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Environmental pollutants, including ambient particulate mat-
ter (PM), increase respiratory morbidity. Studies of model PM
particles, including residual oil fly ash and freshly generated
diesel exhaust particles, have demonstrated that PM affects
inflammatory airway responses. Neither of these particles
completely represents ambient PM, and therefore questions
remain about ambient particulates. We hypothesized that am-
bient PM of different size fractions collected from an urban
environment (New York City air), would activate primary cul-
ture human bronchial epithelial cells (HBECs). Because of the
importance of granulocyte-macrophage colony-stimulating
factor (GM-CSF) on inflammatory and immunomodulatory
processes, we focused our studies on this cytokine. We dem-
onstrated that the smallest size fraction (ultrafine/fine; < 0.18
pm) of ambient PM (11 pg/cm?), upregulated GM-CSF pro-
duction (2-fold increase). The absence of effect of carbon par-
ticles of similar size, and the day-to-day variation in response,
suggested that the chemical composition, but not the particle
itself, was necessary for GM-CSF induction. Activation of the
extracellular signal-regulated kinase and the p38 mitogen-
activated protein kinase was associated with, and necessary
for, GM-CSF release. These studies serve to corroborate and
extend those on model particles. Moreover, they emphasize
the role of the smallest size ambient particles in airway epi-
thelial cell responses.

The biologic plausibility of adverse respiratory health ef-
fects due to particulate matter (PM) is supported by an in-
creasing number of epidemiologic analyses (1-4). The
characteristics of the particles and the mechanisms by
which PM influences the development and severity of re-
spiratory diseases remain incompletely clarified. Particu-
late pollutants may participate in respiratory effects by the
induction of acute inflammatory responses in the airway.
There is also increasing evidence for an immunomodula-
tory role for PM (5). The properties of ambient pollutants
that mediate these effects remain to be elucidated.
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Inflammatory and immune effects of PM have been
most studied using model systems such as residual oil fly
ash (ROFA) or freshly-generated diesel exhaust particles
(DEP). ROFA, a byproduct of oil combustion, induces hu-
man and animal cells from the lung to produce reactive ox-
ygen species as well as cytokines and chemokines (6-9). In
animal models, ROFA upregulates ovalbumin-induced
airway responsiveness as well as sensitization to house
dust mite (7, 10). Freshly collected DEP have also been
used extensively to model effects of ambient particulates
(5). Exposure of bronchial epithelial cells to freshly col-
lected DEP induces the release of proinflammatory cyto-
kines including RANTES, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), intercellular adhesion
molecule-1 (ICAM-1), and interleukin (IL)-8 (11-13). An-
imal models and human studies have demonstrated that
DEP induce and exacerbate pulmonary and nasal inflam-
mation and induce IgE (5, 14-16) .

Although both ROFA and DEP are model particles,
neither completely represents ambient PM. Indeed, metal
concentrations in ROFA are significantly higher than
those in typical fine ambient PM. In addition, whereas die-
sel exhaust is a major component of ambient air pollution,
it is only one of many different combustion products. There-
fore, studies on ambient urban particles are needed to cor-
roborate studies of model particles.

Bronchial epithelial cells are one of the first targets for
ambient pollutants. These cells synthesize and secrete pro-
inflammatory and immunomodulatory cytokines and chemo-
kines, including GM-CSF (17). GM-CSF, a 23-kD protein,
has well-described antiapoptotic effects (18). Most intrigu-
ing, GM-CSF is a critical factor for the functional matura-
tion of dendritic cells (DC) into potent antigen-presenting
cells (APC) (19). In the lung, elevated epithelial levels of
GM-CSF have been demonstrated in association with the
accumulation of DC (20). Moreover, compartmentalized
transgene expression of GM-CSF to epithelial cells facili-
tates the development of an antigen-specific, eosinophilic
inflammatory response (21). Thus, GM-CSF production in
the airways is pertinent for diseases such as asthma, as it
serves to modify the functions of effector cells such as
eosinophils, as well as initiator cells such as dendritic cells.

In this study we used size fractions of ambient PM de-
rived from an urban environment to investigate mecha-
nisms by which ambient PM activates epithelial cells, and
focused our studies on GM-CSF production. Primary cul-
ture human bronchial epithelial cells (HBECs) were used
as the relevant target cell. We demonstrated that the small-
est size fraction of ambient PM serves as a potent stimulus
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for GM-CSF release by these cells. We also describe signal
transduction pathways by which GM-CSF release is regu-
lated by ambient PM. Our study describes a mechanism by
which ambient PM may disrupt the airway balance of in-
flammatory and immunomodulatory mediators.

Materials and Methods
Reagents

Basal cell culture medium (BEBM) was obtained from Clonetics
(San Diego, CA) and for routine cell growth was supplemented
with the following compounds: basal epithelial growth medium
hEGF (0.5 ng/ml), hydrocortisone (0.5 pg/ml), insulin (5 pg/ml),
transferrin (10 wg/ml), epinephrine (0.5 wg/ml), triiodothyronine
(6.5 ng/ml), gentamicin (50 pg/ml), amphotericin-B (50 ng/ml), bo-
vine pituitary extract (13 pg/ml), and retinoic acid (0.1 ng/ml). Hu-
man recombinant tumor necrosis factor-a (TNF-a) was obtained
from R&D (Minneapolis, MN). Antibodies directed against phos-
phorylated and nonphosphorylated forms of extracellular signal-
related kinase (ERK)1/2 were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA) and antibodies directed against p38 were
obtained from Cell Signal (Beverly, MA). PD98059 and SB203580
were purchased from Calbiochem (La Jolla, CA) and were dis-
solved in dimethyl sulfoxide (Me,SO). The final concentration of
Me,SO did not exceed 0.1% (vol/vol). ECL Plus kits were ob-
tained from Amersham Pharmacia (Buckinghamshire, UK). Car-
bon particles were generated by passing a small quantity of acety-
lene in argon into a high temperature silicon carbide furnace
maintained at 1,098°C. The acetylene underwent a thermal de-
composition and produced carbon black particles. These carbon
particles were collected using a cascade impactor. Mount St. Helen
particles were a gift of Kevin Dreher (U.S. EPA, Research Trian-
gle Park, NC).

Size-fractionated samples of ambient PM were collected from
New York City air using four stages of a cascade impactor (mi-
cro-orifice uniform deposition impactor [MOUDI]; MSP Corp.,
St. Paul, MN) located in downtown Manhattan, New York City
(8th floor of a building located on 26th St. and 1st Ave.). The
MOUDI is a cascade impactor that employs micro-orifice nozzles
to extend the cut sizes of the lower stages without going to low
pressures or creating excessive pressure drops across the impac-
tor stages. A sealed transport cover for impaction plates and fil-
ter holders was used to allow transport without contamination. A
pre-impactor screen prevented insects or rain/snow droplets from
entering the impactor. The first stage removes nuisance particles
and was not used for biologic assays. The particles collected on
filters, and the after-filter particles do not strictly correspond to
PM,, and PM, 5 definitions. For the purposes of the study, we de-
fined sizes to closely approximate standard definitions as follows:
ultrafine (UF)/fine, < 0.18 pm; fine, 0.18-1.0 pm; intermediate,
1-3.2 pm; and coarse, > 3.2 pm.

Samples were collected (14 d) on inert filters (Nucleopore or
Teflon filters) used as impactor substrates (endotoxin-free). Im-
pactor substrates and after-filters were weighed before and after
sampling on a Cahn electrobalance (1 pg sensitivity) (Cahn Di-
vision, Ventron Instruments, Cerritos, CA) and PM removed by
ultrasonification (20 min) into sterile medium in a sterile 30-ml
conical polypropylene tube followed by ultrasonification (10 s)
with a Virsonic 50 ultrasonicator (VirTis, Gardiner, NY). Sam-
ples were suspended in medium used for growth of HBECsS.
HBECs were exposed to varying concentrations of size-fraction-
ated ambient PM (25-100 ug/ml, 18 h, 37°C), the maximal dose of
which corresponded to 11 wg/cm?. Cultures were examined visu-
ally using an inverted microscope for changes in morphology and
adhesion. Gross alterations were not detected in cellular mor-
phology or adhesion in UF/fine PM—-exposed cells compared with

control cells. Toxicity was measured by trypan blue exclusion
and cells were > 90% viable.

Cell Culture

Culture of HBECs from bronchial brush biopsies was performed
as previously described (22). Briefly, cells were obtained during
bronchoscopy of normal human subjects (New York University
IRB-approved protocol). Bronchial brushing was performed with
a disposable brush (Model BC-15C; Olympus Industrial America
Inc., Nanuet, NY). The cells obtained by brushing were col-
lected into serum-free, hormonally supplemented medium (BEGM;
Clonetics) containing amphotericin and gentamicin. The cells
were plated in uncoated T25 tissue culture flasks and incubated
(37°C, 5% CO,) for 7-10 d, during which time the cells were fed
every 2 d. When cells reached 70% confluence they were pas-
saged into appropriate tissue culture plates required for specific
experiments. All experiments were performed at passage 3 as ad-
ditional passaging led to increased constitutive release of GM-
CSF. Hydrocortisone, retinoic acid, and epinephrine (known to
suppress GM-CSF production) were removed from the medium
24 h before each experiment. Epithelial cell phenotype was con-
firmed by appropriate staining with antihuman cytokeratin anti-
bodies. For some experiments, HBECs were purchased from
Clonetics and were cultured in the same manner and used at pas-
sage 3.

Enzyme-Linked Immunosorbent Assay

Cells were grown to near confluence at passage 3 and stimulated
with the specified agents (18 h, 37°C). Supernatants were subse-
quently collected, centrifuged (1,000 rpm, 10 min), diluted appro-
priately, and concentration of GM-CSF determined by enzyme-
linked immunosorbent assay (ELISA; Endogen, Cambridge, MA).
Measurements were performed in duplicate and quantified at 450
nm (Bio-Rad microplate reader; Bio-Rad, Richmond, CA).

Immunoblotting with Phosphospecific Antibody Probes

Activated mitogen-activated protein kinase (MAPK) species were
detected using phosphospecific antibodies directed against the
dually phosphorylated forms of the protein. Cells were incubated
in basal medium (4 h) before stimulation with defined agents for
the times indicated in the figure legends. Lysates were prepared
by treating cells with lysis buffer (20 mM Tris-HCL, pH 7.4, 150
mM NacCl, 0.5% Triton X-100, 1% sodium deoxycholate, 0.5 M
PMSF, 2 mM Na;VO, 50 mM NaF, 1 mM EGTA, 50 pg/ml apro-
tinin, 50 pg/ml chymostatin, 25 wg/ml pepstatin). Lysates were
centrifuged (1,000 rpm, 30 min) to sediment the particulate mate-
rial. The protein concentration of the supernatant was measured
by the BCA protein assay method (Pierce, Rockville, IL). Equal
amounts of protein (50 pg/lane) were electrophoresed in 10% so-
dium dodecyl sulfate-Tris Glycine gels and resolved proteins
transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked (5% nonfat dried milk/Tris-buffered sa-
line/0.25% Tween 20) and probed with anti-phospho ERKs 1 and
2 (ERK1/2; 1:200) or anti-phospho-p38 (1:200) or anti-ERK2,
followed by incubation with the appropriate horseradish peroxi-
dase-conjugated secondary antibody (1:2,500). Bound antibodies
were visualized using the ECL Western blot detection system ac-
cording to the manufacturer’s instructions. Equal loading of sam-
ples was checked by using stripped blots for immunodetection of
ERK?2 with phosphorylation state-independent pan-antibodies.

Electron Microscopy

HBECs were fixed in 2.5% gluteraldehyde and post-fixed in 1%
Os0O,, dehydrated in ascending series of ethylene alcohol, and
embedded in Embed-812 (Electronmicroscopy Sciences, Fort Wash-
ington, PA). Ultrathin sections were cut on a Reichert ultracult S,
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stained with saturated uranyl acetate and Reynold’s lead citrate,
and photographed on a Zeiss EM 10 (Carl Zeiss, Inc., Thorn-
wood, NY).

Statistical Analysis
All data were examined by analysis of variance. A Greenhouse-

Geisse adjustment post hoc analysis with simple contrast was
used to adjust for multiple pairwise comparisons between groups.

Results
PM Collection

To characterize the distribution of the particle sizes col-
lected by the MOUDI, we analyzed the mass distribution of
each size collected over 2-wk periods (n = 15) (Figure 1).
The mass median aerodynamic diameter (MMAD) of all
particle samples collected was 0.41 = 0.03. On a daily mass
basis, the PM collected by the MOUDI contained predomi-
nantly particles of the UF/fine and fine fraction with UF/
fine and fine particles representing 32.3 = 0.02 and 40.8 =
0.02%, respectively, of the total mass. When analyzed by
season, we did not detect a significant difference in the
MMAD or mass particle distribution (data not shown).

Response of HBECs to Ambient PM

To determine whether PM derived from size-fractions of
ambient PM upregulated GM-CSF release from bronchial
epithelial cells, HBECs were exposed (18 h) to increasing
concentrations of size-fractionated ambient PM. Medium
was removed and assayed for GM-CSF release by ELISA.
UF/fine PM elicited a dose-dependent increase in GM-CSF
release (Figure 2A). No dose-response was detected for
the larger fractions (data not shown). The maximal dose
tested (100 wg/ml; 11 pg/cm?) was consistent with in vitro
exposures commonly used in published reports (8, 23, 24).
This dose stimulated a significant increase in GM-CSF re-
lease (2.0 + 0.8 ng/10° cells above background, n = 5, P <
0.04; background release = 0.51 = 0.22 ng/10° cells). This
response was equivalent to 43.0 = 0.06% of that induced
by a high dose of TNF-a (100 U/ml, mean * standard er-
ror of the mean, n = 4).
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Figure 1. Daily mass distribution of ambient PM size fractions.
Samples were collected from filters of a cascade impactor
(MOUDI). Impactor substrates and after-filters were weighed
before and after sampling on a Cahn electrobalance (1 pg sensi-
tivity). The mass distribution of each size collected over the two-
week periods (n = 15) was calculated and is presented as the %
of the total daily total mass collected.

To determine whether size fractions of PM elicited a dif-
ference in GM-CSF release, GM-CSF released in HBEC
supernatants was compared after stimulating cells with the
equivalent mass of each size fraction. When compared on
an equivalent mass basis in cells cultured from the same
donors, UF/fine PM, but neither the fine nor intermediate
fractions, elicited a significant increase in GM-CSF release
by HBECs (Figure 2B). We therefore focused all subse-
quent studies on UF/fine ambient PM.

Daily Variability

To test whether the response to UF/fine PM was a result
of a general particle effect, we determined whether the re-
sponse of HBECs to ambient PM would be reproduced by
exposure of cells to elemental carbon of a similar size.
Using a technique previously developed in our laboratory,
carbon particles were generated by the pyrolysis of acety-
lene. Briefly, carbon particles were generated by passing a
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Figure 2. GM-CSF release in response to ambient PM. HBECs
were prepared from bronchial brush biopsies and used at passage
3. Cells were exposed (18 h) to increasing concentrations of size
fractions of ambient PM. Medium was removed and assayed for
GM-CSF release by ELISA. The maximal dose tested (100 p.g/ml)
corresponded to 11 pg/cm? Data are presented as ng GM-CSF
release/10° cells after subtraction of background release from
each experiment (background release = 0.51 + 0.30 ng/10° cells,
n = 3). (A) Cells were exposed to increasing concentrations of
UF/fine ambient PM (n = 5, P < 0.04). (B) HBECs derived from
the same donors were exposed to the equivalent mass of each
size fraction and GM-CSF determined by ELISA (n = 3, *P <
0.04, UF/fine compared with control).



458 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 27 2002

small quantity of acetylene in argon into a high-tempera-
ture silicon carbide furnace maintained at 1,098°C. The
acetylene underwent a thermal decomposition and pro-
duced carbon black particles. These particles were col-
lected using the same MOUDI system, thus resulting in
particles with the same size distribution as the ambient
particles used for exposure. Carbon particles of UF/fine
and fine sizes (100 pg/ml, 18 h, 37°C) failed to elicit a sig-
nificant increase in the release in GM-CSF from HBECs
(Figure 3A). Absence of stimulation was also detected in
response to exposure to volcanic ash derived from Mt. St.
Helen, which contains particles with an MMAD greater
than that of ambient urban PM (Figure 3A).

Ambient PM used in experiments was collected over dis-
crete two-week periods. Day to day variation in the chemi-
cal components of ambient PM may vary depending on
the vehicular traffic and industrial waste. Because of the
possibility that the chemical components of PM may vary,
the effect of UF/fine particles collected from multiple sam-
pling periods was tested on the release of GM-CSF by a
single donor. As shown in the representative experiment
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Figure 3. GM-CSF release by HBECs in response to carbon par-
ticles and particles derived from different collection periods. (A)
HBECs were exposed to size-fractionated carbon particles (100
pg/ml, 18 h) derived by thermal decomposition, or ash derived
from Mt. St. Helen (MSH) and GM-CSF assayed from the me-
dium. Data are presented as ng GM-CSF release/10° cells (n = 3;
background release = 0.54 + 0.16 ng/10° cells). (B) HBECs de-
rived from the same donor were exposed to UF/fine samples ob-
tained from three different collection periods. Data are pre-
sented as ng GM-CSF release/10° cells after subtraction of
background release (Samples 1 and 2 were tested in triplicate, * P <
0.05. Sample 3 was tested twice and the range is presented).

in Figure 3B, samples collected during different time peri-
ods elicited GM-CSF production with a > 2-fold induc-
tion. However, there was variation in the induction of
GM-CSF by samples collected over different time periods,
suggesting the possibility that the chemical composition of
the samples was important for the induction of GM-CSF.

Because ambient particles may be associated with en-
dotoxin, we tested whether this ambient contaminant stim-
ulated the release of GM-CSF from HBECs. HBECs were
exposed to lipopolysaccharide (1 pg/ml, 18 h, 37°C) and
GM-CSF release monitored. Exposure of cells to endo-
toxin failed to stimulate the release of GM-CSF (data not
shown), suggesting that this component was not responsi-
ble for the observed upregulation of GM-CSF.

Electron Microscopy

Macrophages, professional phagocytic cells, are well de-
scribed as cells that endocytose and phagocytose particles.
The process by which epithelial cells respond to particles is
less well described. To visualize the interaction between
airway epithelial cells and particles, HBECs were exposed
to UF/fine PM (18 h, 100 pg/ml) at the time and concen-
tration to which they had previously been demonstrated to
display a maximal response. Transmission electron micros-
copy of HBECs is shown in Figure 4. Epithelial cells dis-

Figure 4. Electron microscopy of HBECs and UF/fine ambient
PM. HBECs showing bundles of tonofilaments (arrow), well-devel-
oped Golgi apparatus (g), and few stacks of endoplasmic reticu-
lum (er) in the cytoplasm of the cell. Multivesicular bodies (v)
containing particles can be visualized. Original magnification:
X20,000.
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played few microvilli, and as expected from the culture
technique used, had not differentiated into ciliated cells.
Bundles of tonofilaments were seen in the cytoplasm. Golgi
apparatus and rough endoplasmic reticulum were consis-
tent with active protein synthesis in these cells. Epithelial
cells could be detected in various stages of interaction with
particles. Particles were evident in multivesicular bodies
inside the cytoplasm. The presence of additional cytoplas-
mic vesicles, some of which were empty, suggested that
these vesicles might have previously harbored particles.

MAPK Activation by UF/Fine Ambient PM in HBECs

MAPK cascades are involved in cell proliferation, differ-
entiation, and apoptosis (25). We have previously demon-
strated that the activation of ERK1/2 is both associated
with and necessary for the production of phorbol myristate
acetate (PMA) and TNF-a-induced GM-CSF in HBECs.
In these studies we also confirmed that ERK1/2 phosphor-
ylation detected in the Western blots correlated with ac-
tual ERK1/2 activity (22). We therefore tested whether
the upregulation of GM-CSF by the UF/fine fraction of
ambient PM was associated with the activation of ERK1/2.
Activation of ERK1/2 was determined by immunoblot
analysis of lysates of HBECs using an antibody that recog-
nizes the dually phosphorylated, active state of ERK1/2
(p-ERK1/2). As demonstrated in a representative study in
Figure 5A, p-ERK1/2 was barely detectable in resting HBECs.
Upregulation of p-ERK1/2 was detected in HBECs derived
from a single donor exposed to samples obtained from
three additional different collection periods. These effects
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Figure 5. Activation of MAPK pathways in HBECs. (A) Lysates
were prepared from resting HBECs (lane 1), HBECs stimulated
with TNF-a (100 U/ml, 1 h, lane 2), or UF/fine ambient PM (100
pg/ml, 1 h) collected over three different collection periods (lanes
3-5). In a separate experiment, HBECs were exposed to UF/fine
carbon (100 wg/ml, 1 h, lanes 7 and 8) or TNF-a (100 U/ml, 1 h,
lane 9). After SDS-PAGE and transfer to PDVF membranes, im-
munoblotting was performed with phosphospecific (p-ERK1/2)
or control (pan-ERK2) probes. (B) Lysates were prepared from
resting HBECs (lane 1), HBECs stimulated with TNF-a (100
U/ml, 1 h, lane 2), or UF/fine ambient PM (100 pg/ml, 1 h) col-
lected over three different collection periods (lanes 3-5). Immu-
noblotting was performed with phosphospecific p38 (p-p38) or
control pan-ERK2 probes. Numbers at the bottom of the lanes
are the densitometry ratio of phosphorylated over control anti-
body to correct for variations in protein loading.

were not due to changes in total ERK1/2, as stripped blots
subsequently exposed to an antibody that does not distin-
guish between the active (phosphorylated) and inactive state
of ERK1/2 (pan-ERK) did not show a change in total lev-
els. Exposure of HBECs derived from different donors to
UF/fine PM (60 min) elicited a 6.3 = 3.8-fold increase in
pERK as determined by densitometry (n = 6 donors). UF/
fine carbon particles (100 pg/ml, 60 min, 37°C) that had been
generated by pyrolysis of acetylene and collected using the
MOUDI system failed to upregulate ERK1/2 (Figure 5A),
and even decreased p-ERK1/2 expression.

The p38 MAPKSs are activated by a variety of stress-
related signals such as heat, osmotic shock, UV irradiation,
and proinflammatory cytokines (25). Because activation of
p38 MAPK has been demonstrated in HBECs (26), we
also examined whether UF/fine ambient PM induced the
expression of phosphorylated p38. Activity of p38 MAPK
was analyzed with an anti—-phospho-p38 MAPK antibody
that is specific for p38 and does not crossreact with ERK1/2.
As demonstrated in the representative figure (Figure 5B),
HBECs constitutively expressed activated p38 as de-
termined by the presence of phosphorylated p38 (p-p38).
Upregulation of p-p38 was detected in HBECs in response
to TNF-a, and only minimally increased in the same cells
derived from a single donor and exposed to samples ob-
tained from three different collection periods. In multiple
experiments using different donors (n = 3), TNF-a (60 min)
induced a 2-fold induction of activated p38, whereas p-p38
was minimally increased in response to UF/fine PM sam-
ples (1.4 = 0.070-fold increase).

We subsequently asked whether the activation of the
ERK1/2 and p38 MAPK pathways was necessary for the
release of GM-CSF by HBECs stimulated with UF/fine
ambient PM. The cell permeant molecule PD98059 is a se-
lective inhibitor of the upstream MAPK extracellular-reg-
ulated kinases (MEK1/2), which phosphorylate and acti-
vate ERK1/2 (25). We have previously demonstrated that
PD98059 (40 uM) inhibits ERK1/2 activity in HBECs stim-
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Figure 6. Inhibition of ERK1/2 or p38 MAPK activation and
GM-CSF production induced by UF/fine ambient PM. HBECs
were stimulated with UF/fine ambient PM (100 pg/ml, 18 h) in
the absence or presence of PD98059 (40 pM) or SB203580 (0.1
wM). Supernatants were removed and GM-CSF release deter-
mined by ELISA. Data are presented as ng GM-CSF release/106
cells (n = 6, *P < 0.01 compared with stimulated cells).
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ulated by PMA or TNF-a (27). We therefore asked whether
this agent would inhibit GM-CSF production in HBECs
stimulated by UF/fine ambient PM using concentrations
that have previously been demonstrated to be relatively
specific and efficacious for the inhibition of these kinases
(35). HBECs were grown to near-confluence and stimu-
lated with UF/fine ambient PM in the presence or absence
of PD98059 (40 wM). As shown in Figure 6, PD98059 sig-
nificantly inhibited GM-CSF release induced by UF/fine
ambient PM (54.0 £ 0.12% UF/fine response, n = 7, P <
0.01). Exposure of cells to SB203580 (0.1 uM), an inhibitor
of p38 MAPKSs, also decreased UF/fine-stimulated GM-
CSF release (39.1 = 13% UF/fine response, n = 6, P <
0.01). Neither PD nor SB, at the doses used in these stud-
ies, inhibited basal release of GM-CSF (n = 6-7, data not
shown). These data are consistent with a role for both
MAPK pathways in activation of HBECs induced by UF/
fine ambient PM.

Discussion

The role of ambient PM as a cause of adverse health ef-
fects has come under increasing scrutiny. The plethora of
epidemiologic studies suggesting an association with respi-
ratory morbidity and PM invites investigation into the
characteristics of the particles and the mechanisms by
which adverse effects are mediated. The studies now re-
ported serve to further expand the information available
on the cellular effects of ambient PM. Using an environ-
mentally relevant particle and cell model, we now demon-
strate that ambient PM upregulates GM-CSF production
in primary culture HBECs. We have demonstrated that
the upregulation is associated with particle size of ambient
PM, with an important role for smaller particles. We sug-
gest that the chemical component of ambient PM, rather
than the particle itself, is responsible for cell activation,
and have demonstrated intracellular incorporation of UF/
fine particles. Finally, we have demonstrated that upregu-
lation of multiple MAPK pathways is associated with, and
necessary for, GM-CSF production in response to UF/fine
ambient PM. The results of our studies using ambient par-
ticles were remarkably similar to those reported for DEP
(12,13, 27). Our studies now serve to support these studies
using an ambient particle model.

The epithelial cell serves as a barrier between the envi-
ronment and the cells of the airway. In this position, epithe-
lial cells have an extraordinary capacity to modify cell re-
sponses in the airway via their production of cytokines. We
investigated epithelial-cell release of GM-CSF in particular
because of the critical importance of this cytokine in mediat-
ing acute inflammatory responses via effects on eosinophils,
and in mediating immune responses via effects on dendritic
cells. The ability of GM-CSF to mediate airway inflamma-
tory effects and airway sensitization has been elegantly dem-
onstrated in murine models (21). These studies, and the
presence of increased GM-CSF expression in the human air-
way in diseases such as asthma, support the importance of
GM-CSF as an important component of the complex signal
that mediates airway sensitization and inflammation.

Normal HBECs were used for the studies reported in
this paper. These cells were cultured from a variety of do-

nors and thus provided an expected variation in responses.
The variation reflected individual biologic diversity and
was found in response to all stimuli used, including TNF-c.
Our study did not use differentiated cells and we cannot
rule out that polarized, differentiated cells might display a
different response.

We focused our studies on ambient PM as a relevant
model of PM and collected ambient PM from a well-tra-
versed street in a large urban center. We chose this model
of an ambient particle to test whether we would corrobo-
rate studies using DEP. Moreover, DEP comprise a signif-
icant but incomplete source of urban ambient PM. The
particle sizes tested were all < 3.2 wm, correlating most
closely with the PM, s fraction that is commonly moni-
tored. Indeed, most of the total measured annual PM;,
concentration consists of the fine particle fraction (< 2.5
pm) (28). PM, 5 is derived from regional as well as mobile
sources. In a recent study of six U.S. cities, the PM, 5 frac-
tion was derived predominantly from coal as well as mo-
bile sources (29). In New York City streets, simultaneous
monitoring of PM, 5 and elemental carbon (EC) suggested
broad regional as well as local sources (30). Thus, mobile
sources are a predominant but not exclusive source of smaller
particles of ambient PM.

Our studies demonstrated that the smallest component
of ambient PM that was collected, the UF/fine fraction,
was the most proficient at eliciting GM-CSF when com-
pared on a mass basis. Particle size is important for deter-
mining the site and efficiency of pulmonary deposition.
Importantly, particle size is also a surrogate for the source
and composition of particles. Although we have not yet
fully characterized the components of these ambient UF/
fine particles, our data suggest that the chemical compo-
nents are critical determinants for cell activation. We base
this conclusion on the finding that carbon particles gener-
ated of the same size failed to stimulate GM-CSF produc-
tion. We also used ambient PM collected over various time
periods. Because of industrial source, weather, and traffic
pattern variations, it would be expected that the compo-
nents of the particles collected would also display some
variation. Indeed, when tested on a single donor, particles
collected from multiple sampling periods had a similar ef-
fect, although the magnitude of the effect differed, sug-
gesting some variation in components of the particles. The
effect of particle size and component has been studied on
the release of IL-1, IL-6, and TNF-a production by epithe-
lial cells and has also been demonstrated to be dependent
on these characteristics (31). Our data serve to confirm re-
cent studies of PM;, (32) and further demonstrate that dif-
ferent size PM fractions may have discrete cellular effects.
The differences in size effects may be due in part to varia-
tions in chemical composition.

The important role of endotoxin in biologic effects of par-
ticles has been well described (33). Our cells failed to respond
to lipopolysaccharide, a finding consistent with a requirement
for serum-derived sCD14 for the induction of a lipopolysac-
charide response in epithelial cells (34). Our cells were cul-
tured in serum-free medium and thus lacked this component.
The data suggest that although endotoxin may participate in
biologic responses induced by ambient particles, there are ad-
ditional components involved in the process.
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The process by which ambient particles interact with
epithelial cells is only beginning to be investigated. To be-
gin to elucidate the interaction between ambient particles
and epithelial cells, we performed transmission electron
microscopy of primary culture epithelial cells exposed to a
stimulatory dose of UF/fine ambient PM. HBECs internal-
ized clusters of particles and contained multiple vacuoles
filled with particles. These findings are similar to those of
Boland and coworkers, who describe endocytosis of DEP
(12). The studies raise a multitude of questions for further
study, including inquiries about whether internalization is
required for cell activation, the identity of the endocytic
receptors, and the characteristics of the vesicle.

The mechanisms by which ambient particles activate
epithelial cells are also only just beginning to be elucidated.
Activation of the network of MAPK cascades induces a
myriad of cell functions including cell differentiation, pro-
liferation, and death (25). Although there are distinct MAPKs
regulated by upstream three-kinase modules, there is also
overlap between the functions of some of these proline-
directed, serine/threonine kinases. Because mammalian cells
possess multiple MAPK pathways that respond to inflam-
mation and stress, we began our investigation with two
parallel MAPK-signaling cascades. Because we previously
demonstrated that activation of the ERK1/2 MAPK path-
way is associated with, and necessary for, GM-CSF pro-
duction by HBECs, we began our investigations of the sig-
naling pathways activated in response to UF/fine ambient
PM with an investigation of this cascade. Our data show
that ambient UF/fine PM upregulates ERK1/2 activation
and that this activation is required for GM-CSF produc-
tion. The requirement for ERK1/2 activation was demon-
strated using the MEK1/2 inhibitor PD98059. Although this
compound has little inhibitory activity toward other pro-
tein kinase pathways, it is also capable of inhibiting MEKS,
a kinase upstream of ERKS, and we cannot rule out a role
for this pathway.

The stress-activated p38 MAPK consists of four identi-
fied genes, the most studied of which are the p38a and
isoforms (25). We demonstrated constitutive activation of
this kinase in HBECs, and variable and often only minimal
upregulation of the p38 pathway by UF/fine ambient parti-
cles. Using the pyridinyl imidazole SB203580, an inhibitor
of p38a and B activity, we demonstrated inhibition of GM-
CSF release induced by UF/fine ambient PM. Although
SB203580 is relatively specific for p38a and B, it has also
been demonstrated to have additional, albeit less potent,
effects on additional protein kinases including c-Raf and
LCK (35). The studies raise the possibility that the inhibi-
tion of UF/fine-induced GM-CSF by SB203580 may be
due to downregulation of constitutively activated p38 or
may be mediated by additional pathways. Our data are in
agreement with the pathways recently described to be acti-
vated in epithelial cell lines (16HBE140— cells) in re-
sponse to DEP (27). Our studies are also in accord with
models using ROFA as well as benzo[a]pyrene adsorbed
on carbon black (36, 37). Interestingly, our data differ
from that of Hashimoto and colleagues, in which the effect
of DEP was studied on the transformed epithelial cell line,
BET-1A. In these studies, DEP stimulated IL-8 and
RANTES production and was associated with activation

of p38 MAPK but not ERK (26). These differences in the
findings may in part be explained by differences in the epi-
thelial cells.

These data, using relevant particle and cell models, serve
to demonstrate that ambient particulates, particularly the
smallest size fraction, induce GM-CSF, a critical proinflam-
matory and proimmunomodulatory cytokine in epithelial
cells. Moreover, these particles act via intracellular signal-
ing pathways that are associated with physiologic stimuli.
Our investigations serve to expand upon studies being de-
scribed for DEP, and further elucidate mechanisms of tox-
icity of ambient pollutants.
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