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Diesel exhaust particles induce a Th2 phenotype
in mouse naive mononuclear cells in vitro
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Abstract. It has been shown that pulmonary exposure to
diesel exhaust particles (DEP) exacerbates allergic manifesta-
tions (i.e., allergic asthma) in vivo. However, the underlying
mechanisms remain enigmatic. Furthermore, DEP compo-
nents responsible for the exacerbation remain unidentified.
Hypothesizing that DEP induce a helper T (Th)2-biased
condition in immune mononuclear cells even in the absence
of an allergen, the present study elucidated the effects of DEP
and their components on the characterization of primary
splenocytes and T cells in vitro. ICR mouse-derived splenic
mononuclear and T cells isolated from the splenocytes
were co-cultured with organic chemicals in DEP extracted
with dichloromethane (DEP-OC 0.5-50 ug/ml), residual
carbonaceous nuclei of DEP (washed DEP 0.5-50 ug/ml) or
‘whole’ DEP (1-100 pg/ml); thereafter, interleukin (IL)-4
and IgE production by these cells and the surface expres-
sion of CDI9, IL-4R, CD69 and the CD40 Ligand (L) were
evaluated by means of ELISA and flow cytometry. DEP and
their components increased IL-4 and total IgE levels in a
concentration-dependent manner 24 h after culture, and the
effects were greater with washed DEP than with DEP-OC. On
the other hand, each DEP component increased the surface
expression of CD19 on splenocytes and that of IL-4R, CD69
or CD40L on both splenocytes and isolated T cells; however,
the impact was greater with DEP-OC. These results suggest
that DEP cause naive mononuclear cells, including T cells to
enter a Th2-biased state and that each DEP component plays a
differential role in the efficacy.
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Introduction

It is generally accepted that diesel exhaust particles (DEP),
derived from diesel engine-powered automobiles and major
constituents in atmospheric particulate matter, are associated
with several allergic disorders, which perhaps can be referred
to as adjuvanticity (1). We and others have experimentally
demonstrated that pulmonary exposure to DEP aggravates
allergic airway inflammation and amplifies the lung expres-
sion of helper T (Th)2 cytokines in vivo (2-5). However,
detailed mechanisms underlying the exacerbating effects of
DEP on the allergic pathology remain unclear, particularly
when analyzed only in in vivo samples.

DEP reportedly affect/disrupt several cell populations such
as epithelial cells (6,7), endothelial cells (8), macrophages (9),
eosinophils (10) and mast cells/basophils (11,12), which play
roles in the pathogenesis of allergic inflammation, mainly
in vitro. Furthermore, we (13) and others (14) have shown
that DEP activate dendritic cells, one of the pivotal cell
types involved in adaptive immunity, leading to maladaptive
immune responses in vitro. However, the cellular contribution
of DEP-mediated exacerbation of allergy has not been fully
clarified.

Peripheral lymphoid organs and their resident mono-
nuclear cells, including lymphocytes, are key players in the
pathogenesis of allergic pathology; thus, the effects of DEP
on these compartments might generate much information
regarding their adjuvant effects on allergy. Previous studies
have shown that DEP and their components directly/indirectly
activate B cells to produce IgE in vitro (15,16), implicating
B/plasma cells in the mechanism of the adjuvant effects of
DEP. However, less has been studied regarding the impact of
DEP on T cells, in particular, in the context of Th lymphocyte
differentiation/activation.

Another important issue is the fact that DEP have carbo-
naceous nuclei, which absorb organic chemicals, including
polycyclic aromatic hydrocarbons (17). Previous studies have
demonstrated that organic chemicals extracted from DEP
have adjuvant potential for the production of allergen-specific
immunogloblins in vivo (18) and in vitro (15). We previously
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reported that extracted organic chemicals from DEP with
benzene-cthanol (referred to as ‘DEP-OC’), rather than
residual carbonaceous nuclei of DEP after extraction (referred
to as ‘washed DEP’), predominantly intensified allergen-
related airway inflammation in mice, although ‘whole’ DEP
(before extraction) exhibited much greater adjuvant effects
than DEP-OC or washed DEP (19). Nonetheless, the distinct
effect/role of DEP components in naive immune cells in vitro
has never been reported.

Therefore, the aim of the present study was i) to examine
the effects of DEP on naive splenic mononuclear cells and
T cells isolated from splenocytes and ii) to compare the effects
of organic chemical components (DEP-OC) and residual
particles of DEP (washed DEP).

Materials and methods

Animals. Male ICR mice at 6 weeks of age and weighing
29-33 g (Japan Clea Co., Tokyo, Japan) were used in all experi-
ments. They were fed a commercial diet (Japan Clea Co.) and
given water ad libitum. Mice were housed in an animal facility
maintained at 24-26°C with 55-75% humidity and a 12-h light/
dark cycle. The studies adhered to the National Institutes of
Health guidelines for the experimental use of animals. All
animal studies were approved by the Institutional Review
Board of the National Institute for Environmental Studies.

Preparation of DEP. A 4JBl-type, light-duty, four-cylinder,
274 L Isuzu diesel engine (Isuzu Automobile Co., Tokyo,
Japan) under computer control was connected to a dynamom-
eter (Meiden-sha, Tokyo, Japan). DEP were collected in the
dilution tunnel (stainless steel tubing) of a diesel inhalation
facility by scraping the inside surface of the tubing as previ-
ously described (20). The collected DEP were referred to
as ‘whole’ DEP and stored at -80°C until use. Whole DEP
were suspended in phosphate-buffered saline (PBS; Sigma,
St. Louis, MO, USA) at pH 7.4 containing 0.05% Tween-80
(Nakarai Tesque, Kyoto, Japan) and 0.25% dimethyl sulfoxide
(DMSO) (Nakalai Tesque). The whole DEP suspension was
sonicated for 3 min with an ultrasonic disrupter (UD-201;
Tomy Seiko, Tokyo, Japan), as previously described (21,22).

Preparation of DEP-OC and washed DEP. DEP were
extracted with benzene-ethanol as previously described (19).
Briefly, 10 g of DEP was suspended in 800 ml of benzene-
ethanol (3:1, v/v) and was ultrasonicated for 30 min. The
suspension was centrifuged at 600 x g for 20 min. The super-
natants were transferred to another tube and then were filtered
with a membrane filter (pore size 0.45 um). This procedure
was repeated twice. The residual (solid) particles of DEP
were prepared as washed DEP. The benzene-ethanol solution
was evaporated to dryness in a rotary evaporator and then a
vacuum pump, and the residue was dissolved in 100% DMSO
and prepared as DEP-OC. They were also stored at -80°C
until use.

Splenocyte preparation and DEP exposure. Spleens were
removed from the ICR mice and placed in a Petri dish with
PBS. The spleens were pushed through a 200-mesh stainless
steel sheet, and the resulting cells were suspended in PBS.
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Cells were collected by centrifugation at 400 x g for 10 min at
20°C. Thereafter, red blood cells were removed by incubating
with hypotonic lysis buffer for 3 min. Cells were washed
twice with PBS and resuspended in R10 [Gibco RPMI-1640
medium (Invitrogen, Grand Island, NY, USA), supplemented
with 10% heat-inactivated fetal bovine serum (FBS; MP
Biomedicals Inc., Eschwege, Germany), 100 U/ml penicillin,
100 pg/ml streptomycin (Sigma) and 50 yM 2-mercaptoeth-
anol (Invitrogen)]. The number of viable cells was determined
using the trypan blue dye exclusion method. Splenocytes
(1x10%) were cultured in 1 ml of R10 containing DEP-OC
(0.5, 5 or 50 pg/ml), washed DEP (0.5, 5 or 50 ug/ml), whole
DEP (1, 10 or 100 pg/ml) or the control (0.1% DMSO, 0.05%
Tween-80) in 12-well plates at 37°C in a 5% CO,/95% air
atmosphere. After a 24-h incubation, cells were analyzed for
FACS, and the culture supernatants were collected and frozen
for subsequent interleukin (IL)-4 and total IgE analyses. Since
the organic fraction of DEP constitutes ~50% of total particle
mass (16,23), we set the concentration of each component.

T-cell isolation and DEP exposure. T lymphocytes were
isolated by passing splenocytes (1x10%) over a nylon fiber
column (Wako Pure Chemical Industries Ltd., Osaka, Japan)
based on a T-cell purification method. This method utilizes
the principle of nylon fiber's affinity to B cells; thus, T-cell
preparation of sufficient purity and without severe damages
was achieved through the preferential adsorption of B cells to
the fiber in the column (24). The column was incubated for
45 min at 37°C in a 5% CO,/95% air atmosphere; thereafter,
it was washed with R10 and the fraction of non-adherent cells
(T cells) was collected. The T cells were then resuspended in
R10. The DEP exposure protocol and examination points and
parameters (except for IgE) in the experiments were the same
as for the splenocytes.

ELISA for interleukin (IL)-4. ELISA for IL-4 (Amersham,
Buckinghamshire, UK) was conducted according to the
manufacturer's instructions. The secondary antibodies were
conjugated to horseradish peroxidase. Values generated by
subtracting readings obtained at 450 nm from those at 550 nm
were converted to pg/ml using values obtained from standard
curves generated with the limits of detection at 5 pg/ml.

Total IgE determination. Total IgE antibody level was
measured by IgE-capture ELISA (2,25). In brief, microplate
wells were coated with a rat anti-mouse IgE monoclonal anti-
body (BD Biosciences Pharmingen, San Diego, CA, USA) and
incubated overnight at 4°C. After washing with PBS containing
0.05% Tween-20 (PBST; Nakalai Tesque), microplate wells
were incubated with 1% BSA-PBS and 0.01% thimerosal at
room temperature for 1 h. After washing with PBS containing
PBST, diluted samples were added to the microplate and incu-
bated overnight at 4°C. After washing with PBST, biotinylated
rat anti-mouse IgE was added to each well and incubated for
1 h at room temperature with (3-D-galactosidase-conjugated
streptavidin  (Zymed Laboratories, San Francisco, CA,
USA). After the final washing, the wells were incubated with
4-methylumbelliferyl-f-galactoside (Sigma) as the enzyme
substrate at 37°C for 2 h. The enzyme reaction was stopped
with 0.1 M glycine-NaOH (pH 10.3). The fluorescene intensity
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Figure 1. Effects of whole diesel exhaust particles (whole DEP) and their
components [organic chemicals in DEP extracted with dicloromethane
(DEP-OC)] or residual carbonaceous nuclei of DEP (washed DEP) on
interleukin (IL)-4 production in splenocytes and T cells isolated from
the splenocytes. The collection of splenocytes and T-cell isolation was
conducted as described in Materials and methods. Splenocytes (1x10°) or
isolated T cells were cultured in 1 ml of R10 containing DEP-OC (0.5, 5 or
50 pg/ml), washed DEP (0.5, 5 or 50 pg/ml), whole DEP (1, 10 or 100 pg/ml)
or control (0.1% DMSO, 0.05% Tween-80) in 12-well plates at 37°C in a 5%
CO,/95% air atmosphere. After a 24-h incubation, the culture supernatants
were collected, and IL-4 levels were measured by ELISA. Data are the mean
+ SEM of four individual cultures from four animals, representative of three
independent experiments. “‘P<0.05, “P<0.01 vs. medium.

was read using a microplate fluorescene reader (Fluoroskan
Flow Laboratories, Costa Mesa, CA, USA). A450 readings of
the samples were converted to nanograms per milliliter, using
a standard curve generated with double dilutions of the mouse
IgE « isotype standard (BD Biosciences Pharmingen).

FACS analysis. For FACS analysis, the following mono-
clonal antibodies were used: IL-4R (CD124: mIL4R-Ml,
PE-conjugated), CD69 (H1. 2F3), CD40 Ligand (L) (CD154:
gp39: MRI1, PE-conjugated) and CDI19 (FITC-conjugated)
(all from BD Biosciences Pharmingen). Cells (1-3x10°) were
resuspended in 100 u1 PBS with 0.3% BSA and 0.05% sodium
azide (Wako Pure Chemical Industries Ltd.) and stained
with antibodies at 1 pg for 30 min on ice. After incubation,
the cells were washed, and fluorescence was measured using
a FACSCalibur (Becton Dickinson and Company, NJ, USA).
For each sample, fluorescence data from 10,000 cells were
collected, and positive cells were expressed as the percentage
of total events.

Statistical analysis. Data are expressed as the mean + SEM
of four animals from one experiment, representative of three
experiments. Differences among groups were analyzed by
ANOVA (Stat View version 4.0; Abacus Concepts, Inc.,
Berkeley, CA, USA). When significant differences were
detected, post hoc comparisons within each group were evalu-
ated with the Fisher's LSD test. Significance was assigned to
P-values <0.05.
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Figure 2. Effects of whole DEP and their components on total IgE produc-
tion in splenocytes and CD19 expression on these cells. Splenocytes were
resuspended to a cell density of 1x10%ml and 1 ml was applied to each in
12-well plates. The splenocytes (1x10°) were cultured in 1 ml of R10 con-
taining DEP-OC (0.5, 5 or 50 ug/ml), washed DEP (0.5, 5 or 50 pg/ml),
whole DEP (1, 10 or 100 ug/ml) or control (0.1% DMSO, 0.05% Tween-80)
in 12-well plates at 37°C in a 5% CO,/95% air atmosphere. The total IgE
level was measured by ELISA, as described in Materials and methods. In
another experiment, the expression of CD19 on these cells was analyzed by
flow cytometry. Data are the mean + SEM of four individual cultures from
four animals, representative of three independent experiments. "P<0.01 vs.
medium.

Results

Effects of DEP on IL-4 production from naive splenocytes
and their T cells. To determine the effects of DEP exposure on
naive splenocytes and their T cells in the context of the Th2
milieu, we compared the protein levels of IL-4 in the superna-
tants 24 h after co-culture (Fig. 1). Exposure to whole DEP and
their components elevated IL-4 levels in the supernatants from
splenocytes and isolated T cells in a concentration-dependent
manner as compared to IL-4 levels in the cells exposed to the
control medium [P<0.01 vs. whole DEP (100 pg/ml), DEP-OC
(50 pg/ml) or washed DEP (50 ug/ml), except for T-cells
exposed to DEP-OC (50 ug/ml) (P<0.05)].

Effects of DEP on total IgE production from naive spleno-
cytes. To further determine whether DEP exposure biases
these mononuclear cells towards a Th2 response, we compared
protein levels of total IgE in the supernatants from the sple-
nocytes 24 h after co-culture (Fig. 2). Whole DEP and their
components increased the total IgE level in a concentration-
dependent manner (data not shown). As compared to exposure
to medium alone, exposure to whole DEP and their compo-
nents at each maximal concentration elevated the value in the
supernatants (P<0.01). However, in this context, whole DEP
did not reveal synergistic effects of DEP-OC plus washed
DEP, as observed in the previous in vivo study (19).

Effects of DEP on CDI19 expression on naive splenocytes and
IL-4R, CD69 and CD40L expression on naive splenocytes
and their T cells. To determine the effects of exposure to DEP
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Figure 3. Effects of DEP and their components on the surface expression of IL-4R, CD69 or CD40 ligand (L) on splenocytes and isolated T cells. Splenocytes
or isolated T cells (1x10%ml) were exposed to DEP (100 pg/ml), DEP-OC (50 pg/ml), washed DEP (50 pg/ml) or medium (control) for 24 h. Thereafter, the
expression of IL-4R, CD69 or CD40L on the cells was analyzed by flow cytometry. Data are the mean + SEM of four individual cultures from four animals,

representative of three independent experiments. “P<0.05, ““P<0.01 vs. control.
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Figure 4. Possible schema of the differential effects of DEP components on DEP-mediated Th2-skewing in naive mononuclear cells.

on the surface expression of molecules related to lymphocyte
activation 24 h after the culture of naive splenocytes and their
T cells, we analyzed the expression patterns of CD19 (on
splenocytes; Fig. 2), IL-4R, CD69 and CD40L (on splenocytes
and T cells) by FACS (Fig. 3). Exposure to whole DEP, washed
DEP or DEP-OC significantly increased CDI19 expression on
splenocytes as compared to the level of CDI9 expression on
splenocytes exposed to the control medium (P<0.01; Fig. 2).
The expression levels of IL-4R, CD69 or CD40L were signifi-
cantly higher on both splenocytes and isolated T cells treated
with whole DEP (100 pug/ml) or DEP-OC (50 pug/ml) than the
expression levels on cells treated with medium alone (P<0.01).
Also, the level was higher on cells treated with washed DEP
(P<0.01 for IL-4R on both cells, CD69 or CD40L on spleno-
cytes; P<0.05 for CD40L on T cells) compared to the level on
cells treated with medium; however, the level was lower on

cells treated with DEP-OC (P<0.01 for IL-4R on splenocytes,
CD69 or CD40L; data not shown).

Discussion

The present study demonstrated that DEP exposure induces
IL-4 and IgE production and several surface markers related
to lymphocyte activation by mouse naive mononuclear cells
and/or isolated T cells in vitro. Studies on their constituents
show that both DEP components induce IL-4 production by
splenocytes and isolated T cells and consequent IgE synthesis
in splenocytes; however, the effect is generally greater for
washed DEP than for DEP-OC. In contrast, DEP-OC only
increased the surface expression of CDI9 on splenocytes.
Furthermore, although both components increased the surface
expression of IL-4R, CD69 and CD40L on both splenocytes
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and isolated T cells, the impact was significantly greater for
DEP-OC than for washed DEP with an overall trend.

With respect to the adjuvant activity of DEP on atopic
pathophysiology, there are two major aspects, i.e., impacts
on allergens/antigens and on host immunity. DEP reportedly
absorb several allergens, such as Lol pl,Bet v 1,Derp 1,Fel d 1
and Can f 1 (26,27). Furthermore, D'Amato et al demonstrated
that, by adhering to the surface of airborne allergens, such as
pollen grains and/or plant-derived paucimicronic components,
air pollutants including DEP, modify their antigenic proper-
ties (28), although the underlying mechanisms remain to be
determined. On the other hand, DEP and/or DE were reported
to directly/indirectly influence several host cell populations,
particularly immune cells, leading to the progression/develop-
ment/exacerbation of allergic disorders in vitro. For example,
DEP and their components directly activated B cells to enhance
IgE production (29,16), chemical constituents of DEP induced
IL-4 production/release by human-derived basophils (12) and
DE exposure decreased IL-12 (Th1 cytokine) production from
alveolar macrophages or a macrophage cell line (RAW264.7
cell) in vitro (30) as well as that in lung homogenates in vivo
(2). Furthermore, DEP was found to suppress T-bet expression
and interferon-y production by isolated T cells from healthy
humans, implicating DEP in promoting Th2-skewed responses
in lymphocytes (31,32). In the present study, whole DEP and
their components (washed DEP and DEP-OC) induced IL-4
production and IgE synthesis from splenocytes. Our present
study was, accordingly, consistent with these previous studies
(31,32) with an overall trend; however, in the present study, we
first demonstrated that DEP components differentially contrib-
uted to the adjuvant effects on allergic reaction, i.e., washed
DEP and DEP-OC induced a Th2 response (IL-4 production
with IgE de novo synthesis) in splenocytes, including T cells,
whereas DEP-OC had a marked potential to up-regulate IL-4R
(with CD69, CD40L and CD19) on these cells, which conceiv-
ably culminates in the promotion of Th2-skewed immune
reactions and consequent atopic immunopathology (Fig. 4).
In addition, we and another group found that DEP activated
dendritic cells, professional antigen-presenting cells, to favor
allergen-specific Th2 immunogenicity in vitro (33,13). Thus,
the present study also expanded the previous ones in that DEP
and their components favor a Th2 milieu in naive splenic
mononuclear cells and T cells isolated from splenocytes, even
in the absence of antigen-presenting cells (plus allergen), indi-
cating that these toxicants have the potential to promote an
allergic pathophysiology irrespective of allergen sensitization
and/or DC/T cell interaction.

We previously demonstrated that DEP components
differentially affect allergic lung inflammation in vivo, i.e.,
DEP-OC predominantly exacerbated allergic inflammation,
whereas washed DEP did not aggravate the pathology (19).
Also, in the present study, DEP-OC induced IL-4/IgE produc-
tion/synthesis, implying a role in the Th2 milieu even in the
absence of allergen-priming. Furthermore, DEP-OC markedly
induced the surface expression of CD19, suggesting a role in
B cell-plasma cell activation. These in vitro effects of DEP-OC
support the adjuvant property against Th2-mediated pathobi-
ology in vivo (19) and also might be one of the mechanisms
explaining the phenomenon (19). Notably, however, washed
DEP also significantly elevated IL-4 production with IgE
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synthesis in the present study. Conversely, our previous in vivo
study demonstrated that pulmonary exposure to washed DEP
in asthmatic mice did not increase the lung expression of
Th2-type cytokines, such as IL-4, IL-5 and IL-13, but did
exacerbate Thl-type cytokines, such as interferon-y (19). These
inconsistent results may be explained by a difference between
in vitro and in vivo studies. As compared to an in vivo condi-
tion (19), washed DEP easily come into contact with immune
cells and stimulate/activate them in vitro. In support of this, we
confirmed that carbon (black) nanoparticles, which are ultra-
fine particles less than 100 nm in mass median aerodynamic
diameter compared to washed DEP (200 nm), exacerbate
allergic airway inflammation even in vivo (25). Furthermore,
the enhancement was greater with smaller (14 nm) than with
larger (56 nm) nanoparticles (25), suggesting that more mobile
particles have a higher adjuvant potential. On the contrary, a
soluble component, DEP-OC, may influence systemic allergic
response (broadly) likely reaching the spleen, thereby yielding
profound adverse effects on allergic pathophysiology in vivo.
Alternatively, DEP-derived carbonaceous compounds (washed
DEP) may have antiallergic properties against alveolar
macrophages and/or lung resident cells, including endothelial
cells, epithelial cells and fibroblasts rather than mononuclear
cells, which can hinder the enhancing effects in vivo. Further
studies are required to address this issue.

CD69 is an early activation marker of hematopoietic cells.
The molecule is reportedly linked to the activation of Thl
lineage in vitro (34) and Thl-dominant immunopathology
in vivo (35). CD40-CD40L (CD154) interaction is crucial in
the regulation of crosstalk between both dendritic (DC)-T and
DC-B cells (36). In the present study, DEP-OC exposure
dramatically up-regulated CD69 and CD40L on both
splenocytes and T cells. It is attractive to speculate that the
amplifying effect on CD69 expression partially contributes
to relatively weaker IL-4 synthesis by DEP-OC causally
via altering Th1/Th2 homeostasis than that by washed DEP.
Alternatively, DEP-OC may fully show their adjuvant effects
on allergic reactions in cases of (allergen)/antigen-presenting
cells/lymphocytes rather than naive (physiological) conditions/
cells. Future investigations are necessary employing the
same protocol involving Th2 cells with or without allergen-
priming.

There are some limitations regarding this study. We
used splenocytes and isolated T cells from these cells, not
completely matching the real situation in terms of the exposure
pattern, as humans are exposed to particulate matter (PM),
including DEP mainly through the airway route. However,
our recent ex vivo studies showed that pulmonary exposure
to DEP potentiates CD4 polarization (37) with an allergen-
specific Th2 response in splenocytes of asthmatic mice (13),
suggesting that these extrathoracic lymphoid cells are a target.
In the future, nevertheless, the same protocol as in the present
study should be employed involving draining lymph node
cells around respiratory systems, such as cervical and medi-
astinal nodes. In any case, the present study may provide a
clue for future novel screening tests to detect the pro-allergic
activity of other conceivable pollutants, such as airborne PM,
nanomaterials and environmental chemicals to elicit allergic
reactions. Nonetheless, investigation of intracellular signaling
regarding the differential effects of DEP components in depth
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to identify molecular targets is warranted. We are currently
examining this using a T-cell line (Jurkat cells). In the cell
line, whole DEP and washed DEP significantly and DEP-OC
modestly activated ERK1/2 of MAP kinase (unpublished data)
consistent with a previous report (32).

In summary, whole DEP and their components induced
IL-4 production with IgE synthesis from naive splenocytes
and/or splenocyte-derived T cells in vitro. The effects were
stronger with residual carbonaceous nuclei in DEP than with
organic chemical components, whereas, organic chemical
components markedly increased the surface expression of
molecules related to B-cell activation, such as CDI19, and
T-cell activation, such as IL-4R, CD69 and CD40L, on these
cells. These data indicate the pro-allergic effects of DEP
on lymphoid-lineage cells, even in the absence of allergen-
priming in vitro, and raise the possibility that each component
in DEP differentially affects immune cells, which culminates
in an increase in the DEP-mediated exacerbation of allergic
inflammatory conditions with maladaptive Th2 immunity.
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