U/ml)Treatmenta IgG2a anti-OVA (arbitrary U/ml)

5 and 95 percentiles MedianMedian 5 and 95 percentiles

Untreated B0.9 – 0.1 0.08, 0.14
2.0OVA B0.9, 8.9 0.1 0.09, 0.58

3.2, 43.3 0.26.5d 0.1, \6.4fLow silica+OVA
11.9dMed silica+OVA 5.2, 30.2 \6.4e 0.5, \6.4

B0.9, 40.8 1.1cMed TiO2+OVA 0.3, \6.44.0
B0.9, 41.4 1.3d2.6 0.2, \6.4Low teflon+OVA

7.7dMed teflon+OVA 3.4, 20.8 4.5d 0.2, \6.4
High teflon+OVA B0.9, 58.020.8c \6.4e 0.4, \6.4

3.0, 13.5 2.6e8.1d 0.5, \6.4High PSP+OVA

a Low: 2.8×1010 particles; med: 2.8×1011 particles; high: 2.8×1012 particles.
b A statistically significant difference between mice given OVA and mice given OVA plus particles is denoted by
c P50.05.
d P50.01.
e P50.001).
f The upper detection limit for measurement of allergen-specific IgG2a was 6.4 arbitary U/ml.

significant differences in the levels of total IgG2a
between mice given OVA alone and mice given
OVA plus particles. Fig. 2c-d show the levels of
total IgE and IgG2a from experiment 1.

Both intranasally and intratracheally instilled
silica plus OVA and PSP plus OVA gave signifi-
cantly higher levels of IgE anti-OVA and IgG2a
anti-OVA compared to mice given OVA alone
(Table 3). The levels of total IgE showed the same
response pattern as allergen-specific IgE. Mice
given PSP alone intranasally or silica alone intra-
tracheally had slightly (although significantly)
lower levels of total IgG2a compared to mice
given OVA alone (results not shown).

3.2. Mice gi6en OVA plus Triton had increased
le6els of allergen-specific IgE and IgG2a
compared to mice gi6en OVA alone

In experiment 3, all groups of mice given parti-
cles plus OVA had significantly higher levels of
allergen-specific IgE and IgG2a compared to mice
given OVA alone (Table 4). Also Triton plus
OVA gave increased levels of IgE and IgG2a
compared to OVA alone. There were no statisti-
cally significant differences in the levels of aller-
gen-specific IgE or IgG2a between mice given

teflon plus OVA and mice given Triton plus OVA
(P=0.469). There were no detectable levels of
allergen-specific IgE in mice given particles or
Triton alone. Similarly, there were no statistically
significant differences in the levels of IgG2a anti-
OVA between untreated mice and mice given
TiO2, teflon or Triton alone. In contrast, there
was a statistically significant, but very small in-
crease in the levels of IgG2a anti-OVA in mice
given silica alone compared to mice given OVA
alone. The levels of total IgE showed the same
response pattern as IgE anti-OVA, whereas there
were no differences in the levels of total IgG2a
between the different groups of mice (results not
shown).

4. Discussion

Particulate matter (PM) is generated from a
wide range of natural and anthropogenic sources.
In urban areas in industrialised countries, the fine
fraction (B2.5 mm in diameter) is often mainly
composed of sulphur aerosols and soot particles
(e.g. DEP). The coarse fraction (2.5–10 mm in
diameter) is predominantly composed of inor-
ganic mineral material such as silicates (Takafuji
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et al., 1989; Ormstad et al., 1997; Williams, 1999).
PM, with a diameter less than 10 mm, has been
reported to have an adjuvant effect on the pro-
duction of allergen-specific IgE in mice (Takafuji
et al., 1989; Ormstad et al., 1998). Since soot
particles were the main component of the PM,
these particles were believed to be at least par-
tially responsible for the observed adjuvant effect
in these studies. However, they could not exclude
that also other particles in the PM fraction could
contribute to this effect.

We have in previous studies found that PSP
have an adjuvant effect on the production of
allergen-specific antibodies after intranasal, intra-
tracheal or intraperitoneal administration in NIH/
Ola mice (Granum et al., 2000a,c). The aim of the
present study was to explore further the adjuvant
effect from particles per se using particles such as
teflon, silica and TiO2, in addition to PSP. Mice
given intraperitoneal injections with OVA plus the
different particles had significantly stronger anti-
body responses compared to mice given OVA
alone. Similar results were also found after in-
tranasal and intratracheal instillations with OVA
plus silica or PSP. In the present study, we found
that fine particles (about 0.2 mm in diameter) of

widely different composition elicited an increased
production of allergen-specific antibodies, indicat-
ing that also other particles than soot particles in
ambient air may have an adjuvant effect. Our
findings suggest that fine particles per se, regard-
less of chemical composition, have a capacity to
augment allergen-specific antibody production.

We explored possible adjuvant effects from Tri-
ton since the teflon suspension used in this study
contained this chemical. Mice given OVA plus a
dose of Triton similar to the high dose of teflon
suspension (850 mg/injection) had higher antibody
levels than mice given OVA alone. In an addi-
tional experiment, OVA plus Triton in similar
amounts as in low and medium doses of the teflon
suspension (8.5 and 85 mg/injection, respectively)
did not give an increased level of allergen-specific
antibodies when compared to OVA alone (unpub-
lished results). These results suggest that the in-
creased antibody production after injections with
OVA plus medium doses of the teflon suspension
were mainly caused by the teflon particles,
whereas Triton may have contributed substan-
tially to the increased antibody production after
injections with OVA plus high doses of the teflon
suspension.

Table 3
Result from experiments using intranasal and intratracheal instillation: median values and 5 and 95 percentiles of antibody levels in
untreated mice and mice given intranasal or intratracheal instillation with OVA alone or OVA in combination with silica or PSPa

IgE anti-OVA (arbitrary U/ml) IgG2a anti-OVA (arbitrary U/ml)Treatment

5 and 95 percentilesMedianMedian 5 and 95 percentiles

Intranasal
B0.5 B0.5, 2.4OVA 0.1 0.09, 0.16

7.5dSilica+OVA 0.2, 1.10.5d2.6, 29.2
B0.5 –PSP 0.1 0.07, 0.14

PSP+OVA 2.3d 1.0, 5.6 0.3b 0.1, 0.6
Intratracheal
Untreated B0.5 – 0.7 0.3, 1.1
OVA B0.5 – 0.6 0.5, 0.9

0.3, 1.10.6B0.5, 2.1Silica B0.5
2.2dSilica+OVA 1.1, 4.5 1.9d 1.0, 5.4

B0.5 –PSP 0.7 0.6, 0.9
1.1c0.9, 4.92.2dPSP+OVA 0.5, 1.3

a A statistically significant difference between mice given OVA and mice given OVA plus particles is denoted by
b P50.05.
c P50.01.
d P50.001.
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Table 4
Median values and 5 and 95 percentiles of antibody levels in groups of untreated mice, mice given intraperitoneal injections with
OVA alone, and silica, TiO2, teflon or Triton alone or in combination with OVAa

Treatment IgG2a anti-OVA (arbitrary U/ml)IgE anti-OVA (arbitrary U/ml)

Median 5 and 95 percentiles Median 5 and 95 percentiles

–Untreated 0.1B0.5 0.06, 0.13
OVA 0.9 B0.5, 3.3 0.1 0.04, 0.18
Silica B0.5 – 0.2 0.1, 0.3

4.0, 17.4 0.8c8.7c 0.2, 1.4Silica+OVA
B0.5TiO2 – 0.1 0.07, 0.15

2.7, 14.4 0.2cTiO2+OVA 0.1, 0.45.7b

– 0.1B0.5 0.07, 0.15Teflon
17.7bTeflon+OVA B0.5, 26.2 0.3b 0.1, 1.9

Triton –B0.4 0.1 0.07, 1.12
7.9, 24.5 0.214c 0.1, 0.5Triton+OVA

a A statistically significant difference between mice given OVA and mice given OVA plus particles is denoted by
b P50.01
c P50.001.

It has been estimated that during episodes with
high levels of particulate matter (100–200 mg/m3)
in developed countries, there may be approx.
100 000 particles per ml of air (cut-off size not
defined; Seaton et al., 1995). During 24 h, the
human lung is exposed to between 10 000 and
20 000 l of air. A person could inhale about
1×1012–2×1012 particles daily. About 50% of
the particles are being deposited, thus about 5×
1011–1×1012 particles could be deposited daily.
Therefore, if comparisons are made on basis of
the body weight of the exposed individual, we
used relatively high particle doses in experiments
using intranasal and intratracheal instillation
(1.7×1011 and 1×1012 particles/injection, respec-
tively). Working in a model system, we used high
particle doses to obtain optimal differences be-
tween mice given OVA alone and mice given
OVA plus particles. ‘Realistic’ particle doses may
be even more difficult to assess when the particles
are given intraperitoneally. However, experiments
using intraperitoneal injections are useful for ex-
ploring the functional effect of particles on anti-
body production. We are among the first to
explore the effect of particles per se on antibody
production (Kurup et al., 1994). Therefore, as a
starting point, it was important to use experimen-
tal conditions that could provide clear responses.

Further experiments with smaller doses of parti-
cles given via the relevant route (airways) with a
relevant allergen (from e.g. pollen, cat, mite)
should be performed to move from our model
system towards a more real life-like situation.

Administration of OVA plus particles, gave in-
creased production of both allergen-specific IgE
and IgG2a antibodies compared to administration
of OVA alone. The functional effect of the pres-
ence of both specific IgE and IgG on allergy-re-
lated immune responses is somewhat unclear
(Aalberse et al., 1995; Mark et al., 1995; Wit-
teman et al., 1996). In cases in which IgE and
IgG2a antibodies have the same specificity and
thus compete for the binding to the same epi-
topes, high levels of IgG2a would be expected to
mask and neutralise the allergens. Consequently,
IgG2a may prevent cross binding of membrane-
bound IgE on mast cells or basophils and thus
prevent the initiation of allergic immune
responses.

Our findings indicate that particles per se may
exert a general adjuvant activity. However, hypo-
thetically, if Th2-polarising agents are present at
the same time as the particle (e.g. chemical com-
ponents adsorbed to the particle surface), particles
may increase the specific IgE levels selectively
(Van Zijverden and Granum, 2000).
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