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The two main difficulties when assessing the role and action mechanism of environmental pollutant
exposure on the respiratory tract using in vitro methodology are firstly to create exposure conditions
that closely mimic the human situation, and secondly to choose an experimental model that accurately
represents lung compartment complexity, with different types of cell interaction.

The aim of this study was to resolve these two challenges. The first of our difficulties was to find the
closest experimental conditions to mimic respiratory environmental pollutant exposure.

We compared the effects of formaldehyde (FA) on two cellular models, alveolar and bronchial cell lines,
respectively A549 and BEAS-2B. The cells were exposed for 30 min to an environmental dose of gaseous
FA (50 pg/m?) at the air-liquid interface.

In order to mimic macrophage-epithelial cell cooperation, sensitizations (with TNFa or with condi-
tioned medium from macrophages — CM) prior to gas exposure were applied. After toxicity evaluation,
local inflammation was assessed by IL-8 and MCP-1 production 24 h after exposure.

In our experimental conditions FA had no effects on alveolar and bronchial epithelial cells without any
sensitization. FA exposure after TNFa sensitization alone induced a moderate increase of IL-8 by A549
cells. After sensitization with CM, FA exposure induced a strong increase of IL-8 production by A549 cells
in comparison to air, whereas a decrease of MCP-1 production was observed on BEAS-2B cells.

It appears that the response of alveolar and bronchial epithelial cells to FA was moderate and that
complex sensitization refines the inflammatory response to environmental stresses. When sensitized
with CM, these cell lines responded differently to FA exposure. Finally by interacting with the respiratory
epithelium, FA could exacerbate the inflammation of airways that occurs in severe asthma, and even syn-
ergize the effects of other air pollutants such as allergens. Evaluation of nasal cell inflammatory response
could shed further light on the effects of FA on respiratory epithelium.

© 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Air pollution is known to be associated with health effects on the
respiratory tract, such as asthma symptoms and bronchial hyper
reactivity, even if the relation between specific health effects and
indoor air pollutants needs to be specified (Bernstein et al., 2008).
In order to clarify the relation between indoor pollution and lung
inflammation, experimental data are needed in addition to epi-
demiological evidence.

Experimental in vitro studies have contributed wide ranging
information on the cellular effects of environmental pollutants
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(BéruBé et al., 2009). However this type of study requires that
the most relevant air-liquid exposure model is chosen in order
to reach the most realistic conclusions (Roggen et al., 2006). The
choice of model must integrate different parameters, such as
cell type (epithelial bronchial, and alveolar cells, dendritic cells,
macrophages, etc.) and the cellular environment related to the sur-
rounding cells, and pollutant levels, which must be consistent with
those observed in the environment.

Epithelial cells are present all along the respiratory tract: nasal,
tracheal, bronchial and the deepest, alveolar cells. Cell lines have
been developed for all lung cell types (Roggen et al., 2006) but the
classical model in respiratory toxicology is the unique human alve-
olar cell line. In particular, a large majority of in vitro studies into the
effects of environmental pollutants on lung have been performed
with the alveolar A549 cell line (Feltens et al., 2010; Koehler et al.,
2010).

As described in a review by Roggen et al. (2006), this cell line
is representative for the lung compartment that is very likely
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involved in immunotoxicity, but its relevance for in vitro respi-
ratory toxicology experiments is a matter of debate. The epithelial
cells playing the greatest role in lung hyper reactivity in response
to environmental exposure are located above the alveolar level in
the respiratory tract, at the tracheal and bronchial level. Bronchial
cells could therefore be more relevant, since environmental pollu-
tants (such as ozone or formaldehyde) might not reach the alveolar
epithelium due to their strong chemical reactivity through the res-
piratory tract. Nevertheless the bronchial cell lines have been much
less used than the A549 cell line in in vitro experiments to evaluate
the cellular effects of environmental pollutant exposure.

Beside the cellular model, studies into the effects of environ-
mental pollutants on respiratory tract cells have mainly reported
high levels of these pollutants which are largely out of the environ-
mental range, only relevant for environmental toxicology (Pariselli
et al.,, 2009; Rager et al., 2011; Wolkoff and Nielsen, 2010).

We previously developed an in vitro model to assess gaseous
pollutant effects on lung epithelial cells (Persoz et al.,, 2010).
This model was established using A549 cell line and tested the
inflammatory response to air-liquid interface exposure to gaseous
formaldehyde (FA) at environmental levels.

The aim of this study is firstly to extend this model to bronchial
BEAS-2B cell line to compare the effects of FA-exposure on inflam-
matory response with those from the alveolar A549 cell line, and
secondly to bring our cellular model closer to the respiratory envi-
ronment mimicking macrophage-epithelial cells cooperation, by
sensitization applied prior to gas exposure.

2. Materials and methods
2.1. Chemicals and reagents

Ham's F12 medium with GlutaMAX®, RPMI 1640 with Hepes,
Penicillin-Streptomycin, Hepes and TrypLE® were obtained from Invitrogen
(WI, USA). TNFa was purchased from Sigma-Aldrich (MO, USA) and the fetal calf
serum (FCS), from Biochrom (Germany). The LDH assay kit (K2054) was from
Siemens and used with an automaton Dimension Vista 1500 (Siemens Healthcare
Laboratories). The DuoSet kits for ELISA assays were from R&D Systems (MN, USA).

2.2. Atmospheres generation and cell exposure device

The Vitrocell® device used for exposure has been previously described by Persoz
etal.(2010). Briefly, this device consists of three exposure chambers which can hold
one separate insert each. The module is equipped with a heated water jacket to keep
cells and culture medium at a steady temperature of 37 °C.

Air and FA (50 pg/m?) atmospheres were generated as previously described
(Persoz et al., 2010) and were delivered on the apical side of cells during 30 min at
a flow rate of 5+ 0.1 ml/min.

2.3. Cell lines and culture conditions

The human epithelial cells, bronchial: BEAS-2B (Reddel et al., 1988) and alve-
olar: A549 cells (Lieber et al., 1976), were a generous gift from the Laboratoire de
Parasitologie et Mycologie, Faculté Xavier Bichat (Paris, France). The two cell lines
were cultured in Ham’s F12 medium supplemented with 5% FCS, 100 UI Penicillin
and 100 pg/ml Streptomycin, and 10 mM Hepes.

For all gas-exposure experiments cells were grown on inserts (Greiner Bio-
one, Germany), a membrane permeable to culture medium with a growth area of
1.13 cm? placed in a 12-well culture Plate 72 h before exposure. Culture medium
was added to both sides: 300 pl on the apical side and 1000 wl on the basolateral
side.

56 h after cellular seeding, sensitizers were added to the culture medium of
BEAS-2B and A549 cells 16 h before gas-exposure: Following this pre-sensitization,
the culture medium was removed from the apical side of the cellular monolayer
and the cells were placed in exposure-chambers containing culture medium with
1% FCS only on the basolateral side.

Cells were exposed during 30 min to synthetic clean air or to FA at 50 pg/m?.

After exposure, inserts containing cells were replaced in a 12-well culture plate
with fresh culture medium (5% FCS) on both sides and incubated at 37 °Cin a humid-
ified incubator for 24 h. Supernatants were then collected and stored until analysis
at —20°C.

Each experimental exposure with or without sensitization was replicated at
least three times.

To control the ability of cells to react to a stimulus in terms of inflammatory
response, constantly submerged unexposed cells were treated 72 h after seeding
with 2 ng/ml of TNFa« for 24 h.

2.4. Sensitizations

The modulation of cytokine production in the gas-exposure experiments was
tested with two sensitizers: TNFo (1 ng/ml, Sigma-Aldrich) or conditioned medium
from macrophages (CM).

CM production was obtained from human monocyte cell line THP-1 (ATCC,
USA, ref. TIB-202) (Tsuchiya et al., 1980) (a generous gift from Institut National
de I'Environnement Industriel et des Risques, Verneuil-en-Halatte, France) cul-
tured in RPMI 1640 (with 25 mM Hepes) medium supplemented with 10% FCS,
2 mM GlutaMAX®, 100 UI Penicillin and 100 pg/ml Streptomycin. The medium was
changed every 3 days to ensure constant cell growth.

The differentiation of THP-1 cells in macrophages was obtained by seeding cells
(108 cells/ml) in culture flasks (75 cm?, 15 ml/flask) with 30 ng/ml (50 nM) of phor-
bol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, MO, USA). Cells were incubated
for 72 h at 37°C leading to cell adhesion and spreading, which are hallmarks of
macrophages noticed using a light microscope (Daigneault et al., 2010). 72 h after
treatment, the RPMI medium was replaced by the Ham F12 with 5% FCS for 24 h, a
compatible medium for the both A549 and BEAS-2B cultures.

Then, the culture medium was withdrawn, centrifuged to eliminate cells and
aggregates, and stored at —20°C prior to use for cell sensitization.

Diluted CM in Ham F12 with 5% FCS was used for sensitization of the two types
of epithelial cells.

2.5. Biological activity assessment

2.5.1. LDH assay

Membrane integrity, evaluated by intracellular lactate dehydrogenase (LDH)
release, was used as a viability test.

LDH was measured using an in vitro assay kit in which LDH oxidizes the substrate
L-lactate buffered at a pH of 9.4 in the presence of NAD* to yield pyruvate and
NADH, H* which absorbs light at 340 nm. Concentrations were initially expressed in
unity of consumed substrate par liter (U/l) and cellular viability, expressed in %, was
calculated with maximal LDH activity, obtained after 2 h Triton X-100 1% treatment.
Maximal LDH activity was 664 + 43 U/1 for BEAS-2B cells and 1968 + 150 U/l for A549
cells.

2.5.2. Cytokine assay

The levels of cytokines produced by the macrophages in CM (IL-13, TNFa and
IL-8) and by the epithelial cells (IL-8 and MCP-1) were assessed by ELISA Kits as
previously reported (Persoz et al., 2011).

The levels of IL-13, TNFa and IL-8 contained in the CM were respectively equal
to 6 x 103 ng/ml, 3 x 103 and 0.33 ng/ml after dilution.

Quantification of IL-8 and MCP-1 was performed in the apical culture super-
natants of BEAS-2B and A549 cells. Results were expressed in pg/ml.

Limits of quantification were 3.9 pg/ml for IL-1[3, 15.6 pg/ml for TNFa and MCP-1
and 31.2 pg/ml for IL-8.

2.6. Statistics

Results were expressed as arithmetic mean + standard deviation of at least
three experiments realized in triplicate. Statistical analyses were performed using
R version 2.12.0 software (www.r-project.org). The LDH activity and cytokine con-
centrations of exposed cells were compared to the specific control with Student’s
t-test and confirmed with Mann-Whitney U test. Difference was significant when
p<0.05.

3. Results

The same exposure device (Vitrocell module) and protocol were
used in this study to compare the effects of FA exposure at 50 jLg/m?
on inflammatory response of the two human epithelial cell lines,
A549 and BEAS-2B, in absence or in presence of two sensitization
conditions (TNFa and CM).

The experimental conditions of air-liquid exposure previously
validated for A549 cells (Persoz et al., 2010) were applied for
BEAS-2B cells. Briefly after seeding at 40,000 cells/insert, and an
incubation at 37 °C during 72 h, a homogeneous cellular monolayer
with a confluence of 80-90% was obtained for BEAS-2B cells, as
previously described for A549 cells.

After 24 h of TNFa (2 ng/ml) treatment in submerged condition,
IL-8 and MCP-1 were significantly increased compared to control
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Fig. 1. IL-8 (A) and MCP-1 (B) production by bronchial epithelial cells BEAS-2B
after air or formaldehyde exposure without or following TNFa or macrophage-
conditioned medium (CM) sensitization.

cells which proved the reactivity of these cells in our culture con-
ditions (data not shown).

After air or FA (at 50 pg/m3) exposure for 30 min, no toxicity was
observed (data not shown) and the production of the two cytokines
was similar for air and FA exposure (Fig. 1). Using the same protocol
the cellular effects on bronchial and alveolar epithelial cells were
comparable.

3.1. Cytokines production after gas exposure on TNFu-sensitized
alveolar and bronchial epithelial cells

First, lung epithelial cells (BEAS-2B and A549) were exposed to
gas (air or FA) after a pre-sensitization period with only a single
potential activator: TNFo.

TNFa sensitization before air or FA exposures on BEAS-2B
cells induced an increase of MCP-1 production compared to non-
sensitized cells (Fig. 1A) whereas no effect was observed on IL-8
production (Fig. 1B). On A549 cells, this sensitization induced a
decrease of IL-8 and MCP-1 production compared to non-sensitized
cells only after air exposure (Fig. 2). In these conditions, FA induced
a significant increase of IL-8 by A549 cells after TNFa sensitization,
compared to air. The IL-8 production by TNFa sensitized BEAS-
2B cells tended to be increased after FA exposure compared to air
(p=0.07). MCP-1 production was not modified by FA exposure on
TNFa sensitized A549 and BEAS-2B cells.

Globally, sensitization with TNFa alone induced only a modest
modification of IL-8 and MCP-1 production, depending on the cell
type, respectively, in response to air or FA.
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Fig. 2. IL-8 (A) and MCP-1 (B) production by alveolar epithelial cells A549 after air
or formaldehyde exposure without or following TNFa or macrophage-conditioned
medium (CM) sensitization.

3.2. Cytokines production after gas-exposure on conditioned
medium sensitized alveolar and bronchial epithelial cells

After testing the effect of sensitization using a single activator,
we tested the effect of sensitization based on the macrophage secre-
tion medium (CM) containing this inflammatory mediator. This
sensitization induced a high increase of IL-8 and MCP-1 for both
the bronchial and alveolar epithelial cells (Figs. 1A, B and 2A, B). The
increase was markedly significant compared to the non-sensitized
cells, and to the TNFa sensitized cells.

On BEAS-2B cells, FA induced a decrease of MCP-1 production
after CM sensitization whereas IL-8 production was not modified
in comparison to air exposure. Against this, A549 cells sensitized
with CM and exposed to FA had an increase of their IL-8 production
and MCP-1 was not modified.

Itappeared that CM sensitization induced a strong increase of IL-
8 and MCP-1 compared to TNFa alone and that A549 and BEAS-2B
cells responded differently to FA in this condition of sensitization.

4. Discussion

Toxicological risk assessment is now being implemented as
a systematic and scientific approach for hazard identification
and health risk characterization after human chemical exposures
(Bakand and Hayes, 2010). Valuable data useful for risk assess-
ment can be obtained by choosing model parameters adapted to
the investigated health effects.
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Our aim was to find the closest experimental conditions to copy
respiratory environmental pollutant exposure, in order to assess
early events resulting from environmental pollution exposure, in
relation to respiratory diseases such as asthma.

After setting up an in vitro model with A549 cells, we tested
the effects of an inflammatory micro-environment on lung epithe-
lial cells using or not CM from human THP-1 macrophages,
and A549 and BEAS-2B cells. Macrophage-secreted factors mod-
ulated cytokine production by both cell lines, although in
a different manner, contrarily to the absence of conditioned
medium.

In this study using the same protocol, i.e. same exposure system
and protocol for both (30 min of exposure, 24 h of post-incubation,
etc.), we tested in parallel the response of bronchial and alveolar
epithelial cells to a common indoor air pollutant, FA. Our model
of air-liquid exposure to pollutants at environmental doses was
initially developed and applied to alveolar epithelial A549 cells
(Persoz et al., 2010, 2011). This cell line is the most frequently used
for assessment of pulmonary effects of environmental pollutants
(Roggen et al., 2006) but is from the lower level of the respira-
tory tract. FA at environmental level (50 wg/m3) had no effects
on A549 cell viability or on cytokine production in comparison to
air.

Environmental FA reacts rapidly in the upper respiratory tract
after inhalation leading to a lower concentration than atmospheric
levels when it comes in contact to the alveolar epithelium (Wolkoff
and Nielsen, 2010). Gas-exposure of a cellular type located upper
in the respiratory tract, such as bronchial cells, is probably more
relevant for studying the effect of FA exposure in the respiratory
tract, and why we selected bronchial BEAS-2B cell line, which has
already been tested in toxicology (Roggen et al., 2006).

Only few authors have compared the response of A549 and
BEAS-2B cells after exposure to environmental pollutants and their
production of IL-8 and MCP-1. Two studies have reported similar
IL-8 production by both cell lines in response to MMP-12 (a metal-
loprotease) and environmental particles (Gualtieri et al., 2010; Le
Quément et al., 2008). In addition, Ekstrand-Hammarstrom et al.
(in press) showed that both cell lines also reacted similarly (medi-
ators assayed: IL-8, IL-6, IL-1ra and 3, G-CSF, VEGF) to several types
of titanium dioxide nanoparticles. However, MCP-1 production
by BEAS-2B cells increased in response to one crystalline struc-
ture of TiO, while the production of this chemokine by A549 cells
remained unchanged.

To compare the FA effect on these two cell lines, the exposure
level we chose for these experiments was 50 pug/m3, the high-
est level within the environmental range without any cytotoxicity
(Persoz etal., 2010, personal data), and we used comparable culture
conditions. In these experimental conditions no modification of
cytokine production was observed after FA exposure in comparison
to air. In these conditions, alveolar and bronchial cells seemed to be
insensitive to FA exposure at levels compatible with environmental
exposure.

One of the main difficulties in representing environmental expo-
sure in vitro is the complexity of the lung compartment, with
different types of cells in the respiratory tract cooperating together.
Among the models recently developed to perform air-liquid
exposure to environmental pollutants, most were performed on
epithelial cell without simulation of macrophage-epithelial cell
cooperation, just as in toxicological studies, i.e. with high levels
of pollutants (Anderson et al., 2010; Bakand et al., 2006; Gminski
etal., 2010; Koehler etal.,2010; Switallaetal.,2010; Volckens et al.,
2009). Few studies have reported cell sensitization, and in this case
single activators, such as TNFa (Fischader et al., 2008), were used.
We therefore tried to mimic the continuous cooperation between
epithelial cells and macrophages, which is partly based on epithelial
cell activation by the main pro-inflammatory cytokines IL-13 and

TNFa (Chung, 2009). Consequently, we first tested sensitization of
the epithelial cells with TNFa.

This type of sensitization applied to A549 cells during envi-
ronmental VOCs (styrene, m-xyléne, chlorobenzene) air-liquid
exposure enabled modification of cytokine production (IL-6, IL-
8 and MCP-1) whereas no effects were observed without any
sensitization (Feltens et al., 2010; Fischader et al., 2008). In our
experimental conditions, this sensitization with a single activator
induced a similar moderate modification of cytokine production
when exposure to air for each cell line was performed.

In order to represent a more complex and relevant sim-
ulation of the lung microenvironment and its physiology, we
refined the sensitization of the epithelial cells with conditioned
medium from THP1 macrophages: conditioned medium produced
by macrophages contains biological compounds at physiological
concentration and ratios as in the lung compartment. We diluted
the initial conditioned medium, prior to using it on the cells, to
obtain relevant levels of produced cytokines in the same order of
magnitude as those reported in induced sputum of healthy subjects
(Jatakanon et al., 1999). This medium induced a strong increase
of MCP-1 and IL-8 production by A549 and BEAS-2B cells, for air
exposure, compared to the results with TNF 1 ng/ml or without any
sensitization, although the concentration of conditioned medium
TNFa was 3 x 1073 ng/ml and thus significantly lower than 1 ng/ml,
the concentration used for sensitization with only TNFa. In addi-
tion CM sensitization prior to FA exposure revealed a decrease
in the production of MCP-1 by BEAS-2B cells and an increase of
IL-8 by A549 cells, contrary to the other conditions. Decrease of
MCP-1 inresponse to an environmental stress such as particle expo-
sure has been previously described in parallel to the increase of
other inflammatory markers (IL-6, IL-8 and IL-1[3) (Fuentes-Mattei
etal.,2010). The significance of difference of inflammatory behavior
between these cell lines needs further investigations.

With regard to the protocol we used, epithelial cells were sen-
sitized to CM prior to pollutant exposure. Other experimental
sequences have also been proposed, such as applying the medium
produced by macrophages exposed to pollutants to epithelial
cells (Brown et al., 2007; Jiménez et al.,, 2002). This protocol
also resulted in enhancement of IL-8 release by lung epithelial
cells.

We can draw two main conclusions from our study. Firstly,
that in our exposure conditions the response of human alveo-
lar and bronchial epithelial cells to FA was moderate, and merits
further investigation. Considering the high intrinsic effect of the
conditioned medium and the low differences induced by FA expo-
sure, whatever the cell line, our results suggest that experimental
exposure to FA should be extended to better mimic the long term
and at low dose environmental exposure. Secondly, that complex
sensitization refines the inflammatory response to environmental
stresses: when sensitized with CM, these cell lines respond differ-
ently to FA exposure.

Formaldehyde can exacerbate airway inflammation occurring
in severe asthma by interacting with the respiratory epithelium,
and even synergize the effects of other air pollutants such as
allergens. Further information about the effects of FA on the respira-
tory epithelium could be gathered by evaluating the inflammatory
response of upper respiratory tract cells at nasal level.
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