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Abstract

Background: Using an in vitro triple cell co-culture model consisting of human epithelial cells
(I6HBE140-), monocyte-derived macrophages and dendritic cells, it was recently demonstrated
that macrophages and dendritic cells create a transepithelial network between the epithelial cells
to capture antigens without disrupting the epithelial tightness. The expression of the different tight
junction proteins in macrophages and dendritic cells, and the formation of tight junction-like
structures with epithelial cells has been demonstrated. Immunofluorescent methods combined
with laser scanning microscopy and quantitative real-time polymerase chain reaction were used to
investigate if exposure to diesel exhaust particles (DEP) (0.5, 5, 50, 125 pg/ml), for 24 h, can
modulate the expression of the tight junction mRNA/protein of occludin, in all three cell types.

Results: Only the highest dose of DEP (125 pg/ml) seemed to reduce the occludin mRNA in the
cells of the defence system however not in epithelial cells, although the occludin arrangement in
the latter cell type was disrupted. The transepithelial electrical resistance was reduced in epithelial
cell mono-cultures but not in the triple cell co-cultures, following exposure to high DEP
concentration. Cytotoxicity was not found, in either epithelial mono-cultures nor in triple cell co-
cultures, after exposure to the different DEP concentrations.

Conclusion: We concluded that high concentrations of DEP (125 pg/ml) can modulate the tight
junction occludin mRNA in the cells of the defence system and that those cells play an important
role maintaining the epithelial integrity following exposure to particulate antigens in lung cells.

Background

With every breath millions of ambient particles enter the
respiratory tract, where they may cause adverse health
effects associated with increased pulmonary and cardio-
vascular mortality [1-4]. Important components of ambi-
ent particulate matter (PM) are diesel exhaust particles
(DEP), which are comprised of a carbon core that absorbs

a mixture of metals and organic chemicals [5]. Nearly all
these particles have sizes less than 1 um, and the majority
of those particles are known as ultrafine particles with a
diameter less than 0.1 pm [6]. Due to the small size of
DEDP, they can even reach the bronchiolar and alveolar lev-
els of the lung and up to 33% of the inhaled particles are
deposited in the respiratory tract [7]. In several in vitro
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studies, it was shown that DEP can penetrate into the epi-
thelial cells (16HBE140-) [8,9] and that inhalation of
high concentrations of DEP affect respiratory function in
humans (see review [10]). Therefore the airway epithelial
cells are directly affected by air pollution and may play a
key role in the pathophysiology of airway diseases.

Among several structural and functional barriers which
protect the respiratory system against PM (for a review see
[11,12]), epithelial cell layers endowed with tight junc-
tions (TJ) [13,14] are one of the most important. TJ sepa-
rate the epithelium in an apical and a basal site and
control the paracellular transport, by preventing macro-
molecules from easily passing through the epithelial layer
for example. In addition, a population of macrophages in
the airways and in the alveoli [15,16], and a network of
dendritic cells (DC) underneath and inside the epithe-
lium [17-19] are other important parts which contribute
to the functionality of the barrier.

Of particular importance and interest is how inhaled par-
ticulate antigens come into contact with DC, which real-
ize, as sentinels and most competent antigen presenting
cells, a surveillance network in the pulmonary tissues [19-
21]. The mechanism of how DC can penetrate TJ of the
epithelium is not completely understood [22]. Studies
with mice [23] and with an in vitro model of the gut epi-
thelium [24,25] have shown that DC express TJ proteins
and it was assumed that DC build TJ-like complexes with
epithelial cells in order to preserve the epithelial integrity.
Using an in vitro triple cell co-culture model of the human
airway wall [26,27] it was recently shown that human
blood monocyte-derived dendritic cells (MDDC), as well
as human blood monocyte-derived macrophages (MDM)
express TJ proteins and mRNA (occludin, Claudin-1,
zonula occludens 3 (ZO-3), junctional adhesion molecule
1 (JAM-1) and the Adherens Junctions (AJ) mRNA and
protein E-cadherin) [28]. Moreover it has been shown
that processes of DC residing under the epithelium can
penetrate beyond well developed epithelial TJ to sample
particles and to transport them to the basal side of the epi-
thelium [24,25,27,29,30].

As previously published, large particles can be sampled by
the cells of the defence system and therefore overcome the
epithelial airway barrier. This has also been shown for
nanosized particles (NP) in the triple cell co-culture sys-
tem, although the translocation characteristics of fine par-
ticles compared to NP was different [31]. Furthermore it
has been demonstrated that inhaled NP quickly left the
lungs and were detected in the extra-pulmonary tissue
[32,33].

This data emphasizes the importance to study the effect of
airborne PM on the epithelia and the epithelial integrity.

http://www.particleandfibretoxicology.com/content/6/1/26

If there are any alterations in the integrity of the epithelial
barrier more attention has to be focused on the fate of
inhaled nanosized, as well as larger particles, because the
epithelia is not able to fulfil its barrier function. Following
cigarette smoke exposure to Calu-3 cells, amongst others,
it was found that there was a displacement of occludin
and Zonula occludens 1 (ZO-1) and thus increasing ionic
and macromolecular permeability. It was hypothesized
that the loss of TJ integrity and barrier function was due to
a decreased ZO-1: occludin association ratio [34].

The aim of the present study was to determine the extent
to which DEP affect the integrity of the airway wall, by
focussing on the expression of the TJ protein occludin in
epithelial cells (EC), MDM and MDDC (which all contrib-
ute to the integrity of the airway wall as previously men-
tioned) after exposure to different amounts of DEP. The
plasticity alteration of TJ is known [35], therefore the
mRNA and protein levels of the occludin were investi-
gated for changes, upon particle exposure. For this pur-
pose mono-cultures of MDM and MDDC as well as of the
bronchiolar cell line 16HBE140- were used and exposed
to different concentrations of DEP particles or to the
inflammatory stimulus Lipopolysaccharide (LPS) for 24
h. Transepithelial electrical resistance (TEER) was meas-
ured in the EC mono-cultures and in the triple cell co-cul-
tures. Cytotoxicity was assessed by Lactate dehydrogenase
(LDH) measurement and the pro-inflammatory cytokine
tumor necrosis factor alpha (TNFa) was determined by
ELISA. The spatial localisation of occludin in the different
cell types was investigated by laser scanning microscopy
(LSM) and the TJ arrangement by transmission electron
microscopy (TEM).

Results

DEP is taken up by all cell types

In a first step, the DEP exposed cells were studied by TEM.
As shown in Fig. 1, DEP (125 and 0.5 pg/ml) could clearly
be seen in membrane bound vesicles inside EC in the tri-
ple cell co-culture system independent of the dose used,
indicating that DEP was taken up by the cells. Cells
exposed to 125 pg/ml showed higher amounts of internal-
ized DEP, however this was only a qualitative observation
and was not quantified. DEP was found in all investigated
cell types in mono-cultures (shown in this study) as well
as in the three cell types of the triple cell co-cultures, as
already shown in a recently published paper from our
group [36].

T] between ECs and TJ-like structures between EC and
MDM

The cell-cell junctions in 16HBE14o0- cells are shown in
Fig. 2A. The junction complex consisting of desmosomes,
AJ and TJ are well defined as determined with TEM. In
addition, it was also shown with TEM that EC and MDM
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Figure |

Internalized DEP in an epithelial cell. TEM images of
|6HBE [ 40- cells in the triple cell co-culture model showing
internalized DEP. Cells were exposed to 125 pg/ml DEP (A)
and 0.5 pg/ml DEP (B) for 24 h and then processed for TEM.
A detailed view from A and B (white square) is shown in
A'and B'.

build TJ-like complexes. Since MDM are very difficult to
find with TEM in the triple cell co-culture system, the
MDM were exposed to gold NP before they were added to
the epithelial cells. In Fig. 2B the MDM has clearly been
identified by intracellular, membrane-bound gold parti-
cles (Fig. 2B2, black arrow). Cell junctions similar to the
ones seen between EC were identified (Fig. 2B1, white
arrow).

DEP exposure affects the amount and the distribution of
occludin protein in EC, MDM, and MDDC

The arrangement of the TJ was analysed by focusing on the
transmembrane protein occludin. Visualization was done
using LSM and digital image restoration, as described in
an earlier publication [30]. DEP treated (125 pug/ml) and
untreated EC were stained for F-actin cytoskeleton and
occludin (Fig 3A, B). The iso-rendering of occludin
revealed an intact and clear belt-like structure of the TJ
protein, occludin, in the untreated EC mono-cultures
(3A"). Although occludin is detectable in the DEP treated
mono-cultures, the belt like arrangement of the TJ is not
as structured (Fig. 3B') as in the untreated mono-cultures
(Fig. 3A'). The amount and the arrangement of F-actin
were not affected by the DEP treatment (Fig. 3A, B).
Mono-cultures of MDM and MDDC were also stained for
occludin (Fig. 3C-F). The pictures clearly showed that after

http://www.particleandfibretoxicology.com/content/6/1/26

DEP treatment the amount of occludin was reduced in
MDM (D') as well as in MDDC (F').

DEP does not significantly affect the occludin mRNA
expression in EC, MDM, and MDDC

To examine if the mRNA level of occludin was quantita-
tively different after DEP treatment, the amount of mRNA
in mono-cultures of EC, MDM and MDDC was deter-
mined using qRT-PCR. MDM and MDDC were exposed to
different doses of DEP, ranging from low to high concen-
trations (0.5 pg/ml, 5 pg/ml, 50 pg/ml, and 125 pg/ml).
EC were only exposed to the highest amount of DEP
because preliminary experiments showed no changes
upon exposure to lower DEP concentrations. Although
the results were not significant, there was a tendency that
the highest dose of DEP reduced the occludin mRNA level
in MDM and MDDC (Fig. 4). The expression level of
occludin in EC was significantly more than 100 times
higher compared to MDM and MDD, as also previously
shown in [28].

DEP exposure affects TEER in 16HBE I40- mono-cultures
but not in triple cell-co-cultures

To examine whether there was a change in the epithelial
integrity in EC mono- and triple cell co-cultures, the TEER
was measured before and after 24 h exposure to DEP (125
pg/ml). In mono-cultures, the TEER after DEP treatment
was significantly reduced (p = 0.029) compared to control
cultures, as shown in Fig. 5A. In triple cell co-cultures
there was no difference in the TEER levels found between
control and DEP treated cultures (Fig. 5B). The epithelial
integrity of untreated triple cell co-cultures compared to
the mono-cultures was significantly lower (p = 0.024)

(Fig. 5).

DEP exposure (of up to 125 niglml) does neither affect
cytotoxicity nor TNF« levels in EC mono-cultures, and in
triple cell co-cultures

To ensure that the reduced TEER in mono-cultures was
not due to increased cell death the cytotoxicity of the high-
est DEP concentration was investigated by measurements
of LDH release in the triple cell co-cultures and in EC
mono-cultures. The difference of the LDH release into the
cell culture medium was not significant between the con-
trols and the DEP exposed cells (Fig. 6).

The pro-inflammatory response related to DEP exposure
was measured by the TNFa levels in the supernatants from
EC mono-cultures and from the triple cell co-cultures by
ELISA (Fig. 7). There was no significant difference in the
TNFa amount between control cultures and cells exposed
to different DEP concentrations. LPS was used as positive
control and resulted in an enhanced release of TNFa into
the supernatants in the triple cell co-culture.
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Figure 2

T) between EC and between EC and MDM. TEM images showing untreated cells in the triple cell co-culture model in A.
The tight junctions (T)) the adherens junctions (A)), as well as the desomosomes (D) between two neighbouring EC are shown
in the detailed view in Al. TJ-like structures (white arrows, Bl and B2) between a MDM and two neighbouring EC in the triple

cell co-culture model is shown in overview in B. Bl and B2 are detailed views. The morphology and as well as the internalized
gold NP (black arrow in B2) prove that the described cell is a MDM.
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Figure 3
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Laser scanning micrographs of occludin in EC, MDM and MDDC. The occludin arrangement in 16HBE|40-, MDM and
MDDC mono-cultures visualized with LSM. Control 16HBE|4o- cells (A) and DEP exposed |16HBE|4o0- cells (B) were labelled
for F-actin (turquoise) and occludin (red). For F-actin no qualitative difference was found between control and treated cells.
However, the iso-surface presentation of occludin in control cells (A") showed a more structured TJ occludin belt compared
with DEP treated cells (B") which shows a predominant localization of occludin in the cytoplasm. Occludin was visualized in
mono-cultures of MDM (D, control; C, DEP treatment) and MDDC (E, control; F, DEP treatment). Cells were stained for F-
actin (in MDM white, in MDDC black and occludin (shown in red). MDM and MDDC expressed the TJ protein occludin. After
exposure to DEP for 24 h occludin signals were reduced (for MDM in D' and MDDC in F'). These are representative images

and for all pictures the same settings were used.

Dynamics of TJ in the EC mono-cultures and triple co-
cultures under EDTA treatment

To test whether the absence of change in TEER, in the tri-
ple cell co-culture model, may be due to different expo-
sure kinetics (i.e. that the cells in the 3-dimensional
configuration may be less sensitive), a Ca2+ chelator was
used which is known to open the TJ. Adding Ethylenedi-

Figure 4

mRNA expression levels of occludin in EC, MDM and
MDDC. Quantification of occludin mRNA expression in
MDM, MDDC, and EC mono-cultures by qRT-PCR. Thresh-
old of occludin was set by the threshold of the housekeeping
gene [-actin in each sample (ACT). Expression levels of
occludin are illustrated by the [-actin normalized concentra-
tions (2-ACT x 15000). cDNA derived from MDM (grey col-
umns), MDDC (black columns) and |6HBE|40- (white
columns) control cells and cells treated with DEP (0.5 pig/ml,
5 pg/ml, 50 pg/ml, and 125 pg/ml). Values are presented as
means * SD; * p < 0.05. All experiments were independently
performed between 4-7 times.

aminetetraacetic acid (EDTA) as a Ca2* chelator, the TEER
values of mono-cultures as well as those of triple cell co-
cultures were reduced in a time-dependent manner (Fig.
8A and 8B). In the mono-cultures, as well as in the triple
cell co-cultures, the TEER value decreased about 300 ohm
x c¢m? per hour, showing the same TJ kinetics. The
untreated control cultures showed no change in TEER.

Discussion

It is known that DEP can negatively influence human
health. However, the question is still unclear as to how
inhaled DEP and other particulate matter can penetrate
into the blood flow. At least it seems that the barrier which
separates the air from the blood must be crossed. There-
fore, the influence of DEP on the TJ protein occludin was
examined. It was already shown that the TJ play a key role
in the regulation of paracellular transport [34]. Without
intact TJ arrangements the epithelial layer would not
remain tight, and there would be leakage, allowing depos-
ited particles an enhanced translocation across the barrier.

The effect of DEP exposure on the expression of the TJ pro-
tein and mRNA occludin was studied in mono-cultures of
MDM, MDDC and the epithelial cell line. Moreover the
epithelial mono-cultures of EC were compared to the tri-
ple cell co-culture model of the epithelial airway barrier,
which has been previously described and characterized
[26,27,37]. The triple cell co-culture model mimics the
natural architecture of the in vivo epithelial airway and is
accepted and used per se in several studies [26,30,37,38].
The cells of the defence system used in the triple cell co-
culture model have similar functional and structural char-
acteristics as the ones in human lung [39]. The bronchial
epithelial cell line 16HBE140- used in the present study,
forms polarized monolayers with extensive TJ belts which
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