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In previous studies, we have shown strong adjuvant activity for Ottawa dust (EHC-93) after
coexposure of the BALB/c mouse to EHC-93 and ovalbumin. Mice were intranasally sensitized
at days 0 and 14 with 200 pg ovalbumin and 150 pug EHC-93, and challenged with ovalbu-
min at days 35, 38, and 41 with 200 ug ovalbumin. Mice were autopsied at day 42. This ad-
juvant activity was shown for the antibody response to ovalbumin (immunoglobulins E, G,
and G,), histopathological lesions in the lung, cytokines, and the numbers of eosinophils in
lung lavages. To study the mechanisms of this adjuvant activity, mice (BALB/c C.D2-Vil6) with
natural-resistance-associated macrophage protein (Nramp1°), BALB/c mice pretreated with the
antioxidant N-acetylcysteine (NAC), mice (B6.129P2-Nos2tmLau) deficient in inducible nitric
oxide synthase (iNOS), and mice with interleukin-4 (IL-4) deficiency (BALB/cIl4<tm2Nnt) were
coexposed to ovalbumin and EHC-93. Our studies have shown that the adjuvant activity induced
after such coexposure does not change if the macrophage activation of the mice is disturbed or
if the mice have been pretreated with N-acetylcysteine. In addition, the adjuvant activity does
not develop through the pathway in which inducible nitric oxide synthase is involved. Because
the histopathological lesions are statistically significant less in the IL-4 knockout strain in com-
parison with the wild type, we conclude that interleukin-4 might play an important role in the

adjuvant activity caused by EHC-93.

Epidemiological and experimental studies have shown that
ambient particles induce adverse health effects (Sarnat et al.,
2001; Dockery et al., 1993). Pulmonary toxicity of particu-
late matter (PM) has been demonstrated (Cassee et al., 2002;
Goldsmith et al., 2002; Kodavanti et al., 2000; Saldiva et al.,
2002; Sarnat et al., 2001). Penetration of PM in the circulation
and crossing the blood-brain barrier (Calderon-Garciduenas
et al., 2003) has been shown. The adjuvant activity of particles
in atopic diseases, however, is the most eye-catching adverse
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health effect (Calderon-Garciduenas et al., 2003; Fujimaki
et al., 1997; Hajat et al., 2001; Heo et al., 2001; Kramer et al.,
2000; Rusznak et al., 1997; Wyler et al., 2000). There is still
a lack of understanding of the mechanism by which the toxic
constituents of these particles act to induce adjuvant activity.
In general, we recognize four levels on which the adjuvant ac-
tivity induced by ambient particles is triggered: macrophage
activation, induction of oxidative stress, induction of nitric
oxide (NO) synthesis, and interleukin (IL)-4 production.
Genes controlling antibacterial resistance may be important
in the hygiene hypothesis, which states that lack of bacterial
infection during childhood would favor the development of al-
lergic diseases (Strachan, 2000). As macrophages play an im-
portant role in this hypothesis, studies have examined mice
susceptibility [in natural-resistance-associated macrophage
protein (Nramp)1®] or resistance (in Nrampl") to intracellu-
lar bacteria with combinations of ovalbumin and mycobacteria
(Smit et al., 2003a, 2003b, 2003c). This murine polymorphism
of Nrampl is apparent as either low resistance (designated as
“s” for susceptibility) or high resistance (r) of macrophages
to the growth of intracellular organisms. Other investigators



836 P. A. STEERENBERG ET AL.

suggest that polymorphisms in the genomic region of the hu-
man Nrampl gene are associated with risk of atopy in bacille
Calmette-Guérin (BCG)-vaccinated children (Alm et al., 2002).
As Nrampl®* macrophages are less capable of releasing iron
than Nrampl" macrophages, high cytoplasmic iron levels in
the Nrampl macrophages may cause the reduced activation
of Nramp1® macrophages (Lafuse et al., 2000; Zwilling et al.,
1999; Weiss, 1999). Therefore, we hypothesize that these two
genes show a difference in the adjuvant activity induced by
Ottawa dust (EHC-93).

Another possible explanation of the EHC-93-induced adju-
vant activity is the damage to the bronchial and alveolar epithe-
lial surface caused by the generation of reactive oxygen species
(ROS) (Ichinose et al., 1995; Kumagai et al., 1997; Lim et al.,
1998; Sagai et al., 1993). These ROS are responsible for protein
oxidation, lipid peroxidation, and DNA damage in target cells
such as macrophages and epithelial cells (Becker et al., 1996;
Martin et al., 1997; Nel et al., 1998). These effects will result
in an aspecific inflammatory response and release of cytokines
from the bronchial cells, macrophages, inflammatory cells, and
nitric oxide (NO). There is evidence that pretreatment of mice
with the antioxidant N -acetylcysteine (NAC) can prevent the
adjuvant activity that usually takes place after coexposure to
ovalbumin and diesel exhaust particles (DEP) (Whitekus et al.,
2002).

Cytokine-inducible nitric oxide synthase (iNOS) is impli-
cated in a variety of diseases, including allergic asthma. The
presence of iNOS in epithelial cells, macrophages, endothelial
cells, Kupffer cells, neutrophils, fibroblasts, astrocytes, and vas-
cular smooth muscle cells has been established (Barnes & Liew,
1995; Moncada et al., 1991). Inducible NOS is induced by in-
terferon y (IFNy ), tumor necrosis factor « (TNFe) (Ding et al.,
1988), and IL-18 (Suschek et al., 1994). Asthma patients ex-
hale increased concentrations of NO (Dillon et al., 1996; Hamid
etal., 1993; Kharitonov etal., 1995c; Lundberget al., 1996), and
they have airway infections (de Gouw et al., 1998; Kharitonov
etal., 1995b), allergic rhinitis (Henriksen et al., 1999; Lim et al.,
1998; Martin et al., 1996; van Amsterdam et al., 2003a, 2003b);
and bronchiectasis (Kharitonov et al., 1995a). Epidemiological
studies have shown that more NO is exhaled by schoolchildren
in urban areas than in suburban areas (Steerenberg et al., 2001).
Moreover, studies with DEP (an important fraction of urban air
pollution), which induce airway inflammation and hyperreac-
tivity in mice, have shown the involvement of superoxide and
NO (Lim et al., 1998). Therefore, we tested iNOS in this study
as a possible mediator in the adjuvant activity of EHC-93.

Finally, IL-4 has a central role in the regulation of atopic
diseases because it is a key factor in the immunoglobulin (Ig)
E-isotype-switching B cells (Coffman et al., 1993; Lebman &
Coffman, 1988); it induces and sustains the development of
T helper (Th) 2 cells from precursor ThO lymphocytes (Swain
et al., 1990); and it enhances airway inflammation by upregu-
lation of cytokines (Bochner & Schleimer, 1994). In previous
studies, we examined the increase of IL-4 protein found by

bronchoalveolar lavage (BAL) after coexposure to ovalbumin,
DEP, and airborne particles. Most of our studies show a slight
increase in the concentration of IL-4 (Steerenberg et al., 2003b,
2003c). However, this slight increase does not predict whether
IL-4 plays a crucial role in the adjuvant effect we observed.
After coexposure to PM and allergens, damage leading to al-
lergens leaking through basal membranes and becoming more
accessible to the immune system might skew the immune re-
sponse to Th2 cytokine production (Diaz-Sanchez et al., 1997,
1999; Ohta et al., 1999). It is evident that all the players in
this cascade of events will contribute equally to increase the
response to this allergen coexposed with PM.

In a previous study (Steerenberg et al., 2004) we have shown
that adjuvant activity of EHC-93 (Ottawa dust) and other am-
bient PM samples could be demonstrated using this ovalbumin
mouse model. To understand the mechanism of adjuvant ac-
tivity after coexposure to allergen and EHC-93, we examined
specific key factors that may be responsible for the adjuvant ac-
tivity of PM in the ovalbumin—mouse model. For this purpose,
we used wild-type mice and macrophage-stimulation-deprived
mice, iNOS-deficient mice, mice pretreated with NAC, or IL-4
deficient mice.

MATERIALS AND METHODS

Animals

Six- to eight-week-old male BALB/cBylJ.ico mice were ob-
tained from Charles River (L’ Ardresle, France). Male BALB/
cj, BALB/cll4(tm2Nnt) (deficient in IL-4), C57Bl/6, and
B6.129P2-Nos2tmLau (deficient in iNOS) mice were obtained
from Jackson Laboratory, Bar Harbor, ME. BALB/c/AnPt and
C.D2-Vil6 (reduced macrophage activation) mice were ob-
tained from the Dutch National Institute for Public Health and
the Environment, Bilthoven, the Netherlands.

The animals 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 wk before the experiments
started. All experiments were performed according to interna-
tional and institutional guidelines for animal care.

Allergens Sensitization and Challenge

Ovalbumin. The mice were randomly placed in groups
(n = 8). The mice were slightly anaesthetized with halothane
before intranasal sensitization on days 0 and 14. At the moment
of awakening, 0.4 mg/ml ovalbumin (grade V, Sigma Chemical,
St. Louis, MO) in a total of 50 ul saline solution was admin-
istered in both nostrils of each mouse. The challenge on days
35, 38, and 41 consisted of intranasally exposing the mice to
ovalbumin at the same concentration again. To study the ef-
fects of the particles, the suspension of EHC-93 and ovalbumin
was mixed to a final concentration of 0.4 mg/ml ovalbumin and
3 mg/ml particles for the sensitization phase. The animals were
sacrificed on day 42.
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In previous studies, we used the BALB/c mouse as a Th2
responder to show adjuvant activity after coexposure to ovalbu-
min and PM. Because the iNOS-deficient mice were limited to
the C57B1/6 strain that behaves as a Th1-like responder (Herz
et al., 1998), we pretested the optimal dose of ovalbumin for
inducting this adjuvant activity on the wild-type C57B1/6 strain.
We found that 2 mg/ml was comparable to 0.4 mg/ml used on
the BALB/c mice. Therefore, this concentration was used for
comparing results from the wild-type C57Bl/6 mice and the
iNOS-deficient mice.

N-Acetylcysteine (NAC). To study the effects of the antiox-
idant NAC (Sigma Chemical, St. Louis, MO), mice were in-
jected with 320 mg/kg NAC intraperitoneally before intranasal
exposure to ovalbumin and/or particles on days 0 and 14.

Farticles. The Ottawa dust (EHC-93) was a gift of
Dr. R. Vincent (Environmental and Occupational Toxicology
Division, Environmental Health Directorate, Health Canada,
Ottawa, Ontario). In brief, EHC-93 contains profiles and
amounts of polycyclic aromatic hydrocarbons, ions, and metals
comparable to those of the standard reference materials 1648
(urban particulate matter) and 1649 (organics) of the National
Institute of Standards and Technology (Gaithersburg, MD), and
to a range of fine particulate materials recovered by field sam-
pling (Bouthillier et al., 1998).

Autopsy

Before autopsy, the animals were anaesthetized with
ketamine/Rompun [0.1 ml/100 g body weight from a mix
of 0.85 ml of 100 mg/ml ketamine (Aesculaap, Boxtel, the
Netherlands) and 0.65 ml of 20 mg/ml Rompun (Bayer,
Leverkusen, Germany), and blood was taken by orbital punc-
tion. A cannula was inserted in the trachea, and lung lavage was
performed with 1 ml phosphate-buffered saline (PBS) solution,
(pH 7.2, 37°C). The lungs were lavaged three times with the
same fluid and identical volumes. Then the lungs were intratra-
cheally fixed with formalin.

Serum Samples

After collection, blood was drawn and kept at room tem-
perature for 2—4 h or overnight at 4°C to allow for clotting.
The blood samples were centrifuged for 5 min at 13,000 rpm at
room temperature. The serum was removed and stored in small
aliquots at —20°C until use.

Bronchoalveolar Lavage Fluid

Fluid collected from the BAL of each animal was centrifuged
at 400x g and 4°C for 10 min. Cell-free fluid from the lavage
was used for analyses of cytokines, including IL-4, IL-5, IFNy,
and tumor necrosis factor (TNFw). The sediments were used to
determine the total number of cells [0.1 ml of the cell suspen-
sion with 2.9 ml of the isotone (Beckman Coulter, Mijdrecht,
the Netherlands) was mixed]. The sediments were also used to
produce cytospin preparations for differential cell counts after

staining with May—Grunwald Giemsa. Four hundred cells per
cytospin preparation were counted.

The interleukins TNFo and IL-5 were purchased from
BioSource (Woerden, the Netherlands); IL-4 and IFNy
were purchased from R&D, ITK Diagnostics (Uithoorn, the
Netherlands), and the assays were performed according the
manufacturers’ instructions.

ELISA for Specific Immunoglobulins

Briefly, the enzyme-linked immunosorbent assay (ELISA)
was performed with serum in flat-bottom, 96-well, polystyrene
microtiter plates with a high binding capacity (MaxiSorp, Num-
ber 439454, Nunc, Denmark, or number 655092, Greiner,
Germany) (Steerenberg et al., 2003b). The microwells were
coated and stored overnight at 4°C with monoclonal rat anti-
mouse IgE, IgG1, and IgG2a (Jackson, PA) in Na,CO; buffer
solution (0.1 M; pH 9.6). Mouse serum samples (1:4 diluted)
were incubated for 1 hat 37°C in PBS solution. We measured the
binding of IgE, IgG1, and IgG2a by incubating the ovalbumin-
extract—DIG solution (0.01 pg/ml in blocking reagent) for 1 h
at 37°C, and then incubating anti-DIG Fab fragments poly-
labeled with peroxidase (PO) (number 1633716; Boehringer,
Mannheim, Germany; 50 U/ml; 1:625) and an incubation for
3 min at 20°C in the dark with the substrate tetramethyl benzi-
dine (TMB) and dimethyl sulfoxide (DMSO). We stopped the
enzyme reaction by adding 50 ul of 2 M H,SOy, and we read
the optical density at 450 nm on a multichannel photometer.
A pooled positive serum with antibodies to ovalbumin was de-
rived from mice sensitized and challenged in a different way:
intraperitoneal sensitization by injection with 20 pg ovalbumin
emulsified in 2.25 mg aluminium hydrochloride in a total vol-
ume of 100 ul on day 0 and challenged on days 35, 38, and 41 by
exposure to ovalbumin solution (aerosol: 1% in 7 ml PBS neb-
ulized by an ultrasonic nebulizer for 20 min). Extinction values
of samples were expressed as percentage of the standard.

Histopathology

The excised lungs were inflated with 4% phosphate-buffered
formaldehyde (pH 7.2) with a syringe inserted into the trachea.
After full inflation, the trachea was ligated, and the lungs were
immersed in fixative and embedded in paraplast. Sections of
5 um were prepared and stained with hematoxylin and eosin
(H&E). The histopathological lesions (peribronchiolar infil-
trate, perivascular infiltrate, hypertrophy of bronchiolar mucous
cells, alveolitis, eosinophils influx) were semiquantitatively and
blindly scored as absent (0), minimal (1), slight (2), moderate
(3), marked (4) or strong (5). Both the incidence and the sever-
ity of the lesions were incorporated into this score. Examples of
the scoring values are illustrated in Steerenberg et al. (2003b).

Statistical Analysis
We compared the induced serum titers and the number of
BAL cells after sensitization and challenge with ovalbumin,
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and after sensitization with combined ovalbumin and EHC-93.
We determined the statistical differences between the groups
with an analysis of variance (ANOVA). Student’s two-sample
t-test was used to derive the 95% confidence interval of each pa-
rameter for each treatment group. The histological parameters
between groups within one experiment were statistically tested
with the Wilcoxon test. We considered the result significant
when the p value was less than .05.

RESULTS

Natural-Resistance-Associated Macrophage Protein 1

BALB/c wild-type mice and macrophage-stimulation-
deficient Nramp1" and Nramp1® mice were coexposed to oval-
bumin and EHC-93 to study the effect of impaired antigen-
processing capacity (r stands for unimpaired oncogenic mice
and s for impaired antigen-processing capacity). Mice immu-
nized only with ovalbumin evoked antibody (IgE, IgG1, and
IgG2a) responses that tended to be less in Nrampl® than in
Nramp1" mice (data not shown). The increased production of
IgE, IgG1, and IgG2a antibodies to ovalbumin were similar for
all the different strains of mice coexposed to EHC-93 and oval-
bumin and for the mice exposed only to ovalbumin (Figure 1,
Table 1). The increase of histopathological lesions was sta-
tistically significant after coexposure of the wild type, while
the macrophage-stimulation-deficient types showed only a ten-
dency toward increased response (Table 2). Finally, BAL cell,
IL-4, IFNy, TNFw, and IL-5 concentrations were similar in
the wild-type and macrophage-stimulation-deficient strains of
mice (not shown).
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FIG. 1. IgE antibodies to ovalbumin in serum of BALB/c
wild-type, macrophage-stimulation-deficient Nrampl® and
Nrampl" mice that were intranasally exposed to NaCl, oval-
bumin (0.4 mg/ml), or both ovalbumin and EHC-93 (3 mg/ml)
during the sensitization phase (days 0 and 14) and challenged
with ovalbumin only (days 35, 38, and 41). Asterisk indicates
significant at p < .05; double asterisk, p < .01 (significant
difference from ovalbumin-exposed group).

TABLE 1
Comparison of wild-type and deficient mice and
N-acetylcysteine pretreatment on the antibody response after
coexposure to ovalbumin and EHC-93

Nrampl NAC iNOS IL-4
IgE NS NS NS p> .01 —
IgG1 NS NS p>.0l+ p>.05—
I1gG2a NS p>.054+ p>.01 + NS

Note. —, Statistical decrease, +, statistical increase of parameter in
deficient strain vs. wild type; Ig, immunoglobulin; IL, interleukin;
iNOS, inducible nitric oxide synthase; NAC, N-acetylcysteine;
NS, not significant between wild-type and deficient strain; Nramp,
natural-resistance-associated macrophage protein.

N-Acetylcysteine Pretreatment

BALB/c mice coexposed to ovalbumin and EHC-93 showed
strong adjuvant activity for IgE, IgG1, and IgG2a (Figure 2 and
Table 1). The IgG2a concentration was significantly greater in
the NAC-pretreated mice than in the untreated mice (Table 1).
Similar results for the two treatment groups were found for the
histopathological lesions (Table 2), the cell analyses, and the
IL-4 concentrations in BAL (not shown).

Inducible Nitric Oxide Synthase

Wild-type and iNOS-deficient mice were coexposed to oval-
bumin and EHC-93 to study the effect of impaired iNOS pro-
duction. The increased production of IgE antibodies to ovalbu-
min was similar in both groups of mice (Figure 3). For IgG1
and IgG2a, the antibody response of the iNOS-deficient mice
was twice as great as that of the wild-type mice (Table 1). In
the wild-type and iNOS-deficient strains, the same increased
histological response was found after coexposure to ovalbu-
min and EHC-93 (Table 2). After coexposure to ovalbumin and
EHC-93, no differences in BAL cells were observed between
the strains (not shown). Finally, the cytokines examined in the
BAL showed no differences between the strains (not shown).

TABLE 2
Comparison of wild-type and deficient mice and
N-acetylcysteine pretreatment on the histological lesions in
the lung after coexposure to ovalbumin and EHC-93

Nrampl NAC iNOS IL-4
Peribronchiolar infiltrate NS NS NS p>.05 —
Perivascular infiltrate NS NS NS p>.05 —
Hypertrophy mucous cells NS NS NS NS
Alveolitis NS NS NS NS
Eosinophils influx NS NS NS p> .01 —

Note. —, Statistical decrease of parameter in deficient strain vs. wild
type. IL, interleukin; iNOS, inducible nitric oxide synthase; NAC,
N-acetylcysteine; NS, not significant between wild-type and deficient
strain; Nramp, natural-resistance-associated macrophage protein.



ADJUVANT ACTIVITY OF AMBIENT PM IN MICE 839

*%

100

70 -
60
50
40

30 4
20
10 -

% IgE of standard

NaCl OVA OVA + NAC

+NAC

FIG. 2. IgE antibodies to ovalbumin in the serum of the non-
pretreated and NAC-pretreated mice. BALB/c mice were in-
jected with 320 mg/kg NAC intraperitoneally before intranasal
exposure to ovalbumin (0.4 mg/ml) and/or EHC-93 (3 mg/ml)
on days 0 and 14. They were challenged with ovalbumin on days
35, 38, and 41. Double asterisk indicates significant difference
from ovalbumin-exposed group, p < .01.

Interleukin-4

Wild-type and IL-4-deficient BALB/c mice were coexposed
to ovalbumin and EHC-93 to study the effect of impaired IL-4
production. The increased production of IgE antibodies to oval-
bumin observed in the wild-type mice was completely absent
in the IL-4-deficient mice (Figure 4). The antibody response to
ovalbumin for IgG1 was also absent. In contrast, the adjuvant
activity for IgG2a was still present in both strains of mice to
the same degree (Table 1). Histopathological lesions increased
after immunization with ovalbumin in both strains (data not
shown). However, coexposure to ovalbumin and EHC-93 in
the wild type showed a statistically significantly greater histo-
logical response except for alveolitis, while the IL-4-deficient
mice had only increased hypertrophy of the bronchiolar mu-
cous cells. (Table 2). Finally, no differences between the two
strains were observed in BAL cells, or in the cytokines except
for IL-5. Interleukin-5 concentration was slightly (but not sta-
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FIG. 3. IgE in the serum of C57Bl/6 wild-type and iNOS-
deficient mice that were intranasally exposed to NaCl, oval-
bumin (2 mg/ml), or both ovalbumin and EHC-93 (3 mg/ml)
during the sensitization phase (days 0 and 14) and challenged
with ovalbumin only (days 35, 38, and 41). Asterisk indicates
significant difference from ovalbumin-exposed group, p < .05.
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FIG. 4. IgE in the serum of BALB/c wild-type and IL-4 de-
ficient mice. BALB/c and BALB/c-IL-4<tm2Nnt mice were
intranasally exposed to NaCl, ovalbumin (0.4 mg/ml), or both
ovalbumin and EHC-93 (3 mg/ml) during the sensitization
phase (days O and 14) and challenged with ovalbumin only
(days 35, 38, and 41). Double asterisk indicates significant dif-
ference from ovalbumin-exposed group, p < .01.

tistically) increased in the wild type, but was significantly low
in IL-4-deficient mice (not shown).

DISCUSSION

Our studies show that the adjuvant activity induced after
coexposure to ovalbumin and EHC-93 is not affected by dis-
turbance of the macrophage stimulation in the Nramp1 mice or
the decreased oxidative stress capacity prevented after pretreat-
ment with NAC. Furthermore, the adjuvant activity induced by
EHC-93 does not develop through the pathway in which iNOS
is involved. However, IL-4 is an important player in the devel-
opment of adjuvant activity expressed in antibody response and
histological lesions after coexposure to ovalbumin and EHC-93.

In our study, we hypothesized that the adjuvant activity is
due to an activation of macrophages. Activated macrophages
can process and present antigens better resulting in increased
antibody response. Our results show that the Nrampl" and
Nramp1® of wild-type BALB/c mice elicited similar adjuvant
activities of antibodies to ovalbumin in the subclasses of IgE,
IgGl, and IgG2a. In contrast, the histopathological lesions of
the wild-type group showed a significant increase due to the
coexposure to ovalbumin and PM, while the adjuvant activity
was not statistically significantly increased in the Nramp1" and
Nramp1® mice. Similar results were found for the eosinophils
in the BAL. The adjuvant activity for antibodies to ovalbu-
min seems not to be due to the macrophage activating stage,
as no differences in adjuvant activity appear in these Nramp1*
and Nramp1® strains of mice. Our results are comparable with
those of others (Smit et al., 2003b), and they show a tendency
toward reduced responses in Nramp® mice for most of the pa-
rameters used. However, this reduced response did not hin-
der adjuvant activity after coexposure to ovalbumin and EHC-
93, which was comparable to the adjuvant activity in Nramp1*
mice.
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Whitekus et al. (2002) showed that thiol oxidants prevent the
adjuvant activity of coexposure to ovalbumin and DEP. Admin-
istration of NAC directly suppressed complexes to electrophilic
DEP chemicals and exerted additional antioxidant effects at the
cellular level (Whitekus et al., 2002; Xiao et al., 2003). This
contrasts with our study, in which coexposure of ovalbumin
and EHC-93 after pretreatment with NAC showed adjuvant ac-
tivity in antibody response to ovalbumin in all subclasses. More-
over, the IgG2a response was significantly greater than that of
the non-pretreated group. In addition, histopathological lesions
and the influx of eosinophils were still statistically significantly
greater than those of the non-pretreated group. The discrepancy
may be due to the different schedule of the immunization and
challenge. In our study, we used a protocol with 42 days, while
Whitekus et al. (2002) used 10 days. Furthermore, we injected
the mice only just before sensitization when ovalbumin was
coexposed with PM (days O and 14), while Whitekus et al.
(2002) applied NAC during the whole study. Finally, we used
EHC-93 that contains only a small portion of DEP. From our
results, we conclude that pretreating mice with NAC cannot di-
minish the adjuvant activity observed after coexposure to oval-
bumin and EHC-93. This suggests that the adjuvant activity of
ambient particles in this study is not due to antioxidant activity
of EHC-93.

Inducible-NOS-deficient mice were used to study the role
of NOS in the process of adjuvant activity of coexposure to
ovalbumin and PM. Our results show that the adjuvant activity
expressed in IgE production was comparable in both strains,
and the production of IgG1 and Ig2a antibodies to ovalbumin
were even greater in the iNOS-deficient mice. Moreover, the
histopathological lesions and the influx of inflammatory cells
in the BAL reflected an equal adjuvant activity of coexposure to
ovalbumin and EHC-93 in both strains. Our data do not fit the
hypothesis that iNOS and inducible NO play a roll in the skew-
ing of Th2 response resulting from adjuvant activity. This may
contrast with the observations of Feder et al., who were able
to reduce the pulmonary eosinophilia by N-w-nitro-L-arginine
methyl ester (L-NAME) and aminoguanidine, both selective
inhibitors of iNOS (Feder et al., 1997). They proposed that
NO had no effect on the recruitment of the bone-marrow cells,
which play a role in the extravasation of eosinophils from the
circulation into the lung tissue. In our study, we did not see a sta-
tistically significant reduction of eosinophils in either the lung
tissue or the BAL. The difference in observation might be ex-
plained by an L-NAME influence on the eosinophilia cascade
at more levels. However, our data agree with those of others
(Koarai et al., 2002), who show similar levels of eosinophil in-
filtration into the airways in wild-type and iNOS-deficient mice
subjected to the same ovalbumin sensitization and challenge
protocol. In the light of this observation, the Steerenberg et al.
(2003a) results, in which a relationship was found between in-
creased numbers of eosinophils and exhaled NO, might be due
to independent mechanisms. Thus, we conclude that not only is
the induction and excitation phase independent of iNOS, but so

is the adjuvant activity induced after coexposure to ovalbumin
and EHC-93.

We used an IL-4-deficient mouse, in which recruitment of
airway eosinophils in response to aeroallergens is diminished
but not abolished. No antibody response can be elicited after
ovalbumin has been inhaled; however, with epicutaneous ap-
plication, the immunological response remains intact (Herrick
et al., 2000). Moreover, the characteristic airway damage and
hyperreactivity normally resulting from allergen inhalation are
not attenuated (Hogan et al., 1997). Indeed, in our study, no
antibodies (IgE and IgG1) to ovalbumin were measured in the
[L-4-deficient mice even after coexposure to ovalbumin and
EHC-93. Immunoglobulin G2a was produced, but no adjuvant
activity was determined in this Th1 compartment of the immune
system; these findings (no IgE and IgG1 response, in contrast
with IgG2a) agree with those of others (Hogan et al., 1997). Our
data show that coexposure to EHC-93 could not circumvent the
reduced IgE response as shown for epicutaneous application
(Herrick et al., 2000). As IgE in this respiratory model depends
on IL-4, we cannot conclude that the adjuvant activity is IL-4
dependent. However, histopathological lesions were observed
after respiratory application of ovalbumin to wild-type and IL-
4-deficient mice, while no increased lesions (except for hyper-
trophy of mucous cells) were found after coexposure to ovalbu-
min and EHC-93 in IL-4-deficient mice. We conclude that IL-4
is a key player in the adjuvant activity based on histopatholog-
ical lesions, but other processes involved, such as hypertrophy
of the mucous cells, do not seem to be under the control of IL-4.
Interleukin-5 was still present, but there was less of it than in the
wild-type group coexposed to ovalbumin and EHC-93. This re-
duction of IL-5 may reflect the reduced eosinophilia in the lung,
as seen in our study.

Altogether, this survey of models, of which the mechanisms
of adjuvant activity after coexposure have been studied, yields
evidence that IL-4 is involved in EHC-93-induced stimulation
of ovalbumin-specific responses, but Nramp1, NOS, and ROS
are not.
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