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Particulate matter (PM) components of air pollution have been
associated with mortality and health risks in susceptible popula-
tions including asthmatics. More than a decade of PM research
has demonstrated that these effects do not occur indiscriminately
and are related to particle size, surface area, and chemical com-
position. Experimental evidence in rodents indicates that inhaled
or instilled diesel exhaust particles (DEPs) increase lung injury, in-
flammation, and allergic airway responses, and that ultra-fine car-
bon black (UFCB) particles cause more pulmonary inflammation
than fine carbon black (FCB) particles in a dose-dependent manner.
Our preliminary work determined that a dose of 100 g of FCB,
UFCB, or DEPs (NIST SRM 2975) was sufficient to enhance pul-
monary inflammation in Brown Norway (BN) rats 24 hours after
intratracheal (IT) instillation of the particles. In the current in-
vestigation, we sought to compare, on a mass basis, the effects of a
100 1g dose of these particles on allergic sensitization to house dust
mite (HDM) antigen. Immediate airway responses (IAR) to HDM
challenge and a battery of proinflammatory, allergic, and acute
injury responses in the lung were then measured two and seven
days post-challenge. DEPs exposure increased 8 of 10 responses
including IAR and levels of IL-4, IL-13, TNFq, total protein, cys-
teinyl leukotrienes, and eosinophils in bronchoalveolar lavage fluid
(BALF). UFCB and FCB significantly enhanced 4 of 10 and 2 of 10
of these responses compared to saline, respectively. Among other
responses that were not statistically elevated with particle treat-
ment, mean values for FCB were higher than for UFCB. Particles
administered prior to challenge rather than prior to sensitization
did not significantly enhance any of these responses above levels
of saline controls. We conclude that on a mass basis, DEPs had
the greatest potential to enhance allergic induction, indicating that
chemical composition is more important than particle size in de-
termining potency for this health effect.

INTRODUCTION

Many studies over the last decade have shown that diesel
exhaust particles (DEPs) from a variety of sources can act as
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adjuvants to enhance immune responses to common allergens.
While these reports have arisen mainly from animal experiments
(Fujimaki et al., 1997; Miyabara et al., 1998; Hashimoto et al.,
2001; Ichinose et al., 2003), a human clinical study has con-
firmed this effect (Diaz-Sanchez, 1997), and epidemiological
surveys are beginning to report that the incidence of asthma may
be associated with proximity to highways with high diesel traffic
(Proietti et al., 2003; Heinrich and Wichmann, 2004). Consid-
erable evidence now exists that supports the role of DEPs in the
rising incidence of asthma and allergic lung disease (Casillas
et al., 1999; Nel et al., 2001; Xia et al., 2004). DEPs are com-
plex mixtures containing varying amounts of elemental carbon
and many hundreds of bioactive organic compounds. One way
to more fully understand the adjuvant properties of DEPs has
been to study one or more of their components.

Several reports have shown that organic extracts of DEPs pos-
sess adjuvant activity (Diaz-Sanchez, 1997; Tsien et al., 1997,
Devouassoux et al., 2002). These findings have been extended
to show biochemical effects of DEPs at the level of cellular mi-
tochondria. According to the mechanisms proposed by Nel and
colleagues (2001), metabolically-activated organic compounds
forming quinones and semiquinones cause oxidative damage in
airway epithelial cells, which in turn increases chemokine pro-
duction and polarizes the immune response to a Ty2 phenotype
(Nel et al., 2001; Xia et al., 2004). Other studies have reported
that the elemental carbon core of these particles alone boosts
allergic immune responses to the same degree as whole DEPs
(Granum and Lovik, 2002). Thus, carbon black (CB) particles,
which lack the chemical complexity of DEPs, also behave as ad-
juvants albeit at high concentrations (Al-Humadi et al., 2002).
Although the mechanisms by which CB particles enhance aller-
gic responses in the lung are not well understood, it appears that
some level of injury and inflammation initiated by these parti-
cles leads to the observed adjuvancy. It has been suggested that
ultrafine carbon black (UFCB) induces more pulmonary injury
and inflammation than fine carbon black (FCB) at low doses,
due to the enhanced free radical activity and greater surface area
of UFCB (Li et al., 1999). Furthermore, ultrafine PM may be
of greater health concern due to having a larger surface area
and heightened oxidant capacity, compared to larger PM, with
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subsequent increased potential to induce pulmonary inflamma-
tion (Pietropaoli et al., 2004).

Sensitized Brown Norway (BN) rats display an atopic Ty2-
prone phenotype including high inducible levels of airway
eosinophils, proinflammatory and T2 cytokines, elevated levels
of allergen-specific serum IgE, and immediate airway responses
(IAR) to house dust mite (HDM) challenge (Singh et al., 2003).
Our laboratory has previously demonstrated that BN rats ex-
posed to residual oil fly ash prior to sensitization have stronger
allergic immune responses to HDM than saline-treated, sensi-
tized controls (Lambert et al., 1999). Preliminary experiments
showed that a low dose of 100 ng of FCB, UFCB, or DEPs
was sufficient to induce pulmonary inflammation in BN rats
24 hours after intratracheal (IT) instillation. We hypothesized
that stimulation of inflammation and injury in the lung are pre-
requisites to adjuvancy. To test this, we measured lung injury,
IAR, and proinflammatory and allergic responses after allergen
challenge in HDM-sensitized BN rats exposed to equal mass
doses (100 pg) of FCB, UFCB, and DEPs 24 hours prior to
sensitization. Furthermore, we sought to determine the relative
adjuvancy produced by both sizes of CB particles and DEPs
compared to saline alone, when particles were administered prior
to allergen challenge.

MATERIALS AND METHODS

Animals

Inbred, female Brown Norway (BN) (strain BN/Ss Nhsd;
160-180 g) rats were purchased from Charles River Labora-
tories, Inc. (Wilmington, MA) and allowed to acclimate for a
minimum of 1 week prior to exposures. Animals were housed in
AAALAC-approved facilities fitted with high-efficiency partic-
ulate air filters to minimize external contamination. The use of
all rats in these studies was reviewed by the U.S. Environmen-
tal Protection Agency’s Animal Care and Use Committee. Rats
(used at 8—10 weeks old) had ad libitum access to rat chow and
water. Rats were free of Sendai virus, pneumonia virus, and a va-
riety of other rodent viruses and Mycoplasma sp. as determined
by serological testing of randomly selected rats and sentinels
monitored throughout the study.

Antigen

House dust mite (HDM) antigen derived from Dermato-
phagoides farinae was purified from ground, whole-bodied
mites after defatting, extraction in 0.125 M ammonium bicar-
bonate, and dialysis with distilled water (Greer Laboratories,
Lenoir, NC). Extract purification was achieved by a combina-
tion of DEAE ion exchange chromatography and gel filtration,
with the final preparation containing >75% of group I allergen
(Derfl), as determined by the vendor.

Particle Samples
Bulk diesel exhaust particles (DEPs) (Standard Reference
Material (SRM) 2975), were purchased from the National

Institute of Standards Technology (NIST) (Gaithersburg, MD)
and have been described elsewhere (Singh et al. 2004).
The certified analysis of these particles is available online
(http://patapsco.nist.gov/srmcatalog/certificates/2975.pdf). The
reported mean diameter of these particles was 11.2 0.1 um by
area distribution, and the surface area, as determined by nitro-
gen adsorption, was 91 m?/g (see NIST Certificate of Analysis
SRM 2975). It is possible that smaller-sized particles present
in the sample could not be detected by the methods used. The
certified analysis contains 11 certified concentrations and 28
reference concentrations for selected PAHs found in the DEPs.
There is no information provided on metal content for the DEPs
sample. The fine carbon black (FCB) (Huber, 990) and ultra-
fine carbon black (UFCB) (Printex 90) samples were a gift from
Dr. Vicki Stone, Napier University (Edinburgh, UK) and have
been characterized elsewhere (Li et al., 1999). The reported size
(by mean diameter in nm) and surface area (by nitrogen ad-
sorption in m?/g) determined by the original supplier of the
FCB was 320 (nm) and 9 (m?/g), respectively. The same re-
ported values for the UFCB were 14 (nm) and 300 (m?/g). There
were considerable differences reported in metal content for these
2 samples. Briefly, the UFCB sample had higher amounts of
beryllium, chromium, copper, iron, lead, thallium, and zinc than
the FCB (see Li et al. (1999) for exact quantities). No addi-
tional analysis of metal content was performed in the present
study. The 3 particle samples ordered by size are: DEPs >
FCB > UFCB. When ordered by surface area, the samples are
arranged as follows: UFCB > DEPs > FCB. All particle sus-
pensions were disaggregated by sonication prior to intratracheal
instillation.

Experimental Design

Rats were instilled intratracheally (IT) with 100 ug of ei-
ther FCB, UFCB, or DEPs in 250 ul of instillation grade saline
or saline only (as negative control) either on day 0, 24 hours
prior to sensitization (IT, 5 g HDM in saline on days 1 and
3), or on day 14, 24 hours prior to challenge. On day 15, rats
were challenged IT with 10 g HDM in saline. Following aller-
gen challenge, immediate airway responses (IAR) were assessed
using a whole body plethysmograph. Rats were euthanized (IP,
200 mg/kg sodium pentobarbital) 2 and 7 days post-challenge
and bled by cardiac puncture. Serum and bronchoalveolar lavage
fluid (BALF) were collected and stored at —80°C for subse-
quent assay. HDM-specific IgE was measured in the serum
and additional responses were measured in the BALF includ-
ing total eosinophils, total protein, cysteinyl leukotrienes, ascor-
bic acid (AA), TNFe«, IL-13, and IL-4. Mediastinal lymph
nodes were collected and processed for lymphoproliferative
assays.

Immediate Airway Responses to House Dust Mite
Two weeks after sensitization, animals were placed in a
whole-body plethysmograph (Buxco Electronics, Troy, NY)
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equipped with a pneumotachograph and pressure transducer
to monitor pulmonary ventilation responses as previously de-
scribed (Lambert et al., 1998, 1999, 2000). Baseline ventilatory
readings were measured for 10 minutes prior to challenge. Ani-
mals were then removed from the plethysmograph, anesthetized
with halothane, IT instilled with 10 g HDM in 250 ul saline and
then placed in the plethysmograph for an additional 20 minutes
to evaluate the IAR following challenge. These responses are ex-
pressed as the enhanced pause (Penh), which is a derived value
that provides an index of airflow obstruction, which has been
correlated with changes in airway resistance (Hamelmann et al.,
1997). Penh values were averaged during the baseline (control)
periods and the post-challenge periods to obtain mean values for
each event and are represented as change from the mean dur-
ing the baseline period to the mean during the post-challenge
period.

Antigen-Specific Serum IgE
Antigen-specific serum IgE production was measured by

enzyme-linked immunosorbent assay (ELISA) as previously
described (Gilmour et al., 1996). Briefly, 96-well flat-bottom
ELISA plates were coated with 100 ul/well of mouse anti-rat
IgE heavy chain antibody (Serotec, Ltd., Oxford, UK) at a con-
centration of 2.5 pg/ml in coating buffer (Pierce, Rockford,
IL) and incubated overnight at 4°C. The following day, after
a nonspecific protein blocking step using bovine serum albumin
(BSA) and washing, 100 u1 of each serum sample (diluted 1:5 in
blocking buffer) were added in duplicate wells to the plates. Fol-
lowing an overnight incubation at 4°C and washing, the plates
were treated successively with 100 pl/well of biotinylated HDM
(2 png/ml, prepared using Sulfo-NHS-LC-Biotinylation Kit,
Pierce, Rockford, IL) and horseradish peroxidase-streptavidin
(diluted 1:1500), with washes and incubation for 1 hour at room
temperature between each of these steps. Finally, 100 ul/well
TM Blue (Dako Corporation, Carpinteria, CA) was added as
a substrate for horseradish peroxidase and reactions were al-
lowed to develop at room temperature for at least 10 minutes.
Plates were read at 650 nm by a Spectromax ELISA plate reader
(Molecular Devices, Menlo Park, CA).

Bronchoalveolar Lavage and Lavage Cell Differentials
The trachea of each rat was surgically exposed, cannulated,
and tied off with a silk thread suture. The right lobe was
lavaged 3 times with a single volume of warmed saline (0.035
ml/kg x body wt. x 0.55). The left lung was inflated with 4%
paraformaldehyde for histopathological analysis. Total white
blood cell counts were obtained using a hemocytometer, and
cell viability was assessed by trypan blue exclusion. Approx-
imately 50,000 cells from each sample were centrifuged onto
duplicate glass slides using a Cytospin (Shandon, Pittsburgh,
PA) and stained with Diff Quik (American Scientific Inc.,
Sewickley, PA) for identification of eosinophils, macrophages,
neutrophils and lymphocytes. At least 200 cells were counted

on each slide to obtain percent values for each leukocyte
subpopulation.

BALF Biochemical Analysis

BALF was centrifuged (1500 RPM, 10 minutes, 4°C) and the
supernatant was analyzed. Total protein levels were determined
using Coomassie Plus reagent (Pierce, Rockford, IL). The assay
was adapted for automated analysis using a Cobas Fara II cen-
trifugal spectrophotometer (Hoffman-La Roche, Branchburg,
NJ). Perchloric acid (PCA) was added to a separate aliquot of
BALF for antioxidant analysis at a final concentration of 3%
and samples were centrifuged at 20,000 x g for 30 minutes at
4°C then stored at —80°C. Ascorbic acid (AA) analysis was per-
formed by liquid chromatography with electrochemical detec-
tion (LCEC) as described elsewhere (Kutnink et al., 1987). The
detection limit for AA was 0.2 nmol/ml. Cysteinyl leukotriene
concentrations were measured as described in (Matthay et al.,
1984) using an ELISA kit from Cayman Chemical (Ann Arbor,
MI). BALF supernatant was analyzed for concentrations of the
Ty2 cytokines, IL-4 and IL-13, and the proinflammatory cy-
tokine TNFo by ELISA using rat Cytoscreen kits purchased
from Biosource International (Camarillo, CA).

Lymphocyte Proliferation Assay

Lung-associated mediastinal lymph nodes were removed
from the right mainstem bronchus on days two and seven, fol-
lowing HDM challenge. Single-cell suspensions were prepared
using ground-glass homogenizers, and HDM-specific lympho-
cyte proliferation was assessed in 96-well cell culture plates by
measuring cellular incorporation of 3H-thymidine as described
previously (Gilmour et al., 1996).

Statistical Analysis

The data were analyzed using a one way analysis of variance
(ANOVA) model (SAS version 6.02, SAS Institute Inc., Cary,
NC). Following an overall statistically significant finding, pair-
wise comparisons between particle treatment groups and control
were performed. Significance levels were adjusted for multiple
comparisons using a Bonferroni technique. In cases where the
assumptions of the usual ANOVA were not met, a nonparamet-
ric procedure (Kruskal-Wallis procedure) was substituted. The
level of significance was set at 0.05.

RESULTS

Pre-Sensitization Particle Exposures
Immediate Airway Response to HDM Challenge

Intratracheal instillation of either UFCB particles or DEPs
prior to HDM sensitization significantly enhanced the IAR to
allergen challenge (Figure 1). FCB particles did not produce a
statistically significant rise in the allergen-mediated IAR, yet the
mean value for this group was about three times higher than that
for the control group.
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Immediate Airway Response to
HDM Challenge
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FIG. 1. Immediate airway responses to HDM (10 g in 250 pl saline) chal-

lenge (by IT instillation) in BN rats exposed to saline, fine carbon black (FCB),
ultrafine carbon black (UFCB), or diesel exhaust particles (DEPs) 24 hours
prior to allergic sensitization. All particles were administered in a 100 ug dose
(IT) suspended in sterile saline. Baseline ventilatory readings were measured
for 10 minutes prior to challenge in each rat and airway responses following
challenge were averaged over a period of 20 minutes. Responses are expressed
as change in arbitrary units of enhanced pause (PenH) from baseline to post-
challenge. Data are presented as mean = SEM for each treatment group (n = 5)
and were analyzed for statistical differences by 1-way ANOVA. Significance
was determined at p = 0.05. *Significantly different from rats exposed to saline
prior to sensitization.

HDM-Specific Lymphocyte Proliferation in Pulmonary Lymph
Nodes and Serum Antibody Production

Allergen-specific serum IgE and lymphoproliferative
responses were measured in all rats 2 and 7 days post-challenge.
Particle treatment did not significantly enhance these responses
compared to control values on days 2 or 7 (Table 1). How-
ever, on day seven post-challenge, the mean lymphoprolifer-
ative response values of particle-treated groups exceeded the
mean value for saline control. FCB- and DEPs-treated rats
had higher average lymphoproliferative responses than UFCB-
treated rats. At the same time point, the mean value for HDM-
specific serum IgE was nearly 5 times higher in the FCB group
than in the saline control group. This was due to 2 high respon-
ders in the FCB group, and was reflected in the variance (high
standard error). UFCB-treated rats also had elevated HDM-
specific serum IgE, but again, the increase was not statistically
significant.

Pulmonary Inflammation, BALF Biochemistry, and Lung Injury

Pulmonary inflammatory responses were measured 2 and 7
days after allergen challenge to understand the kinetics of lung
injury. Instillation of particle suspensions prior to sensitization

increased leukocyte influx into the BALF on day 2 compared
to saline controls (Table 2). Of these increases, only the DEPs-
exposed rats demonstrated a significant change in total numbers
of eosinophils, neutrophils, and lymphocytes. By far, the cellular
inflammatory response was dominated by influx of eosinophils
on day 2. On day 7, the only indication of continued cellular in-
flammation was a significantly greater number of macrophages
in the BALF of DEPs-exposed rats compared to saline-exposed
rats. Histopathological analyisis of the left lung lobes showed
many hallmarks of allergic lung disease including peribronchi-
olar and perivascular eosinophil and lymphocyte accumulation,
and edema. Semiquantitative scoring suggested these effects
were stronger in the DEPs-exposed rats although no statistical
analyses were performed on the graded scores (data not shown).

While all particle treatments appeared to increase total pro-
tein in the BALF, the only significant increases were in DEPs-
exposed rats on day 2, and by day 7, total protein levels in all
groups were equivalent to sensitized saline controls (Figure 2).
Cysteinyl leukotrienes, measured as an indicator of bronchial
smooth muscle stimulatory activity, were significantly elevated
on day 2 in the BALF of UFCB- and DEPs- but not FCB-treated
rats. By day 7, these levels were not significantly different from
sensitized saline control levels (Figure 3).

As a measure of antioxidant capacity either in response to
injury or as a marker of protection, ascorbic acid (AA) was
measured in the BALF. No differences among the groups were
observed on post-challenge day 2 (Figure 4); however, on day
7, AA levels in DEPs-, FCB-, and UFCB-exposed rats were
significantly increased compared to saline control.
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FIG. 2. Total protein concentrations in bronchoalveolar lavage fluid (BALF)
of BN rats exposed to saline, fine carbon black (FCB), ultrafine carbon black
(UFCB), or diesel exhaust particles (DEPs) 24 hours prior to allergic sensiti-
zation. Total protein levels were measured on post-challenge days 2 and 7. All
particles were administered in a 100 pg dose (IT) suspended in sterile saline.
Data are presented as mean £ SEM for each treatment group (n = 5) and were
analyzed for statistical differences by 1-way ANOVA. Significance was deter-
mined at p = 0.05. *Significantly different from rats within the same timepoint
exposed to saline prior to sensitization.
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TABLE 1
HDM-specific lymphocyte proliferation and HDM-specific serum IgE production 2 and 7 days after HDM challenge

Treatment group Days after challenge Lymphocyte proliferation (DPM) Serum HDM-IgE (OD Value)
Saline 2 20163 £ 3062 0.11 £0.01
Saline 7 62294 + 18271 0.17 £ 0.03
FCB 2 21180 + 5387 0.11 £ 0.01
FCB 7 82303 + 12018 0.84 £ 0.44
UFCB 2 19497 + 4879 0.11 £ 0.00
UFCB 7 71069 + 16984 0.34 £ 0.16
DEPs 2 29150 + 6663 0.10 £ 0.00
DEPs 7 82257 £ 10336 0.19 £ 0.05

HDM-specific immune responses 2 and 7 days after HDM challenge in BN rats IT-instilled with either saline or 100 ug of fine
carbon black (FCB), ultrafine carbon black (UFCB), or diesel exhaust particles (DEPs) 24 hours prior to sensitization. The data for
HDM-specific lymphocyte proliferation in airway lymph node cells and HDM-specific serum IgE are presented in disintegrations
per minute (DPM) and optical density units, respectively. All data are presented as group mean = SEM for each treatment group
(n = 5). Significance was determined at p = 0.05. There were no significant differences among the treatment groups in either

response.

Cytokine Concentrations in BALF

Only DEPs significantly increased TNFa concentrations in
the BALF compared to saline on day 2. Concentrations of TNF«
on day 7 were very low or undetectable in all particle-exposed
groups (Figure 5A). Similarly, IL-13 levels on post-challenge
day 2 were significantly elevated above saline control levels
only in DEPs-exposed rats, while on day 7, IL-13 concentra-
tions were nearly undetectable across all treatment groups and
controls (Figure 5B). BALF concentrations of IL-4, another Ty2
cytokine, did not demonstrate this pattern. All 3 particle-exposed
groups had significantly greater amounts of IL-4 in the BALF
compared to saline-treated sensitized controls on day 7. There
were no significant differences among the groups on day 2, de-
spite some high responders in the UFCB- and DEPs-exposed
groups (Figure 5C).

Pre-Challenge Particle Exposures
IAR, Pulmonary Eosinophils, BALF Leukotriene Levels,
and Lung Injury

HDM-sensitized BN rats exposed to FCB, UFCB, or DEPs
prior to allergen challenge did not show significant changes
in HDM-induced IAR compared to saline controls (Table 3),
unlike when particles were administered prior to sensitization
(Figure 1). Also, there were no significant differences in total
numbers of eosinophils, total protein, or cysteinyl leukotriene
levels in the BALF of particle-exposed rats compared to saline-
exposed rats (Table 3).

DISCUSSION

Several reports have demonstrated that, in addition to diesel
exhaust particles, simple elemental carbon particles display

TABLE 2
Cellular inflammation in bronchoalveolar lavage fluid 2 and 7 days after HDM challenge

Cell count x 10*/ml

Treatment Days after

group challenge Total Eosinophils Macrophages Neutrophils  Lymphocytes
Saline 2 46.75 £ 15.16 30.41 £11.79 15.56 £ 3.31 0.05+0.05 0.72+£0.24
Saline 7 21.06 £ 3.00 10.48 £2.44 9.71 £ 1.29 0.00 £ 0.00  0.34 £ 0.09
FCB 2 78.43 £20.22 58.56 £ 15.89 14.594+ 2.28 1.66 £ 096  3.62 £ 1.59
FCB 7 23.47 £3.53 10.01 + 1.10 12.81£2.05 0.00£0.00  0.65+£0.45
UFCB 2 64.97 + 26.83 45.88 £24.07 13.36 +2.93 234+ 1.61 339+£2.16
UFCB 7 19.02 £+ 2.19 7.26 £ 1.69 11.76 + 0.59 0.00 £0.00  0.00 £ 0.00
DEPs 2 145.86 £ 39.95* 117.07 & 38.64* 17.24 £3.51 423 £0.88 7.31 £1.65*
DEPs 7 28.79 £3.14 8.90 + 1.07 20.65 £4.42*  0.00£0.00  0.00 £ 0.00

Cellular inflammation in bronchoalveolar lavage fluid (BALF) from HDM-sensitized rats IT-instilled with either saline or 100 g
of fine carbon black (FCB), ultrafine carbon black (UFCB), or diesel exhaust particles (DEPs) 24 hours prior to sensitization.
Inflammatory cell counts were measured from BALF samples obtained 2 and 7 days after HDM challenge. Data are presented as
mean + SEM for each treatment group (n = 5). Significance was determined at p = 0.05. *Significantly different from same-day
mean saline control.
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FIG. 3. Cysteinyl leukotriene concentration in bronchoalveolar lavage fluid
(BALF) of BN rats exposed to saline, fine carbon black (FCB), ultrafine carbon
black (UFCB), or diesel exhaust particles (DEPs) 24 hours prior to allergic
sensitization. Cysteinyl leukotrienes levels were measured on post-challenge
days 2 and 7. All particles were administered in a 100 pg dose (IT) suspended in
sterile saline. Data are presented as mean = SEM for each treatment group (n =
5) and were analyzed for statistical differences by 1-way ANOVA. Significance
was determined at p = 0.05. *Significantly different from rats within the same
timepoint exposed to saline prior to sensitization.

adjuvant activities important in the promotion of allergies and
asthma. The purpose of this study was to compare the adjuvant
effects of different-sized carbon particles to a well-characterized
DEPs sample in a pulmonary allergic sensitization model. The
results demonstrate many significant effects in BN rats exposed
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FIG. 4. Ascorbic acid concentrations in bronchoalveolar lavage fluid (BALF)
of BN rats exposed to saline, fine carbon black (FCB), ultrafine carbon black
(UFCB), or diesel exhaust particles (DEPs) 24 hours prior to allergic sensitiza-
tion. Ascorbic acid levels were measured on post-challenge days 2 and 7. All
particles were administered in a 100 pg dose (IT) suspended in sterile saline.
Data are presented as mean £ SEM for each treatment group (n = 5) and were
analyzed for statistical differences by 1-way ANOVA. Significance was deter-
mined at p = 0.05. *Significantly different from rats within the same timepoint
exposed to saline prior to sensitization.
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FIG. 5. Pro-inflammatory and T2 cytokines in bronchoalveolar lavage fluid
(BALF) of BN rats exposed to saline, fine carbon black (FCB), ultrafine carbon
black (UFCB), or diesel exhaust particles (DEPs) 24 hours prior to allergic
sensitization. (A) TNFa, (B) IL-13, and (C) IL-4 levels were measured on post-
challenge days 2 and 7. All particles were administered in a 100 pg dose (IT)
suspended in sterile saline. Data are presented as mean = SEM for each treatment
group (n = 5) and were analyzed for statistical differences by 1-way ANOVA.
Significance was determined at p = 0.05. *Significantly different from rats within
the same timepoint exposed to saline prior to sensitization.

to a relatively low dose of DEPs (100 ug), and fewer increases
in responses with the two different sized CB particles as sum-
marized below: 1) DEPs exposure 24 hours prior to HDM sensi-
tization produced the greatest number of significantly increased
responses across all endpoints measured; 2) adjuvant effects
were seen with both fine and ultrafine CB particles, but fewer
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TABLE 3
Lung responses to allergen in sensitized rats exposed to particles 24 hours prior to HDM challenge

Responses measured in BALF 2 days after HDM challenge

Treatment Immediate airway Eosinophils Total protein Leukotrienes
group response (APenH) (x 10* cells/ml) (ug/ml) (pg/ml)
Saline 0.399 £ 0.224 70.44 £ 25.02 897.60 £ 200.73 359.10 £ 113.92
FCB 0.377 £0.229 53.64 £21.78 991.80 £ 233.74 377.55 £ 49.68
UFCB 0.376 + 0.153 49.63 £ 17.51 887.25 £ 218.42 406.78 £ 39.48
DEP 0.414 £+ 0.149 60.03 + 8.41 979.80 £+ 168.46 509.00 £ 122.62

Immediate airway responses (IAR) in sensitized rats measured in a whole-body plethysmograph immediately before
and after IT challenge with HDM. Data are presented as the change in enhanced pause (PenH) before and after challenge.
Total numbers of eosinophils, total protein levels, and cysteinyl-leukotrienes were measured in bronchoalveolar lavage
fluid (BALF) samples collected 2 days after HDM challenge. Rats IT-instilled with 100 pg of either fine carbon black
(FCB), ultrafine carbon black (UFCB), or diesel exhaust particles (DEP) 24 hr prior to allergen challenge did not
demonstrate significantly different responses compared to saline-instilled rats. Data are presented as mean £+ SEM for
each treatment group (n = 4—5). Significance was determined at p = 0.05.

increased responses reached statistical significance; 3) enhanced
responses were confined to the lung with no significant alter-
ations of allergen-specific serum IgE for any of the treatment
groups; and, 4) exposure to DEPs or CB particles 24 hours prior
to allergen challenge did not significantly alter pulmonary al-
lergic responses in sensitized rats. These results suggest that
chemical composition is a stronger determinant of adjuvant ac-
tivity than particle size, and that the timing of particle exposure
in relation to allergen sensitization and challenge is important.
Although the exact mechanisms by which elemental carbon
produces adjuvant effects are not clear, it has been proposed
that mucosal inflammation is a prerequisite (Granum and Lovik,
2002). Since UFCB has been shown to cause increased inflam-
mation compared to FCB (Li et al., 1999), we reasoned that the
smaller particles would be a more potent adjuvant. Preliminary
instillation experiments, however, showed that 100 pg of each
of the three samples caused mild, statistically nonsignificant dif-
ferences in pulmonary edema, LDH release, and cell numbers
24 hours after exposure. Despite these modest and equivocal
changes, the samples induced, on a mass basis, quite different
levels of adjuvant activity across the measured responses with
DEPs >> UFCB > FCB. This would suggest that the PAHs or
other chemicals in the DEPs augmented the adjuvant effects over
and above the carbon core, and that the enhanced activity was not
directly related to particle size or the initial pro-inflammatory
activity after particle exposure. Although no studies until now
have reported the effects of ultrafine particles on allergic sen-
sitization in vivo, fine and coarse ambient PM samples from
several different regions in Europe had equivalent adjuvant ac-
tivity when administered intranasally during OVA sensitization
in mice (Steerenberg et al., 2004). Using the same PM sam-
ples in a murine footpad immunization model, it was further
shown that coarse or fine fractions of ambient PM with OVA did
not consistently change serum IgE levels or T2 cytokine pro-

duction in draining lymph nodes (Nygaard et al., 2005). In our
study, the CB-treated animals displayed much larger variability
in responses compared to saline instilled controls or, indeed, the
DEPs-treated rats, indicating that this apparently milder treat-
ment may have enhanced sensitization in some, but not all, of
the animals in the CB treatment groups.

It is quite well-established that components of DEPs, such
as polycyclic aromatic hydrocarbons (PAHs) and their quinone
derivatives generate reactive oxygen species (ROS) that, in turn,
lead to the activation of cytokines and chemokines. These sig-
naling molecules are then available to trigger and regulate T2
cytokine production and allergic inflammation in the lung (Nel
et al., 2001). In addition, organic rich DEPs can induce produc-
tion of mediators of allergic lung disease, such as IL-5; this was
observed in the lung lavage fluid of DEPs-instilled mice in the
absence of allergen (Singh et al., 2004). Although ROS were not
measured in this study, they may have played a more significant
role in the DEPs’ adjuvant effects due to the presence of PAHs.
To support this notion, ultrafine ambient particles that contain
higher levels of organics have been shown to produce greater
amounts of ROS than fine or coarse ambient particles (Li et al.,
2003). Future efforts to investigate the activity of ambient ultra-
fine particles that are rich in organic compounds are warranted.

The BN rat model of sensitization to HDM has been a useful
surrogate for testing the adjuvant effects of a variety of different
air pollutants on the development of allergic asthma (Gilmour
et al., 1996; Lambert et al., 1999, 2000) and provides infor-
mation on both immune and airway responses. Examination of
these responses at 2 and 7 days post-challenge allows assessment
of primary immune-mediated responses and the development of
secondary, specific immune responses, respectively. The results
of this study clearly show that DEPs produced many more sig-
nificant effects at the day 2 time point, while effects with the CB
samples were limited to changes in BALF IL-4 and anti-oxidant



48 SINGH ET AL.

activity at the day 7 timepoint and additionally enhanced IAR
and cysteinyl leukotrienes with UFCB. Measurement of the IAR,
pulmonary inflammation and cysteinyl leukotrienes, which have
arole in bronchial hyperresponsiveness and allergic airways dis-
ease (Wardlaw et al., 1989; Mitsunobu et al., 2000, 2001), pro-
vide endpoints which are characteristic of asthma in humans.
The model provides a link between these endpoints and the im-
munological mediators that are suggestive of mechanisms for
increased disease.

In addition to investigating the effects of particles on allergic
sensitization, this study was also designed to investigate whether
particle exposure would affect responses to a subsequent al-
lergen challenge 24 hours later. Although a trend of enhanced
responses in particle-exposed rats occurred, saline-administered
allergic rats had unusually elevated responses (compared to other
studies performed in our laboratory), which may have masked
particle-induced effects and prevents us from drawing definitive
conclusions with respect to this question.

In summary, our comparison of the adjuvant activity of three
carbon-rich PM samples on an equal mass basis indicates that, at
alow dose of 100 g, all 3 particle samples could enhance aller-
gic sensitization as measured by subsequent airway responses to
antigen challenge, however, the effects were more pronounced
with DEPs than with UFCB and FCB. These differences did
not appear to be related to differences in particle size or pro-
inflammatory activity. The presence of PAHs in the DEPs may
have been responsible for their increased adjuvant activity, pos-
sibly via the production of ROS. The effects of DEPs on al-
lergic sensitization were more evident in the primary immune
responses, whereas the effects of FCB were more evident
at the 7-day (secondary response) timepoint. Achieving more
accurate hazard identification based on relationships between
particle composition and adjuvant effects will require further
study of the threshold doses and underlying cell signaling
events that enhance immune mediated diseases such as aller-
gic asthma.
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