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SUMMARY

Epidemiological and experimental studies suggest that diesel exhaust particles (DEP) may play an active
role in the increased respiratory mortality and morbidity. We have shown that DEP augmented the
production of inflammatory cytokines by human airway epithelial cells in vitro. ICAM-1 has been
shown to play an important role in the local accumulation of inflammatory cells. We studied the effect of
DEP on ICAM-1 gene expression and surface expression in human bronchial epithelial cell line BEAS-
2B. DEP (5-50 pg/ml) showed a stimulatory effect on ICAM-1 mRNA levels as evaluated by reverse
transcription-polymerase chain reaction (RT-PCR). Flow cytometric analysis demonstrated an increased
ICAM-1 expression on the epithelial cell surfaces. The soluble form of ICAM-1 molecules was also
increased by the stimulation of DEP. In vitro neutrophil attachment onto DEP-stimulated epithelial cells
was augmented, which was partially blocked by anti-ICAM-1 neutralizing antibody. Finally, these
events were significantly inhibited by pretreatment with anti-oxidants pyrrolidine dithiocarbamate and
N-acetyl cysteine, and p38 mitogen activated protein kinase (MAPK) inhibitor SB203580. These
findings suggested that DEP induced up-regulation of ICAM-1 gene, and this process might be largely

dependent on oxidant-mediated NF-«B activation and p38-MAPK pathways.
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INTRODUCTION

Suspended particulate matters (PM), especially PM2.5 (particles
collected with an efficiency of 50% for those with a diameter of
2-5 nm) have attracted special attention, since they precipitate
throughout the whole lung, including the periphery, to elicit
disease [1-5]. Diesel exhaust particles (DEP), the major
component of PM2.5 in urban areas, have been demonstrated to
have a stimulatory effect on cytokine production in vitro and
in vivo [6-9]. Acute exposure of DE produced airway inflam-
matory responses with cell infiltration and increased mediator
production in human healthy volunteers [10]. Recently, we and
others [7-9] demonstrated that DEP directly stimulated human
airway epithelial cells to release cytokines and mediators such as
IL-6, IL-8, granulocyte-macrophage colony-stimulating factor
(GM-CSF) and soluble form of ICAM-1. Increased production
of such inflammatory mediators was via, at least in part, the
activation of transcription factors such as NF-«B and/or AP-1 [11,
12]. ICAM-1, one of adhesion molecules belonging to the
immunoglobulin superfamily, has been considered to play a
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airway epithelium

critical role in the attachment and migration of immune and
inflammatory cells to the airway mucosa [13,14]. In the present
study, we investigated the effects of DEP on ICAM-1 expression
in human airway epithelial cells in vitro.

MATERIALS AND METHODS

Preparation of DEP

The engine used for preparation of DEP was 4JB1 type (Isuzu
Automobile Co., Tokyo, Japan), light-duty (2740 cm?®), four-
cylinder diesel engine. The engine was connected to an EDYC
dynamometer (Meiden-Sya, Tokyo, Japan), and was operated
using a standard diesel fuel with the speeds of 2000 rev/min under
the load of 6 torque (kg/m). The exhaust was introduced into a
stainless steel dilution tunnel (300 mm diameter x 8400 mm).
The DEPs were collected on glassfibre filter (203 x 254 mm) in a
constant-volume sampler system equipped to the end of the
dilution tunnel [6]. The temperature at the sampling point was
below 50°C. The samples were harvested by gently scooping the
accumulated DEP powders. There was no contamination of glass
fibres when assessed by scanning electron microscopy (data not
shown).
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Culture of a bronchial epithelial cell line BEAS-2B

A human bronchial epithelial cell line BEAS-2B [6,15] (kind gift
of Drs J. F. Lechner and C. C. Harris, National Cancer Institute,
Bethesda, MD) was plated onto collagen-coated 24-well flat-
bottomed tissue culture plates (Koken, Tokyo, Japan) at a density
of 5 x 10* cells/well in hormonally defined Ham’s F12 medium
(HD-F12) as reported [6, 12]. HD-F12 contained 1% penicillin—
streptomycin, 5 pwg/ml insulin (GiBco, Grand Island, NY), 5 ung/
ml transferrin (GiBco), 25 ng/ml epidermal growth factor
(Collaborative Research Corp., Lexington, MA), 15 pwg/ml
endothelial cell growth supplement (Collaborative Research
Corp.), 2 x 107'°M triiodothyronin (GiBco), and 10-7 M
hydrocortisone (GiBco). The cells were incubated in a humidified
atmosphere at 37°C and 5% CO,. The medium was changed at day
1 and subsequently every 2 days.

Reverse transcription-polymerase chain reaction for ICAM-1
mRNA in airway epithelial cells

To assess the ICAM-1 mRNA levels in human airway epithelial
cells, a semiquantitative assay utilizing reverse transcription-
polymerase chain reaction (RT-PCR) was performed as reported
previously [16,17]. Total RNA was isolated from epithelial cell
samples by the guanidinium thiocyanate-phenol-chloroform ex-
traction method as described by Chomczynski & Sacchi [18].
Briefly, after the counting and assessment of viability, the cells
(5-0 x 10° viable cells) were lysed in solution D (4 M guanidi-
nium thiocyanate, 25 mm sodium citrate, pH 7; 0-5% sarcosyl,
0-1 M 2-mercaptoethanol). The mixture was extracted with
chloroform-phenol (1:1, v/v) and chloroform-isoamyl alcohol
(24:1, v/v). The total RNA was precipitated in isopropanol and the
pellet was washed twice with 70% ethanol, dried, and dissolved in
diethylpyrocarbonate-treated water. Extracted RNA was reverse
transcribed to cDNA by using Takara RNA-PCR kit according to
the manufacturer’s recommendation. Briefly, total RNA (8 ng),
random hexadeoxynucleotides, and avian myeloblastosis virus
reverse transcriptase in total 20 w1 mixture were used for cDNA
synthesis. The specific primer pairs used for PCR amplification
are listed below:

ICAM-1

(5’ primer) 5'-TATGGCAACGACTCCTTCT-3’

(3’ primer) 5'-CATTCAGCGTCACCTTGG-3’

[B-actin

(5 primer) 5'-ATCTGGCACCACACCTTCTACAATGAGCTGCG-
3/

(3" primer) 5'-CGTCATACTCCTGCTTGCTGATCCACATCTGC-
3’ (Clontech, Palo Alto, CA)

The reaction mixture contained 10 mm Tris—HCI (pH 83 at
25°C), 50 mm KCl, 1-5 mm MgCl,, 1 mg/ml gelatin, 0-4 um of
each primer, 0-25 m diethyl-p-nitrophenyl monothiophosphate
(ANTP), cDNA (2 ul of PCR products), and 1 U of Taq
polymerase (Perkin Elmer Cetus, Norwalk, CT) in 25 ul.
Amplification was performed for allotted cycles of denaturation
(94°C, 2 min), annealing (60°C, 30s) and extension (72°C,
1-5 min) using a thermal cycler (Progene; Techne, Cambridge,
MA). The PCR cycle was determined by preliminary experiments
showing a linear relationship between PCR cycles and intensity of
signals on ethidium bromide-stained agarose gels. For semiquan-
titative evaluation of ICAM-1 and B-actin mRNAs, 30 and 25
cycles were chosen, respectively. The PCR product was separated

using agarose gel (1-0%) electrophoresis, and the intensity of
ethidium bromide fluorescence was evaluated by NIH Image
version 1.61.

Flow cytometry for the detection of ICAM-1 on the epithelial cells
The surface expression of ICAM-1 on BEAS-2B cells was
evaluated by a flow cytometry analysis using a FACScan system
(Becton Dickinson Immunocytometry Systems, San Jose, CA) as
reported previously [19]. Briefly, the cells were treated with DEP
for 18 h, and washed twice with PBS. After trypsinization,
suspended BEAS-2B cells (10° cells) were incubated in 200 w1 of
PBS containing 10 wl of rat anti-human ICAM-1 antibody
(M7063; Dako, Carpinteria, CA) or control IgG1l for 15 min.
After washing, the cells were incubated in 200 ul of PBS
containing the FITC-conjugated anti-rat IgG1 MoAb (10084D;
PharMingen, San Diego, CA) as the second antibody for 15 min.
After washing, the cells were then suspended in 500 ul of PBS
and analysed.

Assay for soluble ICAM-1

Specific immunoreactivity for soluble ICAM-1 (ICAM-1) in
culture supernatants was measured by ELISA kits (R&D Systems,
Inc., Minneapolis, MN). Each sample was assayed in duplicates as
recommended by the manufacturer.

Effect of DEP on neutrophil attachment onto BEAS-2B

The BEAS-2B cells were cultured onto collagen-coated 96-
chamber flat-bottomed culture plates until confluence. Neutro-
phils were isolated from peripheral blood of healthy volunteers by
the methods of density gradient Percoll centrifugation at the purity
of not less than 97% as described elsewhere [20]. The epithelial
cells were treated with DEP (5-50 wg/ml) for 18 h. After the
epithelial cells were rinsed twice, purified neutrophils (100 wl of
2:0-10°/ml) were applied onto culture plates. The plate was
incubated for 30 min in a humidified atmosphere at 37°C and 5%
CO,, then rinsed twice, and 0-01% Triton X was added for cell
lysis. Activity of myeloperoxidase (MPO) was measured by
spectrophotometric assay based on MPO-catalysed oxidation of
3,3',5,5'-tetramethylbenzidine (TMB) by H,0, reported pre-
viously [20]. Preliminary experiments showed that this MPO
method showed a good positive correlation with the results of
direct counting of attached neutrophils on epithelial cells
(r =0-976, P < 0-001, Pearson correlation test) [20].

Effects of the drugs acting on signal transduction pathways

To study the mechanisms of ICAM-1 gene expression in DEP-
stimulated BEAS-2B cells, effects of several agents were studied.
These included a protein kinase C inhibitor staurosporin (Sigma
Chemical Co., St Louis, MO), anti-oxidant drugs with an
inhibitory effect on NF-«B activation, pyrrolidine dithiocarba-
mate (PDTC) [21] and N-acetyl cysteine (NAC) [22] (Sigma), a
p38-MAPK inhibitor SB203580 [23] (a kind gift by Smithkline
Beecham), and a MEK inhibitor PD98059 [24] (Sigma). Various
concentrations of each drug were added to the cells 1 h before
stimulation with DEP, and the effects of the drugs on ICAM-1
mRNA expression and protein production were studied.

Statistical analysis
The results were analysed by Student’s t-test for comparison
between the two groups, and by non-parametric equivalents of
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analysis of variance (ANOVA) for multiple comparison as reported

[6].

RESULTS

Effects of DEP on ICAM-1 mRNA levels in BEAS-2B cells

To evaluate the effects of DEP on ICAM-1 mRNA levels, a
semiquantitative RT-PCR study was performed. As shown in
Fig. 1a,b, DEP (50 wg/ml) showed a stimulatory effect on ICAM-
1 mRNA levels in BEAS-2B cells as corrected by [-actin
transcripts. The message peaked at 12 h after stimulation with
DEP, then returned to basal levels. DEP (5-50 wg/ml) showed a
dose-dependent stimulatory effect on ICAM-1 mRNA levels when
evaluated 12 h after DEP treatment (Fig. 1c,d). DEP at 100 ug/
ml failed to increase the ICAM-1 mRNA levels, although trypan
blue dye exclusion technique did not show significant cytotoxi-
city. Preincubation of BEAS-2B cells with PDTC and NAC
significantly attenuated DEP (50 wg/ml)-induced increase in
ICAM-1 mRNA levels (Fig. 2a,b). SB203580, but not staurospor-
in or PD98059, showed an inhibitory effect on DEP-induced
ICAM-1 expression (Fig. 3a,b). The baseline expression of
ICAM-1 was not significantly affected by these agents (data not
shown).

Flow cytometry for the detection of ICAM-1 on the epithelial cells
The surface expression of ICAM-1 on BEAS-2B cells was
evaluated by flow cytometry analysis 18 h after the cells were
treated with DEP. Untreated cells constitutively expressed ICAM-
1, and treatment with DEP induced increased expression of this
adhesion molecule on the cell surfaces (Fig. 4a) (% positive cells:

29-0 £ 4-54% in untreated cells, 65-4 = 10-2% in DEP (50 ng/
ml)-treated cells). As shown in Fig. 4b, the mean fluorescence
intensity (MFI) was significantly augmented by the addition of
DEP at 10-50 wg/ml in a dose-dependent fashion. PDTC, NAC
and SB203580 showed an inhibitory effect on DEP-induced
increase in MFI, but staurosporin or PD98059 showed no
significant effect (Fig. 4).

Effects of DEP on soluble form of ICAM-1 release by human
bronchial epithelial cells

DEP showed a significant stimulatory effect on the release of
sICAM-1 by BEAS-2B cells (Fig. 5), as reported previously [8].
NAC, PDTC and SB203580 showed an inhibitory effect on the
release of SICAM-1 from the epithelial cells (Fig. 5).

Effect of DEP on neutrophil attachment onto BEAS-2B

To assess the biological activity of DEP-induced ICAM-1
expression, an in vitro assay for the neutrophil attachment to
BEAS-2B cells was performed. As shown in Fig. 6, the degree of
neutrophil attachment to the epithelial cells was assessed by MPO
activity. DEP induced a significant increase in MPO activity when
evaluated 18 h after DEP treatment, suggesting that DEP
increased neutrophil attachment onto the epithelial cell layer by
inducing adhesion molecules such as ICAM-1 on the epithelial
cells. To evaluate this possibility, anti-ICAM-1 neutralizing
antibody (Immunotech, Marseille, France) was added to the cells
and neutrophil attachment was evaluated. The results showed that
this antibody partially, but significantly, blocked DEP-induced
increase of neutrophil attachment to epithelial cells (Fig. 6).
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Fig. 1. Diesel exhaust particles (DEP) induced an increased expression of ICAM-1 mRNA as assessed by semiquantitative reverse
transcriptase-polymerase chain reaction (RT-PCR). Addition of DEP (50 wg/ml) to BEAS-2B showed increased levels of ICAM-1 mRNA
as corrected by B-actin transcripts that peaked after 12 h. (a) A representative result. (b) Results of three independent experiments.
*P < 0-05 compared with naive cells, ANOVA. DEP showed a dose-dependent stimulatory effect on ICAM-1 mRNA levels when studied
after 12 h. (c) A representative result. (d) Results from three independent experiments. *P < 0-05, ANOVA.
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Fig. 2. Effect of the anti-oxidant drugs on diesel exhaust particle (DEP)-
induced ICAM-1 gene expression. Both pyrrolidine dithiocarbamate
(PDTC) and N-acetyl cysteine (NAC) showed a significant suppressive
effect on DEP (50 wg/ml)-induced ICAM-1 mRNA levels corrected by -
actin transcripts. (a) Representative results. (b) Data from three
independent experiments. *P < 0-05 compared with DEP-treated cells,
ANOVA.

DISCUSSION

In the present study, we found that DEP up-regulated ICAM-1
mRNA levels and surface protein expression in human bronchial
epithelial cells. Neutrophil attachment onto DEP-treated epithelial
cells was increased, and studies with anti-ICAM-1 antibodies
suggested that this process was at least in part via an increased
expression of ICAM-1 molecules on airway epithelial cells.
ICAM-1 (CD54), one of the adhesion molecules belonging to
the immunoglobulin superfamily, has been postulated to play an
important role in the accumulation of inflammatory -cells,
including neutrophils, eosinophils and T lymphocytes. Tosi et al.
[14] demonstrated that neutrophil adhesion onto the epithelial cell
layer was regulated by ICAM-1. They showed that the treatment
with anti-ICAM-1 antibody abrogated neutrophil attachment to
epithelial cells. Taguchi et al. [25] showed that T cell adhesion
and subsequent transmigration were regulated by lymphocyte
function-associated antigen-1 (LFA-1) on T cells and ICAM-1 on
epithelial cells. Anti-ICAM-1 antibody significantly blocked
inflammatory responses found in animal models of asthma [26].
Finally, increased levels of serum and/or bronchoalveolar lavage
fluid sSICAM-1 have been reported in a variety of inflammatory
lung disorders such as sarcoidosis and bronchial asthma [27,28].
Taken together, ICAM-1 expression might be crucial in the
regulation of local inflammatory responses in the lung. Although
the blocking effect of antibody against ICAM-1 was not complete
in our experiment, our findings strongly suggest that DEP-induced
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Fig. 3. Effect of the drugs acting on signal transduction on diesel exhaust
particle (DEP)-induced ICAM-1 gene expression. SB203580 showed a
significant suppressive effect on DEP (50 ug/ml)-induced ICAM-1
mRNA levels corrected by B-actin transcripts. In contrast, PD98059 or
staurosporin had no effect. (a) Representative results. (b) Data from three
independent experiments. *P < 0-05 compared with DEP-treated cells,
ANOVA.

up-regulation of ICAM-1 in epithelium had a potency leading to
an increased attachment of neutrophils in vitro.

There is accumulating evidence that suggests an important
role of ICAM-1 in the pathogenesis of cardiovascular diseases
[29]. ICAM-1, CD54, is also involved in mucosal immunity as
one of the important costimulatory molecules for the activation of
T cells. Therefore, DEP-induced up-regulation of this adhesion
molecule might be related to the adjuvant activity of DEP
previously shown in animals [30].

Previous reports [6,12,31] demonstrated that DEP stimulated
IL-8 gene expression in human bronchial epithelial cells. This
effect was largely due to increased transcriptional rates of the
mRNA as evaluated by nuclear run on assay [12]. Studies with
electrophoretic mobility shift assay suggested that DEP induced
the activation of the transcription factor NF-«B [12], which is
considered to play an important role in the gene regulation of IL-8.
Genomic human ICAM-1 gene has a specific binding motifs to NF-
kB at their promotor regions [32]. Therefore, it was likely that
activation of NF-«B by DEP shown in IL-8 gene expression might
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Fig. 4. Diesel exhaust particles (DEP) induced an increased expression of surface ICAM-1 molecules as assessed by flow cytometric
analysis. (a) A representative flow cytometric histogram for untreated (upper panel) and DEP (50 wg/ml)-treated (lower panel) BEAS-2B
cells. (b) Specific fluorescence was expressed as the mean fluorescence intensity (MFI) as shown in the ordinate (MFI of controls expressed
as 100%). DEP showed a dose-dependent stimulatory effect on ICAM-1 expression, which was significantly suppressed by the 1-h
pretreatment with pyrrolidine dithiocarbamate (PDTC; 10 mm), N-acetyl cysteine (NAC; 10 mm) and SB203580 (SB) (10 uMm), whereas
PD98059 (PD) (10 M) and staurosporin (I wm) had no effect. *P < 0-05 compared with naive cells; **P < 0-05 compared with DEP

(50 wg/ml)-treated cells, ANOVA.

* %
f *%
* %
- *
400
T
L *

=
§ 300
E r * = T
(@]
o T
— 200+t
2 I E
= L
S
® 100 p—TL

0

- 1 10 50 PDTC NAC SB
DEP DEP (50) +
pg/ml

Fig. 5. Diesel exhaust particles (DEP) increased the release of soluble
ICAM-1 into media. DEP showed a dose-dependent stimulatory effect on
SICAM-1 release when evaluated after 24 h, which was significantly
suppressed by pretreatment with pyrrolidine dithiocarbamate (PDTC;
10 mm), N-acetyl cysteine (NAC; 10 mM) and SB203580 (10 um).
*#P < 0-05 compared with naive cells; **P < 0-05 compared with DEP
(50 pg/ml)-treated cells, ANOVA.
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Fig. 6. Neutrophil attachment onto diesel exhaust particle (DEP)-treated
BEAS-2B cells in vitro. Neutrophil attachment evaluated as myeloperox-
idase (MPO) activity (naive cells = 100%) was increased by the 18-h
preincubation of BEAS-2B cells with various doses of DEP. When the
neutralizing antibody (5 and 50 wg/ml) was used, significant inhibition of
DEP (50 wg/ml)-induced attachment was seen, suggesting that ICAM-1
expression was involved in this process. *P < 0-05 compared with naive
cells; **P < 0-05 compared with DEP (50 wg/ml)-treated cells, ANOVA.
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also be involved in ICAM-1 gene up-regulation found in this study.
In accordance with this hypothesis, anti-oxidants PDTC and NAC
significantly suppressed DEP-induced ICAM-1 expression at
mRNA and protein levels. These compounds are believed to
inhibit activation of NF-«kB by interfering with the actions of
reactive oxygen radicals in the cells [21,22]. However, further
experiments such as reporter gene assay are necessary to verify this
hypothesis. SB203580, a specific inhibitor of p38MAPK pathway,
also showed an inhibitory effect, whereas PD98059, an inhibitor of
MEK, showed no effect. Recent reports [33,34] suggested that
p38MAPK pathways are involved in signal transduction for
cytokine expression. Our present data suggest that DEP-induced
ICAM-1 expression was dependent, at least in part, on p3SMAPK
and NF-kB activation pathways. Reports by Nel and co-workers
[11,35] showed that DEP induced activation of Jun-N-terminal
kinase (JNK) in macrophage cell lines in vitro. Several reports
have demonstrated that the other air pollutants induced increased
ICAM-1 expression [36,37] and NF-«B activation [37]; these
effects of pollutants on respiratory cells may be via common
pathways, but the exact mechanisms remain unelucidated.

In conclusion, DEP up-regulated ICAM-1 expression in
human bronchial epithelial cells, which may be one important
mechanism to induce inflammatory reactions in the airways.
Further studies would be necessary to link MAP kinase activation
and activation of transcription factors for the elucidation of the
intracellular pathways in cell activation by DEP.
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