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Epidemiologic studies have associated exposure to airborne partic-
ulate matter (PM) with exacerbations of asthma. It is unknown how
different sources of PM affect innate immunity. We sought to
determine how car- and diesel exhaust-derived PM affects dendritic
cell (DC) activation. DC development was modeled using CD34+
hematopoietic progenitors. Airborne PM was collected from exhaust
plenums of Fort McHenry Tunnel providing car-enriched particles
(CEP) and diesel-enriched particles (DEP). DC were stimulated for 48
hours with CEP, DEP, CD40-ligand, or lipopolysaccharide. DC acti-
vation was assessed by flow cytometry, enzyme-linked immunosor-
bent assay, and standard culture techniques. DEP increased uptake
of fluorescein isothiocyanate-dextran (a model antigen) by DC.
Diesel particles enhanced cell-surface expression of co-stimulatory
molecules (e.g., CD40 [P < 0.01] and MHC class Il [P < 0.01]). By
contrast, CEP poorly affected antigen uptake and expression of cell
surface molecules, and did not greatly affect cytokine secretion by
DC. However, DEP increased production of TNF, IL-6, and IFN-y (P <
0.01), IL-12 (P < 0.05), and vascular endothelial growth factor (P <
0.001). In co-stimulation assays of PM-exposed DC and alloreactive
CD4+ T cells, both CEP and DEP directed a Th2-like pattern of cytokine
production (e.g., enhanced IL-13 and IL-18 and suppressed IFN-y
production). CD4+ T cells were not functionally activated on expo-
sure to either DEP or CEP. Car- and diesel-enriched particles exert
adifferential effect on DC activation. Our data support the hypothesis
that DEP (and to a lesser extent CEP) regulate important functional
aspects of human DC, supporting an adjuvant role for this material.
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Exposure to airborne particulate matter (PM) is firmly linked
with the morbidity and mortality from respiratory diseases (1,
2). Ambient airborne particles as well as road traffic pollution
are associated with exacerbations of asthma, chronic obstructive
pulmonary disease, and allergic rhinitis (1-4). It is hypothesized
that airborne PM may contribute to the increased incidence,
morbidity, or mortality from asthma in adults and children in
urban areas (2). Increases in air pollution levels exacerbate
existing airway diseases and are associated with the promotion
of allergic airway diseases (3-7). Diesel exhaust particulates may
direct an adjuvant effect by exerting pro-allergic sensitization to
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CLINICAL RELEVANCE

This study describes the immunological effects of diesel
and car-enriched particulates on dendritic cell activation
and their promotion of a Th2-like cytokine response by
CD4+ T cells. This is a novel observation relevant to our
understanding of the immune adjuvant effects of environ-
mental pollutants and pathogenesis of allergic pulmonary
diseases.

commonly found environmental allergens (8). Also, exposing
mice to PM induces asthma-like conditions, airway responsive-
ness, and inflammation (4, 9). The mechanisms by which PM
adversely affects human health are incompletely understood.
Current thinking is that inhaled PM induces lung inflammation,
possibly in an oxidative stress—dependent manner, by acting on
respiratory epithelial or other cells (4).

Dendritic cells (DC) are the sentinel cells of the innate
immune system, and evolved to rapidly translate diverse envi-
ronmental cues into signals that activate T lymphocytes. Al-
though they are poised to sense and respond to inhaled pollutants,
surprisingly little is known about whether and how PM affects
the function of DC. Immature DC respond efficiently to danger
signals (e.g., endotoxin) such that a primary immune response is
appropriately induced (10). Danger signals are transduced by
pattern recognition receptors that include the Toll-like receptor
(TLR) family (11). Occupation of the TLR by ligand (e.g., lipo-
polysaccharide [LPS] binding to TLR4) instructs DC to mature
(12). DCcan also be activated by T cell-dependent signals such as
the ligand for the co-stimulatory receptor CD40 (CD40 ligand, or
CD40L). DC maturation is defined by enhanced cell surface ex-
pression of co-stimulatory molecules, reduced endocytosis, en-
hanced antigen presentation, stimulation of T cell proliferation,
and increased cytokine production (13-15).

Immature DC are specialized for taking up exogenous anti-
gen by mechanisms that include endocytosis (14), yet they ex-
hibit a poor ability to stimulate T cells unless activated (16).
Lung DC are continuously repopulated from circulating pro-
genitors such as monocytes and lineage-committed stem cells,
and this can be augmented in response to environmental stimuli
(17). Interestingly, PM itself may promote DC recruitment to the
lung by inducing secretion of the chemokine MIP-3a (CCL20)
from airway epithelial cells (18). Immature DC capture antigen
and migrate to the draining lymph nodes. It is thought that mat-
uration takes place during their migration, where DC are now
defined as potent stimulators of T cell proliferation with a sup-
pressed ability to take up exogenous antigen.

Other studies provide compelling evidence that allergic dis-
eases are immune-mediated and directed by T cells against aller-
gens or microbial byproducts (19). CD4+ type 2 T-helper (Th2)
cells, which secrete IL-4 and IL-13, induce many of the pathologic
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features of allergic inflammation including IgE synthesis, sup-
pressed IFN-y production, eosinophilia, and tissue remodeling
(19). Tt is unknown how DC translate allergen exposure into
signals that initiate Th2 differentiation. In asthma, activated
airway DC may induce Th2 polarization of allergen-specific
T cells (20). In the current study, we speculated that DC may
provide one link between exposure to particulate matter and
a Th2-driven allergic immune response. This is consistent with
the notion that DC are key sentinel cells that evolved to re-
spond to diverse environmental stimuli (16). Here we provide
a comprehensive analysis of DC functional activation following
their interaction with either diesel or car exhaust particles, and we
define a unique pattern of DC functional maturation as a conse-
quence of these interactions.

MATERIALS AND METHODS

Reagents

Recombinant human cytokines used for DC culture were: stem cell
factor (SCF), IL-4, Flt-3 Ligand (FIt-3L), and TNF-a, all from Peprotech
Inc. (Rocky Hill, NJ). Granulocyte-macrophage colony-stimulating
factor (GM-CSF) was a gift of Immunex (Seattle, WA). Lipopolysac-
charide (LPS, Escherichia coli serotype 0.55:B5) and fluorescein iso-
thiocyanate (FITC)-conjugated dextran (MW of 40,000), were obtained
from Sigma-Aldrich (St. Louis, MO). Recombinant human trimeric
CD40-Ligand (CD40L trimer) was a kind gift from Dr. John McDyer,
Johns Hopkins University.

The following monoclonal antibodies were used for flow cytometry on
activation of DC: FITC-conjugated antibodies were IgG1-k (isotypic
control, clone MOPC-21), HLA-DR (IgG2a-k, clone G46-6), and
CD206 (IgGl1, clone 19.2); phycoerythrin (PE)-conjugated antibodies
were IgGl-k (isotypic control, clone MOPC-21), IgG2a-k (isotypic
control, clone G155-178), CD4 (IgG1-k, clone RPA-T4), CD80 (IgG1,
clone L307.4), CD83 (IgG1, clone HB15¢), CD86 (IgG1, clone FUN-1),
and CD14 (IgG2a, clone M5E2), all from PharMingen (San Diego, CA).
The following PE-conjugated antibodies were obtained from Santa Cruz
Inc. (Santa Cruz, CA); TLR-2 (IgG2a, clone TL2.3) and TLR4 (IgG2a,
clone HTA125). FITC-conjugated CD40 (IgG1, clone HB14) was from
Caltag (Burlingame, CA).

The following monoclonal antibodies were used for flow cytometry on
activation of CD4+ T cells: FITC-conjugated antibodies were IgG2a-k
(isotypic control, clone G155-178) and HLA-DR (IgG2a-x, clone
G46-6, 1.243); PE-conjugated fluorochromes were IgGl-k (isotypic
control, clone MOPC-21), IgG2a-k (isotypic control, clone G155-178),
CD4 (IgGl-k, clone RPA-T4), CD11b (IgG2a-k, clone D12), CD31
(anti-PECAM1; IgGl-k, clone L133.1), CCR7 (Rat IgG2a-k, clone
3D12), and CD62L (L-selectin or LAM1, IgG1-k, clone Dreg 56).

Preparation and Enrichment of Highly Pure
CD4+ Allogeneic T Cells

The procedures used to enrich for these cells has been described (14). In
assays of allogeneic T cell responses, CD4+ T cells were enriched from
whole blood using the Rosettesep negative selection system according to
the manufacturer’s instructions (Stem Cell Technologies, Ltd, Vancouver,
BC, Canada). This system depletes the contaminating cells by immu-
nologically cross-linking those cells in whole blood to multiple red blood
cells (immunorosettes) using an antibody cocktail. In this procedure, the
density of the rosetted cells increases and they can be pelleted with free
red blood cells by centrifugation over low endotoxin (< 0.12 EU/ml,
where 1 EU = 100 pg/ml LPS) cell separation medium (Ficoll-Paque
Plus, d = 1.077 g/cm3; GE Healthcare Biosciences AB, Uppsala,
Sweden). Briefly, after rosetting cells for 20 minutes at room temper-
ature, the blood sample was diluted with an equal volume of divalent
cation-free PBS supplemented with 2% vol/vol FBS, mixed gently,
layered over Ficoll-Paque and centrifuged at 800 X g for 30 minutes at
room temperature. Enriched cells were harvested from the separation
medium/upper plasma interface then washed twice in PBS/2% FBS
buffer. By this procedure, the cells were 95% * 4% viable by trypan
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blue dye exclusion assay and cell counting and 92% = 4% enriched
CD4+ T cells by staining with FITC-conjugated anti-human CD4 (clone
RPA-T4, IgG1) and flow cytometry (data not shown). This method of
CD4 T cell purification was chosen because of its high reproducibility of
enrichments between donors.

Generation, Expansion, and Stimulation of CD34+ Peripheral
Blood Progenitor Cell-Derived DC

DC were generated from CD34+ enriched peripheral blood progenitor
cells (PBPC) using protocols that use cytokine-driven expansion and
propagation of DC precursors (21). PBPC were obtained from an NIH
core facility at the University of Washington (Seattle, WA) and were
used as the starting material for the generation of myeloid DC. Enriched
CD34+ PBPC were seeded into 6-well culture dishes at 2.5 X 10° cells/ml
in a total volume of 4 ml DC culture medium in a 5% CO,/95% air fully
humidified atmosphere. DC were cultured continuously for 14 days in
DC culture medium that had been previously optimized in pilot experi-
ments. For the culture of PBPC-derived DC, RPMI 1640 base culture
medium (GIBCO/BRL, Invitrogen, Carlsbad, CA) was used and sup-
plemented with 8% vol/vol FBS, 2 mM L-glutamine, 1 mM sodium
pyruvate, 1% vol/vol nonessential amino acids (GIBCO-BRL), 1 pg/mL
gentamicin sulfate, 100 IU/ml penicillin-G, 100 wg/ml streptomycin
sulfate, 20 mM HEPES buffer, and 5 X 10~* M 2-mercaptoethanol. All
cell cultures were conducted at 37°C in a humidified atmosphere of
5% CO; in air. Cultures of PBPC were pulsed with the following
human cytokines on Days 0, 2, 5, 8, and 11: GM-CSF 25 ng/ml, SCF 25
ng/ml, FIt-3L 10 ng/ml, TPO 10 ng/ml, and TNF-a 2.5ng/ml. The
addition of IL-4 at 20 ng/ml was delayed until Day 5 of culture to permit
cell expansion and DC development. The additions of SCF, thrombo-
poietin (TPO), and Flt-3L were omitted from Day 8 onwards. DC were
harvested at Days 14 to 16, washed twice in complete culture me-
dium, and then seeded into 6-well dishes at 2.5 X 10° cells/well in a total
volume of 2.5 ml. We would typically obtain a 50- to over 100-fold
expansion of PBPC over a 14- to 16-day culture. Thus, when using a single
vial of 5 X 10° PBPC hematopoietic progenitor cells at Day 0 of culture,
we would obtain 2.5 X 108 to ~ 5.5 X 10% immature DC at Day 16 of
culture.

Car- and Diesel Exhaust-Derived Particulate Matter

Car exhaust— and diesel exhaust—derived particulate matter (PM) sam-
pling stations were set up in the exhaust plenums of two bores of the Fort
McHenry Tunnel, East Baltimore, MD. Airborne particulate matter was
collected on Teflon filters (37 mm Teflo, with a pore size of 2 pm; Pallflex
Pall Corporation, Ann Arbor, MI) using SKC Personal Environmental
Monitors (PEM; SKC Inc., Eight Four, PA) collecting PM of 10 and
2.5 microns in aerodynamic diameter. Pre- and post-sampling masses
were determined using a microbalance. One bore was subject to pri-
marily passenger car particulate emissions (referred to as car PM tunnel)
and the other bore was subject to both car and diesel truck traffic
(referred to as the diesel PM tunnel). Hereafter these two sources of PM
will be referred to as car exhaust PM (or CEP) and diesel-enriched PM
(or DEP), respectively. Six DEP and CEP PM;, and PM, s filters were
collected from each tunnel tube. Pre- and post-sampling masses were
determined using a microbalance. Video recordings were reviewed and
cars and large trucks were differentially counted. Results of traffic counts
indicated that less than 2% of the vehicles in the car PM tunnel were
trucks. In contrast, 22% of the vehicles in the diesel PM tunnel were
trucks. The mean airborne PM, 5 concentration in the diesel PM tunnel
was 30% greater than in the car PM tunnel. This increase in the airborne
PM, 5 concentration was due to the enrichment from diesel exhaust
emissions. CEP and DEP samples were paired by sampling date and time
in six independent experiments, and were matched so that the mass of
PM collected did not vary by more than 15% between each tunnel pair.
Nonexposed blank filters were used to control for any effect of the Teflon
filter alone. To exclude the possibility of endotoxin contamination of
particulate matter embedded Teflon filters, replicate portions of the
filters were assayed for contaminating endotoxin levels by the QCL-1000
Limulus amebocyte lysate assay (Cambrex Corporation, East Ruther-
ford, NJ). Levels of endotoxin were detected but found to be less than
50 pg/ml, a concentration of endotoxin that was not found to activate
human DC (data not shown).
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Stimulation of DC Cultures with Filter-Immobilized Car or
Diesel Particulate Matter

Before the addition of DC to the 12-well plates, CEP- or DEP-
immobilized filters were placed in the 12-well plates. DC cultures were
then carefully dispensed onto the surface of the filters using a sterile
filter-barrier pipette tip to a final volume of 2.5 ml and 2.5 X 10° DC
per well. Filter-immobilized particulate matter was used since this
resulted in minimum manipulation of the test material and provided to
the DC cultures the test material exactly as it was collected from the
tunnels. In addition, immobilization of the particulate matter onto
Teflon filters ensured that none of the particulate matter was carried
over into subsequent experiments of DC and T cell co-cultures. By
microscopic examination, we confirmed that particulate matter was not
present in thoroughly washed cultures of CEP or DEP filter exposed DC
that would subsequently be co-cultured with purified CD4+ T cells.

In control cultures, blank membranes that had not been exposed to
particulate matter sampling were used as negative controls. These were
used to test for the possibility of nonspecific interactions of the Teflon
filter membrane and the cell surface of DC. Additional controls included
LPS (a TLR4 agonist, serotype 055:B5, E. coli-derived endotoxin) used
at a concentration of 100 ng/ml and CD40-ligand (CD40L, a non TLR
agonist used at a concentration of 50 ng/ml). Cultures were incubated for
48 hours in a 5% CO,/95% air and fully humidified incubator. After
stimulation, all cultures were washed three times in complete medium to
prevent potential “carry-over” of the stimulus to co-culture experiments
of stimulated DC and CD4+ T cells.

In addition, in dose-dependent studies of DC or CD4+ T cell exposure
to DEP or CEP, nonimmobilized free particulate matter was collected
from the same sampling stations that were set up in the exhaust plenums of
two bores of the Fort McHenry Tunnel, East Baltimore, MD and used for
such studies. In these investigations, DEP and CEP particulate matter was
suspended in 10 mM HEPES-buffered divalent cation-free PBS pH 7.4 at
10 mg/ml and either used immediately or stored frozen at —86°C and used
within 1 month of preparation. In a limited series of experiments, DC and
CD4+ T cells were assayed (as described below) on activation by DEP or
CEP over the concentration range of 100, 10, 1, and 0.1 p.g/ml for a period
of 48 hours. As described above, to exclude the possibility of endotoxin
contamination of DEP or CEP particulate matter, the suspensions were
assayed for contaminating endotoxin levels by the QCL-1000 Limulus
amebocyte lysate assay (Cambrex Corporation). Levels of endotoxin were
detected but found to be less than 33 pg/ml, a concentration of endotoxin
that was not found to activate human DC (data not shown).

Phenotypic Analysis of Cell-Surface and Toll-like Receptor
Expression by Flow Cytometry

DC were prepared for flow cytometric analyses as described previously
(14). After washing DC cultures twice in fluorescence-activated cell sorter
(FACS) buffer (divalent cation-free PBS, 20 mM HEPES, 2.5% vol/vol
FBS, 0.02% wt/vol sodium azide), DC were pre-incubated with 5% vol/vol
normal human AB serum to block nonspecific staining of test monoclonal
antibodies against Fc-y receptors, then washed twice in ice-cold FACS
buffer. DC were subsequently stained with the appropriate antibodies as
listed above. DC were aliquoted into labeled tubes at a density of 1 X 103
cells in a volume of 100 wl and incubated with the respective isotype-
matched irrelevant control antibody or the specific test monoclonal
antibody for 30 minutes, on ice, in the dark. Antibodies were titrated for
optimal concentrations in pilot experiments. Also, the same lots of all
monoclonal antibodies were used throughout the study. Samples were
washed twice in FACS buffer by centrifugation at 400 X g for 6 minutes at
4°C and post-fixed in 2% vol/vol paraformaldehyde in FACS buffer before
analysis. The samples were analyzed immediately on a FACScaliber flow
cytometer using CellQuest 3.1 software (Becton Dickinson, San Jose, CA).
The instrument had a standard optical filter configuration with band pass
filters of 530/30-nm and 585/44-nm for FL1 (FITC-conjugated antibodies)
and FL2 (PE-conjugated antibodies) data acquisition, respectively. For
the analysis of forward-angle light scatter, side-angle light scatter, and
cell surface receptor expression, data were acquired in real time. Data
were recorded as geometric mean fluorescence intensity (MFI) and percent
fluorescent-positive cells. The instrument was standardized before pheno-
typic analysis with Calibration beads (FluoroSpheres 6-Peak; Dako Cyto-
mation, Carpinteria, CA) and cleaned with sequential washes of distilled
water, 10% vol/vol hypochlorite and distilled water before data acquisition.

Functional Assay of DC Endocytosis of Low-Molecular-Weight
FITC-Conjugated Dextran

This assay was conducted as described (14). Samples that had been
exposed to CEP, DEP, LPS, or blank membranes (as described above)
were washed in warm complete culture medium and 100-pl aliquots
were distributed into a series of tubes to assay for the time-dependent
uptake of FITC-labeled dextran (MW, 40,000) at a final concentration of
0.5 mg/ml (14) as detailed in ResuLTts. Cells were also incubated with
FITC-dextran for the final 30 minutes of this assay at 4°C to assess back-
ground surface binding (without internalization). Test cells were incu-
bated at 37°C to assess the kinetics of endocytosis at defined time-points as
indicated in the text. At the conclusion of the assay, samples were washed
with ice-cold FACS buffer three times and resuspended in 250 pl of FACS
buffer before analysis on a FACSCaliber flow cytometer equipped with
Cellquest software. Data were recorded as geometric MFI and the instru-
ment was set up and calibrated as detailed above. The test time—-dependent
MFI data represents the mean geometric MFI with the background surface
binding mean geometric MFI subtracted from those values.

Assay of Cytokine Secretion by Cultures of Resting and
Stimulated DC

Cultures of DC were stimulated with CEP, DEP, LPS (100 ng/ml),
CDA40L (50 ng/ml), or culture medium alone (resting DC) for a period
of 48 hours at 37°C in a fully humidified cell culture incubator. Cell-free
culture supernatants were prepared by centrifugation at 600 X g for 10
minutes at 4°C and stored at —86°C until assayed for IL-12p40, TNF-a,
IFN-vy, IL-6, IL-18, and VEGF. Since this assay system used a pure
population of DC, data were recorded as picograms of secreted product
per 10° total DC.

Assay of Cytokine Secretion by Co-Cultures of Allogeneic
T Cells and DC

To determine the allogeneic stimulatory function of DC, mixed
leukocyte assays were designed and performed in 24-well tissue culture
plates. Cultures of immature (nonstimulated) DC, stimulated DC, and
purified CD4+ T cells were cultured alone at 5 X 10* cells/well/ml in
duplicate (in the case of dendritic cells) and 2.5 X 10° cells/well/ml in
duplicate (in the case of T cells) to assay for spontaneous production of
cytokines. In addition, in co-culture experiments, CD4+ T cells (the
responders) were seeded at a density of 2.5 X 103 cells/well/ml of
culture medium and co-cultured with DC (the stimulators) at a stimu-
lator to responder ratio of 1:5 such that 5 X 10* DC/well/ml were co-
cultured with the T cells.

This ratio of DC to T cells was found to give maximal stimulation of
CD4+ T cells in preliminary experiments. The total volume of this co-
culture was 2 ml per well. Before co-culture, DC were first treated with
25 pg/ml mitomycin C for 30 minutes at 37°C, then washed four times
in complete culture medium to block their potential nonspecific pro-
liferation and interference in the assay. However, we have never found
this to be the case, since after 12 to 14 days of propagation CD34+
progenitor cell-derived DC do not proliferate and are instead primed
for functional activation and differentiation (14). The co-cultures were
incubated for 48 hours at 37°C in a humidified atmosphere of 5% CO,
in air. Cell-free supernatants from the co-cultures and DC or T cells
cultured alone were pooled and assayed for IFN-y, IL-13, IL-12p70,
IL-6, and IL-4. Since these assays were of a mixed cell culture, data were
recorded as picograms of cytokine per milliliter of the co-culture
system. However, in pilot experiments of CD34+ progenitor cell-
derived DC cultures, we have not found levels of IL-13 or IL-4 secreted
by DC above assay sensitivity of the enzyme-linked immunosorbent
assay (ELISA) platforms used. By contrast, IFN-y can be secreted by
activated DC as well as appropriately stimulated CD4+ T cells.
However, we did not observe production of IFN-y by DC under any
of the stimulatory conditions reported in this manuscript.

Assays to Determine T Cell Activation by DEP or CEP

It is possible that after the exposure of DC to CEP or DEP, any
particulate matter taken up by DC can be carried over to the CD4+ T
cell co-culture assay either as particulates attached to the cell or as
endocytosed/phagocytosed material that could be subsequently re-
leased. Although this indirect effect of DC-transferred particulate
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matter seems unlikely, we have nonetheless conducted studies to test
this concern. Therefore, we assessed modulation of the cell surface ex-
pression of T cell-associated activation markers including CD4,
CD11b, CD31, CD62L, CD71, CCR7, and MHC class II (HLA-DR)
by a flow cytometric approach. This was done after we had exposed
CD4+ T cells to a separate series of Teflon membrane—immobilized
DEP or CEP in identically designed experiments that we had con-
ducted with myeloid DC as described above. For flow cytometric assays
only, we compared responses of CEP- or DEP-exposed CD4+ T cells
to the stimulatory effects of ambient particulate matter (PM;) col-
lected from Baltimore City as we had previously described (22).

We measured cytokine secretion by CEP or DEP exposed CD4+ T
cells using commercially available ELISA kits to measure TNF-a and
IFN-y. CD4+ T cells were exposed to Teflon membrane—immobilized
DEP or CEP for 48 hours, and cell-free culture supernatants were
harvested and stored at —86°C until assayed. As positive control, we
stimulated CD4+ T cells with rHulL-2 (50 IU/ml) for 48 hours fol-
lowed by phorbol 12-myristate, 13-acetate (PMA) for the final 4 hours
of culture at 5ng/ml to nonspecifically promote cytokine-producing
responses by the enriched CD4+ T cells.

Since exposure of T cells to particulate matter may affect their vi-
ability, we measured uptake of 0.2% wt/vol trypan blue, a vital stain
taken up by nonviable cells that can be distinguished from viable cells
(exlusion of trypan blue) by conventional light microscopy. In this
assay, T cells were stimulated with DEP or CEP for 18 hours, washed
twice in PBS supplemented with 10 mM HEPES, pH 7.4, and incubated
with 0.2% trypan blue for 5 minutes. CD4+ T cells were assessed for %
cell death using brightfield light microscopy and manual counting to
distinguish viable from nonviable cells.

Biometry and Statistical Measurements

Data are expressed as mean = 1 SD or 1 SEM as described. A minimum
of n = 6 independent experiments were completed as described in the
text. Comparisons between data were tested for significance using
Student’s ¢ test and post hoc correction according to the Bonferroni
method. Statistical significance was set an o value of at least P < 0.05 and
as indicated in the text.

RESULTS

Modulation of Macrophage-Mannose Receptor CD206 and
CD83 Expression by DC

We compared the effects of DC exposure to Teflon filter—
immobilized CEP and DEP with two known DC activators:
CD40L and LPS, representing T cell- and TLR-dependent
pathways of DC activation, respectively (Figures 1A and 1B).
We used flow cytometry to determine the cell surface expression
of functionally important molecules on resting and activated DC.
The expression of CD206, a mannose receptor that plays an
important role in endocytosis of extracellular antigens by DC,
was down-regulated when DC were stimulated with either
CD40L or LPS (Figure 1A, P < 0.05), consistent with a normal
pattern of DC maturation. However, an unexpected observation
was the marked augmentation in CD206 expression when DC
were exposed to DEP (Figures 1A and 1B, P < 0.01). This is
inconsistent with a conventional pattern of DC activation and
was not observed when DC were exposed to either CEP or blank
filters. We also measured the level of expression of the matura-
tion-associated marker CD83 (Figures 1A and 1B). As expected,
CD83 expression was enhanced when DC were stimulated with
either CD40L or LPS (P < 0.01), an observation consistent with
conventional maturation. However, while neither blank filters
nor CEP affected the expression of CD83, DEP induced a smaller
but significant enhancement of CD83 expression (P < 0.05),
a feature of maturing and activated DC.

Modulation of Co-Stimulatory Molecule Expression by DC

The expression of CD40 by DC was enhanced after stimulation
with CD40L (Figures 1C and 1D, P < 0.01) or LPS (P < 0.05),
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as compared with resting DC. This is consistent with normal
maturation of DC. The expression of CD40 was also augmented
by DEP as compared with blank filters (Figures 1C and 1D, P <
0.01), while CEP had no effect. The expression of CD80 and
CD86 were similarly enhanced when DC were stimulated with
CDA40L or LPS as compared with resting DC (Figures 1C and
1D, P < 0.01). Moreover, DEP but not CEP augmented the
expression of CD80 and CD86 (Figures 1C and 1D, P < 0.05).
The enhanced expression of CD40, CD80, and CD86 by DEP-
stimulated DC is consistent with conventional maturation of
activated DC.

Toll-Like Receptors TLR2 and TLR4 Are Markedly
Down-Regulated by PM-Stimulated DC

Toll-like receptors are important in directing the recognition of
microbial signals by DC and initiating immune responses to
danger signals such as infection. We next determined how the
expression of these receptors could be modulated by DEP as
compared with classical TLR signals such as LPS or activation
of DC by CD40L (Figures 2A and 2B). The expression of TLR2
by DC was partially down-regulated after stimulation with
CD40L or LPS (Figure 2, P < 0.05). In contrast, there was
a dramatic diminution of TLR2 expression on activation of DC
by CEP or by DEP (Figure 2, P < 0.001). The expression of
TLR4 (Figure 2) followed the same pattern of response to
CDA40L and LPS as well as to CEP and DEP as was observed for
TLR2. The importance of reduced TLR2 and TLR4 expression
with regard to the known functions of DC in host immunity is
considered further below (see DiscUSSION).

Modulation of MHC Class Il (HLA-DR) Expression by DC

The expression of MHC Class II by DC was enhanced after
stimulation with CD40L or LPS, another effect that is consistent
with normal cellular maturation of DC as compared with resting
DC (Figure 3, P < 0.05). While CEP did not alter the ex-
pression of MHC Class II, DEP directed a significant upregu-
lation in the expression of this receptor (Figure 3, P < 0.01).

Taken together, these data indicate that CEP and DEP induce
distinct patterns of DC activation. DEP exhibited qualitatively
similar patterns of surface molecule expression as CD40L and
LPS, with the exception of marked up-regulation of CD206. In
contrast, the effects of CEP appeared to be restricted to TLR2
and TLR4 expression.

Alteration of the Endocytic Function of DC

One of the most important functions of immature DC is their
ability to take up extracellular antigens by endocytosis: this in-
volves binding of antigens to surface receptors including the
mannose receptor CD206. Endocytosis tends to be lost in favor of
antigen presentation by DC undergoing conventional matura-
tion. To determine the functional significance of the enhanced
levels of CD206 seen on DC stimulated with DEP, we modeled
the functional ability of DC to take up extracellular antigen using
FITC-dextran (Figures 4A and 4B). Consistent with this phe-
nomenon, we observed that immature DC exhibited time-
dependent uptake of FITC-dextran (Figure 4). As expected, mature
DC, for example after stimulation with CD40L, exhibited sup-
pressed uptake of FITC-dextran (Figure 4). Consistent with
enhanced cell surface expression of CD206, we observed that
DEP-exposed DC exhibited a potent uptake of FITC-dextran
(Figure 4). An important observation was that DEP-exposed DC
exhibited a greater ability to take up FITC-dextran than resting
DC (Figure 4, P < 0.01, ANOVA). Neither CEP nor blank filters
altered the ability of DC to take up FITC-dextran.
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Inflammatory Cytokine Production by DC LPS, DEP, or CEP (Figures 5A-5C). We noted minimal spon-
Cytokine secretion by activated DC contributes to inflammation ~ taneous secretion of TNF by resting DC (Figure 5A). However,
and influences Th cell polarization. Therefore, we next inves- activation of DC by CD40L or LPS enhanced production of
tigated cytokine production after stimulation of DC by CD40L, TNF (Figure SA, P < 0.01). Similarly, exposure of DC to DEP,
A
[ Blank M Diesel [J Car Resting FJ CD40L 3 LPS
% Positive Cells
100 -
80
P <001
60
40
P <0.05
20 A NS
* * .
NS
0 EE— y 1
CD206 CD83
B Blank DEP Filter CEP Filter Resting CD40 LPS
g PMFILTERS PHENO.014 [ PMFILTERS PHENO.042 9 PMFILTERS PHENO.035 0 PMFILTERS PHENO.028 g PMFILTERS PHENO.0O7 » PMFILTERS PHENO.021
& & 8 & & &
2 o o] o2 8 2]
¥ 0? e 8¢ (] o]
o 0, 0, " 0] 0]
T ' o i ¢ o o5 i f 4 ° c’Jo OJ0 1 3
0 \ 3 ¢ \ 3 4
LA A mﬁm o I mﬁw O m]ﬁégm I A FLJrfw o 0w FL1-1'0i§ig Lo
CD206 >
N PMFLTERS PHENOO! N PH FILTERS PHENO.Z5 P PMFILTERS PHENO.057 9 PMFILTERS PHENO.04 ° P FILTERS PHENO.025 0 PMFILTERS PHENO.I7
8 8 8 8 8 8

Counts
.Cour\'s
Counts

Icoums

Counts

10 15

\! 2

3

10 10 10 )
i
CDS83
C [OBlank M Diesel [ Car Resting [ CD40L B LPS
% Positive Cells
P <0.01
100 ~ ok . ek
30 4 J‘ T Figure 1. Flow cytometric quantitation of the macrophage-
s x 1., mannose (endocytosis) receptor CD206 and CD83 (A) expression
g P <0.05 P <0.05 i3 and flow cytometric histograms of this data from a representative
60 - [34 I bes experiment (B) on the cell surface of DC. Also shown is the
/§ 3‘ ii expression of the co-stimulatory molecules CD40, CD80, and
IS 33 NS b3 CD86 (C) and flow cytometric histograms of this data from
40 - e + +4 . . . .
134 NS % e b33 a representative experiment (D.) Data for these series of experi-
g \ :§< §§ ments is recorded as % positive cells = SD. The levels of
20 4 14 \ b ko4 significance between car-enriched particulate matter (CEP)- and
134 § el 83 diesel-enriched particulate matter (DEP)-treated dendritic cells
134 § ee 83 (DC) are shown in the figure. *P < 0.05 and **P < 0.01 indicates
0 e N\2z22 I 222 differences between CD40L- or lipopolysaccharide (LPS)-treated

CD40 CD30 CD86 DC as compared with resting DC. NS, not statistically significant.



Porter, Karp, Killedar, et al.: Diesel Particles Activate Dendritic Cells 711
D Blank DEP Filter CEP Filter Resting CD40 Ligand LPS
o P FLTERS PHENO00D 8 PUFLTERS PHENOGYY g PHFLTERS PHENOR) g PUFLTERS PHENO.X2 o P ELTERSPHENO.23 o P FLTERS PHENOLIS
Ll
§ N 8 & 8 §
gﬁ' W EE 9 M 8
0
08 0% § 3 8
0, [}
o o
A R |
FLHegh
CD40
o PHFLTERSPHENO.T) 0 PHFLTERS PHENO.YE o PHIFLTERS PHENO.ES o PUFLTERS PHENO003 o PMFILTERS PHENO.(24 9 PUFLTERS PHENOOIT
o o [ a It
& a 8 & & &

1s

'_____9
M §
0
0

Counts
Counts

Counts

1s

1s

—

Counts
Counts

o o
FL2Hégt
CD80
o PMFLTERS PHENO012 o PUFLTERS PHENOMO o PMFLTERS PHENO68 g PHFLTERS PHENO.05 0 PMFILTERS PHENO.026 o PMFILTERS PHENO.019
] N it N N
g § 8 & 8 8
2 ? 9 ’ 2°] g ; o 2
3 T : emE [ : ] ¢ F——
8o §e 8ol §e] f 8o Wt §e 0
o [ 0 o o 0
i 2 3 o ° ° °
0
L e e it msmas "I e e e e A
FL2Helght A2kt FL2Hght FL2Height 0 1 0" 0 LU 10 10 10 10
FL2-Height FLOHeigh
CD86 >

Figure 1. (Continued).

but not to CEP, increased production of TNF at levels that were
similar to those for CD40L- and LPS-stimulated DC (Figure
5A, P < 0.01). Secretion of the Thl-promoting cytokine IL-12
by DC followed a similar pattern, albeit the magnitude of
responses were different with maximal production observed in
response to CD40L (Figure SA, P < 0.01) and much smaller but
statistically significant increases observed in response to LPS (P
< 0.05) and DEP (Figure SA, P < 0.01). CEP did not affect
production of IL-12.

We also investigated the production of the immunoregula-
tory cytokines IL-6 and IL-18 by DC (Figure 5B). Resting DC
secreted minimal levels of IL-6. However, DC that were stim-
ulated with CD40L or LPS secreted enhanced levels of IL-6
(P < 0.01) as compared with resting DC. By contrast, while
CEP actually suppressed production of IL-6 (P < 0.01), stim-
ulation of DC with DEP significantly increased production of
IL-6 (Figure 5B, P < 0.001), although the absolute levels were
not as great as those found for CD40L- or LPS-stimulated DC.
IL-18 plays an important role in T cell polarization. Although
resting DC produced IL-18 constitutively, both CD40L and LPS

augmented secretion of this cytokine from DC (Figure 5C, P <
0.01). In addition, DC that were stimulated with either CEP or
DEP displayed a modest increase in IL-18 secretion when
compared with blank membranes (P < 0.05).

Finally, we measured the production of VEGF by DC (Fig-
ure 5C), a cytokine that exhibits immune-modulating functions.
Resting DC secreted minimal levels of VEGF that could be
enhanced on activation of DC with either CD40L or LPS
(Figure 5C, P < 0.01). Of interest, we found that while CEP
did not alter production of VEGF by DC, stimulation of DC
with DEP induced marked increases in VEGF production (P <
0.001) as compared with blank membranes. The role that secre-
tion of VEGF plays in the context of inflammatory cytokine
production by DC warrants additional investigation.

Inflammatory Cytokine Production in an Allogeneic
DC/CD4+T Cell Co-Stimulation Assays

The hallmark of an activated DC is its ability to stimulate
alloreactive T cells. Therefore, we finally studied how exposure
to either CEP or DEP altered the ability of DC to induce T cell
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Figure 2. Flow cytometric quantitation of the cell-surface expression of the pattern-recognition receptors TLR2 and TLR4 for resting and stimulated
DC (A). Data are recorded as % positive cells = SD. Levels of significance between CEP- and DEP-treated DC are shown in the figure. *P < 0.05
indicates differences between CD40L- or LPS-treated DC compared with resting DC. A series of flow histograms from one experiment is shown (B).
Data are recorded as % positive cells and geometric mean fluorescence intensity.

cytokine production using DC:T cell co-cultures (Figures 6 A—
6C; see MATERIALS AND METHODS). The production of Thl-like
cytokines (IL-12p70 and IFN-v), the Th2-like cytokine IL-13,
and the immunoregulatory cytokine IL-6 (Figures 6A and 6B)
were studied. It should be noted that DC (as well as monocytes
and neutrophils) exclusively produce the inflammatory cytokine
IL-12p70, whereas T cells do not (23). Because we did not
detect the secretion of IL-13 or marked alterations in IFN-y
production in experiments using isolated DC stimulated under
different conditions (data not shown), we reasoned that se-
creted IFN-y or IL-13 would be derived from T cells in these
assays.

The effect of DC exposure to CEP, DEP, and LPS on the
secretion of both IL-12 and IFN-vy in DC/CD4+ T cell co-cultures
isshown in Figure 6 A. In co-cultures of resting DC with T cells, we

saw only minimal production of IL-12. However, IL-12 pro-
duction was increased when LPS-stimulated DC were co-cultured
with T cells (P < 0.001). By contrast, DEP-stimulated DC only
modestly elevated IL-12 secretion in the co-culture at levels that
were at least 3-fold less than was seen for LPS-stimulated DC
(Figure 6A). CEP exposure did not affect IL-12 production. In
these experiments, we also observed minimal spontaneous pro-
duction of IFN-y (Figure 6A) that was elevated when CD4+ T
cells were co-cultured with LPS-activated DC (P < 0.01). We also
saw enhanced production of IFN-y when CD4+ T cells were co-
cultured with DEP activated DC (Figure 6A, P < 0.01), while
CEP exhibited no effect when compared with blank membranes.
However, the levels of IFN-vy detected in the LPS-stimulated DC
co-cultures far exceeded those observed in DEP-stimulated DC
co-cultures.
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By contrast, IL-13 secretion exhibited an inverse effect when
compared with observations made for the secretion of IFN-y
(Figure 6B). While production of IL-13 was augmented in co-
culture with LPS-stimulated DC (P < 0.05), the production of IL-
13 from both DEP (P < 0.01)- and CEP (P < 0.05)-stimulated DC
co-cultures was substantially greater as compared with co-cultures
of blank membrane—exposed DC (Figure 6B). Secretion of IL-4
in these experiments was variable between donors and much
lower than IL-13, a generally consistent finding using allogeneic
DC/T cell co-cultures (data not shown). The secretion of IL-6
followed a pattern similar to that of IL-12 production where we
saw minimal levels of IL-6 spontaneously secreted in the resting
DC/T cell co-culture (Figure 6B). However, IL-6 production was
enhanced when LPS-stimulated DC were co-cultured with T cells
(P < 0.01). Both DEP- and CEP-stimulated DC elevated IL-6
production in the co-culture (Figure 6B), although the levels seen
were somewhat lower than the levels secreted in LPS-stimulated
DC/CD4+ T cell co-culture (Figure 6B).

Direct Stimulation of CD4+ T Cells by DEP or CEP

We were interested in excluding the possibility that DC could
be responsible for indirectly delivering (carry-over) particulate
matter to the CD4+ T cell/DC co-culture. Therefore, in a
separate series of experiments, we directly stimulated CD4+ T
cells with Teflon membrane—-immobilized CEP or DEP for 48 h
at 370C in a fully humidified incubator providing an atmosphere
of 5% CO, in air. We then immediately quantitated alterations
in CD4+ T cell surface phenotype, inflammatory cytokine
production, and the sensitivity of CD4+ T cells to any toxic
effect that was mediated by exposing T cells to Teflon mem-
brane-immobilized DEP or CEP by trypan blue exclusion assay.

Exposing T cells to either CEP or DEP did not significantly
alter expression of the activation markers CCR7 or CD71 on
CD4+ T cells (Figures 7A and 7B, respectively). The expression
of CD11b or MHC class II also remained unaltered (Figures 7C
and 7D, respectively). These are two markers on CD4+ T cells
that one would expect to be up-regulated on activated human
T cells. In addition, CD4 expression remained consistent be-
tween treatments (Figures 7A and 7B). We also did not observe
any alteration in the cell surface expression of either CD31 or
CDG62L (data not shown). Thus, by flow cytometric quantitation
of membrane-expressed activation markers, neither CEP- nor
DEP-activated CD4+ T cells.

MFI x 107'"MHC Class II

CD4+ T cell culture supernatants were assayed for the
release of pro-inflammatory cytokines by commercially avail-
able ELISA Kkits after stimulation with either DEP or CEP for
48 hours at 37°C. The secretion of TNF and IFN-y was not
altered at all by exposing CD4+ T cells to particulate matter
(Figure 8). By contrast, both TNF and IFN-y were markedly
enhanced on activation by PMA (Figure 8). This informed us
that the lack of responsiveness of CD4+ T cells on stimulation
with either CEP or DEP was not because they were refractory
to stimulation, since they responded well to PMA. Although
used as an independent control in out studies, we observed that
ambient particulate matter (APM) also enhanced production of
both TNF and IFN-y (P < 0.05) as compared with resting
CD4+ T cells, but at levels that were much lower than those
seen with PMA.

Finally, we assessed the viability of CD4+ T cells by trypan
blue exclusion after the activation of T cells with PMA as
compared with exposure to CEP or DEP (Figure 9). Although
we observed no cell death on activation by PMA, we did ob-
serve an 8% decrease in cell viability on exposure of CD4+ T
cells to CEP and an 11% decrease in viability of CD4+ T cells
in response to DEP exposure. Since our CD4+ T cell cultures
were exposed directly to particulate matter-impacted Teflon
filters, we do not believe that DC are likely to promote this level
of cell death by carry-over into the DC/CD4+ T cell co-cultures
after the DC had been exposed to either CEP or DEP.

DISCUSSION

The numerous mechanisms that innate immunity employs to
respond to inhaled environmental pollutants are poorly under-
stood. A major concern in environmental public health is the
global increase in roadside traffic pollution, but the potential links
between exposure to the particulates contained in car and diesel
exhaust emissions and immune dysregulation require further
study. There is growing evidence that inhalable particulate matter
derived from diesel and automotive exhaust particles in cities and
surrounding urban areas contribute to the reported increases in
the incidence of asthma, allergic conditions, respiratory infec-
tions, pulmonary infections, and mortality in the infant and adult
populations (1-7). Furthermore, it is increasingly apparent that
different types of air pollution can have qualitatively different
effects on human health (3).
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Figure 4. Flow cytometric quantitation of the time-dependent functional uptake of FITC-dextran by DC. Data are recorded as geometric mean
fluorescence intensity units from n = 6 separate experiments. (A) This assay measures total shift (increases) in fluorescence intensity and not the
percent of positive cells. Thus, with enhanced uptake of FITC-dextran there is an associated increase in geometric MFI. A series of flow histograms
demonstrating the alterations in fluorescence intensity from one experiment is shown (B). Data described in the individual flow histograms are

geometric MFI.

Dendritic cells are the key sentinels of the innate immune
system that evolved to rapidly translate diverse environmental
cues into signals that activate adaptive immunity. Moreover, the
identification and characterization of different human DC
subpopulations in the lung indicates to us their importance as
key antigen-presenting cells in an appropriate anatomical
setting to respond to inhaled particulate matter (24). In this
study we assessed the effects of motor vehicle particulate
emissions on DC functional activation using a comprehensive

approach to compare and contrast the effects of two distinct
sources of PM. We show that both CEP and especially DEP
activate DC, but do so in a manner distinct from the classical
DC activator LPS. Furthermore, CEP and DEP also had unique
effects on the phenotype and function of DC. In the current
study, we used well-established protocols that are thought to
yield immature DC representative of those at mucosal sites
in vivo (10, 13, 20). Since respiratory tract DC are rapidly
derived from circulating precursors (16, 20), we believe our
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Figure 5. Quantitation of cytokine secretion by DC. Production of
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VEGF

experiments provide a reasonable approximation of how DC
and car or diesel exhaust PM interact in vivo. DC are richly
interdigitated throughout the respiratory epithelium, and may
even directly sample the bronchial lumen (20). Furthermore,
PM-exposed epithelial cells secrete the DC chemoattractant
MIP-3a (18). Therefore, one might expect that DC would be
among the first cells to interact with and respond to inhaled PM.
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Figure 6. Quantitation of immunoreactive cytokine secretion from
DC/CD4+ allogeneic T cell co-cultures by enzyme-linked immunosor-
bent assay. The secretion of IL-12p70 and IFN-y (A) and IL-13 and IL-6
(B) is shown. Data are recorded as pg/ml = SEM. Levels of significance
are *P < 0.05, **P < 0.01, and ***P < 0.001 as compared with resting
DC. NS, not statistically significant.

An interesting and unexpected observation of our studies was
that activation of DC by DEP enhanced the expression of CD206,
areceptor that plays an important role in antigen uptake (10, 14).
We confirmed the functional significance of CD206 up-regulation
by showing that FITC-dextran uptake, a marker of fluid-phase
endocytosis, was also increased in DEP-exposed DC. This con-
trasted with conventional maturation of DC by LPS and CD40L,
which, as expected, resulted in diminished antigen uptake and
enhanced antigen presentation (10, 14). In addition, the DC
maturation marker CD83 and the co-stimulatory molecules
CD40, CD80, and CD86 were also up-regulated on DEP stimu-
lated DC, consistent with a conventional maturation pathway.
We are not aware of other DC-activating signals that result in
persistent antigen uptake as well as up-regulated antigen pre-
sentation: this appears to be an unusual feature of DEP exposure.
The functional consequences of this for DC biology are unknown.

Exposure of DC to DEP enhanced the expression of MHC
class I molecules, concordant with conventional activation of DC
by LPS or CD40L. By contrast, CEP did not significantly alter
expression of CD206, CD83, the co-stimulatory molecules or
MHC class II. However, CEP markedly down-regulated the
ability of DC to take up exogenous FITC-dextran. This would
be an expected outcome when DC are conventionally activated
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by agents that drive a normal pattern of maturation characterized
by augmented expression of co-stimulatory molecules, MHC
class II, CD83 and down-regulated uptake of antigen. Clearly,
there are features of both CEP- and DEP-stimulated DC that
does not fit the conventional pattern of DC functional activation.
These are novel observations that hitherto, and to the best of our
knowledge, have not been reported. However, one previous
report has explored the cellular responses of T cells and mono-
cyte-derived DC to stimulation by DEP (25). The particles were
collected directly from a diesel-engine vehicle where the partic-
ulate matter had not been exposed to the ambient environment
(25). This study found that DEP suppressed IFN-y mRNA and
protein expression but spared expression of IL-4 or IL-5 by T
cells. By contrast, production of IL-12p70 and IL-12p40 by DC
was suppressed indicating that DEP could promote a Th2-type
response by both T cells and DC (25). Many of these observations
were consistent with the data that we report herein. Moreover,
our data suggest that stimulation of DC with either DEP or CEP is
functionally distinct from that provided by LPS or CD40L, and
that DEP and CEP do not represent classical “danger” signals.
We found that in the resting state, myeloid DC expressed
moderate levels of both cell-surface TLR2 and TLR4. Our
observations were concordant with the work of others who have
shown that under resting or unstimulated conditions, human

myeloid DC express mRNA transcripts for TLR2 and TLR4 (26).
Of relevance to our study, they showed that by flow cytometric
analyses, human myeloid DC expressed high levels of TLR2 and
moderate levels of TLR4 (26).

In our current study, the diminution in expression of TLR2
and TLR4 were consistent and unexpected observations after
exposure of DC to either CEP or DEP. It is well known that
both TLR2 and TLR4 serve critical functions in linking innate
and adaptive immunity and since they recognize microbial
products they initiate immune responses to a broad array of
microbial challenge (27-30). Thus, the lack of expression TLR2
and TLR4 on human monocyte-derived DC after stimulation
with DEP or CEP has several potential consequences. For
example, the notion that exposure to LPS early in life redirects
the developing immune system away from a Th2-bias at birth is
a key provision of the hygiene hypothesis (31). Moreover, it has
been shown that TLR2 and TLR4 agonists suppress allergic
responses (30). In addition, expression of both TLR2 and TLR4
may be necessary to mount appropriate responses to bacterial
agonists under conditions that may protect against allergic
diseases such as asthma (30). Consistent with these hypotheses,
our data suggest that exposure to car or diesel PM during
childhood may be harmful, since the protective effects of LPS
(or other danger signals that operate through TLR2 or TLR4)
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would be attenuated. This revision of the hygiene hypothesis
would need to be addressed in carefully controlled experiments.

It is also plausible that down-regulation of TLR expression
could render DC hypo-responsive to subsequent exposure to
infectious agents. Others have suggested that PM may be
immunosuppressive from studies in animal models (32-34). In
one such study, exposure of already infected mice to inhaled
airborne environmental particulate matter (PMyy) both wors-
ened the local infection and altered local pulmonary and
systemic immunity (34). Because exacerbations of asthma or
chronic obstructive pulmonary disease are usually driven by
airway infections, our data suggest that one link between PM
exposure and exacerbations of these conditions could be due to
a relative immune suppression and predisposition to infections,
although this hypothesis awaits determination. Alternatively, the
diminution in expression of TLRs in response to DEP and CEP
could be an inherent mechanism to limit the scope of pro-
inflammatory airway hyperactivity and subsequent cellular dam-
age due to oxidative stress.

Also, in murine models of airway inflammation, it has been
shown that TLR4 is required for airway hyperactivity that is seen
after subchronic ozone inhalation (35). In addition, in controlled

exposure experiments in human subjects, exposure to an ambient
concentration of DEP caused airway inflammation that was
characterized by activated neutrophil influx and enhanced
exhalation of carbon monoxide, which implicated oxidative
stress being involved in the observed airway inflammation (36).
Although TLRs were not studied, the authors confirmed that
diesel exhaust particles provoke an inflammatory response in
normal human subjects (36).

Myeloid DC are not by default pro-Thl or pro-Th2; rather it is
the nature of the stimulus (the “danger signal”) received by the
DC that defines their ability to alter T cell differentiation pro-
grams (34, 37). In general, DC that secrete high levels of IL-12
are considered pro-Thl, whereas DC may more likely promote
a Th2 T cell differentiation program should they exhibit sup-
pressed IL-12 production. The reasons for this are unclear, but are
thought to involve poor signaling through TLRs (27, 28).

We found that stimulation of DC with DEP provoked
a pattern of cytokine secretion that in some ways was similar
to but in other ways distinct from that seen with either LPS or
CD40L. For example, both LPS and DEP elicited similar levels
of TNF-a secretion, while CEP actually suppressed TNF-a
production relative to both blank filter—stimulated DC and
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resting DC. However, when considering the production of IL-
12, DEP induced levels of this cytokine that were augmented as
compared with resting or blank filter—exposed DC but some-
what lower than levels produced by LPS-stimulated DC and
much lower than the levels of IL-12 seen after stimulation of
DC with CD40L. CEP did not significantly alter the production
of IL-12 by DC. However, in co-cultures of T cells and DEP-
exposed DC, we saw decreased production of both IL-12 and
IFN-vy relative to LPS-stimulated DC, but elevated secretion of
IL-13, a key cytokine in asthma. Therefore, exposure of DC to
DEP results in a mixed pattern of T cell activation with elevated
production of both Thl (IFN-y and IL-12) and Th2 (IL-13)
cytokines. Given the increasing evidence that asthma is a disease
with mixed Thl and Th2 features (38), our results suggest that
inhaled PM can contribute to immune activation in asthma by
activating DC.

DEP-stimulated DC also secreted I1L-6 and IL-18, consistent
with that found for either LPS- or CD40L-stimulated DC. CEP-
stimulated DC gave a suppressed production of IL-6 but an
enhanced secretion of IL-18. IL-18 is a unique cytokine that
may promote either Thl or Th2 immune responses. In associ-
ation with IL-12, IL-18 promotes Thl-mediated immunity that
is characterized by enhanced production of IFN-y. However,
IL-18 is also capable of assisting a Th2-type immune response as
well as allergic inflammation, and enhanced production of IL-18
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Figure 9. Quantitation of percent cell viability by exclusion of the vital
dye trypan blue by viable CD4+ T cells by brightfield light microscopy.
Human CD4+ T cells were exposed to CEP or DEP for 18 hours and the
percentage of cells that were nonviable was determined.

AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 37 2007

Figure 8. Determination of the effects of CEP or DEP in promoting either
TNF (A) or IFN-vy (B) secretion by CD4+ T cells as compared with IL-2 and
PMA co-stimulated CD4+ T cells. Data are described as pg of cytokine
produced per million CD4+ T cells. CEP and DEP were without effect and
did not promote any cytokine production by normal human CD4+
T cells.

has also been reported in individuals with allergic disorders (39,
40). Thus, by enhancing DC-dependent production of IL-18, in-
haled PM could also augment airway inflammation in asthma.

VEGF exhibits both immune-modulating functions (39) as
well as having an important role in vascular and extravascular
remodeling and lung obstruction (40, 41). We showed that DEP
(but not CEP) enhanced VEGF production at levels that were
approximately 50% lower than those levels seen after DC were
stimulated with LPS or CD40L. The presence of this cytokine is
capable of skewing immune responses to a Th2-type adaptive
inflammation (40). Although more work is warranted to appre-
ciate the contributions made by VEGF in the model system that
we have reported herein, the fact that DEP induced its pro-
duction from DC could be important to early events occurring
during Th differentiation. The role that the immune-modulating
cytokine VEGF may play in this type of immune response also
warrants further investigation.

Finally, we also confirmed that neither CEP nor DEP affected
the functional activation of CD4+ T cells. We looked at
a comprehensive panel of cell surface—expressed activation
markers by flow cytometry as well as the secretion of inflamma-
tory cytokines and cellular viability as enumerated by trypan blue
exclusion. We found that the only parameter to be somewhat
affected by direct interaction with either CEP or DEP was the
percent of cells that survived interaction with the particulate
matter, and this parameter of cellular behavior was only margin-
ally compromised (~ 10% of cells did not survive their interaction
with DEP). However, we would contest that it would be
extremely unlikely that this level of cell death was experienced
by the CD+ T cells in a DC co-culture system should DC be
responsible for any carry-over affect of endogenously taken up
and subsequently released particulate matter. Other have also
found that normal human CD4+ T cells are unaffected by diesel
particulate matter, yet by contrast, T cells from those subjects
with allergies and asthma exhibit responsiveness to stimulation by
DEP (42). Since our CD4+ T cells were enriched from donor
subjects known not to be allergic or atopic, our findings are
concordant with that study (42).

We conclude that DEP- and to a lesser degree CEP-exposed
DC exhibit a nonclassical and differential mode of activation
that is phenotypically and functionally distinct from DC acti-
vated by classical stimuli such as LPS or CD40L. Moreover, DC
activated by DEP direct a complex pattern of cytokine re-
sponses that in some ways are similar to but in other ways
distinct from LPS-stimulated DC in term of both DC them-
selves and the T cells with which they react. Our DC and T cell
co-culture data suggests that PM-exposed DC induces a mixed
pattern of cytokine production, with enhanced production of
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both IL-13 and IFN-y. Future studies will focus on the
molecular and cellular mechanisms of action of DEP and
CEP at the level of DC activation. It is anticipated that such
work will contribute to a greater understanding of the role of
subverted DC function in the setting of allergic diseases, and
may open the way for targeted pharmacologic therapy to
interrupt the detrimental effects of particulate matter on normal
host innate immunity.
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