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Abstract

ABSTRACT

Exposure to fine and ultra-fine environmental particles is still a problem of concern in many
industrialized parts of the world and the intensified use of nanotechnology may further
increase exposure to small particles. Since many years air pollution is recognized as a
critical problem in western countries, which led to rigorous regulation of air quality and the
introduction of strict guidelines. However, the upper thresholds for particulates in ambient air
recommended by the world health organization are often exceeded several times in newly
industrialized countries. Such high levels of air pollution have the potential to induce adverse
effects on human health. The response triggered by air pollutants is not limited to local
effects of the respiratory system but is often systemic, resulting in endothelial dysfunction or
atherosclerotic malady. The link between air pollution and cardiovascular disease is now
accepted by the scientific community but the underlying mechanisms responsible for the pro-
atherogenic potential still need to be unraveled in detail. Based on the results from in vivo
and in vitro studies the production of reactive oxygen species due to exposure to particles is
the most important mechanism to explain the observed adverse effects. However, the doses
that were applied in many in vivo and in vitro studies are far beyond the range of what
humans are exposed to and there is the need for more realistic exposure studies. Complex
in vitro coculture systems may be valuable tools to study particle-induced processes and to
extrapolate effects of particles on the lung.

One of the objectives of this PhD thesis was the establishment and further improvement of a
complex coculture system initially described by Alfaro-Moreno et al. [1]. The system is
composed of an alveolar type-ll cell line (A549), differentiated macrophage-like cells
(THP-1), mast cells (HMC-1) and endothelial cells (EA.hy 926), seeded in a 3D-orientation
on a microporous membrane to mimic the cell response of the alveolar surface in vitro in

conjunction with native aerosol exposure (Vitrocell™

chamber).
The tetraculture system was carefully characterized to ensure its performance and

repeatability of results. The spatial distribution of the cells in the tetraculture was analyzed
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Abstract

by confocal laser scanning microscopy (CLSM), showing a confluent layer of endothelial and
epithelial cells on both sides of the Transwell™. Macrophage-like cells and mast cells can be
found on top of the epithelial cells. The latter cells formed colonies under submerged
conditions, which disappeared at the air-liquid-interface (ALl). The Vitrocell™ aerosol
exposure system was not significantly influencing the viability. Using this system, cells were

exposed to an aerosol of 50 nm SiO,-Rhodamine nanoparticles (NPs) in PBS. The

distribution of the NPs in the tetraculture after exposure was evaluated by CLSM.
Fluorescence from internalized particles was detected in CD11b-positive THP-1 cells only.
Furthermore, all cell lines were found to be able to respond to xenobiotic model compounds,
such as benzo[a]pyrene (B[a]P) or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) with the
upregulation of CYP1 mRNA.

With this tetraculture system the response of the endothelial part of the alveolar barrier was
studied in vitro in a still realistic exposure scenario representing the conditions for a polluted
situation without direct exposure of endothelial cells. After exposure to diesel exhaust
particulate matter (DEPM) the expression of different anti-oxidant target genes and
inflammatory genes such as NAD(P)H dehydrogenase quinone 1 (NQOT), superoxide
dismutase 1 (SOD1) and heme oxygenase 1 (HMOXT), as well as the nuclear translocation
nuclear factor erythroid-derived 2 (Nrf2) was evaluated. In addition, the potential of DEPM to
induce the upregulation of CYP1A1 mRNA in the endothelium was analyzed.

DEPM exposure led not to an upregulation of the anti-oxidant or inflammatory target genes,
but to clear nuclear translocation of Nrf2. The endothelial cells responded to the DEPM
treatment also with the upregulation of CYP1A1 mRNA and nuclear translocation of the aryl
hydrocarbon receptor (AhR). Overall, DEPM ftriggered a response in the endothelial cells
after indirect exposure of the tetraculture system to low doses of DEPM, underlining the
sensitivity of ALI exposure systems. The use of the tetraculture together with the native
aerosol exposure equipment may finally lead to a more realistic judgment regarding the

hazard of new compounds and/or new nano-scaled materials in the future. For the first time,
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it was possible to study the response of the endothelial cells of the alveolar barrier in vitro in
a realistic exposure scenario avoiding direct exposure of endothelial cells to high amounts of

particulates.



Abstrakt

ABSTRAKT

Exposition gegeniiber feinen und ultrafeinen Partikeln ist gegenwartig ein
ernstzunehmendes Problem in vielen industrialisierten Teilen der Welt und der verstarkte
Einsatz von Nanotechnologie kdnnte das Risiko der Exposition gegenuber kleinen Partikeln
weiter erhéhen. Seit vielen Jahren ist die Luftverschmutzung ein anerkanntes Problem in der
westlichen Welt, was zu strikten Vorschriften und Regulierungen der Luftqualitat gefuhrt hat.
Allerdings werden in den aufstrebenden Schwellenldandern die von der
Weltgesundheitsorganisation empfohlenen Grenzwerte teils um das Vielfache Uberschritten.
Diese aulerordentlich hohe Luftverschmutzung wirkt sich nachteilig auf die menschliche
Gesundheit aus. Die Effekte, die die Luftschadstoffe auslésen sind dabei nicht nur lokal
begrenzt, sondern wirken sich oft systemisch aus resultierend in endothelialer Dysfunktion
oder auch Atherosklerosis. Der Zusammenhang zwischen Luftverschmutzung und
kardiovaskularen Erkrankungen ist inzwischen von Experten allgemein akzeptiert, auch
wenn die zugrundeliegenden Mechanismen noch im Detail untersucht werden mussen.
Basierend auf den Resultaten von in vivo und in vitro Studien ist die Produktion von
reaktiven Sauerstoffverbindungen der wichtigste Mechanismus um die negativen Effekte zu
erklaren. Allerdings sind die fir die Studien genutzten Partikeldosen weit Gber dem fur den
Menschen relevanten Bereich, weshalb realistischere Expositionsstudien gebraucht werden.
Komplexe in vitro Cokultursysteme sind wertvolle Werkzeuge um die partikelinduzierten
Prozesse zu studieren und die Effekte auf die menschliche Lunge zu extrapolieren.

Ein Ziel dieser Doktorarbeit war die Etablierung und weitere Verbesserung eines
Cokultursystems, das urspriinglich von Alfaro-Moreno et al. beschrieben wurde [1]. Das
System besteht aus alveolar Type-Il Zellen (A549), differenzierten Makrophagen (THP-1),
Mastzellen (HMC-1) und Endothelzellen (EA.hy 926), die in einer 3D-Anordnung auf einer
Transwell™ Membran angesiedelt sind um die zellulare Antwort der Alveolarbarriere
gengenuber Aerosolen zu imitieren. Daruber hinaus wurde das System flr die Verwendung

nativer Aerosolexpositionstechnik (Vitrocell™-Kammer) angepasst. Das Tetrakultursystem
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wurde sorgfaltig charakterisiert um Leistungsfahigkeit und Reproduzierbarkeit zu
gewabhrleisten.

Die raumliche Verteilung der Zellen wurde durch konfokale Laserscanningmikroskopie
analysiert und zeigte eine konfluente Zellschicht auf beiden Seiten der Transwell™-
Membran. Makrophagen und Mastzellen befinden sich auf der Oberseite der Epithelzellen.
Makrophagen und Mastzellen bilden Kolonien unter submersen Bedingungen, die aber
verschwinden, sobald die Zellen am Air-Liquid-Interface kultiviert werden (ALIl). Das

ITM

Vitrocell™ Aerosolsystem beeinflusste nicht die Vitabilitdt der Zellen. Mit Hilfe des Systems

wurden die Zellen gegenuber 50 nm SiO,-Rhodamine Nanopartikeln (NP) in PBS exponiert.

Die Fluoreszenz der internalisierten NP konnte lediglich in CD11b-positiven THP-1 Zellen
detektiert werden.

Alle Zellen des Tetrakultursystems reagierten auf die Exposition gegeniiber xenobiotischen
Stoffen, wie Benzo[a]pyrene (B[a]P) oder 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), mit
der Hochregulation von CYP1 mRNA. Mit Hilfe des Tetrakultursystems wurde die Reaktion
des endothelialen Teils der alveolaren Barriere in vitro gegenlber Dieselpartikeln in einem
realistischen Expositionszenario flir hohe Luftverschmutzung untersucht. Nach der
Exposition wurde die Expression verschiedener anti-oxidativer und anti-inflammatorischer
Zielgene, wie NAD(P)H Dehydrogenase Quinone 1 (NQOT1), Superoxide Dismutase 1
(SODT) und Heme Oxygenase 1 (HMOXT) analysiert. Auflerdem wurde die Translokation
des Transkriptionsfaktors Nuclear Translocation Nuclear Factor Erythroid-derived 2 (Nrf2)
untersucht.

Die Exposition gegenlber der Dieselpartikel flhrte nicht zu einer veranderten Expression
der Zielgene, aber zu einer signifikanten Translokation von Nrf2. Die Endothelzellen
reagierten auf die indirekte Exposition mit einer Hochregulation von CYP1A1 mRNA und

nukleadrer Translokation des Aryl-Hydrocarbon-Rezeptors.
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Insgesamt sorgte die Exposition gegeniber der geringen aber relevanten Dosen an
Dieselpartikeln fiir eine messbare Antwort im endothelialen Teil der Tetrakultur was die
Sensitivitdt des Systems unterstreicht.

Die Verwendung des Tetrakultursystems zusammen mit der nativen Aerosolexposition kan
zu einer realistischeren Einschatzung der Effekte neuer Stoffe und Chemikalien,
insbesondere Nanomaterialien, auf die menschliche Lunge, fiihren. In dieser Arbeit war es
zum ersten Mal moglich die zellulare Antwort von Endothelzellen der Alveolarbarriere in vitro
in einem realistischen Expositionsszenario zu studieren ohne die Zellen direkt zu

exponieren.
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Introduction

1. INTRODUCTION

Since the dawn of mankind, individuals have been exposed to small particulates, either from
combustion processes, e.g. fires in caves, forest fires, etc. or other natural processes, such
as volcanic eruptions or simply blowing winds or waves on the shore [2, 3].

During the last 250 years, the level of exposure to combustion derived particulates increased
dramatically in western countries due to the industrialization but also because of
globalization processes, such as increased ftraffic and shipping activities. During recent
years much effort was put into lowering the amount of particulate air pollution in Europe,
resulting in better air quality and overall lower particle burdens [4, 5]. However, exposure to
small ambient particles like particulate matter (PM; aerodynamic diameter <10 um), is still of
high concern in many industrialized countries. A large number of studies indicate that
continuous exposure to air pollution and to PM significantly increase morbidity and mortality
related to respiratory but also cardiovascular diseases [6], linking the level of exposure
directly to human health. The relationship between daily exposure to polluted air and
augmented mortality became dramatically obvious during the London fog episode in 1952,
that was followed by a significant increase in mortality [7]. It was estimated that more than
12000 people lost their lives [8]. One possible explanation for the toxicity of atmospheric
particles is the fact that these particles can absorb pneumotoxic heavy metals, as well as
polycyclic aromatic hydrocarbons (PAHs) attached on their surfaces [9]. Particle bound
transport is considered to be a fundamental pathway for the distribution of these, in part
toxic, compounds in the environment [10].

Besides the larger particles with an aerodynamic diameter between 10 (PM;o) and 2.5 ym
(PM25) smaller particles have detrimental effects on human health. During recent years
intensified use of nanotechnology led to the production of many new nanomaterials that can
be found in consumer products. The use of these materials may further increase exposure to
ultrafine particles (aerodynamic diameter <100 nm) potentially enforcing the risk for

respiratory diseases for workers in the nanomaterial production sites but also consumers.
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Nanomaterials and nanoparticles (NPs) (the first defined as a material with at least one
dimension <100 nm and the latter with all dimensions <100 nm) have become of primary
interest for different kinds of industries. These particles possess unique properties compared
to their parent compounds making them attractive for application in a wide spectrum of
industrial fields. However, these unique properties are not accounted for in the
environmental risk assessment methods that the registration, evaluation, authorization, and
restriction of chemicals (REACH) proposes in their program on environmental exposure
estimation [11]. Despite a clear lack of knowledge on the toxicity of NPs and missing
regulation, more  than 1000 customer products already contain  NPs
(www.nanotechproject.org). Exposure to NPs has been linked to the induction of adverse
effects on human health and to aggravation of pre-existing diseases like asthma [2]. Ambient
air also contains considerable amounts of environmental particles, such as PMyg and some
reports suggest that the toxicity of environmental PM is mainly exhibited by the nano-fraction
(reviewed in [12]).

The alveolar epithelium is a very thin gas permeable barrier, composed of alveolar type |
and Il (AT-I, AT-Il) cells with a high number of capillaries underneath. Due to their small size,
some ultrafine particles can cross the alveolar barrier and affect the underlying cells or even
enter the bloodstream thus causing damage in other compartments of the human body.
Animal studies, but also studies with human volunteers, have demonstrated the potential of
different kinds of NPs to cross the alveolar barrier [13-16]. In rodents, different NPs were
found in lymph nodes [17], the brain [18] and other parts of the central nervous system [19]

several hours after exposure.

1.11. ABOUT THE ORGANIZATION OF THE LUNG — A SHORT OVERVIEW

The respiratory system is highly specialized and it allows gas exchange between the blood

stream and the inhaled air at a high yield. The respiratory system can be subdivided into the
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upper respiratory tract and the lung, which represents the lower respiratory tract. The upper
respiratory tract comprises the nasal cavity, the pharynx and the larynx. The lung (lower
respiratory tract) is composed of the trachea, which is fused to the larynx, the primary
bronchi, which lead to the bronchioles and finally the alveolar region (Figure 1).

Upper respiratory tract
Nasal cavity .

Pharynx

Larynx

Lower respiratory tract 'ﬁ |

Trachea

Primary bronchi

QZCr-

Lungs

Figure 1: Simplified scheme of the organization of the human respiratory tract. The human
respiratory tract can be subdivided into two main parts: the upper respiratory tract and the lower

respiratory tract. The latter one is normally referred to as the lung. Adapted and modified from [20].

The bronchial tree in the lower respiratory tract can be roughly described as an
accumulation of branching tubes, stemming from the main trachea [21]. The diameter of
these tubes (the bronchi) decreases progressively until the terminal bronchioles with the
alveolar sacs at the end, which is also referred to as the distal respiratory tract [22]. The
main function of the bronchi and bronchioli is to conduct inhaled air to the lower respiratory
tract where the actual gas exchange takes place in more than 300 million alveoli in order to
provide maximized gas exchange via a vast surface. The conducting zone itself does not
allow gas exchange [23]. The total surface area for gas exchange in an adult lung is
between 55 m?and 80 m? [24] and at the end of a normal breath, the lung consists of about
80% air, 10% blood, and only 10% tissue by volume [25].

The surface of the respiratory tree is formed by a continuous layer of epithelial cells, which

play an important role in maintaining the functionality of the lung, such as forming a barrier to
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pathogens and other harmful compounds, facilitating mucociliary clearance, secreting
protective substances, etc. [26]. This epithelium shows a complex and different composition
regarding e.g. the bronchioli and the alveoli (Figure 2). In total, more than 40 cell types were
described within the epithelia of the respiratory system [27]. Many of these are intermediates
or differentiating cells, leaving more or less a dozen morphologically and functionally unique
epithelial cell types that can be identified [28]. The epithelium in the lower respiratory tract
(trachea and bronchi) is pseudostratified and columnar, composed of secretory goblet cells,
which produce mucus and basal cells and ciliated cells, which are necessary for mucociliary
clearance (Figure 2). In the bronchioles, the epithelium consists of more cuboidal shaped
cells with shorter cilia and secretory clara cells. The distal respiratory tract with the alveoli
mainly consists of AT-I and AT-Il cells, which cover the alveolar epithelium (Figure 2) [21].
The alveolar epithelium is highly vascularized by capillaries underneath the basal membrane
to improve the gas exchange between air and blood. AT-Il cells serve many different
functions, including surfactant production or as a progenitor of AT-l cells. A resident
population of alveolar macrophages resides in the interstitial spaces to perform alveolar

clearance of inhaled particles and pathogens [23].
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Trachea/Bronchus Bronchiolus Alveolus

Mucus/Surfactant

Surfactant
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Lamina propria ——>{] W@
o N
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& —o
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Epithelial Cell (Discharging Mucus) Basal Cell epithelial cell Clara Cell Epithelial Cell Epithelial Cell

Figure 2: Simplified scheme of the structure of the airway wall at the three principal levels. The
epithelial layer gradually becomes reduced from pseudostratified to cuboidal and then to squamous.
The organization of the airway wall is mainly a mosaic of epithelial and secretory cells. In the alveoli,
the smooth muscle layer is not present. The fibrous layer contains cartilage only in bronchi and

gradually becomes thinner as the alveolus approached. Adapted and modified from [29].

1.1.2. PARTICLE DEPOSITION AND RETENTION IN THE RESPIRATORY TRACT: TARGETS
FOR PARTICLE INTERACTION

The PAHSs that are a component of urban PM and DEPM have been described to possess
genotoxic potential [30-32]. They constitute a major class of environmental pollutants and
many can be metabolized by macrophages following the induction of CYP1A1 [33-36], to
diol-epoxides resulting in strong mutagenic and carcinogenic metabolites [37, 38].

The induction of the phase | enzyme CYP1A1 is important for the detoxification of lipophilic
chemicals including PAHs in order to avoid accumulation of toxic concentrations inside the
cell. PAHs but also halogenated aromatic hydrocarbons such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) can pass the cellular membrane and form a complex with the

arylhydrocarbon receptor (AhR) in the cytoplasm [39]. The PAH-AhR-complex acts together
17
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with the arylhydrocarbon receptor nuclear translocator (Arnt) as an activator of the
xenobiotic response element (XRE), which can be found in the enhancer region genes
coding for several phase | enzymes, such as CYP1A1 [39, 40]. CYP1A1 converts PAHs and
other xenobiotics to oxidatively labile metabolites. These metabolites can interact and
damage cellular components such as lipids, proteins and especially DNA by forming DNA
adducts [30, 41, 42]. Additionally, the quinone metabolites formed by CYP1A1 contribute to
enhanced ROS in cells [43-45].

The respiratory system is the main portal for the entrance of small particles into the human
body [46]. Ultra fine particles (UFPs) with an aerodynamic diameter of less than 100 nm, are
mainly deposited in the alveolar region (Figure 3) [47], which is the most prone region for

injuries due to the lack of mucociliary clearance [48, 49].

Nasopharyngeal zone - 5-10 um

Trachea - 3-5pum
Bronchi - 2-3 ym

-
-
.-
-
—
e
~

Bronchioli=> 1-2 ym
Alveoli - <1 um

Figure 3: Deposition of particles in the respiratory system in respect to their aerodynamic
diameter. Deposition of particles in the lung strongly depends on the aerodynamic diameter of a

particle. The smaller a particle the deeper it penetrates into the lung until reaching the alveoli [47].

The behavior and the fate of aerosolized particles are mainly influenced by their
aerodynamic properties, the flow dynamics during breathing and the anatomy of the

respiratory tract leading to different deposition efficiencies. Upon entering the human
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respiratory tract, the environmental conditions change dramatically, regarding temperature
and the humidity saturation of the atmosphere [50]. In addition, the structure and
composition of the particles itself are not static, but rather undergo various physical and
chemical interactions and transformations, resulting in a process called atmospheric aging.
This also includes changes in size distribution and aggregation state.

In the environment, particle number and mass concentrations vary typically between 10 to
10%/cm® and 1 to 100 mg/m?, respectively [50, 51]. After combustion DEPM was found to
form aggregates with a diameter between 0.1-0.5 pym. As a result about 90% of these
particles can be inhaled due to their small size. From this inhalable fraction up to 33% are
likely deposited on the respiratory tract and about one-third of these is expected to reach the
area of gas exchange [52]. Particles that are deposited in the mucus layers on top of a
ciliated surface of the respiratory tract can be cleared through mucociliary clearance within
24 hours [50, 53, 54]. For particles deposited in the alveolar region, clearance mechanisms
must function independently from mucus layers and ciliated surfaces, thus resulting in much
longer retention times. Clearance is mainly executed by a resident population of
macrophages (alveolar macrophages, AMs) [50]. For rats an alveolar clearance half-life of
62 days was reported for DEPM [55]. This slow clearance of UFPs is partly due to the low
efficiency of AMs to ingest high amounts of such small particles in vivo [56]. Consequently a
portion of these particles can reach the blood stream by crossing the alveolar epithelium
[50].

The alveolar epithelium consists of two subtypes: squamous AT-I cells that form the actual
lining and the cuboidal AT-II cells that have secretory functions. AT-I cells cover a large area
per cell, they are flat and squamous in shape. Their main function is to serve as a thin and
gas-permeable epithelial barrier [21]. Although AT-IlI cells are more numerous than AT-I
cells, about 95% of the alveolar surface area is covered by AT-l cells [25, 57, 58].
Furthermore, tight junctions between the cells avoid the entrance of foreign material and
pathogens into the interstitium [59]. Since AT-l cells are considered to be terminally

differentiated and unable to perform further divisions their replacement depends on the
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mitosis and differentiation of AT-Il cells [60]. AT-Il cells have therefore two main functions:
they produce and secrete the protective surfactant layer and they are the progenitors for
both types of alveolar cells. Regarding its composition, the surfactant is a mixture of mainly
saturated phospholipids together with proteins. Important components of the surfactant are
the apoproteins surfactant protein A (SP-A), surfactant protein (SP-B), surfactant protein
(SP-C), and surfactant protein (SP-D). The surfactant system serves three major functions
in the alveolar system. First, it lowers surface tension at the surface, thus keeping alveoli
open and preventing them from collapsing. Second, the surfactant prevents fluid fluxes into
the alveolar lumen by lowering alveolar surface tension, thus keeping alveoli relatively dry.
Third, it contributes to the lung’s innate immune defense, thus keeping alveoli clean. This
important function of the surfactant film is due to the nature of SP-A and SP-D. These two
surfactant proteins act as collectins that are able to bind to the surface of various pathogens
and to act as opsonins in order to facilitate their elimination by alveolar macrophages [61-
63]. In addition to SP-A and SP-D, AT-II cells are able to secrete the bacteriolytic lysozyme,
which can be found in the surfactant, too [64, 65]. These biophysical and immune-
modulatory functions are dependent on a complex system of biochemical and morphological
factors (reviewed in [25]).

Because of their importance for the alveolar system and the defence of the alveoli against
pathogens, they have been referred to as “defender of the alveolus” [66, 67]. In addition to
the secretion of the surfactant, these cells are also capable of secreting a spectrum of
inflammatory mediators after insult, such as granulocyte macrophage colony-stimulating
factor (GM-CSF), monocyte chemotactic protein 1 (MCP-1), the interleukins (IL) 1g, 4, 6, 8
and the chemokine “regulated on activation, normal T cell expressed and secreted”
(RANTES) [67]. Among these mediators, IL-1g, and IL-6 are produced by AT-Il cells in
response to particles [68].

The chemokines RANTES and MCP-1 chemotactically attract macrophages [69], as well as
GM-CSF [70, 71], can also stimulate macrophage growth [72]. SP-A, that is produced by

AT-Il cells, was found to modulate macrophage functions such as, oxygen radical release
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[73], and nitric oxide production [74]. In addition, AT-II cells have the potential to interact with
leukocytes due to the production of the cytokines IL-6 or IL-8 [67]. By the secretion of these
cytokines, AT-II cells potentially induce the differentiation of specific leucocyte subtypes,
such as, basophil, eosinophil and neutrophil granulocytes [67].

The uptake and removal of particles and pathogens in the alveoli is predominantly done by
macrophage phagocytosis because of the lack of a mucociliary escalator [50]. The AMs are
the principal phagocytic and scavenger cells on alveolar surfaces and form up to 90% of
cells found in the alveolar spaces [75]. AMs are the first line of protection against inhaled
antigens and pathogens [76] and show a strong phagocytic activity that is even enhanced by
the contact with opsonized particulates and following inflammatory signals such as IFN-y [77,
78]. Insoluble particles that reach the alveolar surface are efficiently removed by AMs, as
long as they do not affect the phagocytic activity and although, to a lesser extent, are
transported into the interstitium via transcytosis [46]. However, particles which are not
soluble in mucus or in surfactant, are generally not easily engulfed by macrophages and
particles with a size below 0.26 um can elude the macrophage defense system [79].
Inhalation studies indicate that particle size plays a crucial role in the clearance process. A
subchronic inhalation study found after exposure of rats to ultrafine (around 20 nm) and fine
(around 200 nm) titanium dioxide (TiO,) a significantly slower clearance for the smaller
particles. This was due to extended translocation of the ultrafine material to interstitial
spaces and consequently to the draining regional lymph nodes in comparison to the fine
TiO, particles [80]. These particles can get easily into contact with the epithelial cells and be

translocated through the epithelium and reach interstitial spaces or the blood stream [81].

1.2. PARTICULATE MATTER IN THE ENVIRONMENT AND THEIR ROLE AS AIR POLLUTANT
In many parts of the world, the near surface atmosphere contains considerable amounts of

coarse (aerodynamic diameter <10 um), fine (aerodynamic diameter <2.5 ym) and ultrafine
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particles (aerodynamic diameter <0.1 pm). PM in general can be considered to be of
complex composition, originating from both natural sources and from anthropogenic
activities such as vehicle emissions, industrial combustion processes, thermal power plants
and many others [82, 83]. PM comprises a vast range of different particulates and contains
many different compounds [84].

Diesel engines emit up to 100 times more particles compared to gasoline engines equipped
with modern exhaust treatment systems [85-88]. Regarding the high cost of fuel in many
countries, the use of diesel engines has increased due to its superior energy efficiency and
increased engine lifetime. In Europe, diesel engines power 37% of all new cars, with
reaching the highest rate in France with 62% [89]. In Japan, even 75% of trucks, 98% of
buses, and 12% of passenger cars in 1998 were powered by diesel engines [90]. Emissions
from diesel vehicles cause up to 70% of the air pollution in metropolitan areas in countries
like China, India, Mexico, Chile or Russia [91]. In these countries, the concentration of 50 ug
PM;o per m? air, which is recommended by the world health organization (WHO) [92], is
often more than four times exceeded at peak loads. In Chennai (India), PM4 concentrations
even reach up to 1.47 mg per m? air under high traffic conditions [91]. The main reasons for
the general omnipresence of DEPM as environmental pollutant is most probably the lack of
a general implementation for particle filters for diesel-fuel-powered engines [93].

Human epidemiological studies revealed that high exposure levels of PMy,, containing a
considerable fraction of DEPM, are associated with increased hospital admissions for
respiratory diseases such as asthma or bronchitis [94-96]. Overall the number of individuals
suffering from asthma increased dramatically over the last decades in industrialized
countries [97] with an augmentation for the prevalence of asthma of approximately 6% per
year worldwide [98-102]. An estimated number of 300 million people worldwide suffer from
asthma, with 250000 individuals dying each year as a direct consequence of the disease

[103].
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1.2.1. DIESEL EXHAUST PARTICLES AS MAJOR ENVIRONMENTAL PARTICULATE

In Europe and Japan, DEPM is the main air pollutant [104]. These particles seem to possess
a high potential for adverse effects on human health. Evaluation of the hazard of DEPM can
be considered to be a special task, since they posses several special characteristics. DEPM
was found to act as a carrier for considerable amounts of metals and organic compounds
[9]. The surface structure of these particles is complex and heterogeneous. On the outer
shell, that is surrounding the carbon core, heavy metals such as lead, chromium, copper and
zinc can be found. Those metals were shown to have inhibitory effects on the nitric oxide
(NO) production by the inducible form of the nitric oxide synthase (iNOS), which can
compromise the regulation of the vascular tone in the blood vessels [105]. Even short
exposure times, as little as 1 h, were found to impair already the regulation of the vascular
tone due to a reduced production of NO by endothelial cells [106]. An impaired endothelium-
dependent regulation of the vascular tone is associated with an increased risk of acute
cardiovascular events, such as cardiac death [107].

In addition, other molecules present, such as some PAHs or heavy metals, can be a source
of oxidative stress, which seems to be an important mechanism for the adverse effects of
DEPM [105, 108-114]. It was shown that the distribution of PAHs and heavy metals in the
outer shell is not homogenous and differs from particle to particle, making it even more
complex to study and to forecast the effects of these particles [9]. The heterogeneous
distribution of heavy metals and PAHs shows highly concentrated hotspots [9]. Even in
cases when the total concentration of PAHs and heavy metals in the particles on a total
weight basis is low, these hotspots might be able to elicit a reaction when coming into
contact with cellular components.

Up to now many in vitro studies evaluating the hazard of DEPM were using extracts of
particles, since experiments with native aerosol exposure equipment are complex and cost
intensive. In respect to the complex structure and composition of DEPM, extracts may not

properly reflect the effects for example due to the absence of the carbon core [115].
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Furthermore, the composition of DEPM might change in respect to the type of diesel fuel,
that is used, or the state of the engine (e.g. load or idle conditions). Potential contamination
with bacterial endotoxins such as lipopolysaccharides (LPS) may lead to an overestimation
of the pro-inflammatory potential of DEPM under in vitro conditions. However, under
laboratory conditions, DEPM can be generated and sampled under highly controlled and
reproducible conditions for toxicology studies. In respect to the fact that diesel particles are
the dominant component of PM in urban regions and industrialized countries they are
frequently used as model particles in human and animal in vivo and in vitro studies
(reviewed in [116]) and it is assumed that the ultrafine fraction of DEP is mainly responsible

for the observed adverse effects [48].

1.2.2.  EFFECTS OF DIESEL PARTICULATE MATTER ON HUMAN HEALTH

In general, the predominant chemical components of ambient PM are sulfate, nitrate,
ammonium, sea salt, mineral dust, organic compounds, and black or elemental carbon.
Although some of the chemicals that can be found in ambient PM, e.g. benzo[a]pyrene
(B[a]P), are definitely toxic, under standard conditions none of them reaches a concentration
to be of acute toxicological concern [49]. However, as emerged from a multitude of studies,
DEPM possesses a clear adverse potential for human health in acute and chronic exposure
scenarios resulting in short-term and long-term effects [52, 106, 112, 115, 117-134]. In real
life, observed adverse health effects are unlikely a consequence of just a single PM
component, but rather based on complex and synergistic interactions of multiple
components in varying physical structures with the respiratory tract and other target organs
[49]. Understanding the mechanisms involved in the adverse effects is crucial for the
development of protective strategies, but may help to cure PM related diseases, too.

The number of hospital admissions for pulmonary diseases and cardiovascular injury

correlates well with PM levels in ambient air, especially during periods with high levels of
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particles [7, 94], which is also associated with increased mortality [135, 136]. During recent
years, the link between air pollution and the progression of atherosclerosis was elucidated
[137]. It is hypothesized that tissue damage due to massively increased oxidative stress is
one of the principal mechanisms of PM-induced sub-chronic pulmonary inflammation.
Similarly this mechanism is speculated to be responsible for the observed pro-atherogenic

effects of urban PM in the long run [138].

1.2.3. THE HIERARCHICAL OXIDATIVE STRESS CONCEPT

The ability of some particles such DEPM, carbon black, or urban PM to induce the
production of reactive oxygen species (ROS) [131, 139-141] strengthens the association
between elevated exposure to particulates and exacerbations of lung disease [142]. E.g., in
the case of allergic asthma the role of ROS is in general often overlooked [143] and
intracellular signaling and transcriptional alterations induced by oxidative stress have not
been much studied regarding the endothelial homeostasis [118, 144]. In order to better
explain the link between air pollution and lung inflammation, the concept of the hierarchical
oxidative stress response was developed (Figure 4) [143]. The ultrafine fraction of PM is rich
in organic chemicals, such as PAHs and quinones [145]. These chemicals contribute to the
generation of ROS by their redox cycling as well as possibly through an impairment of the
mitochondrial function [146]. Many studies indicate, that PM can be a direct source for
oxidative stress [108-110, 112, 114, 147]. DEPM particles can reduce cytochrome P450
reductase activity, leading to increased superoxide production [148]. The redox cycling
organic hydrocarbons and transition metals found in DEPM are capable of generating airway
inflammation through their ability to generate reactive oxygen species (ROS) [145, 149]. The
intrinsic potential of DEPM to produce ROS was demonstrated using a cell free in vitro
system with DEPM suspended in phosphate buffer [150].

Local and systemic oxidative stress are likely to be the common link between pulmonary
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exposure and systemic effects [151]. Regarding the hierarchical oxidative stress concept
different doses of air pollutant particles induce a tiered cellular response [143].

The hierarchical oxidative stress model can be divided into three tiers regarding the level of
oxidative stress. Once the generated ROS amount overwhelms the antioxidant protection,
this results in oxidative stress [152]. In tier 1 the level of oxidative stress is low and induction
of the antioxidant defense mechanisms via nuclear factor erythroid-derived 2 (Nrf2)
translocation and new formation of antioxidant enzymes, such as heme oxigenase 1 (HO-1)
and superoxide dismutase 1 (SOD1). These enzymes cope with the stress and
consequently restore cellular redox homeostasis (Figure 4). For instance SOD1 is able to
prevent the more damaging pro-inflammatory and apoptotic effects by converting superoxide
anions into hydrogen peroxide [153]. HO-1 is an antioxidant enzyme, whose expression is
upregulated via the transcription factor Nrf2 that binds to the antioxidant response element
(ARE) in tier 1 of the oxidative stress response. HO-1 expression can be upregulated by its
substrate heme and by various non-heme substances that can be found as components in
PM, such as heavy metals, bromobenzene, endotoxins and oxidizing agents [154, 155]. As
an example, PM was found to trigger the upregulation of heme oxygenase 1 (HMOXT)
MRNA coding for HO-1 in endothelial cells [122, 124]. Besides its role in heme catabolism
[155, 156] HO-1 has emerged as an important phase Il and anti-inflammatory enzyme,
which is highly upregulated by oxidative stress [157]. This enzyme generates biliverdin
through the catabolism of heme leading to the generation of a potent antioxidant that is able
to scavenge efficiently radicals. In endothelial cells basal levels of HO-1 were found to be
important for the protection against inflammation [158]. HO-1 was described to be an
important oxidative stress sensor in endothelial cells [124] and to play a critical role in tier 1
of the hierarchical oxidative stress response in the vasculature for the progression of
atherosclerosis [159]. It is assumed that HO-1 is among the most critical cytoprotective
mechanisms activated to counteract oxidative stress [157]. In tier 2 at an intermediate level
of oxidative stress a pro-inflammatory response is induced by the activation of mitogen-

activated protein kinases (MAPK) and nuclear factor kappa B (NF-B) related pathways
26



Introduction

(Figure 4). Finally in tier 3 the highest level of oxidative stress induces a perturbation of the
mitochondrial permeability and disrupts the electron transfer chain. Together with an
inflammatory response this results in necrotic and apoptotic cell death leading to tissue
damage (Figure 4) [143, 160]. The concept of the tiered oxidative stress response after
DEPM exposure is well supported by the high correlation between the PAHs content of fine
and UFPs and their ability to induce oxidative stress in macrophages [161, 162]. Overall the
production of reactive oxygen species is probably the most important mechanism to explain
the adverse effects of particles on the lung [143, 149, 162, 163] and the cardiovascular

system (reviewed in [160]).
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Figure 4: The concept of the hierarchical oxidative stress response. In order to explain the
effects in cells observed after exposure to DEPM, the concept of the hierarchical oxidative stress
response was developed [143]. In this concept, the cellular response is divided in three different tiers,
depending on the level of oxidative stress. In tier 1 the level of oxidative stress is moderate and
cellular defense mechanisms are able to cope with the radicals. In tier 2 the level of oxidative stress
causes already an inflammatory response and activation of cells. Finally, in tier 3 the oxidative stress

leads to cytotoxicity and cellular damage.
27



Introduction

1.2.4. IMPACT OF DEPM ON CARDIOVASCULAR HOMEOSTASIS

Endothelial dysfunction plays a central role in the pathogenesis of several cardiovascular
diseases [164] and this dysfunction precedes in general cardiovascular disease [165]. The
mechanisms involved in cardiovascular injury, due to exposure to PM, are poorly understood
but there is accumulating evidence that exposure to air pollution affects vascular
homeostasis and contributes to the progression of vascular systemic diseases [137]. In the
lung, the capillary endothelium is in close contact with the alveolar epithelium [166].
Therefore inhaled DEPM and their components may easily interact with the vascular
endothelium and may also release radicals and soluble materials into the circulation [127].
PM-associated B[a]P was shown to be systemically available in the circulation [167] as well
as some soluble metal components from PM [168] and small amounts of PM were
translocated [169], although the mechanism, by which DEPM enters the circulation is not
clear.

Animal studies [138, 170] but also human epidemiological studies [170] demonstrated that
exposure to ambient PM is able to promote atherosclerosis. Atherosclerotic malady can be
defined as an inflammatory process, which takes place in the vascular wall. Atherosclerosis
is characterized by the accumulation of lipids in elastic and muscular arteries [171] with the
result of reduced vascular elasticity and reduced blood circulation. Studies conducted on
vascular endothelial cells and monocytes provided evidence for the central role of the
endothelium in orchestrating inflammation. Furthermore, accumulation of oxidatively
modified low-density lipoprotein in the intima seems to contribute significantly to monocyte
recruitment and foam-cell formation [171, 172].

A key event in early atherosclerosis is the recruitment of monocytes and lymphocytes but
not neutrophils to the artery wall triggered by the accumulation of minimally oxidized LDL.
This accumulation stimulates the endothelium to produce adhesion molecules, such as
vascular cell adhesion molecule 1 (VCAM1), Intercellular adhesion molecule 1 ICAM-1 and

E-Selectin and second messengers such as GM-CSF or IL-6. Possibly the hierarchical
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oxidative stress response also functions in a similar way in endothelial cells [145] since the
endothelium is prone to oxidative stress induced by DEPM [124, 173-176].

One of the fundamental functions of the endothelium is maintaining the vascular tone by
modulating vasodilation or vasoconstriction. DEPM and PM were found to interfere with this
important process [177, 178]. Likely the impairment of vasodilation is due to an altered
release or scavenging of NO from the endothelium by DEPM [127]. Experiments in cell
culture models showed that DEPM can also exhibit anti-estrogenic and anti-androgenic
effects [179-183]. Estrogen receptors play a role for the activation of the endothelial nitric
oxide synthase (eNOS) and a perturbation in the regulation of eNOS will also lead to altered
vasodilation [184]. Macrophages that were exposed to DEPM were shown to alter
endothelial cell expression of the expression of eNOS but also the expression of the INOS
[185].

Additionally, DEPM was reported to induce unfolded protein response (UPR) [145].
Generally, UPR pathway is activated in cells under stress conditions that compromise the
processing and folding of the proteins in the endoplasmatic reticulum [186]. An important
stimulus for the induction of the UPR pathway is the presence of oxidative stress, which
leads to modification of proteins and causes misfolding. Interestingly, it was already
demonstrated that exposure to DEPM stimulates the UPR pathway in lung cells [187].
Furthermore, UPR has emerged as a key mechanism in the pathogenesis of a number of
factors that promote atherosclerosis in the vasculature [188]. The barrier function of the
endothelium can also be affected by DEPM since they were found to cause redistribution of
endothelial VE-cadherin [169]. Moreover, PM induces apoptosis in endothelial cells in vitro
[176] suggesting a potential to cause tissue damage in vivo.

In summary, the observed systemic effects could either be due to release of inflammatory
mediators from the lung or from the possible translocation of particles and/or chemicals to
the circulation. However, in both scenarios the interplay of PM components and the

endothelium seems to be relevant for the generation of the above-mentioned effects [145].
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1.2.5. DEPM AS ADJUVANTS IN ALLERGIC REACTIONS

Besides the already described cardiovascular effects of DEPM there is growing evidence
that these particles can act as an adjuvant to common environmental allergens, contributing
to respiratory diseases, such as asthma [139, 189-197]. DEPM seems to be able to
exacerbate existing diseases, but also to enhance the sensitization to allergens via the
production of immunoglobulin E antibodies [193, 198]. During the past 20 years the reported
cases of asthma increased dramatically in industrialized countries [97] and childhood
asthma was reported to be more predominant in urbanized areas [199].

In addition, there is a large body of evidence that oxidative stress plays a role not only in the
pro-inflammatory but also for the adjuvant effects of these particles [57-68]. Radical
generation has been demonstrated at sites of allergen challenge in human lungs [200]. The
results could be confirmed using large animals (e.g. sheep) [201, 202] where it was
demonstrated that oxygen radicals could contribute to airway hyperreactivity induced by the
encountered antigen [203]. Experiments with mice showed the development of asthma-like
symptoms after DEPM instillation [204]. Interestingly, patients suffering from asthma showed
different levels of enzymes responsible for antioxidant defense compared to healthy
individuals [155, 205-207] underlining the importance of the oxidative stress concept in
asthmatic malady. Another potential mechanism to explain the adjuvant effects of DEPM in
allergic inflammation is the potential enhancement of the role of macrophages as antigen
presenting cells [139]. Respiratory sensitization as a consequence of chronic exposure to
particulates or chemicals is a problem of high concern [208, 209] and understanding in detalil

the involved mechanisms is an important task for the future.
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1.3. CHALLENGES IN STUDYING THE UNDERLYING MECHANISMS IN PM-INDUCED
ADVERSE EFFECTS IN VITRO

Studying the hazard of DEPM and urban PM is a challenging task since DEPM and also
urban PM are complex mixtures comprising a myriad of different chemicals and metals that
are adsorbed to these particles [90, 210-212]. Most of the data that are available on the
hazard of DEPM are based on in vivo studies and from in vitro studies under submerged
conditions [213].

The most common way to expose laboratory animals to environmental particles is to prepare
a suspension of the particles in phosphate buffer and to instill this suspension into the
respiratory system [204, 214-217]. However, this approach is not properly reflecting the
particle’s properties, since it influences the size of the particles and may wash out heavy
metals and other components from the parent particles leading to altered availability. The
same is true for most of the in vitro experiments that were done with DEPM and urban PMs.
The particles are generally suspended using either an organic solvent such as
dimethylsulfoxid (DMSQO) or some standard cell culture medium [213]. In either case the
physico-chemical properties of the particles are modified reflecting not accurately the parent
material [118]. In addition, it is very challenging to prepare homogeneous solutions with
heavily charged particles such as DEPM. These particles have the tendency to stick to every
kind of material resulting in a loss of material that is neither traceable nor repeatable.

Other studies used extracts of DEPM that were prepared using organic solvents for
extraction. However, these DEPM extracts cannot properly reflect the effects triggered by
the parent particle since they are not considering the role of the carbon core [115]. To study
properly the hazard of environmental particles and nanomaterials studies performed under
realistic exposure conditions are needed [113]. These studies need to be designed carefully
and several key-points need to be considered as the route of exposure may have

tremendous impact on the overall results [218]. Dependent on sample preparation, the
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physico-chemical properties of a particle may become altered compromising the relevance
of the results.

Another very complex task for every study is the choice of a proper dosimetry approach. The
dose is generally defined as pg/mL of cell culture medium. Common values for
concentrations of DEPM used in vitro range from 0.2 pg/mL up to 1 mg/mL (reviewed in
[213]). Most of the doses that are applied in vitro are far beyond any physiological relevance,
and would never be accumulated in the respiratory tract during anyone’s life. The
concentrations to be used for in vitro studies should rather be defined in respect to well
established epidemiological studies and deposition models in order to define in vitro relevant
doses [219].

Another important issue is the way how cells are exposed to particles to allow exposure of
cell cultures at the so called air-liquid-interface (ALI) avoiding altering particle’s properties
due to contact with medium components or organic solvents. Such exposure units start to
become more important to study the hazard of particles. However, translating doses from
classical submerged in vitro approaches to an ALI exposure scenario is very difficult, as the

dose at the ALl is usually defined by the deposition rate per cm? of cell culture area.

1.3.1.  SUBMERGED CULTIVATION VS. CULTIVATION AT THE AIR-LIQUID-INTERFACE (ALI)
The submerged cultivation is the classical method to grow cells and to study effects of
different agents. Depending on the assay this model is relatively simple to use, shows high
reproducibility and is rather cost-efficient. Submerged cultures are particularly relevant to
study the toxicity of chemicals that are water soluble, i.e. pneumotoxic heavy metals. These
can be dissolved in cell culture medium and then be used to expose the cells. In a
submerged culture the cells are studied growing on the bottom of culture wells covered by
the medium, reflecting a rather unphysiological situation (Figure 5 A). The surface of the

cells has no contact with the ambient air and therefore PM or NPs have to cross the medium
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before they can reach the cell surface. Modification of particles due to the proteins and
supplements of the medium may take place, which can enhance or totally quench potential
toxic effects. The outer layer of proteins around a particle is recognized by the cells
especially of the immune system and induce responses [220]. The interaction between
proteins and particles can also be limited in a submerged system by using serum-free

exposure conditions to study the toxicity [221, 222].

Y% :PMor NPs @ : Epithelial cells : Surfactant/Mucus -I I—: Transwell™ insert

: Culture medium LI: Cultivation well

Figure 5: Submerged cultivation vs. cultivation at the ALI. A: Scheme of the submerged
cultivation of a monoculture system. B: Scheme of the ALI cultivation of a mono-culture system for

aerosol exposure.

The administered mass of a particle in a submerged in vitro system will never reflect
properly the deposited mass on the cell surface in vivo because of effects like the Brownian
motion or non-physiological agglomeration processes [223, 224]. Due to these conditions
dose determination in submerged cultures and thus evaluation of toxicity can lead to huge
errors for particles. To circumvent all these issues, cells can be cultivated at the ALl [225]
and be exposed in a special chamber [226], which provides the possibility of creating an
aerosol and using a microbalance for dose determination [227].

Cells cultivated in this way are seeded in a Transwell™ insert and are fed from the medium
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below (Figure 5 B). During the ALI cultivation the cells in the apical part will have no contact
with the medium on the apical cell side but will be in direct contact with the airphase. A549
lung epithelial cells cultivated at the ALI start to secrete surfactant under optimal conditions,
which is forming a protection layer against drying and agents [228, 229]. The surfactant is
also important for particle retention and displacement under in vivo conditions [230, 231] and
its presence in the in vitro system increases the similarity of a model with the in vivo
situation.

Primary tracheal epithelial cells have been shown to contain considerably more ciliated
surface cells when cultivated at the ALl compared with submerged cultures. Extensive
ciliogenesis is dependent on growth at the ALl and also on the presence of retinoic acid in
the culture medium [232]. These morphological differences were also attributed to the higher
exposure to oxygen under ALI conditions [23].

A lot of efforts were put into standardization of aerosol exposure chambers for reproducible
exposure of cells cultivated at the ALI [226, 233-235]. A crucial benefit of the ALI cultivation
is the fact that the particle properties should not be changed, as there is no contact with cell
culture medium components. However, particle agglomeration state or corona formation
may change due to the interaction with surfactant or mucus, although this is likely to happen
under in vivo conditions, too. Dependent on the system for ALl used the administered dose
may be continuously determined via microbalance-measurements thereby allowing exact
dosimetry [227]. Altogether the ALI exposure system is a promising approach to study and
simulate the toxicity of aerosols, which possesses clear advantages compared to

submerged cultivation (Table 1).
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Table 1: Submerged cultivation vs. ALI cultivation, advantages and disadvantages in summary

Submerged cultivation Air-liquid-interface cultivation
#+ technically simple and cost efficient =+ No alteration of particles properties
+ high reproducibility %+ Microbalance-based dose determination

=+ Better simulation of inhalation exposure
+ high reproducibility

= Dose determination is difficult = Complex and cost extensive system

= Medium can alter particles properties

1.4. AN IN VITRO APPROACH TO STUDY THE INFLAMMATORY POTENTIAL OF
PARTICULATE MATTER AND NANOMATERIALS

Due to the increasing number of PM and UFPs such as NPs in the environment it becomes
more and more relevant to have fast, easy and reliable methodologies to forecast their toxic
potential [81]. In this respect, complex in vitro coculture systems may be valuable tools to
study pulmonary processes and further evaluate the effects of particles on the lung and
human health [236].

The pulmonary system with almost 40 different cell types is highly heterogeneous [27]. While
any state-of-the-art coculture system is still far from completely mimicking an in vivo tissue
the coculture systems allow cell-to-cell communications and interactions [237]. The
possibility of spatial interaction between the cell types may change the observed effects and
thereby result in a more realistic judgment regarding the hazardous potential of compounds,
making coculture systems more relevant than monoculture models. Such models have a
high potential to unravel some of the mechanisms involved, and are likely to serve as a

partial replacement for in vivo studies in the future.
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1.4.1. COCULTURE MODELS OF CELLS RELEVANT FOR THE PULMONARY SYSTEM

The respiratory system with its vast surface area serves as a major portal for ambient
materials such as PM and NPs. There is an ongoing effort to develop and improve in vitro
models, which should be suitable for studying inflammatory and toxic effects of chemicals
and particles on the respiratory tract [238, 239]. A challenging aspect for the development of
coculture in vitro model systems is the question regarding the cell types to be used and if it
is better to choose primary cells or cell lines. The isolation of human primary cells is often
experimentally challenging and labor-intensive, due to the problems to find adequate donors
to assure the constant and homogenous supply with cell material. Freshly isolated human
primary cells are highly differentiated, but will start dedifferentiation soon after isolation when
cultured in vitro [240]. In addition, isolates of primary cells represent a highly heterogeneous
population in respect to state of differentiation and cell types present. The latter aspect is
mainly a question of good isolation procedures and could be partially overcome. Cell lines
are more homogenous, but show only few characteristics of differentiated cells, wherefore
they often only poorly represent the in vivo situation [240]. In addition they may be less
uniform than previously thought depending on their passage and culture conditions used
[241]. Nevertheless, for establishing a new assay it is often better to use cell lines instead of
primary cells to avoid possible donor variations, otherwise experiments could be hard to
standardize [238, 240]. Regarding the complex cellular structure of the human lung, a single
in vitro model system using just a few different cell types will not be able to represent such a
complex system. Therefore it is more reasonable to develop specialized models for certain
anatomical parts of interest, e.g. the alveoli or bronchioli.

Phagocytic cells are playing a dual role in the respiratory tract: first as a phagocyte to engulf
particulates, to process foreign antigens and to kill ingested microorganisms and second as
an effector cell in the course of an immune response in order to initiate immune and
inflammatory responses [242, 243]. Phagocytosis of deposited particles in the alveoli by

macrophages can result in the activation of AMs and the secretion of chemokines, cytokines,
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ROS, etc. By the secretion of pro-inflammatory chemotactic factors, like the chemokine
family of cytokines, alveolar macrophages can induce the migration of polymorphonuclear
cells (PMNs) and other cells to the lung and an inflammation emerges [76, 244-246]. Airway
epithelial cells can also generate pro-inflammatory cytokines to assist with PMNs attraction
[67, 247]. Therefore, the different cells of the pulmonary defense system are not functionally
distinct players, but they communicate with each other by a great amount of cytokines and

receptors [248-252] (Figure 6).
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Figure 6: Suggested role of the alveolar type Il cells and macrophages in particle-induced
inflammation. Alveolar type Il cells and macrophages play an important role in defending the alveolar

region and in modulating immune responses. Adapted and modified from [253].

Since macrophage activation is one of the most important events among the pulmonary

responses to inhaled substances [253], it seems reasonable to develop alveolar in vitro
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model systems consisting of the predominant epithelial cell type supplemented with
macrophage cells to evaluate the hazard of small particles. Although the surface of the
alveoli is mainly composed of AT-I cells, many proposed in vitro systems [1, 254-258] are
using the AT-ll-like cell line A549, which is derived from a human adenocarcinoma [259].
The morphology and functionality of A459 cells, e.g. surfactant synthesis, oxidative
metabolism and transport properties, are consistent with that of AT-ll pulmonary epithelial
cells in vivo [260, 261]. This cell type provides certain benefits such as the protective
surfactant film and the potential of secretion of pro-inflammatory mediators. In addition,
these cells are able to perform phase | xenobiotic biotransformation, although the capacity
does not fully reflect that of the human lung. However, phase |l activity levels found in A549
cells are in the same range found in lung tissue. A549 cells are appropriate to investigate the
mechanism of active toxins, but compounds that have to be biotransformed in order to elicit

toxicity are less accurately detected [262].

1.4.2. A COCULTURE IN VITRO MODEL TO STUDY RESPIRATORY INFLAMMATION

An interesting in vitro approach combining A549 AT-II cells [259], THP-1 cells differentiated
to macrophage-like cells [263, 264], a human mast cell line (HMC-1 [265]) and EA.hy 926
endothelial cells [266] in coculture has been developed to assess the hazard of PM4 on the
alveolar epithelium [1]. In this system endothelial cells were seeded in a Transwell™ insert
and a tripleculture consisting of A549 cells, differentiated THP-1 cells and HMC-1 cells was
seeded inside the well of a multiwell plate. Generally, primary AMs can be isolated by
performing bronchoalveolar lavage, where alveoli are washed out repeatedly with a sterile
solution that finally contains the cells present on top of the alveolar epithelium [267, 268].
Due to the fact that the procedure of isolating and purifying human AMs is not trivial and
volunteers are not always readily available, the monocytic cell line THP-1 [263],

differentiated to macrophages, was used. Mast cells are also present within the alveolar
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wall and particularly on the alveolar surface [269], but their role in aggravating alveolar
inflammation has not been studied intensively in relation to urban PM or NPs. Histamine
plays an important role in the systemic effects after exposure to PM in vivo [14, 133, 270].
Histamine is mainly secreted by mast cells and therefore mast cells may be crucial for the
understanding of systemic effects of PM and NPs [1]. Since urban PM is capable of inducing
an endothelial dysfunction phenotype [178, 271, 272] and has pro-thrombotic effects [14,
273], a fourth cell line (EA.hy 926, endothelial cells [266]) was added to the system. With the
addition of the endothelial cells in a Transwell™ on top of the system (Figure 7 A), it is
possible to study second messenger-induced effects after PM;, exposure. The
communication between endothelial cells and the cells that have primary contact with
particles may play an important role in the systemic effects of PM secondary after an
inflammatory reaction. The system should also offer possibilities to evaluate the
inflammatory effects of NPs via aerosol exposure at the air-liquid-interface (ALI).

However, for the ALI exposure the epithelial cells as well as the immune cells should be
seeded in the Transwell™ insert and not on the bottom of the well (Figure 7 B). After a
certain time in culture, the medium will be removed from the Transwell™ insert, while the
endothelial cells will grow to confluency in the well (Figure 7 B). Cultivating both, endothelial
cells and the tripleculture in the same insert will give the possibility to the cells to
communicate with each other via soluble second messengers. This communication between
endothelial cells and the cells that have direct contact with particles may play an important
role in the systemic effects of DEPM and urban PM secondary after an inflammatory
reaction. In addition, this change is necessary to avoid an unintended diffusion of particles or

chemicals from the upper to the lower compartment across the microporous membrane.
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Figure 7: Tetraculture in vitro system, relevant for the alveolar barrier. A: Triculture system with
endothelial cells to study the inflammatory effects and pulmonary cell communication in vitro after
exposure to PMyq [1]. B: variant of the system to study the potential inflammatory effects of NPs at the

ALl with native aerosol exposure.

The upper compartment that is comprising the triculture can then be exposed to the NPs or
chemicals in the form of an aerosol. Eventually secreted second messengers can cross the
microporous membrane and potentially affect the endothelial cells in the lower compartment.
Regarding the barrier qualities, the epithelial integrity in a system consisting of A549 cells is
controversially discussed due to the lack of sealing tight junctions, [257, 274, 275]. Not all
NPs are able to cross microporous membranes with a 0.4 uyM pore size in a significant
amount even without a cell layer on top [276]. For the skin it has been shown that an
impairment of the presence of tight junctions can contribute to allergic reactions, e.g. allergic
contact dermatitis due to an increased permeability of the epithelium and thereby causing an
enhanced uptake of the allergen, underlining the importance of tight junctions for the
integrity of an epithelial barrier in vivo [277, 278].

Applying the above-mentioned changes in orientation of the cell layers, it is also possible to
study second messenger mediated effects on the endothelial cells after NPs exposure
without the risk that NPs could reach the cells at the bottom by crossing the microporous

membrane. Nevertheless, several in vivo and in vitro studies have demonstrated a possible
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translocation of UFPs through the epithelium [50]. Therefore it is reasonable to design and
develop in vitro model systems suitable for the study of direct effects due to the transport of
particles through the epithelial barrier. However, the setup of the model system is dependent
on the scientific question.

The combination of a complex triculture in vitro system, cultivated at the ALI and exposed to
an aerosol of a particle or chemical with a state-of-the-art exposure system [235, 279] offers
the possibility of studying the interaction of aerosol particles of native atmospheres without

altering particle’s properties, in a non-physiological way.

1.5. AIMS AND OBJECTIVES

The aim of this PhD work can be divided into two main parts: first to modify and to further
improve the coculture system developed by Alfaro-Moreno et al. [1]. Within this part, the
tetraculture system was carefully characterized to ensure its performance and repeatability
of the results. In the second part, the response of the endothelial part of the alveolar barrier
after exposure to relevant doses of DEPM was studied by using the tetraculture in vitro

system.

1.5.1. DEVELOPMENT OF AN IN VITRO COCULTURE SYSTEM SUITABLE TO STUDY
ENVIROMENTAL PARTICLES UNDER NATIVE EXPOSURE

In this part, | focused on the establishment and the modification of the tetraculture system,

so that it could be used in conjunction with native aerosol exposure equipment. In contrast to

the original system, where the actual tetraculture is divided into the part that is seeded in the

multiwall plate (tripleculture: A549, THP-1, HMC-1), and the endothelial cells (EA.hy 926)

seeded in the Transwell™ insert, in the modified version the Transwell™ insert has an even

more important and central role, as it serves as support for the complete tetraculture system.
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The coculture was redesigned in order to have a 3D-organisation of the cells, which closely
resembles the in vivo histology of the alveolar barrier: endothelial cells are seeded on the
basolateral side of a microporous membrane; epithelial cells together with the models for the
innate immune system (mast cells and macrophage-like cells) are seeded in the apical
compartment followed by cultivation at the ALI. The system offers possibilities to evaluate
the inflammatory effects of NPs and PM via aerosol exposure at the ALI. Eventually secreted
second messengers can cross the microporous membrane and potentially affect the
endothelial cells in the lower compartment. In the first part of the thesis, the modified three-

dimensional model of the alveolar barrier is presented in detail.

1.5.2. STUDYING THE RESPONSE OF THE ALVEOLAR ENDOTHELIAL BARRIER TO
RELEVANT DOSES OF DEPM USING AN INDIRECT EXPOSURE METHOD

Direct exposure of endothelial cells to air pollutants is poorly justified in respect to the in vivo
anatomy of the respiratory tract and the efficient barrier function of the lung [118]. Therefore
the second aim was to evaluate the hazard of ambient DEPM on the endothelium under
realistic conditions with relevant doses of DEPM in order to study the processes in the
endothelial cells at the early stages of the oxidative stress response. In this part, particular
attention was given to the potential of DEPM to induce a Nrf2-mediated response and
potential pro-inflammatory effects in the endothelial cells. In addition, we addressed the
question on the susceptibility of endothelial cells to DEPM as a potential AhR agonist.

Deciphering early stages of the inflammatory response in endothelial cells of the alveolar
barrier after DEPM exposure will contribute to the mechanistic understanding of the adverse
effects of DEPM on the cardiovascular system and the exacerbation of other related
diseases. The particle loads used in the presented experiments were considerably lower
than what is commonly used for submerged exposure to diesel particles in order to have a

realistic approach. In addition, it was necessary to develop a dosimetry approach for DEPM
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suitable for ALI exposure since DEPM were found to interfere with the microbalances

provided by Vitrocell ™.
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2. MATERIALS AND METHODS

Ethical statement

The experiments in this PhD thesis were conducted neither using primary material from
humans or animals nor performing in vivo studies on animals. The human cell lines A549
[259], THP-1 [263] and EA.hy 926 [266] were obtained from the American Type Culture
Collection (Manassas, VA, USA). HMC-1 [265] cells were kindly provided by J.H. Butterfield,

Mayo Clinic (Rochester, MN, USA).

Conflict of interest

Nothing declared.

Reagents

All reagents, unless otherwise specified, were purchased from Sigma Chemical
(Deisenhofen, Germany). Cell culture media were purchased from Invitrogen (the
Netherlands), fetal bovine serum (FBS Gold) was obtained from PAA (Paschl, Austria). SiO,-

Rhodamine (50 nm) particles were purchased from Corpuscular (Cold Spring, NY, USA).

Cell culture

The different mammalian cell lines were cultured using different media (Table 2). Cells were
seeded at specified densities (cells/cm?) (Table 3) on BD Falcon cell culture inserts (surface
area of 4.2 cm? 0.4, 1 and 3 ym pore size; high pore density PET membranes for 6-well
plates; BD Biosciences, Basel, Switzerland) and grown until confluency. Inserts were placed
in BD Falcon tissue culture plates (6 well plates; BD Biosciences) with 2 mL medium in the
upper and 2 mL in the lower compartment. Cells were grown in T75 flasks and trypsinized
twice a week. Medium (inserts and cell culture flasks) was changed every other day. Cells

were maintained in a humidified atmosphere with 5% CO, at 37 °C and tested regularly for
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contamination by mycoplasma using the PCR mycosplasm testing kit (AppliChem,

Darmstadt, Germany).

Table 2: Medium conditions for mono- and cocultures. Unless otherwise mentioned, mono- and
cocultures were handled in the absence of antibiotic and antimycotic agents. All media contained

Glutamax instead of L-glutamine.

Monocultures
Cell .
. Medium Serum Supplements
Line
Dulbecco’s Modified Eagle’s
A549 Medium (DMEM)
THP-1 Roswell Park Memorial Institute 25 mM HEPES;
- RPMI) 1640
( ) 10 % (v/v) Fetal | 50 uM p-mercaptoethanol
Bovine Serum
HMC-1 Iscove’s Modified Dulbecco’s Gold 25 mM HEPES; 1,2 mM a-
Medium (IMDM) thioglycerol
EA.hy Dulbecco’s Modified Eagle’s
926 Medium (DMEM) 25 mM HEPES
Tetraculture
10 % (v/v) Fetal
o, _ . 0, .
75% HEPES buffeored DMEM; 15% RPMI; Bovine Serum 25 mM HEPES
10% IMDM Gold

Table 3: Seeding densities for the different mammalian cell lines.

Cell line Seeding density per cm?

A549 1.2x10°

EA.hy 926 |24x10°

THP-1 2.4 x10°

HMC-1 1.2x10°
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Differentiation of THP-1 cells into macrophage-like cells

Human THP-1 cells (human acute monocytic leukemia cell line) [263] were grown in RPMI
1640 media containing 10% (v/v) FBS Gold (PAA, Paschl, Austria). Differentiation was
achieved by resuspension of THP-1 cells at 4 x 10° cells/mL in growth medium with addition
of phorbol-12-myristate-13-acetate (PMA; 20 ng/mL) and incubation over night at 37 °C and
5% CO, [280]. PMA was prepared as a stock solution (10 mg/mL) in ultrapure absolute
ethanol. Stocks were kept at -20 °C in the dark. Differentiated THP-1 cells were rinsed with
PBS and detached by using accutase in order to harvest them. To remove traces of PMA,
detached cells were centrifuged and washed twice with PBS. The upregulation of CD11b as
a marker for mature macrophage cells [264] was evaluated by confocal laser scanning

microscopy (CLSM) (see cell labeling and fixation for further details).

Tetraculture

EA.hy 926 endothelial cells were seeded on inverted Transwell™ inserts (2.4 x 10°
cells/cm?; BD Falcon inserts, 1 pm pore size; Figure 8). Upon attachment on the basolateral
side of the Transwell™ insert the plate with the Transwell™ inserts was turned back to its
original orientation (Figure 8, Step 4) before the A549 cells were seeded inside the
Transwell™. Epithelial and endothelial cells were grown for three days at 37 °C and 5% in a
humidified atmosphere. On day 3 THP-1 cells were stimulated to differentiate into
macrophage-like cells by addition of PMA. On day 4, THP-1 cells and HMC-1 cells were
added into the inserts with A549 and EA.hy 926 cells to complete the tetraculture system.
The medium for the complete tetraculture contained only 1% FBS to avoid extensive
proliferation of HMC-1 cells. THP-1 cells and mast cells were found to be attached on the
epithelial layer after 4 h. The attachment of the cells was verified by light microscopy. Upon
attachment the medium was removed from the upper compartment and the tetraculture was

cultivated at the ALI for 24 h prior to exposure (Figure 9).
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Step 3 Step 4

Step 5 Step 6
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Figure 8: Seeding of endothelial and epithelial cells on inverted inserts. EA.hy 926 endothelial
cells were seeded on inverted Transwell™ inserts (Step 1 to Step 6). First, Transwell™ inserts were
placed into a corresponding 6 well plate and the plate with the inserts was turned upside-down (Step
1). Endothelial cells were seeded on the inverted inserts and the bottom of the 6-well plate was used
as lid (Step 2). Upon attachment to the basolateral side of the Transwell™ insert, the plate with the
Transwell™ inserts was turned back to its original orientation (Step 3, 4 and 5) before the A549 cells

were seeded inside the Transwell™ (Step 6).
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Figure 9: Workflow to setup an aerosol exposure experiment with the tetraculture system.

Transepithelial transport of sodium fluorescein

A solution of sodium fluorescein (1 mg/mL in medium) was added into the apical

compartment and a solution of medium without sodium fluorescein was added into the lower

compartment. The cultures were incubated for 60 min at room temperature in the dark.

Empty inserts without cells served as a control to evaluate the maximum leakage. After 60

min the inserts were carefully discarded and samples were taken from the basolateral

compartment. The fluorescence of sodium fluorescein was measured with a multi-mode

microplate reader (ex: 495 nm; em: 519 nm; Biotek, Germany).
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Adaptation of the DCFH-DA assay for oxidative stress for the use with Transwell™
inserts

2,2’-azobis-2-methyl-propanimidamide-dihydrochloride (AAPH; Merck), a water-soluble azo-
compound, which is commonly used in studies of lipid peroxidation, was chosen as positive
control for oxidative stress. Working solutions were prepared freshly in cell culture medium
before use. The evaluation of oxidative stress was performed by the use of
dichlorodihydrofluorescein diacetate (DCFH-DA) dye. DCFH-DA enters the cell and the
diacetate is cleaved, which results in the trapping of the dye inside the cell. In the presence
of reactive oxygen species (ROS) the dye is oxidized and emits green fluorescence, which is
directly proportional to the amount of oxidative stress [281].

DCFH-DA was suspended in cell culture medium (100 pM) and cells were preloaded with
the dye for 45 min at 37 °C and 5% in the dark. After the preloading step the cells were
rinsed with PBS to remove the non-internalized DCFH-DA and immediately exposed to the
compound of interest. Fluorescence reading was done with a multi-mode microplate reader
(ex: 485 nm, em: 528 nm; Biotek, Germany). Empty inserts did not emit significant

fluorescence at the above-mentioned wavelengths.

Adaption of the resazurin metabolism assay for the 3D tetraculture

Transwell™ inserts were washed twice with PBS. Afterwards, 2 mL of medium containing
400 pM resazurin were added to the upper and the lower compartment. Cells were
incubated for one hour at 37 °C and 5% COaz. After the incubation, aliquots of 500 pyL were
taken from the upper and the lower compartment and transferred into a 12 well plate to
measure separately the fluorescence for both compartments (inside and outside of the
Transwell™ insert). Fluorescence reading was done with a multi-mode microplate reader

(ex: 530 nm, em: 590 nm; Biotek, Germany).
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Transepithelial Electrical Resistance Measurements

Transepithelial electrical resistance (TEER) was measured with the Millicell-ERS system
(MERS 000 01; Millipore AG, Volketswil, Switzerland). The mean of three measurements per
insert was determined. The electrical resistance of inserts without cells was subtracted from
all samples, and the resistance values were multiplied with the surface area of the inserts
(4.2 cm?). Electrical resistance was measured in single A549, EA.hy 926 cell cultures,
coculture of A549 and EA.hy 926 and in tetraculture to follow tightness of the cell layer in

respect to the cellular composition.

Cytokine measurements

Single cultures, cocultures and tetracultures were exposed to 20 mM of AAPH for two hours.
After treatment, aliquots from the undernatant were taken and the amounts of GM-CSF, IL-
1s, IL-6, IL-8 and TNF-a were analyzed. Quantification was performed on a Luminex 100™
(Luminex Oosterhout, the Netherlands) using the inflammatory cytokine human magnetic 5-
plex panel produced by Invitrogen (Invitrogen, Leusden, the Netherlands) following

manufacturer’s instruction.

Cell labeling and fixation

The cells were washed twice in PBS and fixed for 15 min at room temperature in 4%
formaldehyde in PBS (v/v). Fixed cells were incubated for 30 min with 10% bovine serum
albumin (BSA) in PBS (w/v) to block unspecific bindings. After blocking, cells were incubated
with primary and secondary antibodies for 60 min each at room temperature in the dark.
Antibodies were diluted in immunostain enhancer (Thermo Scientific, Belgium) or PBS
containing 1% FBS (Table 4). Nuclei were counterstained with 4’,6’-diamidino-2-
phenylindole (DAPI) and cellular membranes were stained with cell mask deep red (C10046;

Invitrogen, Leusden, the Netherlands).
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Table 4: List of antibodies used for immunohistochemistry labeling

Target Species Dilution Reference
Primary antibodies
CD11b Rabbit 1:200 clone EPR1344; Novus Biologicals, UK
Histamine Rabbit 1:200 ABIN115761; antibodies-online Inc., USA
Nrf2 Rabbit 1:100 ab31163; Abcam, UK
AhR Rabbit 1:200 sc-5579; H-211; Santa Cruz, Heidelberg, Germany
SP-A Rabbit 1:200 ABIN672996; antibodies-online Inc., USA
SP-B Mouse 1:100 to 1:200 ABIN384606; antibodies-online Inc., USA
SP-C Rabbit 1:200 ABIN679643; antibodies-online Inc., USA
Secondary antibodies
Anti-rabbit Goat 1:2000 to 1:3000 AS09 633; Agrisera, Vannas, Sweden
Anti-mouse | Goat 1:100 to 1:200 405309; Poly4053; Biolegend, Eching, Germany

Confocal Microscopy and Image Restoration

A Zeiss LSM 510 Meta with an inverted Zeiss microscope (Axiovert 200M, Lasers: HeNe

633 nm, HeNe 543 nm, Ar 488 nm and Diode 405 nm; Zeiss, Jena, Germany) was used.

Image processing and visualization was done using the Zeiss Software ZEN 2011 and

ImagedJ (http://rsbweb.nih.govi/ij/).

Aerosol exposure

The Vitrocell™ aerosol exposure device (Vitrocell™, Taufkirchen, Germany) was used for

dynamic delivery and exposure of cells to aerosolized PBS and to PBS containing 50 nm

SiO,-Rhodamine nanoparticles. This system was designed for toxicology studies to directly

expose target cells at the ALI, which resembles the in vivo anatomical situation [238, 279].

The uniformity of the particle population was confirmed by scanning electron microscopy

(SEM).
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Briefly, the used device (Vitrocel™ 6/3 CF stainless, Vitrocell™ Systems, Germany)
contains three exposure chambers (Vitrocell™ module), which holds one separate insert
each, allowing simultaneous exposures of 3 Transwell™ inserts. In order to keep the cells
viable, the module is equipped with a heated water jacket at a steady temperature of 37 °C.
For the exposure, cell culture inserts are placed into the exposure chambers containing the
culture medium.

The aerosol is generated by a pneumatic nebulizer (AGF 2.0 PALAS, Karlsruhe, Germany)
and is delivered through a trumpet device at a low flow rate (5 + 0.1 mL/min/module) for a
defined time of exposure to the modules.

Before the experiments, all Transwell™ inserts were routinely checked by light microscopy
to assure a uniform distribution of DEPM and to verify the integrity of the cell layer. All
inserts showed homogenous particle distributions and no abnormalities of the cellular layers

could be discovered.

What can be considered to be a relevant dose for in vitro experiments?

For in vitro and in vivo toxicology dosimetry plays always an important role. As already
mentioned above particle doses used for in vitro experiments under submerged conditions
are generally too high and beyond any realistic range. However, following considerations
published that are describing carefully relevant parameters [219], calculations in order to
determine a relevant dose-range for in vitro studies at the ALI can be performed.

The alveolar surface of a normal human individual has a surface area of = 140 m?. We can
assume, that small particles below 2.5 ym or smaller, can penetrate deep into the lungs,
reaching the area of gas exchange. While working and performing light physical exercises,
humans breath between 40 and 60 L/min. The minute volume while sleeping or relaxing is
much lower and is around 8.5 L/min. For our calculations, we assume a physical exercise of
10 hours a day, resulting in an air intake of 24 m® (40 L/min x 60 min x 10 h). This together
with the 6.1 m® (8.5 L/min x 60 x 12 h) that we breathe without physical exercise result in a

complete air intake of = 30 m® in 24 hours.
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In India or China the rapid growth of the number of motorized vehicles (cars and
motorcycles) and also the rapid growth of the industry contribute to high particle burden in
the ambient air. In large cities particle concentrations of 1.4 mg/m® can be present in the
ambient air [91]. Taking this as a worst case scenario we can multiply this value by a daily
air intake of 30 m?, which results in about 42 mg of particles that are inhaled per day. This
means, that each cm? of the alveolar surface may be exposed to approximately 30 ng of
particulates on a single day. For Europe this is still an unlikely scenario, which is however
quite realistic for several non-western industrialized countries.

Using these considerations as a baseline, the ALl in vitro exposure experiments were
designed with exposures to 40, 80 and 240 ng/cm?, the latter being a dose, which may be

accumulated over several days during a smog episode.

Surfactant droplet test

The surfactant droplet test was performed as described [229]. Briefly, A549 cells were
cultured under submerged conditions in Transwell™ inserts. The medium was then removed
from the apical compartment well and the cells were cultivated at the ALI for 24 h. In order to
determine the surface tension, DMP/O droplets were placed on the cell surface. Droplet
diameters, d0 and d, were measured before and after deposition. A large diameter indicates
a high surface tension, e.g. of cells grown under submerged conditions. A small diameter of
the drop indicates a lower surface tension, e.g. of cells grown under ALI conditions with

secreted surfactant.

qRT-PCR

Cells were washed twice with PBS and centrifuged 2 min at 800 g and supernatants were
discarded. Total RNA was isolated from cell pellets with RNeasy Mini Kit (Qiagen, Leusden,
Netherlands), following the manufacturer’s instructions. RNA integrity control was assessed
with the RNA Nano 6000 assay (Agilent Technologies, Diegem, Belgium) using a 2100

Bioanalyzer (Agilent Technologies, Diegem, Belgium). All RNA samples displayed RINs
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(RNA integrity number) above 8. Concentration and purity determination of the RNA were
performed by using Nanodrop ND1000 spectrophotometer (Thermo Scientific, Villebon-sur-
Yvette, France). Reverse transcription was performed with New England BioLabs (Ipswich,
MA, US) reagents: M-MuLV Reverse Transcriptase (RNase H), the murine RNase Inhibitor
(New England Biolabs, Ipswich, MA, USA) using Random primers (Invitrogen, Carlsbad,
NM, USA) following the manufacturer instructions. 20 pL final volume containing 5 ug of total
RNA were used to perform the reverse transcriptase. Four reference genes B2M, HPRT,
SDHA, YWHAZ (Table 5) [282] primers pairs were ordered from Eurogenentec (Liege,
Belgium). The reference genes were validated as stable candidates between the conditions
using GeNorm in the Biogazelle gBase PLUS software. Gene expression was evaluated
using a real-time PCR system (Life technologies) together with mesa green low rox real-time
PCR kits (Eurogentec, Liége, Belgium). PCR were performed in 25 pL with final
concentrations as follows: 1X MasterMix, 100 nM for each primers except for CYP1B1
where 300 nM forward and 100 nM reverse primers were used, 0.4 ng/uL cDNA. Each
sample was performed in triplicate. Template control and RT- control samples were added to
each plate. Thermal cycling conditions were: initial 5 min denaturation at 95 °C, followed by
45 cycles of 15 s at 95 °C and 1 min at 60 °C, and a final dissociation step (melting curve)
was used to determine the primer specificity by revealing the presence of a single peak.
PCR efficiency was performed using decreasing five-fold dilution from THP-1 and A549
cDNA pool (from 25 ng to 0.04 ng and no template control). Contamination by genomic DNA
was verified by using total RNA as sample for PCR. The relative gene expression was
calculated taking into account gene-specific PCR efficiency [283, 284] using the Biogazelle
gbase PLUS software 2.5 software with the “*CT method. Table 5 summarizes the primers

that were used in this PhD work.
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Table 5: Summary about the primers that were used for qRT-PCR experiments with the
endothelial cells of the tetraculture. Unless further mentioned, qRT-PCR primer were designed for

the experiments of this PhD work.

Gene Primer F Primer R Reference
HMOX1 TTCTCCGATGGGTCCTTACACT GGCATAAAGCCCTACAGCAACT [134]
CASP7 CGGTCCTCGTTTGTACCGTC GGTGGTCTTGATGGATCGCA [134]
SOD1 GTGCAGGTCCTCACTTTAAT CTTTGTCAGCAGTCACATTG [134]
FAS AGCTTGGTCTAGAGTGAAAA GAGGCAGAATCATGAGATAT [134]
NF«B GCTTGTAGGAAAGGACTGCC GTTGTTGTTGGTCTGGATGC [285]
CYP1A1 GGAGGCCTTCATCCTGGAGA CCTCCCAGCGGGCAACGGTC [286]
CYP1B1 CTTTATGAAGCCATGCGCTTCT GCCACTTCACTGGGTCATGATT [287]
IL-6 GGAGACTTGCCTGGTGAAAA GTTGGGTCAGGGGTGGTTAT

NEF2 ACATTGAGCAAGTTTGGGAG TGTGGACTACAGTTACCTAC

NQO1 GGAGAGTTTGCTTACACTTACGC TTCTCCAGGCGTTTCTTCCA

ICAM-1 GCAAGGTGACCGTGAATGT GCATAAAGCCCTACAGCAAC

GST1 ACAGTTGTACAAGTTGCAGGATG TGCCAAAGAGATTGTGCTTG

HSP70 CCTACTCCGACAACCAACCC GGTGATCTTGTTGGCCTTGC

HMOX2 GGGAAAGGAGACATGCGTAA CAAGAGTCCAGCAGCTAGGG

E-Selectin | ACCTCCACGGAAGCTATGACT CAGACCCACACATTGTTGACTT

VCAM1 CTTAAAATGCCTGGGAAGATGGT GTCAATGAGACGGAGTCACCAAT

B2M TGCTGTCTCCATGTTTGATGTATCT | TCTCTGCTCCCCACCTCTAAGT [282]
HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT [282]
YWHAZ ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT [282]
SDHA TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG [282]

Catalytic activity of CYP1A1

Ethoxyresorufin-O-deethylase assay was performed as described in [241]. A549 cells were
seeded at a density of 1.2 x 10° cells/cm? in BD Falcon 6 well plates. Cells were washed two
times with DMEM without phenol red and treated with 2.5 yM dicumarol [3,39-methylene-
bis(4-hydroxycoumarin)] and 7,5 uM ethoxyresorufin. Cells were incubated for 60 min at
37 °C. A kinetic was recorded by measuring every 5 min. The formation of resorufin was
measured using a multi-mode microplate reader (ex: 485 nm, em: 528 nm; Biotek,

Germany).
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Scanning electron microscopy (SEM)

The Vitrocel™ aerosol exposure device (Vitrocell™, Taufkirchen, Germany) was used for
dynamic delivery and exposure of cells to aerosolized PBS and to PBS containing 50 nm SiO2-
Rhodamine nanoparticles. Empty Transwell™ inserts were exposed for 30 min as described for
Transwell™ inserts containing the tetraculture system. Afterwards samples were metallized with
a 20 nm golf film under vacuum. Scanning electron microscopy was done with a FIB-SEM (FElI,

Eindhoven, The Netherlands) at 25 kV and 25 mA.

NanoSIMS analysis

Samples were analyzed with a NanoSIMS 50 (Cameca, Courbevoie, France) using a Cs”
primary source (8 keV), rasterizing the surface of the sample (-8 keV) with a raster between
40 x 40 ym and 20 x 20 ym to generate secondary negative ions. The energy of the impact
of the primary beam was 16 keV with an intensity range of 1.0-0.8 pA. In these conditions
the probe-working diameter was in the range 80-100 nm. The masses studied
simultaneously in multicollection mode were: *'P~ (m=30.97376), >*Cr (m = 53.9388804), *®Ni
(m = 57.9353429), *Cu (m = 66.9277303) and ®Zi (m = 63.9291422). Images were

recorded in a pixel format of 256 x 256 image points with a counting time of 20 ms per pixel.

Aerosol particle counting

An optical particle counter (GRIMM EDM 164 portable fine dust aerosol spectrometer) was
used. A continuous flow of sample air (1.2 L/min £ 5% continuously regulated) is directly led
into the measuring cell where the dust particles are measured by the physical principle of
orthogonal light scattering. A laser light illuminates the particles. The laser signals, 90°
scattered by the particles passing through the laser beam, are collected by a mirror and
transferred to a recipient diode. Each signal of the diode is transmitted, after a
corresponding reinforcement, to a pulse height analyzer, then classified to size and

transmitted in each size channel. The laser spectrometer detects all airborne particles in a
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size range from 0.25 ym up to 32 um in real-time, with a particle size distribution in 31

channels.

12 Nano channels:
0.25/0.28/0.3/0.35/0.4/0.45/0.5/0.58/0.65/0.7/0.8/1.0 and
19 micro channels:

1/13/16/2/25/3/35/4/5/65/7.5/85/10/12.5/15/17.5/20/25/30/32

The data are stored on an internal memory card. The GRIMM instruments have the
European Equivalence Approval for PM10 and PM2.5 as well as the US-EPA Approval for

PM2.5.

Statistics

Data represents the mean of at least four independent Transwell™ inserts + standard error
of mean (SEM). Statistical analysis was done using SPSS, version 19 (IBM, Mainz,
Germany). Statistical comparison of the means was performed by ANOVA, followed by the
Tukey posthoc test. In graphs, groups that are sharing the same letters are not significantly

different (P>0.05).
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3. RESULTS

3.1. CHARACTERIZATION AND ESTABLISHMENT OF THE TETRACULTURE IN VITRO

SYSTEM
In this part of the results section, the findings about the abilities and the limitations of the
tetraculture in vitro system of the human alveolar barrier that was carefully adapted and

modified for the use with native aerosol exposure equipment will be described.

3.1.1. CHARACTERIZATION OF THE CELL LINES OF THE TETRACULTURE IN VITRO SYSTEM
In order to fully understand the potential and limits of the proposed in vifro model system, the
most important characteristics of each cell line as well as the inducibility of CYP1A1 and

CYP1B1 genes were evaluated.

3.1.1.1. PRODUCTION AND SECRETION OF SURFACTANT IN A549 TYPE Il EPITHELIAL

CELLS
The production of the most abundant surfactant proteins A, B and C (SP-A, SP-B and SP-C)
was evaluated using immunohistochemistry together with confocal microscopy in alveolar
type Il epithelial cells (A549). A549 were cultivated in LabTek-1l chambered coverslides and
then fixed and stained for cellular membranes, nuclei and surfactant proteins. The cells were
found to produce large amounts of SP-A and SP-C (Figure 10). However, the amount of
produced SP-B was at the limit of detection and was only slightly different from the

background noise (data not shown).

58



Results

Figure 10: Immunohistochemistry staining of surfactant protein A and C in A549 cells. A549
cells were grown in Labtek-1l chambers for 48 h. Afterwards, cells were fixed, permeabilized and
stained for cellular membranes, nuclei and surfactant protein (A: surfactant protein A; B: surfactant
protein C).

1: membranes stained with cell mask deep red. 2: Nuclei stained with DAPI. 3: Surfactant protein

stained with anti-surfactant-protein antibody (1:200). 4: Overlay.

To demonstrate the ability of A549 cells not only to produce surfactant related proteins but
also to secrete a functional surfactant layer the Transwell™ inserts with confluent A549 cells
were kept at the ALl and under submerged conditions for 24 h. Surfactant production was
compared using the surfactant droplet test to confluent endothelial cells (EA.hy 926)
cultivated also for 24 h under submerged conditions as a negative control.

The surfactant droplet test allows a direct evaluation of the surface tension of a cellular
layer. The smaller the size of the droplet, the lower the surface tension of the epithelium.
Among the conditions tested, A549 cells cultivated for 24 h at the ALl show the smallest
droplet compared to the submerged A549 cells and the endothelial EA.hy 926 cells, where

the droplet spreads completely (Figure 11).
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Figure 11: Surfactant droplet test to evaluate the production of a functional surfactant film on

top of A549 cells. A: A549 cell exposed for 24h at the ALI; B: A549 kept under submerged

conditions; C: EA.hy 926 cells kept under submerged conditions.

3.1.1.2. XENOBIOTIC METABOLISM IN A549 CELLS

The lung can be considered as an important target organ for the toxicity of inhaled particles
and xenobiotics. Cytochrome P450 enzymes play an important role in the metabolization of
xenobiotics. In order to evaluate whether or not the different cell lines of the tetraculture
system were able to respond to xenobiotics, they were exposed to 5 yM B[a]P and 600 pM
TCDD (positive control) for 24 and 48 h. Afterwards the levels of CYP1A1 and CYP1B1
mRNA were evaluated using qRT-PCR.

A549 cells responded the strongest to the B[a]P treatment with an increase in CYP1A1
MRNA expression of 324.4 + 170 (24 h) respectively 422.3 + 88.6 (48 h) fold relatively
compared to control cells treated with DMSO (P<0.05) (Figure 12 A). The effect of 600 pM
TCDD on the mRNA expression of CYP1A1 in A549 cells was found to be lower than after
B[a]P treatment, with a fold increase of 285.8 + 226.6 (24 h) and 234.2 + 97.9 (48 h), but still
significantly increased compared to the control cells (P<0.05). The basal level of CYP1A1
MRNA expression in A549 cells was close to the limit of detection in our experimental setup.
In analogy to the experiments for CYP1A1 (Figure 12 A), the expression level of CYP1B1

was evaluated under identical conditions.
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Compared to the findings for CYP1A71 mRNA in A549 cells, CYP1B1 mRNA was found to be
less inducible. After 24 h of treatment with 5 yM B[a]P A549 cells showed a 14.8 + 2.1 fold
increase for CYP1B1 mRNA, which is similar to the response after 48 h (16.9 + 2.6) (both
time-points were significantly different from the control P<0.05) (Figure 12 B). The effect of
the positive control (600 pM TCDD) on the mRNA expression of CYP1B1 in A549 cells, was
found to be slightly lower than after B[a]P treatment with a significant increase of 12.1 + 2.9
(24 h) and 12.2 £ 1.9 (48 h) fold compared to the control cells (P<0.05). In contrast to
CYP1A1 the basal level of CYP1B1 mRNA was in a good detectable range in the
experimental setup (Figure 12 B).

For both experiments, the differences between B[a]P and TCDD treatments as well as

between both time-points, were not significant (P>0.05).
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Figure 12: Fold increase of CYP1A1 (A) and CYP1B1 (B) mRNA copies in A549 alveolar type Il
epithelial cells. Cells were exposed to 5 uM of B[a]P or 600 pM TCDD for 24 h and 48 h. Cells
treated with DMSO for the same time were used as control to which the results were normalized. Data
represents the mean of three independent samples + SEM. B[a]P and TCDD treatment lead to
significant upregulation of CYP1A1 (A) and CYP1B1 (B) relatively compared to the control cells

(P<0.05). The dotted line represents the level of expression in the control cells.
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3.1.1.3. EROD AcCTIVITY IN A549 CELLS

To determine CYP1A1 catalytic activity in A549 cells after treatment with B[a]P and TCDD,
cells were incubated together with resorufinethylether and dicumarol [241]. The catalytic
activity was recorded as a function of time for 60 min. However, no signal was detected for

A549 cells in our experimental setup (data not shown).

3.1.1.4. PRODUCTION OF HISTAMINE IN HMC-1 MAST CELLS

The HMC-1 cell line is the only available human mast cell line and these cells were
intensively studied in the past to describe their exact phenotype [265, 288-290]. However, as
the production and intracellular storage of histamine is one of the major characteristics of
mast cells the histamine production was evaluated using immunohistochemistry together
with confocal microscopy.

HMC-1 cells were grown over night in LabTek-Il chambers coated with poly-l-lysine to
enhance the attachment. Afterwards cells were fixed permeabilized and stained for cellular
membranes, nuclei and histamine. HMC-1 cells were found to produce large amounts of

intracellularly stored histamine (Figure 13).
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Figure 13: Inmunohistochemistry staining of histamine in HMC-1 cells. HMC-1 cells were grown
over night in LabTek-ll chambers coated with poly-I-lysine. Afterwards cells were fixed, permeabilized
and stained for cellular membranes, nuclei and histamine. 1: membranes stained with cell mask deep

red. 2: Nuclei stained with DAPI. 3: Histamine with anti-histamine antibody (1:200). 4: Overlay.

3.1.1.5. INpuciBILITY OF CYP1A1 AND CYP1B1 mRNA IN HMC-1 MAST CELLS

To evaluate the ability of HMC-1 mast cells to upregulate CYP7TA7 and CYP1B1 mRNA,
cells were exposed to 5 yM BaP and 600 pM TCDD (positive control) for 24 and 48 h.
Afterwards the levels of CYP1A1 and CYP1B1 mRNA were evaluated using qRT-PCR.

The response of HMC-1 cells after 24 h of treatment with B[a]P and TCDD was almost
identical (2.9 £ 0.3, respectively 2.2 + 0.7 fold increase) but significantly increased compared
to the DMSO-treated control cells (P<0.05). After 48 h of treatment HMC-1 cells showed the
highest increase in CYP1A1 mRNA expression for both, B[a]P and TCDD, with 7.0 + 1.4,
respectively 6.2 + 0.7 fold relatively compared to the control (Figure 14 A). The longer
exposure time significantly increased the amount of mMRNA copies for CYP1A1 for both
treatments compared to the response after 24 h (P<0.05). The B[a]P and TCDD treatment

produced almost identical responses in the HMC-1 cells.
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In analogy to the experiments for CYP1A1 (Figure 14 A) the expression levels of CYP1B1
were evaluated under identical conditions. Compared to the findings for CYP1A1 mRNA in
HMC-1 cells CYP1B1 mRNA was found to be poorly inducible. After 24 h of treatment to 5
UM BJ[a]P the, HMC-1 cells showed no difference relatively compared to the control cells (1.2
+ 0.3 fold) and after 48 h, there was a decrease in the expression of CYP1B1 mRNA
compared to the control cells (0.7 + 0.1) (Figure 14 B) (not significant). The positive control
(600 pM TCDD) had also only limited potential to induce the mRNA expression of CYP1B1
in HMC-1 cells (24 h: 1 £ 0.2; 48 h: 1.2 + 0.2) relatively compared to the control (Figure

14 B) (not significant).
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Figure 14: Fold increase of CYP1A1 (A) and CYP1B1 (B) mRNA copies in HMC-1 human mast
cells. Cells were exposed to 5 uM of B[a]P or 600 pM TCDD for 24 h and 48 h. Cells treated with
DMSO for the same time were used as control to which the results were normalized. Data represents

the mean of three independent samples + SEM.

B[a]P and TCDD treatment lead to significant upregulation of CYP1A1 (A) relatively compared to the
control cells (P<0.05). Asterisks indicate significant differences between different time-points
(P<0.05). The level of CYP1B1 mRNA (B) did not change significantly during the treatment (P>0.05).

The dotted line represents the level of expression in the control cells.
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3.1.1.6. DIFFERENTIATION OF THP-1 CELLS INTO MACROPHAGE-LIKE CELLS

In vivo, AMs contribute to defense and clearance of the alveoli from foreign material, such as
bacteria, viruses and particulates. THP-1 cells are a well-known and well-characterized
surrogate for dendritic-like cells in vitro, but they can also be differentiated into macrophage-
like cells using agents such as vitamin D3 or PMA [264, 280]. The upregulation of the
surface receptor CD11b was described as a marker for differentiated macrophages [264].
The expression of CD11b on the surface of THP-1 cells was verified by
immunohistochemistry and confocal microscopy. THP-1 cells were differentiated over night
with 20 ng/mL PMA in Labtek-Il chambers or cultivated in the absence of PMA for the same
time. Cells were fixed and stained for cellular membranes, nuclei and CD11b. THP-1 cells
that were in contact with PMA attached stably to the cultureware (data not shown) and
expressed CD11b on their surface (Figure 15 A). Undifferentiated THP-1 showed also a
weak expression of CD11b. However, the signal for CD11b in the cells without PMA was

found intracellularly and not co-localized within the cell membrane (Figure 15 A and B).
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Figure 15: Immunohistochemistry staining of CD11b receptor of differentiated and

undifferentiated THP-1 cells. THP-1 cells were differentiated over night with 20 ng/mL PMA in
Labtek-Il chambers (A) or cultivated in the absence of PMA for the same time (B). Afterwards, cells
were fixed and stained for cellular membranes, nuclei and CD11b. 1: membranes stained with cell
mask deep red. 2: Nuclei stained with DAPI. 3: CD11b receptor with anit-CD11b antibody (1:200). 4:

Overlay.

3.1.1.7. DIFFERENCES IN THE INDUCIBILITY OF CYP1A1 AND CYP1B1 MRNA IN THP-1
CELLS BEFORE AND AFTER PMA DIFFERENTIATION

To evaluate potential differences in the ability of THP-1 cells and their PMA-differentiated
counterparts to upregulate CYP1A71 and CYP1B1 mRNA cells were exposed to 5 uM B[a]P
and 600 pM TCDD (positive control) for 24 and 48 h. Afterwards the levels of CYP1A1 and
CYP1B1 mRNA were evaluated using qRT-PCR.

Undifferentiated THP-1 cells showed very limited potential to upregulate CYP1A7 mRNA
after exposure to B[a]P or TCDD after 24 and 48 h and the results were almost identical with
the results of the control cells that were treated with DMSO. There was no significant
difference between B[a]P and TCDD treatments as well as between the evaluated time-

(P>0.05) (Figure 16 A).
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In analogy to the experiments for CYP1A1 (Figure 16 A) the expression level of CYP1B1
was evaluated under identical conditions. Compared to the findings for CYPTA7 mRNA in
THP-1 cells, CYP1B1 mRNA was found to be also very little inducible for both, B[a]P and
TCDD treatments compared to the control. There was no significant difference in the

expression level after 24 and 48 h or between the treatments (Figure 16 B).
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Figure 16: Fold increase of CYP1A1 (A) and CYP1B1 (B) mRNA copies in THP-1 cells. Cells
were exposed to 5 uM of B[a]P or 600 pM TCDD for 24 h and 48 h. Cells treated with DMSO for the
same time were used as control to which the results were normalized. Data represents the mean of
three independent samples + SEM. The levels of CYP1A1 (A) and CYP1B1 (B) did not change

significantly during the experiments (P>0.05). The dotted line represents the level of expression in the

control cells.

To evaluate the effect of the PMA differentiation on the potential of THP-1 cells to respond to
the B[a]P and TCDD treatment with an upregulation of CYP1A1 and CYP1B1 mRNA, the
experiment described above was repeated. Instead of normal THP-1 cells, THP-1 cells
differentiated with 20 ng/mL PMA over night were used for the exposure and qRT-PCR
experiments.

PMA-differentiated THP-1 cells showed an increased potential to respond to the treatment,

compared to normal THP-1 cells (Figure 16 A and 17 A). In differentiated cells, the exposure
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to 5 uM BJ[a]P lead to a significant increase of 3.3 + 0.8 fold for CYP1A71 mRNA after 24 h
compared to the DMSO-treated control (P<0.05). The level of expression after 48 h was
constant (3.7 £ 0.93 fold). Differentiated THP-1 cells exposed to 600 pM TCDD showed a
decreasing response. After 24 h the increase for CYP1A1 mRNA is similar compared to the
B[a]P treatment (3.4 = 1.4 fold). After 48 h, CYP1A1 mRNA level was slightly lower
(2.4 £ 0.5) (Figure 17 A). The differences between B[a]P and TCDD treatments were not
significant.

The impact of the differentiation on the ability of THP-1 cells to respond to the treatment with
CYP1B1 mRNA induction was stronger compared to CYP1A1. After 24 h, B[a]P- and TCDD-
treated cells showed a similar significant increase (3.5 + 0.3, respectively 3.3 £ 0.5 fold)
compared to control cells with DMSO (P<0.05). After 48 h of treatment, B[a]P and TCDD
lead also to similar significant responses (7.2 + 1.4, respectively 5.8 + 1.2 fold) compared to
the control (P<0.05). The differences between B[a]P and TCDD treatments were not
significant.

Overall, differentiated THP-1 cells were found to be more responsive to both, the B[a]P and

TCDD treatments.
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Figure 17: Fold increase of CYP1A1 (A) and CYP1B1 (B) mRNA copies in differentiated THP-1
cells. Differentiated cells were exposed to 5 uM of B[a]P or 600 pM TCDD for 24 h and 48 h. Cells
treated with DMSO for the same time were used as control to which the results were normalized. Data
represents the mean of three independent samples + SEM. B[a]P treatment lead to significant
upregulation of CYP1A1 (A) relatively compared to the control cells (P<0.05). For CYP1B1 mRNA
both, B[a]P and TCDD treatment, lead to significant upregulation of CYP1B1 (B) mRNA relatively
compared to the control cells (P<0.05). The dotted line represents the level of expression in the

control cells.

3.1.1.8. INpuciBILITY OF CYP1A71 AND CYP1B71 MRNA IN EA.HY 926 ENDOTHELIAL
CELLS
To evaluate the ability of EA.hy 926 endothelial cells to upregulate CYP1A1 and CYP1B1
MRNA, cells were exposed to 5 yM BaP and 600 pM TCDD (positive control) for 24 and
48 h. Afterwards the levels of CYP1A1 and CYP1B1 mRNA were evaluated using qRT-PCR.
The fold increase of CYP1A17 mRNA in EA.hy 926 cells after 24 h treatment to B[a]P and
TCDD was similar (4.4 £ 0.3, respectively 4.6 £ 0.2 fold) and significantly increased relatively
compared to the DMSO-treated control (P<0.05). After 48 h the response remained constant
for both treatments and showed no further increase compared to DMSO-treated cells (Figure

18). The differences between B[a]P and TCDD treatments were not significant (P>0.05).
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The expression level of CYP1B1 mRNA was not detectable in the experimental setup (data

not shown).
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Figure 18: Fold increase of CYP1A1 mRNA copies in EA.hy 926 endothelial cells. EA.hy 926
cells were exposed to 5 uM of B[a]P or 600 pM TCDD for 24 h and 48 h. Cells treated with DMSO for
the same time were used as control to which the results were normalized. Data represents the mean
of three independent samples + SEM. B[a]P and TCDD treatment, lead to significant upregulation of
CYP1A1 mRNA relatively compared to the control cells (P<0.05). The dotted line represents the level

of expression in the control cells.

3.1.2. STRUCTURE OF EPITHELIAL AND ENDOTHELIAL CELL LAYERS ON THE
MICROPOROUS MEMBRANE
Transwell™ (1 um pore size) inserts seeded with cells (A549 and EA.hy 926 in coculture)
were stained with DAPI (blue) and cell mask deep red dye (red) and analyzed by CLSM.
EA.hy 926 cells seeded on the basolateral side and A549 cells on the apical side of the
Transwell™ did not show any evidence of multilayer formation and the cells were distributed
in a confluent monolayer. EA.hy 926 endothelial cells on the basolateral side of the
membrane seemed to cover a larger surface area compared to A549 cells and to have a
flatter shape, while the A549 cell on the apical side appeared to be more cuboidal-shaped

(Figure 19).
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Figure 19: Z-stack image series to evaluate the distribution of A549 and EA.hy 926 cells on
opposite sides of a Transwell™ insert. The cells form a closed monolayer on both sides of the 1
pm Transwell™ membrane. Cellular membranes are stained in red (cell mask deep red dye), nuclei in

blue (DAPI). X-y projection with the respective side views (magnification: 630x).

3.1.3. DISTRIBUTION OF DIFFERENTIATED THP-1 CELLS AND HMC-1 CELLS IN THE
IN VITRO SYSTEM
Differentiated macrophage-like THP-1 cells were seeded on top of A549 cells in Transwell™
inserts. Cells were allowed to attach for 24 hours and then stained and the membranes were
mounted. Nuclei were stained with DAPI (blue), a fluorescent dye (red) specific for the
plasma membrane and an antibody against CD11b (green) were used to highlight
differentiated macrophages. The macrophage cells were triple positive showing a signal for
DAPI, the plasma membrane and for CD11b. A549 cells did not express CD11b and a
monolayer of cells can be observed (Figure 20 A). In submerged conditions, once in contact
with the epithelial cells, the differentiated THP-1 cells tend to form small colonies on top of
the epithelial cell layer (Figure 20 A and B). This effect was not observed in monocultures of

THP-1 cells after differentiation.
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Figure 20: Colonies of differentiated THP-1 cells on top of epithelial A549 cells. A: Analysis of
the distribution of THP-1 cells in the coculture system by a z-stack image series. THP-1 cells form
colonies of several cells on top of A549 cells. THP-1 cells are stained with anti CD11b (green); nuclei
are counterstained with DAPI (blue). X—y projection with the respective side views (magnification:
630x). B: Same image as shown in A but only with the channels for DAPI and CD11b. Red arrows

indicate representative colonies (magnification: 200x).

A similar observation was made in the tetraculture system, composed of A549, differentiated
THP-1, HMC-1, and EA.hy 926 cells. After seeding the HMC-1 cells into the tetraculture
system, the originally floating HMC-1 cells disappeared from the culture medium and
attached to the epithelial cell layer. The macrophage-like cells and mast cells can be found
on top of the epithelial cells (Figure 21 A and B). THP-1 cells are in direct contact with HMC-

1 cells and they form heterogeneous colonies (Figure 21 B).
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Figure 21: Z-stack image series to analyze the distribution of THP-1 macrophages and HMC-1
in the tetraculture system present in the apical compartment of the insert. The distribution of
A549, differentiated THP-1, HMC-1 and EA.hy 926 cells in the tetraculture was analyzed via CLSM.
Cellular membranes are stained with cell mask deep red dye (red) and nuclei are stained with DAPI
(blue); Macrophage-like cells are counterstained with an anti-CD11b-antibody. A: X-y projection with
the respective side views. B: 3D reconstruction of the tetraculture based on the results of the z-stack
from A. THP-1 (green arrows) and HMC-1 (blue arrows) cells are found on top of the epithelial cells.

EA.hy 926 cells were not considered in the 3D reconstruction.

However, once the system was shifted to ALl conditions, the colonies that were observed
under submerged conditions disappeared and the cells spread more equally on top of the

epithelial cells (Figure 22 A and B).
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Figure 22: Colonies of differentiated THP-1 cells and HMC-1 cells on top of epithelial A549
cells. A: Brightfield image of THP-1 cells and HMC-1 that form colonies on top of A549 epithelial
cells. The red arrow indicates a representative colony. B: same Transwell™ insert cultivated at the

ALI without showing colonies. (Magnification: 200x).

3.1.4. BARRIER QUALITIES OF THE IN VITRO SYSTEM

A549 in monoculture, EA.hy 926 in monoculture, A549 plus EA.hy 926 in coculture and the
tetraculture were exposed for 60 minutes to a sodium fluorescein tracer solution in the apical
compartment and the fluorescence leakage was measured in the basolateral compartment
as absolute fluorescence of sodium fluorescein. Inserts of different pore sizes (0.4, 1 and
3 um) were compared as well (Figure 23 A, B and C). The 0.4 um inserts showed a great
ability to block the fluorescent tracer solution, regardless of the presence or absence of cells
(Figure 23 A). In inserts with 1 and 3 pm pore size, the presence and the composition of the
cell layers influences the amount of leaked fluorescence. The overall leakage in an empty
0.4 um Transwell™ insert (w/o cells) was four times less compared to inserts with 1 and 3
pUm pores (compare empty inserts in Figure 23 A, B, and C). For cell cultures prepared in
0.4 uym inserts, no statistical significant differences were observed (Figure 23 A). When 1 ym
inserts were used, the monoculture of EA.hy 926 shows with 9103 + 545 significantly the
highest leakage (P<0.05). When A549 and EA.hy 926 cells were in coculture, the leakage

(4944 + 93) was slightly lower than in the A549 monoculture (5241 = 161). In the tetraculture
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system with A549, EA.hy 926, differentiated THP-1 and HMC-1 cells, the leakage was with
6339 = 249 again higher than for the A549 monoculture and the coculture of A549 and
EA.hy 926 but still significantly lower than for the monoculture of EA.hy 926 (P<0.05) (Figure
23 B). In Transwell™ inserts with 3 um pores, the amount of leaked fluorescence for A549
monoculture was 4928 + 57 and for EA.hy in monoculture 6134 = 572. The coculture of
A549 and EA.hy 926 cells showed a fluorescence leakage of 5250 + 84. The differences
between A549 and EA.hy 926 cells in monoculture and the corresponding coculture were
not significant. In these inserts the tetraculture showed the highest amount of leaked

fluorescence with 11584 + 865 (Figure 23 C).
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Figure 23: Sodium fluorescein leakage for mono-, co-, and tetraculture in Transwell™ inserts
with 0.4, 1 and 3 pm pore size. Medium containing 1 mg/mL of sodium fluorescein was administered
to the apical compartment. Medium w/o sodium fluorescein was administered to the basolateral
compartment and the leaked fluorescence was measured after 60 minutes incubation at room
temperature in the dark. Results obtained for inserts with a pore size of 0.4 ym, 1 ym and 3 ym are
given in A, B and C respectively. Data represents the mean of four independent Transwell™ inserts =

SEM. Groups that are sharing the same letters are not significantly different (P>0.05).

The same phenomenon was observed when the accessibility of resazurin for cells grown in
Transwell™ inserts of different pore sizes was evaluated. For cells cultivated in Transwell™
inserts with a pore size of 0.4 um, resazurin on the opposite side of the membrane was not
accessible for conversion. However, when Transwell™ inserts of 1 and 3 ym pore size were

tested, the resazurin became accessible to the cells (Figure 24).
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Figure 24: Accessibility of resazurin depends on the pore size of the membrane. Different
cultures were exposed to cell culture medium containing 400 uM of resazurin. Both compartments,
the apical and the basolateral, were filled with this solution. The conversion of resazurin on the
opposite site of the cell layer was dependent on the pore size of the used Transwell™ inserts. Data

represents the mean of two independent Transwell™ inserts + SEM.

In parallel to the evaluation of the leaked fluorescence, the tightness of the epithelium was
evaluated by measuring the transepithelial electrical resistance of A549 cells in monoculture
(Figure 25), EA.hy 926 cells in monoculture (Figure 26), A549 cells and EA.hy 926 cells in
coculture (Figure 27) and the tetraculture (Figure 28) in different Transwell™ inserts with
0.4, 1 and 3 um pore size. None of the evaluated culture setups was able to produce a

stable TEER value over the evaluated 10 days.
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Figure 25: Transepithelial electrical resistance (TEER) of A549 cells grown in inserts of

different pore sizes. Electrical resistance was measured to follow tightness of the cell layer. A:

TEER measured in inserts with 0.4 ym pore size; B: TEER measured in inserts with 1 ym pore size;

C: TEER measured in inserts with 3 um pore size. Data represents the mean of two independent

Transwell™ inserts + SEM.
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Figure 26: Transepithelial electrical resistance (TEER) of EA.hy 926 cells grown in inserts of

different pore sizes. Electrical resistance was measured to follow tightness of the cell layer. A:

TEER measured in inserts with 0.4 ym pore size; B: TEER measured in inserts with 1 ym pore size;

C: TEER measured in inserts with 3 um pore size. Data represents the mean of two independent

Transwell™ inserts + SEM.
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Figure 27: Transepithelial electrical resistance (TEER) of cocultures of A549 and EA.hy 926
cells grown in inserts of different pore sizes. Electrical resistance was measured to follow
tightness of the cell layers. A: TEER measured in inserts with 0.4 ym pore size; B: TEER measured

in inserts with 1 um pore size; C: TEER measured in inserts with 3 uym pore size. Data represents the

mean of two independent Transwell™ inserts =+ SEM.
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Figure 28: Transepithelial electrical resistance (TEER) of tetracultures of A549, EA.hy 926,
THP-1 and HMC-1 cells grown in inserts of different pore sizes. Electrical resistance was
measured to follow tightness of the cell layers. A: TEER measured in inserts with 0.4 ym pore size; B:

TEER measured in inserts with 1 um pore size; C: TEER measured in inserts with 3 ym pore size.

Data represents the mean of two independent Transwell™ inserts + SEM.
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3.1.5. BEHAVIOR OF THE TETRACULTURE IN RESPONSE TO AN OXIDATIVE STRESS
INDUCER
The production of ROS as a response to the exposure to small particulates is an important
effect of particles and ROS production by particles has also been linked to their adverse
effects on the cardiovascular system [160]. In order to investigate differences of the cultures
in response to an oxidative stimulus, monocultures, cocultures, and tetracultures were
exposed to 20 mM 2,2’-azobis-2-methyl-propanimidamide-dihydrochloride (AAPH) for 2 h
after which the oxidation of the dye DCFH-DA as indicator of ROS production was
measured. The differentiated THP-1 cells showed the highest fold increase in ROS
production (30.9 + 2.5; P<0.05) for all the cultures tested. Among the monocultures, the
response of HMC-1 and EA.hy 926 cells was comparable with a fold increase of 18.6 + 1.3,
respectively 21.9 + 2.9. A549 cells were cultivated at the ALl and under submerged
conditions and then exposed to AAPH. The cells cultivated at the ALI showed the lowest fold
increase of all tested monocultures (12.6 =+ 1; P<0.05 when compared to EA.hy 926 and
THP-1). The fold increase of ROS production for the coculture of A549 and EA.hy 926 cells
at the ALI as well as the fold increase for the tetraculture at the ALl was comparable to the

results obtained with A549 cells alone (Figure 29).
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Figure 29: DCFH-DA assay to analyze the behavior of the different cultures in response to
oxidative stress. Cultures were preloaded with DCFH-DA dye for 45 min and subsequently exposed
to 20 mM AAPH in medium for 2 h. The oxidation of DCFH-DA was measured as an augmentation of
green fluorescence. The increase of oxidative stress was compared to cells that were treated with
medium without AAPH. Data represents the mean of at least four independent Transwell™ inserts =

SEM. Groups that are sharing the same letters are not significantly different (P>0.05).

3.1.6.  SECRETION OF PRO-INFLAMMATORY CYTOKINES AFTER TREATMENT WITH AAPH
In vivo cells have the possibility to communicate and to influence each other. This crosstalk
between cells also influences the production of mediators. Here the secretion of the pro-
inflammatory cytokines IL-1g, IL-6, GM-CSF, IL-8 and TNF-a was measured to evaluate
possible differences in the cytokine production pattern between cultures in the acute phase
after being treated with AAPH for 2 h. The levels of the cytokines were compared between
A549 in monoculture, the coculture of A549 and EA.hy 926 cells and the tetraculture. In
addition submerged and ALI culture were also compared.

Following exposure to 20 mM AAPH for 2 h A549 cells in monoculture secreted 124.7 + 7.4
pg/mL when submerged and 168 = 5.8 pg/mL IL-8 when cultivated at the ALl (n24). The

results obtained for A549 cells alone were the lowest compared with the coculture and the
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tetraculture (P<0.05). The coculture, cultivated under submerged conditions showed a
significantly elevated IL-8 secretion of 588 = 57 pg/mL, respectively 736 = 88 pg/mL
compared to the submerged counterpart (P<0.05). The response of the tetraculture at the
ALl with 660 + 57 pg/mL IL-8 was comparable to the response of the coculture. The
tetraculture cultivated under submerged conditions showed the highest IL-8 levels with
1118 = 66 pg/mL compared to all other cultures (P<0.05) (Figure 30).

The comparison between submerged culture and ALI culture showed that the IL-8 secretion
was significantly increased for the tetraculture with almost a two-fold difference when
compared to the submerged counterpart (P<0.05) (Figure 30). Levels for IL-1g, IL-6 and GM-

CSF were below the limit of detection (data not shown).

IL-8 in pg/mL

Figure 30: Evaluation of the secretion of IL-8 after treatment with AAPH. Cultures were exposed
to 20 mM AAPH in medium for 2 h. Afterwards samples of the undernatant were collected and
analyzed to evaluate the amount of secreted IL-8. Data represents the mean of at least four
independent Transwell™ inserts + SEM. Groups that are sharing the same letters are not significantly

different (P>0.05).
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3.1.7. CELL VIABILITY AFTER AEROSOL TREATMENT WITH THE VITROCELLTN| EXPOSURE
SYSTEM

The effect of exposure conditions present in the Vitrocell™ aerosol exposure system on
cellular viability was evaluated by exposing different cell cultures to an aerosol of PBS and
ambient sterile filtered air for 30 min. The cultures (A549 in monoculture, in coculture with
EA.hy 926 cells and in tetraculture with EA.hy 926, THP-1 and HMC-1) were kept under ALI
conditions in the incubator for 24 h and were then exposed. Immediately after exposure the
integrity of the cell layers was verified by light microscopy and no visible alterations were
observed (data not shown). Subsequently the cultures were placed back into the incubator
and the cellular viability was measured 24 h later. Cell viability was compared to cultures
under submerged conditions and cultures kept in the incubator at the ALI for 48 h
(Figure 31). Compared to cells under submerged conditions, the viability was not
significantly reduced for ALI cultures. No significant differences between cells exposed in the

aerosol chamber and cells incubated at ALI conditions in the incubator were observed.
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Figure 31: Viability of cultures exposed to an aerosol of PBS by using the Vitrocell™ aerosol
exposure system. Cultures were exposed to an aerosol of PBS for 30 min using the Vitrocell™
aerosol exposure system. A: A549 monoculture; B: Coculture of A549 and EA.hy 926 cells; C:
Tetraculture. The line represents the viability of cells kept under submerged conditions to which the
ALl samples were compared. Data represent the mean of four independent Transwell™ inserts =

SEM. Groups that are sharing the same letters are not significantly different (P>0.05).
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3.1.8. BEHAVIOR OF MACROPHAGE-LIKE CELLS IN SUBMERGED EXPOSURE AND AT THE
AIR-LIQUID-INTERFACE

In vivo alveolar macrophages are efficiently intercepting particles and foreign materials in the
alveolar region, contributing to clearance and defense of the alveolar region. The ability of
the macrophage-like cells to intercept particles in the tetraculture was evaluated. The
tetraculture was incubated for 24 h with 50 nm SiO,-rhodamine particles suspended in
tetraculture cell medium (10 mg/L) with 1% serum. Afterwards cells were fixed and stained
with DAPI, cell mask deep red dye and CD11b and analyzed via CLSM. Signals for
internalized SiO,-Rhodamine NPs were detected inside of CD11b-positive macrophage-like
THP-1 cells. In the A549 cell layer as well as in the HMC-1 cells no internalized SiO,-
Rhodamine NPs could be detected (Figure 32).

In analogous conditions to the submerged exposure tetracultures were exposed to an
aerosol of PBS containing 50 nm SiO,-rhodamine particles. The aerosol was generated by a
pneumatic nebulizer (AGF 2.0 PALAS, Karlsruhe, Germany) and was delivered to the
modules through a trumpet device at a flow rate of 5 + 0.1 mL/min/module for a defined time
of exposure (30 minutes). The concentration of the particle suspension in the reservoir of the
AGF 2.0 nebulizer was 1 g/L.

After exposure, the cells were allowed to recover for 48 h before fixation and staining.
Inserts were stained with DAPI, cell mask deep red dye and CD11b and analyzed via CLSM.
Signals for internalized SiO,-Rhodamine NPs were detected inside of CD11b-positive
macrophage-like THP-1 cells only. In the A549 cell layer as well as in the HMC-1 cells and
the endothelial layer (not shown), no internalized SiO,-Rhodamine NPs could be detected

(Figure 33 A, B and C).
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Figure 32: Z-stack image series to analyze the phagocytic activity of THP-1 macrophages in
the triculture present in the apical compartment of the system. Tetracultures of A549,
differentiated THP-1, HMC-1 and EA.hy 926 were exposed to cell culture medium containing 10 mg/L
of 50 nm SiO,-Rhodamine particles for 24 h. SiO,-Rhodamine particles distribution was analyzed via
CLSM. Cellular membranes are stained with cell mask deep red dye (red) and nuclei are stained with
DAPI (blue). Macrophage cells are counterstained with an anti-CD11b-antibody (green). Fluorescence
from ingested SiO,-Rhodamine particles was detected in differentiated THP-1 cells situated on top of
the A549 cells (green arrows) but not in A549 (red arrows) or HMC-1 (blue arrows). The image shows

an x-y projection with the respective side views.
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Figure 33: Z-stack image series to analyze the phagocytic activity of THP-1 macrophages in
the triculture present in the apical compartment of the system after exposure to 50 nm SiO,-
Rhodamine nanoparticles with the Vitrocell™ system. Tetracultures of A549, differentiated THP-1,
HMC-1 and EA.hy 926 exposed to an aerosol of 50 nm SiO,-Rhodamine particles for 30 minutes
using the Vitrocell™ aerosol exposure system. Afterwards cells were fixed, labeled and the
distribution of SiO,-Rhodamine particles was analyzed via CLSM. Cellular membranes stained with
cell mask deep red dye (red) and nuclei with DAPI (blue) are shown. Macrophage cells are
counterstained with an anti-CD11b-antibody. Signals of ingested SiO,-Rhodamine particles were
detected in differentiated THP-1 cells (white arrows), sitting on top of the A549 cells (blue arrows) but
not in A549 or HMC-1 cells. A: The image shows an x—y projection with the respective side views. B

and C show a macrophage cell from A in a higher magnification.
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3.2, RESPONSE OF THE ENDOTHELIAL PART OF A 3D TETRACULTURE /N VITRO MODEL
IN A DOSE-CONTROLLED EXPOSURE SCENARIO TO DIESEL EXHAUST PARTICULATE
MATTER AT THE AIR-LIQUID-INTERFACE (ALI)

In this part of the PhD work, the results obtained after challenging the tetraculture in vitro

system with native DEPM aerosol, using realistic doses, to study the response of the

endothelium are presented. As a first step, it was necessary to validate and characterize the

aerosol production with the PALAS steel-brush-generator provided from Vitrocell™.

3.2.1. DEPM AEROSOL CHARACTERISATION AND DOSIMETRY
In order to be able to study cellular responses in the tetraculture system under relevant
conditions, a set of important values, such as particle counting and size distribution as well

as particle deposition rates need to be evaluated.

3.2.1.1. PARTICLE COUNTING

Aerosols can be described by two main characteristics: particle size distribution and particle
counting. In general, particle size distribution of ideal aerosols, e.g. an aerosol of
nanoparticles can be described by a Gaussian distribution. Ideal aerosols consist of particles
that differ only little in size, resulting in a very uniform size distribution. On the other hand,
environmental aerosols, such as aerosols of DEPM, have in general particles, that are very
different in size, ranging from a few nm to several ym in the aerodynamic diameter.

Here we analyzed the DEPM aerosol that was produced by the PALAS steel-brush-
generator using a standard reference material from the national institute for standards and
technology (NIST) (SRM2975). The particle generator was operated under the same
conditions as for the exposure experiments with the cells: 1200 rpm brush speed and 30
mm/h piston speed. For the measurements, the exhaust tube of the particle generator was
connected to a GRIMM laser spectrometer and particle sizes and counts were recorded for 1

minute.
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The majority of the particles were below 500 nm in size and the smallest particle size,
detectable by the laser spectrometer, was 250 nm. The upper size limit of the aerosol
particles was around 2 pm, which is in line with the cutoff level defined for the cyclone
(particle fractionizer) in the PALAS steel-brush-generator. Compared to a homogenous
nanoparticle aerosol, the size distribution of the DEPM is quite heterogeneous with a big

fraction of particles below 500 nm (Figure 34).
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Figure 34: Size characterization of the DEPM aerosol that was produced with the PALAS
aerosol generator and analyzed using a GRIMM laser spectrometer. Particle counts were
registered for one minute with the rotating steel brush at 1200 rpm and the piston to deliver the diesel

particles at 30 mm/h. Data represents the mean of three independent Transwell™ inserts + SEM.

3.2.1.2. DOSIMETRY APPROACH FOR DEPM
In order to define a working range for the particle doses that should be used for the
experiments, it was necessary to establish a method that allowed us to measure the

deposited dose of DEPM per cm?.
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First experiments to establish a dosimetry approach that provides deposition rates in real-
time were conducted with TiO, and should later on be transferred to DEPM.

For the evaluation of the deposition of particles per cm? in real-time, we used a quartz-
microbalance system from Vitrocell™. The system uses an oscillating quartz crystal. The
deposition of material on the surface of this crystal results in a change of the oscillation
frequency, which can then be calculated by software into the mass that is deposited on top.
The Vitrocell™ exposure system can be equipped with three of these balances allowing
three independent real-time measurements at once. First experiments with TiO, nano
powder gave repeatable results and uniform deposition curves for all three balances (Figure

35).
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Figure 35: Performance of the quartz crystal microbalances from Vitrocell™ to detect particles
deposited after aerosolition. Bulky titanium dioxide powder from sigma was used to create an
aerosol with the PALAS aerosol generator to test the Vitrocell™ microbalances. Particle deposition
was measured every 30 seconds for three independent channels corresponding to an independent

Transwell™ each.
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As a next step, dosimetry experiments were repeated by replacing the TiO,nano powder by
the DEPM from NIST, with no other parameters changed. As a result, the balances from

Vitrocell™

were not able to detect the DEPM deposited on top, even when changing the
piston speed to the maximum. The crystal surface of the balances was found to be not
compatible with the lightweight and electrostatically charged DEPM.

In order to be able to evaluate the particle dose per cm?, we established an alternative
method, based on the approach published by Rudd and Strom [291]. The method uses the
absorption of DEPM at 750 nm.

To evaluate the amount of particles per cm?, pre-wetted Transwell™ inserts were exposed
for different times and subsequently washed with 200 yL of 0.1 N NaOH to collect all
particles from the membrane. The absorption of these particles suspensions was then
measured with a spectrophotometer and compared to a DEPM standard curve to calculate
the amount of deposited particles.

Particle deposition for DEPM was found to be uniform for up to 20 min of exposure, resulting
in a deposition maximum of 600 ng/cm? (Figure 36). The results were used to extrapolate

the exposure times needed to expose tetracultures to 40, 80 and 240 ng/cm2 of DEPM.

These particle doses can be considered to be of relevance for a realistic exposure scenario.
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Figure 36: An alternative way to evaluate the deposited amount of DEPM per cm’ in a
Transwell™ insert based on the method published by Rudd and Strom [291]. Diesel particles
were found to be of high electrostatical charge and to be too light for being registered by the
microbalances from Vitrocell™. In order to correctly determine the deposited mass per cm?, empty
Transwell™ inserts were pre-wetted using 0.1 N NaOH and then exposed for different times using the
aerosol system. Afterwards inserts were washed with 200 pL of 0.1 N NaOH and the absorbance of
the suspended particles was measured at 750 nm. A standard curve was used to calculate the

amount of particles deposited in the Transwell™ inserts.

In order to make a statement about the homogeneity of the distribution of the deposited
material, Transwell™ inserts were exposed under the same conditions as described above
and analyzed by scanning electron microscopy (SEM).

Regarding the results obtained with the GRIMM laser spectrometer (Figure 35), the SEM
data also showed a heterogeneous size distribution with some bigger agglomerates (Figure
37, red arrows) and a big population of small particles. There was a clear tendency for the
DEPM to form agglomerates when increasing the time of exposure (Figure 37). Overall, the
distribution of DEPM was uniform for all three exposure times: 1 min 8 s for 40 ng/cm?, 2 min

17 s for 80 ng/cm? and 6 min 52 s for 240 ng/cm?.
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Figure 37: Scanning electron microscopy micrographs of Transwell™ inserts after exposure to
DEPM aerosol using the PALAS steel-brush generator. Empty Transwell™ inserts were pre-
wetted using 0.1 N NaOH and then exposed for different times using the aerosol system. Afterwards
inserts were analyzed via SEM.

A: Transwell™ insert exposed to 40 ng/cmz: At the lowest dose, DEPM form only few
agglomerates (red arrow). B: Transwell™ insert exposed to 80 ng/cm’: At the medium dose,
DEPM have the tendency to form agglomerates (red arrow), but the surface of the membrane is still
covered by a uniform layer of small particles. C: Transwell™ insert exposed to 240 ng/cm?: At the
highest dose DEPM were also found to form bigger agglomerates. This image is a good example to
illustrate the heterogeneity of the DEPM aerosol, which is results in the deposition of particles that are

very different in size, ranging from a few nanometers to several micrometers.

3.2.1.3. PRESENCE OF HEAVY METALS ON TOP OF DEPM ANALYZED BY NANOSIMS

With the SRM2975, NIST provides a well-characterized reference material. Even though in
their datasheet they addressed a lot of parameters, such as size distribution, PAHs content,
etc. data about the content of heavy metals are missing. Heavy metals are known to be an
important source for oxidative stress in cellular systems and environmental PM was found to
carry heavy metals on their outer shell.

In this experiment, DEPM samples were analyzed by using the NanoSIMS approach. This
secondary ion mass spectrometer offers the possibility to visualize the heavy metal content

of the DEPM samples, showing also potential hotspots on the outer shell of the particles.
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DEPM samples were analyzed for the presence of the heavy metals nickel (Ni), copper (Cu),
chromium (Cr) and zinc (Zn). Phosphorus was used as reference element to draft the shape
of the particles (Figure 38). The results of the experiment can be visualized as color-coded
images with a logarithmic scale, ranging from black for the lowest intensity to red for the
highest signal (on the right hand of the Figure 38). DEPM from NIST was found to carry only

low amounts of chromium. All other heavy metals were below the limit of detection.
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Figure 38: Distribution of heavy metals on the outer shell of DEPM analyzed by NanoSIMS.
DEPM samples were analyzed for the presence of the heavy metals nickel (Ni), copper (Cu),
chromium (Cr) and zinc (Zn). Phosphorus (P) was used as reference to draft an image of the outer
shell of the particle. The relative amounts of the elements are presented as intensities with a
logarithmic scale from black (lowest) to red (highest) (on the right hand of the figure).

DEPM from NIST was found to carry only low amounts of chromium. All other heavy metals were

below the limit of detection.
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3.2.2.  INFLUENCE OF RELEVANT DOSES OF DEPM ON THE CELLULAR VIABILITY

Cellular viability is an important parameter for the evaluation of the hazard potential of
environmental particles. Dependent on their chemical composition, DEPM affects cellular
viability, which is supported by a growing body of evidence from literature. However, the
majority of these studies were conducted by using highly concentrated extracts from DEPM
(up to 1 mg/mL), which is far beyond the in vivo relevant range.

In this experiment, tetracultures were exposed to different doses of DEPM by using the
Vitrocell™ aerosol exposure system. The doses were chosen following the considerations
given in the materials and methods part about in vitro relevant doses for the exposure of
cells to aerosolized particles. In respect to this, it was decided to choose 40 and 80 ng/cm2
as particle doses that could be aspirated during a single day in polluted areas and 240
ng/cm? as a subchronic extreme exposure scenario.

The viability of the tetracultures that were exposed to the different doses of DEPM was
evaluated at 6, 24 and 48 h after exposure. Tetracultures that were kept in the aerosol
chamber for the same exposure time but with the particle generator in standby mode served
as control. DEPM were not significantly affecting the viability of the tetracultures compared

to the control cells at any of the evaluated time-points (Figure 39).

95



Results

>
w
@)

[2]
>=
g8 1048 4 1% 104 ¢ = = 1{ = § I
£E2 1
- '
zsg ]
€32 %] 0.54 0.5
> © = e
=qa 32 1
(O] IS i
o Q
8 4
0.0 ‘(: T T 0.0 T T T 0.0 T T T
© ™ > AN Q> AN Q
»oW © 0w S
Time a:‘f(t)e;efcpntzg ure to Time after exposure to Time after exposure to
& 80 ng/cm? 240 ng/cm?

Figure 39: Impact of the exposure to different amounts of DEPM on the cellular viability of the
tetraculture at different time-points after exposure. Tetracultures were exposed to 40 ng/cm? (A),
80 ng/cm2 (B) or 240 ng/cm2 (C) of DEPM. The viability of the tetracultures was evaluated at 6, 24
and 48 h after exposure. Tetracultures that were kept in the aerosol chamber for the same exposure
time but with the particle generator in stand-by mode served as control. DEPM were not significantly
affecting the viability of the tetracultures compared to the control cells at any of the evaluated time-

points. Data represents the mean of three independent Transwell™ inserts + standard error of mean.

3.2.3. PRO-INFLAMMATORY EFFECTS OF LOW DOSES OF DEPM ON THE ENDOTHELIAL
PART OF THE TETRACULTURE
In the framework of the hierarchical oxidative stress response the elicitation of an
inflammatory reaction is an important indicator for tier 2. In this experiment the potential of
in vivo relevant DEPM doses to trigger an inflammatory response, shifting cellular response
potentially towards tier 2 of the hierarchical oxidative stress response was evaluated. In
literature, several marker genes were described that can serve as indicators of early
endothelial inflammation. In general, these genes are upregulated and become detectable
before the secretion of second messengers. Among these genes, it was decided to use the
three surface adhesion molecules ICAM-1, VCAM1 and E-Selectin, which are important for

the recruitment of immune cells from the blood into the inflamed tissue [175, 292, 293]. In
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addition, the upregulation of the second messenger IL-6, which is also a marker for an
emerging endothelial inflammation and the transcription factor NF,B, which is involved in the
regulation of inflammation, was analyzed.

Tetracultures were exposed to 80 ng/cm? or 240 ng/cm? of diesel exhaust particles. Total
mRNA of the endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after
exposure, reversely transcribed and analyzed via gqRT-PCR. Tetracultures that were kept in
the aerosol chamber for the same exposure time but with the particle generator in stand-by
mode served as control.

For the target genes ICAM-1 and IL-6 there was no difference compared to the control cells.
VCAM1 and E-Selectin were below the limit of detection under assay conditions in the

exposed and the control samples (Table 6).
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Table 6: Impact of the exposure to different amounts of DEPM on the expression level of
relevant marker genes for endothelial inflammation in the endothelial part of the tetraculture
system at different time-points after exposure to DEPM.

Tetracultures were exposed to 80 ng/cm?® or 240 ng/cm’ of DEPM. Total mRNA of the endothelial
cells of the tetracultures was sampled at 6, 24 and 48 h after exposure, reversely transcribed and
analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber for the same exposure
time but with the particle generator in stand-by mode served as control. The expression levels of
VCAM1 and E-Selectin were not detectable under assay conditions, using 1 ug of isolated mRNA for
reverse transcription.

Data represent the mean of at least four independent samples + SEM. Results were normalized to the

level of expression of the control cells.

80 ng/cm? 240 ng/cm?

Gene 6h 24h 48h 6h 24h 48h
ICAM-1 0,93 + 0,07 0,86 + 0,03 0,93 + 0,04 0,83 + 0,06 0,83 + 0,06 1,14 + 0,17
VCAM1 Not detecable under assay conditions Not detecable under assay conditions

E-SELECTIN Not detecable under assay conditions Not detecable under assay conditions
IL-6 0,93 + 0,13 0,94 + 0,15 0,93 + 0,24 0,76 + 0,06 0,96 + 0,11 0,79 + 0,07

For the transcription factor NF,B, no increase could be detected for the cells exposed to 80
ng/cm? of DEPM (Figure 40 A). 48 h after the exposure to 240 ng/cm?, the expression of
NFB was slightly (1.2 £ 0.07), but significantly increased compared to the other time-points

(P<0.05) (Figure 40 B).
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Figure 40: Impact of the exposure to different amounts of DEPM on the expression level of
NFB in the endothelial part of the tetraculture system at different time-points after exposure to
DEPM. Tetracultures were exposed to 80 ng/cm2 (A) or 240 ng/c:m2 (B) of DEPM. Total mRNA of the
endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after exposure, reversely
transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber for the
same exposure time but with the particle generator in stand-by mode served as control.

Data represents the mean of at least four independent samples + SEM. Asterisks indicate significant
differences between the evaluated time-points (P<0.05). The dotted line indicates the level of

expression of the control cells to which the results were normalized.

To confirm the results obtained for the qRT-PCR experiment, we evaluated the potential
secretion of second messengers in the undernatant of the tetracultures. The tetracultures
were exposed 80 ng/cm? or 240 ng/cm? of diesel exhaust particles. Aliquots of the
undernatant were taken at 6, 24 and 48 h after exposure and stored upon analysis at -80 °C.
The levels of secreted second messengers were evaluated using a multiplexed assay from
MSD for pro-inflammatory cytokines, cytokines and chemokines. Tetracultures that were
kept in the aerosol chamber for the same exposure time but with the particle generator in
standby mode served as control. No significant increase in the production of pro-

inflammatory cytokines, cytokines or chemokines could be observed (Table 7).
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Table 7: Secretion of second messengers after exposure to different doses of DEPM at different time-points after exposure. Tetracultures were
exposed 80 ng/cm2 or 240 ng/cm2 of diesel exhaust particles. Aliquots of the undernatant were taken at 6, 24 and 48 h after exposure and stored upon
analysis at -80 °C. The level of secreted second messengers was evaluated using a multiplexed assay from MSD for pro-inflammatory cytokines (A),
cytokines (B) and chemokines (C). Tetracultures that were kept in the aerosol chamber for the same exposure time but with the particle generator in stand-by

mode served as control. Data represents the mean of at least four independent Transwell™ inserts + SEM.

A pro-inflammatory cytokines panel
80 ng/cm? 240 ng/cm?
Cytokine 6h 24h 48h 6h 24h 48h
IFN-y control 75 % 2,6 8,2 + 2,4 8,8 + 34 4,2 + 0,9 8,1 + 2,5 9,0 + 3,9
exposed 49 2,7 8,5 + 34 14,0 + 3,7 2,9 + 1,1 5,6 + 1,7 10,1 + 3,7
IL-10 control 39 % 1,4 10,0 + 57 6,3 * 2,9 2,7 t 1,0 7,0 + 2,3 7.7 t 4,0
exposed 45 1,3 53 + 2,0 8,4 + 2,8 3,2 + 0,5 3,9 + 1,4 6,6 + 2,6
IL-12p7q  COonfrol 3208 35 = 08 50 + 11 12+ 01 33 & 10 39 + 14
P exposed 1,8 1,0 34 + 1,3 3,3 + 1,4 1,1 + 0,4 2,7 + 0,9 3,7 + 1,2
IL-13 control 48,4 + 17,4 75,6 + 17,3 38,6 + 14,0 44,4 + 9,5 65,3 + 18,1 50,9 + 20,8
exposed 452 9,4 43,6 + 17,4 72,7 + 23,4 43,6 + 10,7 35,8 + 11,1 51,3 + 17,4
IL-1p control 16,2 2,9 31,2 + 7,9 25,3 + 49 28,1 + 17,3 23,8 + 57 16,1 + 9,0
exposed 9,8 3.3 18,3 + 7.1 16,1 + 9,2 10,4 + 2,4 13,7 + 2,9 21,2 + 4,6
IL-2 control 46 = 3,3 6,6 + 7,9 55 + 49 2,8 + 24 10,8 + 57 25,5 + 9,0
exposed 142 10,3 18,2 + 13,7 31,2 * 24,4 2,3 + 0,6 12,0 + 7,7 6,6 + 2,2
L4 control 0,7 + 0,2 1,2 + 0,3 1,5 + 0,3 0,3 + 0,1 1,0 + 0,4 1,0 + 0,5
exposed 0,5 0,5 1,0 + 0,4 0,9 + 0,5 0,3 + 0,2 0,8 + 0,2 0,9 + 0,4
IL-6 control 19,5 57 34,3 + 6,3 29,8 + 7,5 19,4 + 3,7 30,9 t 10,1 22,7 + 57
exposed 27,9 52 30,3 + 4,5 39,6 + 14,3 19,2 + 6,0 25,5 + 3,4 29,9 + 6,7
IL-8 control 58154 + 6104 61834 + 5305 6236,1 + 664,7 4718,9 +  483,6 6163,3 +  540,2 5530,7 + 692,7
exposed 49051 +  753,8 5218,3 + 681,0 4908,2 + 6728 4866,5 +  806,9 5092,0 + 596,0 49051 + 7847
TNF-a control 40 1,7 3,9 + 0,4 10,3 + 2,9 2,9 + 0,7 4,6 + 0,8 11,7 + 2,8
exposed 4,0 1,4 6,2 + 1,1 6,1 + 0,9 3,1 + 1,3 6,4 + 1,6 8,0 + 1,7
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B Cytokines panel
80 ng/cm? 240 ng/cm?
Cytokine 6h 24h 48h 6h 24h 48h
GM-CSF control 10,9 % 2,7 23,7 + 1,4 81,0 + 12,8 6,8 + 1,5 23,9 + 2,5 82,4 + 52
exposed 6,3 1,5 24,6 + 4,0 78,2 + 12,6 23,0 + 16,6 234 + 2,5 83,7 + 10,4
IL-12p40 control 1,3 + 0,8 2,3 + 0,7 3,6 + 1,9 1,0 + 0,3 2,0 + 0,3 2,6 + 0,8
exposed 12 % 0,3 2,0 + 1,0 3,0 + 0,6 0,8 + 0,2 1,1 + 0,3 1,9 + 0,5
IL-15 control 1,3 % 0,5 3,3 + 0,4 7,0 + 1,0 0,8 + 0,1 3,1 + 0,4 5,8 + 1,0
exposed 0,7 % 0,2 3,0 + 0,8 5,8 + 1,4 1,6 + 0,8 2,7 + 0,4 5,2 + 1,0
IL-16 control 55 % 1,3 22,6 + 4,2 28,4 + 6,6 8,8 + 3,8 17,3 + 3,1 27,9 + 7.8
exposed 9,2 1,9 17,6 + 5,1 38,2 + 6,1 6,0 + 1,3 15,5 * 3,5 30,4 + 4,3
control . .
IL-17 Not detectable under assay conditions Not detectable under assay conditions
exposed
IL-1a control 09 ¢ 0,2 7,0 + 4,1 7.1 + 2,3 19,9 + 19,0 2,2 + 0,3 8,5 + 2,8
exposed 15 0,2 2,7 + 0,6 6,6 + 2,1 1,0 + 0,2 3,0 + 04 7.4 + 2,0
control . .
IL-5 Not detectable under assay conditions Not detectable under assay conditions
exposed
L7 control 03 ¢ 0,1 1,4 + 0,2 2,0 + 0,4 0,6 + 0,3 1,3 + 0,2 2,3 + 0,7
exposed 0,6 0,2 1,0 + 0,3 2,7 + 0,6 0,3 + 0,1 1,0 + 0,3 2,2 + 0,5
TNF- control 0,0 ¢ 0,0 0,0 + 0,0 0,0 + 0,0 0,0 + 0,0 0,1 + 0,0 0,0 + 0,0
exposed 0,1 + 0,0 0,1 + 0,0 0,0 + 0,0 0,1 + 0,0 0,1 + 0,0 0,0 + 0,0
VEGF control 29,3 % 4,5 1255 17,2 357,3 + 38,9 1134 £ 76,2 110,1 + 21,5 376,0 + 52,2
exposed 517 18,2 1142 £ 18,3 329,7 ¢ 55,0 39,1 + 5,5 107,3 12,4 330,2 t 44,3
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C Chemokines panel
80 ng/cm? 240 ng/cm?
Cytokine 6h 24h 48h 6h 24h 48h
Eotaxin control 41,1 18,6 13,7 + 5,2 35,5 + 19,6 41,1 + 18,6 23,9 + 3,9 35,2 + 16,4
exposed 20,9 6,9 241 + 8,2 30,5 + 8,1 13,4 + 4,6 19,1 + 5,6 78,3 + 26,4
. control 64 £ 2,6 9,8 + 3,3 11,5 + 4,0 4,6 + 0,7 5,8 + 0,8 18,1 + 6,0
Eotaxin3
exposed 9,5 3,2 7,0 + 4,0 9,4 + 1,3 9,5 + 3,2 7,8 + 1,8 17,1 + 4,9
P-10 control 16,4 6,9 46,9 + 14,7 1702 + 29,1 16,4 + 54 442 + 8,4 1653 £ 16,8
exposed 16,0 4,0 57,0 + 18,6 214,7 76,4 16,0 + 4,0 44,0 * 111 1645 11,7
MCP-1 control 4832,0 + 1181,5 6000,2 + 1189,1 105451 + 1307,9 4832,0 + 11815 74282 + 1087,1 8985,3 + 9421
exposed 4696,7 + 1186,7 7813,6 + 4927 8708,3 + 1186,8 43145 +  620,7 69736 + 4729 83919 + 11285
MCP-4 control 145 6,0 14,0 + 2,5 19,4 + 2,9 12,8 + 4.4 20,2 + 3,6 20,1 + 3,4
exposed 12,7 2,7 11,8 + 1,5 24,8 * 55 12,7 + 2,7 16,8 * 3,4 22,7 + 23
MDC control  192,2 53,3 269,8 t 64,0 4522 98,0 1922 53,3 280,1 % 65,1 4612 £ 69,1
exposed 218,6 = 97,3 2842 76,9 439,8 + 108,4 1858 61,6 2701 % 59,6 4152 £ 50,1
MIP1a control  201,6 134,2 83,3 + 29,8 56,5 + 18,7 1349 66,3 1158 47,0 61,6 + 18,2
exposed 260,7 = 154,1 103,3 44,7 62,6 + 21,9 260,7 + 154,1 1306 * 62,1 45,1 + 7,6
MIP1b control  158,4 42,5 1294 = 17,5 87,6 * 35,4 1584 + 42,5 1296 19,5 1179 171
exposed 1843 + 63,3 1428 + 29,6 82,4 + 18,7 118,7 39,2 216,3 t 35,5 75,7 + 234
TARC control 70,2 % 46,3 1471 48,0 82,2 + 321 51,2 + 24,5 116,5 48,9 80,6 + 50,5
exposed 629 29,6 1082 71,6 1022 + 46,9 62,9 + 29,6 49,1 + 174 86,7 + 32,4
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3.2.4. UPREGULATION OF HSP70 mRNA AS AN INDICATOR OF CELLULAR STRESS IN
THE ENDOTHELIAL PART OF THE TETRACULTURE AFTER EXPOSURE TO DEPM
The heat shock protein 70 (HSP70) is a part of the chaperon system, which is present in
almost all organisms. Heat shock proteins play an important role for the quality control of the
protein biosynthesis to avoid accumulation of misfolded proteins. These enzymes become
induced in response to heat stress, toxicants and also as a response to DEPM [294]. The
upregulation of the chaperon HSP70 is suspected to be implicated in the pathogenesis of
vascular dysfunction and cardiovascular disease [294]. In addition, Kido et al. postulated that
HSP70 possibly contributes to air-pollution-induced vascular dysfunction and cardiovascular
diseases [294].
For the evaluation of the potential of DEPM to induce HSP70 upregulation on the mRNA
level in the in vitro model system, tetracultures were exposed to 80 ng/cm? or 240 ng/cm? of
diesel exhaust particles. Total mRNA of the endothelial cells of the tetracultures was
sampled at 6, 24 and 48 h after exposure, reversely transcribed and analyzed via qRT-PCR.
Tetracultures that were kept in the aerosol chamber for the same exposure time but with the
particle generator in standby mode served as control.
The endothelial part of the tetraculture showed a small but significant increase in the
expression of HSP70 mRNA at 24 h after the indirect exposure to 80 ng/cm? of DEPM (1.36
+ 0.05 fold), compared to the cells analyzed at 6 h after the exposure, which were at the
same level as the control cells (0.99 + 0.11 fold) (P<0.05) (Figure 41 A). 48 h after the
indirect exposure, the expression level of HSP70 mRNA in the endothelial cells was slightly
lower than after 24 h (1.26 + 0.09 fold) (not significant) (Figure 41 A).
Endothelial cells that were indirectly exposed to 240 ng/cm? showed no significant response
after 6 h (0.98 = 0.08 fold) and 24 h (1.31 = 0.08 fold). Treated cells that were incubated for
48 h after exposure showed the highest response for the upregulation of HSP70 mRNA with

1.5 = 0.05 fold increase (P<0.05 compared to the cells after 6 h) (Figure 41 B).
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Figure 41: Impact of the exposure to different amounts of DEPM on the expression level of
HSP70 in the endothelial part of the tetraculture system at different time-points after exposure
to DEPM. Tetracultures were exposed to 80 ng/cm2 (A) or 240 ng/cm2 (B) of diesel exhaust particles.
Total mMRNA of the endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after exposure,
reversely transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber
for the same exposure time but with the particle generator in standby mode served as control.

Data represents the mean of at least four independent samples + SEM. Asterisks indicate significant
differences between the evaluated time-points (P<0.05). The dotted line indicates the level of

expression of the control cells to which the results were normalized.

3.2.5. INFLUENCE OF RELEVANT DOSES OF DEPM ON THE EXPRESSION OF PRO-
APOPTOTIC KEY GENES IN THE ENDOTHELIAL PART OF THE TETRACULTURE

The programmed cell death, apoptosis, is an important cellular mechanism to eliminate
infected cells or cells that show abnormal behavior. Some chemicals and also environmental
particles were shown to possess the potential to interfere with the programmed cell death
and to induce key enzymes and genes disturbing this pathway, which may result in an
unintended apoptotic activity of otherwise healthy cells and tissue. DEPM are also expected
to potentially induce the apoptotic machinery [134, 162, 176].

In this experiment a potential upregulation of the pro-apoptotic key genes FAS and CASP7
was evaluated. The FAS gene encodes for a protein that is important for the activation of the
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apoptosis pathway. The CASP7 gene encodes for a protein that is part of caspase family
and necessary to execute the apoptotic process.

For the evaluation of the potential of DEPM to induce FAS and CASP7 upregulation on the
mRNA level in the in vitro model system, tetracultures were exposed to 80 ng/cm? or
240 ng/cm? of diesel exhaust particles. Total mMRNA of the endothelial cells of the
tetracultures was sampled at 6, 24 and 48 h after exposure, reversely transcribed and
analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber for the same
exposure time but with the particle generator in standby mode served as control.

The endothelial part of the tetraculture showed no increase in the expression of FAS mRNA
after the indirect exposure to 80 and 240 ng/cm? at any of the evaluated time-points (Figure

42).
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Figure 42: Impact of the exposure to different amounts of DEPM on the expression level of
FAS in the endothelial part of the tetraculture system at different time-points after exposure to
DEPM. Tetracultures were exposed to 80 ng/cm2 (A) or 240 ng/c:m2 (B) of DEPM. Total mRNA of the
endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after exposure, reversely
transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber for the
same exposure time but with the particle generator in stand-by mode served as control.

Data represents the mean of at least four independent samples + SEM. The dotted line indicates the

level of expression of the control cells to which the results were normalized.

CASP7 mRNA was only significantly upregulated in endothelial cells that were indirectly
exposed to 240 ng/cm? at 48 h after the exposure (1.2 = 0.04; P<0.05 compared to the cells
after 6 h and 24 h). The other samples were at the same level as the control cells (6 h: 0.95

+ 0.05; 24 h: 0.99 = 0.05) (Figure 43).
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Figure 43: Impact of the exposure to different amounts of DEPM on the expression level of
Casp7 in the endothelial part of the tetraculture system at different time-points after exposure
to DEPM. Tetracultures were exposed to 80 ng/cm2 (A) or 240 ng/cm2 (B) of diesel exhaust particles.
Total mMRNA of the endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after exposure,
reversely transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber
for the same exposure time but with the particle generator in stand-by mode served as control.

Data represents the mean of at least four independent samples + SEM. Asterisks indicate significant
differences between the evaluated time-points (P<0.05). The dotted line indicates the level of

expression of the control cells to which the results were normalized.

3.2.6. INDUCTION OF NRF2-REGULATED PATHWAYS IN THE ENDOTHLIAL PART OF THE
TETRACULTURE AFTER DEPM EXPOSURE
The transcription factor Nrf2 plays an important role for the induction of the antioxidant
defense in mammalian cells. Under basal conditions Nrf2 is bound to kelch-like ECH-
associated protein 1 (Keap1) in the cytosol, and is continuously ubiquitinated by E3 ubiquitin
ligase, and subsequently degraded by the 26S proteasome [295]. However, exposure to
oxidative stress leads to the activation of Nrf2 and dissociation from Keap1. Nrf2
translocates to the nucleus resulting in enhanced transcription of a number of target
antioxidant genes via the antioxidant response element (ARE). The activation of the ARE is
necessary for cytoprotection [296]. In the lung, Nrf2 plays a protective role against oxidative
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injury including hyperoxia, mechanical ventilation, and cigarette smoke. It was shown, that a

lack of Nrf2 exacerbates lung inflammation [297].

3.2.6.1. NUCLEAR TRANSLOCATION OF THE TRANSCRIPTION FACTOR NRF2

In preliminary experiments with EA.hy 926 endothelial cells the potential of these cells to
react to an oxidative stress with the nuclear translocation of the transcription factor Nrf2 was
evaluated. EA.hy 926 endothelial cells in monoculture were incubated for 2 h with AAPH (20
mM). After the treatment, the cells were stained for the nucleus (Hoechst 33342) and Nrf2
(anti-Nrf2-antibody) and analyzed via CLSM. After 2 h of treatment, almost every cell was
positive for the nuclear translocation of Nrf2 compared to the control cells (cells without

AAPH) (Figure 44).
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Figure 44: Nuclear translocation of Nrf2 in endothelial EA.hy 926 cells in monoculture after
treatment with 20 mM AAPH for 2 h. EA.hy 926 cells were exposed to 20 mM AAPH in normal full
cell culture medium for 2 h. Cells kept in normal medium without AAPH served as negative control.
Nrf2 translocation was evaluated for 2 h after treatment. Cells were fixed and stained for Nucleus
(Hoechst 33342) and anti-Nrf2 (green). Images were analyzed using a Zeiss LSM 510 META.

2 h after exposure almost every endothelial cells shows strong colocalization of Nrf2 with the nucleus
(red arrows). In control EA.hy 926 cells, no nuclear translocation was observed (compare white

arrows).

To evaluate the potential of DEPM to induce a similar nuclear translocation of the Nrf2,
tetracultures were exposed to 240 ng/cm? of DEPM. Tetracultures that were kept in the
aerosol chamber for the same exposure time but with the particle generator in standby mode
served as control. The nuclear translocation of Nrf2 was evaluated for unexposed
endothelial cells and for endothelial cells indirectly exposed to DEPM at 3, 4 and 5 h after
the exposure. Cells were fixed and stained for nucleus (Hoechst 33342) and anti-Nrf2

(green) and subsequently analyzed using a Zeiss LSM 510 META.
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At 3 h after exposure, first cells showed nuclear translocation (Figure 45, yellow arrow). At 4
h after the exposure, the nuclear translocation of Nrf2 could be detected in the majority of
the cell population (Figure 45, orange arrows). Finally, at 5 h after the exposure almost every
endothelial cell showed strong colocalization of Nrf2 with the nucleus (Figure 45, red
arrows). In control EA.hy 926 cells, no nuclear translocation was observed at any time-point

(Figure 45, white arrows in the representative control image).
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Figure 45: Potential of DEPM to induce nuclear translocation of the transcription factor Nrf2 at
different time-points after the exposure. Tetracultures were exposed to 240 ng/cm2 of DEPM.
Tetracultures that were kept in the aerosol chamber for the same exposure time but with the particle
generator in stand-by mode served as control. Nrf2 translocation was evaluated for unexposed cells
and for cells indirectly exposed to diesel exhaust particles at 3, 4 and 5 h after exposure. Cells were
fixed and stained for nucleus (Hoechst 33342) and anti-Nrf2 (green). Images were analyzed using a
Zeiss LSM 510 META.

At 3 h after exposure, first cells showed nuclear translocation (Figure 45, yellow arrow). At 4 h after
exposure, nuclear translocation was quite obvious in the majority of the cell population (compare
orange arrows). At 5 h after exposure almost every endothelial cells showed strong colocalization of
Nrf2 with the nucleus (red arrows). In control EA.hy 926 cells, no nuclear translocation was observed

at any time-point (compare white arrows in the representative control image).
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3.2.6.2. UPREGULATION OF TARGET GENS OF NRF2 RELEVANT FOR ANTIOXIDANT
DEFENSE AT DIFFERENT TIME-POINTS AFTER INDIRECT EXPOSURE TO DEPM

The transcription factor Nrf2 regulates the expression of a number of key genes that are
important for the cells to react to oxidative stress. In presence of oxidative stress, Nrf2
becomes activated and translocates into the nucleus of the cell where it activates the
antioxidant response element (ARE). This leads to the transcription of important genes, like
NAD(P)H dehydrogenase quinone 1 (NQO1), superoxide dismutase 1 (SOD1) and HMOX1.
These genes play a very important role in deactivating and scavenging radicals to protect
cellular components from oxidative damage. Among these genes, HMOX1 is very versatile
enzyme, which was described in literature to have high cytoprotective capacity. In addition,
HMOX1 was described to play a special role in the prevention of atherosclerosis and
vascular inflammation [159].

Additionally to the genes already mentioned, we also evaluated potential changes in the
expression level of the gene nuclear erythroid factor 2 (NEF2), which encodes for the
transcription factor Nrf2, as well as for the gene glutathione S-transferase (GST1). Besides
its role for phase Il metabolism, GST7 has also been described to be a target gene of Nrf2
and to be involved in the response of endothelial cells to DEPM [185].

To evaluate the response of the endothelial cells of the tetraculture on the mRNA level,
tetracultures were exposed to 80 ng/cm? or 240 ng/cm? of diesel exhaust particles. Total
mRNA of the endothelial cells was sampled at 6, 24 and 48 h after exposure, reversely
transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber
for the same exposure time but with the particle generator in standby mode served as
control. None of the evaluated target genes showed a significant change in the expression

level compared to the control cells (Table 8).
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Table 8: Impact of the exposure to different amounts of DEPM on the expression level of Nrf2
target genes in the endothelial part of the tetraculture system at different time-points after
exposure to DEPM.

Tetracultures were exposed to 80 ng/cm?® or 240 ng/cm’ of DEPM. Total mRNA of the endothelial
cells of the tetracultures was sampled at 6, 24 and 48 h after exposure, reversely transcribed and
analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber for the same exposure
time but with the particle generator in stand-by mode served as control.

Data represents the mean of at least four independent samples + SEM. Results were normalized to

the level of expression of the control cells.

80 ng/cm? 240 ng/cm?

Gene 6h 24 h 48 h 6 h 24 h 48 h

NEF2 099 £ 005 101 + 008 105 + 004 100 + 003 095 £ 003 120 £ 0,16
NQO7 101 + 005 098 + 002 101 + 001 103 + 001 101 + 003 108 + 0,01
GST1 103 + 004 100 006 097 + 003 097 + 002 092 006 110 005
HMOX1 109 007 095 + 003 093 + 003 097 + 004 097 + 007 113 £ 0,11
HMOX2 114 % 015 109 + 002 103 + 001 101 + 004 109 % 007 116 £ 015
SOD1 091 + 010 098 + 007 105 + 004 098 + 003 101 + 005 106 + 0,09

3.2.7. UPREGULATION OF CYP1A1 mRNA EXPRESSION IN THE ENDOTHELIAL PART OF
THE TETRACULTURE AFTER DEPM EXPOSURE

DEPM were found to carry considerable amounts of xenobiotics on their outer shell. When
respirated these xenobiotics can enter the respiratory system to finally reach the alveolar
barrier. Due to the lack of clearance mechanisms, xenobiotics have the possibility to interact
with cellular structures and to become metabolized, leading to sometimes more toxic and
dangerous metabolites.

The cytochrome P450 enzyme family is a group of heme-thiolate mono-oxygenases
important for the metabolism of various endogenous as well as exogenous compounds. Up
to now, more than 481 different cytochrome P450, encoded by 74 gene families, could be
identified [298]. Among these enzymes, The CYP1 family, which includes at least three

enzymes, CYP1A1, CYP1A2, and CYP1B1, was found to be important for the metabolism of
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xenobiotics, such as PAHs and heterocyclic amines in lung and other tissues [262]. The
expression of these enzymes was shown to be inducible by compounds like TCDD. TCDD
induces the transcription of CYP1 by activating the cytosolic AhR. This receptor becomes
activated due to the interaction with a potential ligand, such as TCDD or B[a]P [299]. Here
we evaluate the potential of DEPM to induce the nuclear translocation of the transcription

factor AhR and the upregulation of the cytochrome CYP71A71 on the mRNA level.

3.2.7.1. DEPM EXPOSURE AS POTENTIAL INDUCER OF AhR NUCLEAR TRANSLOCATION IN
THE ENDOTHELIAL PART OF THE TETRACULTURE

To evaluate the potential of DEPM to induce a nuclear translocation of the AhR in the
endothelial cells, tetracultures were exposed to 240 ng/cm? of DEPM. Tetracultures that
were kept in the aerosol chamber for the same exposure time but with the particle generator
in stand-by mode served as control. AhR translocation was evaluated for unexposed cells
and for cells indirectly exposed to diesel exhaust particles at 3, 4 and 5 h after exposure.
Cells were fixed and stained for Nucleus (Hoechst 33342) and anti-AhR (green). Images
were analyzed using a Zeiss LSM 510 META.

At 3 h after exposure, first cells showed weak nuclear translocation (Figure 46, yellow
arrow). At 4 h after exposure, nuclear translocation was almost at the same level as the
control (Figure 46, orange arrows) and 5 h after exposure translocation of AhR was at the
same level as the control (Figure 46, red arrows). In control EA.hy 926 cells, no nuclear
translocation was observed at any time-point (Figure 46, white arrows in the representative
control image). Overall, changes for the nuclear translocation of the AhR were weak and

close to the detection limit.
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AhR Hoechst 33342 Overlay

EA.hy 926
Control cells

Figure 46: Potential of DEPM to induce nuclear translocation of the transcription factor AhR at
different time-points after the exposure. Tetracultures were exposed to 240 ng/cm2 of DEPM.
Tetracultures that were kept in the aerosol chamber for the same exposure time but with the particle
generator in stand-by mode served as control. AhR translocation was evaluated for unexposed cells
and for cells indirectly exposed to diesel exhaust particles at 3, 4 and 5 h after exposure. Cells were
fixed and stained for Nucleus (Hoechst 33342) and anti-AhR (green). Images were analyzed using a
Zeiss LSM 510 META.

At 3 h after exposure, first cells showed weak nuclear translocation (yellow arrow). At 4 h after
exposure, nuclear translocation was almost at the same level as the control (compare orange arrows).
At 5 h after exposure translocation of AhR was at the same level as the control (red arrows). In control
EA.hy 926 cells, no nuclear translocation was observed at any time point (compare white arrows in

the representative control image).
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3.2.7.2. CYP1A1 mRNA EXPRESSION IN THE ENDOTHELIAL PART OF THE
TETRACULTURE AFTER INDIRECT EXPOSURE TO DEPM
In order to evaluate if the nuclear translocation of the AhR receptor after the indirect
exposure to DEPM lead to detectable changes in the transcription level of the mRNA for
CYP1A1, tetracultures were exposed to 80 ng/cm? or 240 ng/cm? of diesel exhaust particles.
Total mRNA of the endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after
exposure, reversely transcribed and analyzed via qRT-PCR. Tetracultures that were kept in
the aerosol chamber for the same exposure time but with the particle generator in stand-by
mode served as control.
The endothelial cells of the tetraculture showed a significant increase of 1.85 + 0.37 fold
(compared to the control cells) for CYPTA1 mRNA 6 h after the indirect exposure to 80
ng/cm? of DEPM (P<0.05). Cells that were analyzed at 24 and 48 h after the indirect
exposure showed lower expression for the CYP1A7 mRNA than the control cells (24 h: 0.65
+ 0.03; 48 h: 0.56 £ 0.06) (Figure 47 A).
Similar results were obtained for cells that were indirectly exposed to 240 ng/cm? and
analyzed at 6, 24 and 48 h after the exposure. The cells after 6 h showed the highest level of
expression for the CYPTA1 mRNA (1.34 + 0.26 fold) compared to the control cells (not
significant). Cells that were analyzed at 24 and 48 h after the indirect exposure showed
lower expression level for the CYP1A1 mRNA than the control cells (24 h: 0.83 + 0.06; 48 h:
0.8 + 0.16) (Figure 47 B). Exposure to 240 ng/cm? did not lead to significant upregulation of
CYP1A1 mRNA.
In addition to the experiment described above, the potential change in the expression level
of the cytochrome CYP71B1 mRNA was evaluated under similar conditions. However, the

expression of CYP71B1 mRNA was below the limit of detection in our experimental setup.
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Figure 47: Impact of the exposure to different amounts of DEPM on the expression level of

CYP1A1 mRNA in the endothelial part of the tetraculture system at different time points after

exposure to DEPM. Tetracultures were exposed to 80 ng/cm’ (A) or 240 ng/cm?® (B) of DEPM. Total

mRNA of the endothelial cells of the tetracultures was sampled at 6, 24 and 48 h after exposure,

reversely transcribed and analyzed via qRT-PCR. Tetracultures that were kept in the aerosol chamber

for the same exposure time but with the particle generator in stand-by mode served as control.

Data represents the mean of at least four independent samples + SEM. Asterisks indicate significant

differences between the evaluated time-points (P<0.05). The dotted line indicates the level of

expression of the control cells to which the results were normalized.
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4. DISCUSSION

4.1. DIFFERENCES AND MODIFICATIONS OF THE IN VITRO MODEL COMPARED TO THE
ORIGINAL VERSION OF THE TETRACULTURE ESTABLISHED BY ALFARO-MORENO
ET AL.

The total number of in vitro approaches reported to be available for respiratory toxicology is
relatively high. However, the majority of these in vitro systems are based on monocultures of
cells derived from different regions of the lung [236]. For some scientific questions, such as
the induction of endothelial inflammation by particles, the use of a monoculture is not
appropriate, since the direct exposure of endothelial cells to particles is in most cases poorly
justified [118]. The only possibility to address this issue is to use a multi-layered system,
which combines epithelial cells, immune cells and endothelial cells together [292, 300].
Another limitation present in many systems currently used is the submerged exposure
method that is not representing the in vivo situation. Such a system does not properly predict
the hazard of the tested material, since it has been shown that the exposure route itself can
have a crucial impact on the results [121].

In the original version of the system established by Alfaro-Moreno and coworkers [1], the
triculture of A549, THP-1 and HMC-1 cells was located at the bottom of a cultivation well and
endothelial cells were seeded in a Transwell™ insert in the same well [1]. Triculture and
endothelial cells were physically separated by the microporous membrane and by cell
culture medium, which does not resemble the histology of the tissue in vivo. In the modified
version the triculture of A549, THP-1 and HMC-1 was shifted from the bottom of the
multiwell plate into the Transwell™ insert and EA.hy 926 endothelial cells were moved from
the inside of the Transwell™ insert to the basolateral side of the membrane in order to better
reflect the in vivo anatomy of the alveolar region. The system contains differentiated THP-1
cells and HMC-1 cells as models for the innate immune system together with A549 epithelial

cells and this allows the study of inflammatory mechanisms in the alveoli in vitro.
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In the alveolar model presented in this publication, the seeding ratios are most likely not
resembling the in vivo condition, as there might be an overrepresentation of monocytes and
mast cells, compared to endothelial and epithelial cells. The rationale for this seeding ratio is
mainly based on methodological arguments. Protocols to separate different cell types in the
coculture after exposure in order to study the individual response require a higher number of
cells. The same is true when applying -omic techniques, such as transcriptomics and
proteomics that require higher quantities of cells. In order to reduce the technical complexity
of such experiments, it was decided to increase the number of immune cells present in the

system.

4.2. CHARACTERIZATION AND ESTABLISHMENT OF THE TETRACULTURE IN VITRO
SYSTEM
4.21. ROLE OF THE PORE SIZE OF THE SUPPORTING TRANSWELL™ INSERT AND
CELLULAR COMPOSITION FOR THE BARRIER QUALITIES OF THE IN VITRO SYSTEM
The Transwell™ insert itself is one of the key factors of an ALl exposure system. It allows
growing the cells in contact to the ambient air from above and receiving nutrients from the
medium below. These inserts are available with different pore sizes and densities, and these
parameters can influence cellular growth and availability of nutrients as well as soluble
second messengers.
Not all NPs can efficiently pass through a cell-free 0.4 ym Transwell™ insert [276]. In
general, particles with a size below 100 nm should be able to pass a 400 nm pore easily;
however, this depends not only on the size but rather on the surface chemistry of the NP,
resulting in electrostatic changes and different hydrodynamic diameters [276, 301].
Therefore inserts of different pore sizes from the same supplier were tested in order to
choose the most appropriate insert as a support for the 3D tetraculture system. Under assay

conditions, the viability of cultures in 0.4 ym inserts was generally lower compared to
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cultures grown in 1 and 3 pm inserts. For the cultivation of cells at the ALI it is mandatory to
avoid the transfer of cell culture medium to the surface of the cell culture, which impairs ALI
conditions. For the experiments with A549 cultures grown at the ALl in Transwell™ inserts
with 3 ym pore size a considerable amount of liquid leached from the lower compartment
into the upper compartment. A few hours after the start of the ALI cultivation the A549 cells
in the inserts with 3 um pore size were found to be again under submerged conditions, due
to the leached cell culture medium from below. On the contrary, A549 cells grown in
Transwell™ inserts with, 1 um pore size the quantity of liquid appearing in the upper
compartment was negligible.

The tightness of the epithelial barrier in the system was analyzed by adding a sodium
fluorescein tracer-solution to the apical compartment after which the appearing fluorescence
in the basolateral compartment was measured. An epithelium is considered to be efficiently
sealed if the amount of leaked fluorescence within one hour is less than 1% of the initial
concentration [276, 302]. In the experimental setup, Transwell™ inserts with 0.4 ym pores
were significantly blocking the transport of tracer molecules across the membrane. This
effect is larger than the ability of the different cultures to block and influence the liquid
exchange. The tracer molecule used is small and is used as a reference for the passage of
nutrients and second messengers through membranes. For 1 and 3 pm inserts the
tetraculture system showed significantly higher barrier permeability than for other culture
variations. Only the EA.hy 926 cells in monoculture in 1 ym inserts showed a higher amount
of leached fluorescence. The accessibility of resazurin for the cells through the membrane in
dependence on the pore size is consistent with the results observed for sodium-fluorescein.
The high permeability of endothelial cells can be explained by their in vivo function.
Endothelial cells are found on the inner side of blood vessels (intima). Depending on the
type of blood vessels, these cells have more or less tight and gap junctions resulting in
different permeability [24]. In respect to these findings, Transwell™ inserts with 1 ym pore
size were chosen, since they allow a stable cultivation of A549 cells at the ALI without

affecting significantly the viability.
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The presence of the model cells for the innate immune system was shown to have a
significant impact on the behavior of A549 epithelial cells, which resulted in decreased
transepithelial electrical resistance (TEER) [128]. The expression and presence of functional
tight junctions is mainly responsible for high TEER values and primary cultures of AT-II cells
can reach TEER values of more than 2000 Q/cm? [303]. A TEER reduction can be
considered to be followed by higher paracellular permeability [304]. The presence of
functional tight junctions expressed by A549 cells, sealing the epithelium and allowing a high
TEER is controversially discussed [236] and under the tested conditions, no significant
differences in TEER were observed for freshly seeded cells compared to cultures of several
days. Nevertheless, THP-1 and HMC-1 cells in the tetraculture seem to have an impact on
the tightness of the cell layer, which resulted in a higher permeability of the tracer solution.
Interestingly, a similar observation was described by Lehmann and coworkers in another
coculture model of the alveolar barrier [128]. However, up to now it is not known if this
increased paracellular permeability in the coculture systems is only restricted to the in vitro

models or if it can be observed also in vivo for the alveolar barrier.

4.2.1.1. STRUCTURE AND DISTRIBUTION OF THE CELLULAR LAYERS IN THE TETRACULTURE
SYSTEM
In vivo, the alveolar barrier is composed of a layer single layer of AT-I and AT-Il cells, which
is separated from the blood vessels and capillaries by the basement membrane [25]. In
order to compare the cellular distribution of A549 cells and EA.hy 926 on the two sides of the
Transwell™ membrane A549-EA.hy 926-cocultures were analyzed by CLSM. The results
show a confluent monolayer of epithelial A549 cells in the apical compartment and a
confluent monolayer of endothelial EA.hy 926 cells on the basolateral side of the membrane.
Contrary to published reports [275], A549 cells did not form multi-layers even when cultured

for several days.

121



Discussion — Part |

The fate of particles in the alveolar region depends on their physico-chemical properties.
Some kinds of NPs can be translocated through the epithelium and reach the bloodstream
or other organs [46]. THP-1 cells are used as a surrogate for macrophage-like cells. Upon
differentiation stimuli, they differentiate into mature macrophage-like cells and are known to
show a considerable phagocytic activity [280].

The macrophage-like THP-1 cells showed the tendency to form colonies once seeded on top
of the epithelial layer in coculture. During the differentiation of THP-1 in monoculture, cells
did not form such colonies, but rather stayed attached as a single cell layer to the supporting
material. A similar observation was made for HMC-1 cells. HMC-1 cells in monoculture,
without stimulation floated and only a few cells attached to the support. In the tetraculture,
almost all floating HMC-1 cells disappeared and attached to the epithelial layer. Furthermore
it was observed that THP-1 and HMC-1 cells formed heterogeneous colonies on top of the
A549 epithelial cells, which is not properly reflecting the in vivo situation. However, when the
cultures were switched to the ALI conditions the colonies disappeared and the differentiated
macrophage-like cells and the HMC-1 cells spread more equally on top of the A549
epithelial cells.

In vivo, a population of alveolar macrophages (AM) is efficiently ingesting bacteria and also
intercepts particles. AMs are the key players in alveolar clearance and show generally a
higher phagocytic activity than macrophages located in other tissues. In vivo, a population of
alveolar macrophages (AM) is efficiently ingesting bacteria and also intercepts particles.
AMs are the key players in alveolar clearance and show generally a higher phagocytic
activity than macrophages located in other tissues [77, 78]. In order to evaluate if PMA-
differentiated THP-1 cells to fulfill a similar task in the tetraculture system, the activity of
these cells to act as particle-intercepting cells was studied under submerged conditions and
at the ALI. In the experimental setup 50 nm SiO,-Rhodamine particles were used that are
known to enter both macrophage and epithelial cells in monoculture within relatively short
time (data not shown). Principally a single 50 nm SiO,-Rhodamine particle would be far

beyond the detection range of any confocal microscope. However, by the use of CLSM
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together with digital image restoration technologies even weak intracellular signals of NPs
could be detected [305].

Because of the higher phagocytic activity of the differentiated THP-1 cells compared to the
Ab549 cells, it was expected to find the majority of particles inside of THP-1 cells. However, in
A549 cells, no particles were detectable and signals for internalized SiO,-Rhodamine
nanoparticles could be only detected in the THP-1 cells in significant amounts. The signals
detected in THP-1 cells were likely the result of a high number of internalized particles that
are stored as agglomerates in subcellular compartments, possibly endosomes or lysosomes
[306]. This is in line with published results from submerged experiments showing that in a
coculture system, the majority of particles can be detected in phagocytically active cells,
such as macrophages and dendritic cells [305]. Up to now, the activity of phagocytes to
internalize nanomaterials in vitro has only been studied under submerged conditions [224,
305, 307, 308]. The presented results demonstrate, that the macrophage-like THP-1 cells in
tetraculture model system of the alveolar barrier are fully functional as particle intercepting
cells under submerged conditions and at the ALI. Moreover, the use of aerosol exposure
systems is more relevant than the exposure under submerged conditions: interactions of
particles with molecules present in cell culture media can alter their properties [220],
potentially leading to a misevaluation of the hazard of these particles. In addition, it was
shown recently that the route of exposure influences the toxicity of particles, leading to a

potential underestimation of effects in submerged exposure [309].

4.2.1.2. XENOBIOTIC METABOLISM IN THE DIFFERENT CELL LINES OF THE TETRACULTURE

Exposure to environmental pollutants and chemicals is considered to be the major route by
which the human body encounters gases together with aerosolized particles or chemicals
[262]. Among the substances to which we are exposed to every day via the ambient air,

there are chemicals that pose a considerable risk to the lung, but also to other parts of the
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human body, such as the circulatory system [94, 113, 135, 151, 310-312]. Some examples
for such hazardous organic chemicals to which humans are accidentally or occupationally
exposed by inhalation include PAHs, aromatic amines, aliphatic compounds, aldehydes, etc.
[262]. Several of these chemicals can be found in the environment adsorbed to the outer
shell of DEPM.

One aim of this PhD work was to develop an in vitro system that is able to mimic and to
represent most of the characteristics of the barrier in vivo. The possibility to exhibit metabolic
activity in response to xenobiotics is an important characteristic of such a system. Immune-
histochemical analysis from human lungs confirmed the expression of P450 enzymes in
alveolar type | and type Il cells [313]. To represent the alveolar lining cells, the AT-II cell line
A549 was chosen [259]. The potential of A549 cells to show xenobiotic activity is
controversially discussed and seems to depend on the experimental setup [261, 262, 314,
315]. A549 were reported to possess xenobiotic activity that was comparable to the activity
found in human lung tissue [261], whereas other investigators reported about phase | and
phase Il metabolic activity to be on a much lower level than in primary tissue samples [262,
315]. In respect to the variable performance of A549 cells in response to xenobiotic
compounds, the xenobiotic potential of the cellular batch was characterized, using B[a]P and
TCDD as model compounds to evaluate the expression level of CYP1A1 and CYP1B1
mRNA.

The basal level of CYP1A1 mRNA was found to be close to the limit of detection, whereas
CYP1B1 mRNA was clearly detectable in DMSO-treated A549 cells. This is in line with a
study, where A549 cells were compared to primary lung tissue [262]. The expression of
CYP1A1 in A549 cells was found to be about 16 times lower than in primary tissue samples.
According to this study, the level of CYP71B1 mRNA in A549 cells under non-induced
conditions was already higher than in the analyzed primary tissue samples [262].

When treated with B[a]P, the A549 cells showed a high responsiveness resulting in a fold
increase for CYP1A1 mRNA of more than 400 fold after 48 h. In contrast to CYP1A1,

CYP1B1 mRNA was found to be much less inducible with a fold increase of 16 after 48 h of
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treatment. Also these results are comparable to already published data with A549 cells
[314].

In the literature different results can be found for the activity of CYP1 enzymes in A549 cells
[261, 262, 314, 315]. As lung cells, these cells possess per se a considerably low xenobiotic
activity compared to the liver [316]. Due to overlapping substrate specificity of CYP1
enzymes, such as CYP1A1, CYP1A2 and CYP1B1 [317], the direct evaluation of an
increase of the specific activity of CYP1A1 is difficult and would need a well defined set of
specific inhibitors. In order to evaluate if the observed response on the mRNA level was
translated into an increase of CYP1 enzyme activity the metabolic activity of A549 cells
treated with B[a]P or TCDD for different 24 and 48 h was analyzed in the EROD assay (as
described by [241]). In respect to the expected low activity the EROD protocol was modified
in order to assure the maximum of sensitivity. However, still no signal could be detected for
the enzyme activity. A possibility to explain the missing signal for the EROD activity could be
the high level of phase Il metabolism in A549 cells [316]. The produced resorufin from the
EROD assay could immediately be glucoronidated, and would thereby not be available for
the fluorescence measurement [261]. In order to evaluate this possibility, aliquots of
supernatants from induced cells were incubated with -glucoronidase. However, even with
the modified protocols the presence of CYP1 enzymatic activity could not be confirmed in
the conditions of the presented system.

It is conceivable that the increase for CYP1A1 and CYP1B1 mRNA is not necessarily
translated into elevated protein levels of both enzymes since in vitro studies with HepG2
cells demonstrated that CYP1A7 mRNA is rapidly degraded due to a loss in poly-A tail [318].
In addition there are several cell-type-specific alternative processing variants for CYP1B1
mRNA, which may regulate the stability and lifetime of the final transcript [319]. An
alternative way besides the EROD assay to confirm CYP1 metabolic activity in A549 cells
could be the direct quantification of metabolites from B[a]P metabolism such as 3-

hydroxybenzo[a]pyrene [320].
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Currently, the A549 cell line is the only cell line with alveolar characteristics that is available.
These cells are often compared to normal human bronchial epithelial (NHBE) cells, which
are reported to have higher induction levels of CYP1A1 and a considerable enzymatic
activity [286]. However, A549 cells and NHBE cells originate from different regions of the
lung namely the alveoli (A549) and the bronchi (NHBE).

80% of the PAHs deposited in the alveolar region are rapidly absorbed and transferred into
the bloodstream with only little influence from alveolar local metabolism [321]. Only a small
fraction of the inhaled PAHs (10 to 20%) remains in the alveoli for a longer time and will be
slowly absorbed. As a result of the slow clearance of this fraction the PAHs become
extensively metabolized in the airway epithelium despite the low absolute capacity of lung
cells for metabolic reactions. A good indicator for this extensive metabolization and creation
of reactive intermediates such as various metabolites but also ROS is the high incidence of
alveolar tumors (adenocarcinoma) [316]. Interestingly, adenocarcinomas are particularly
predominant for individuals living in countries with high levels of air pollution, such as Japan
(72% of al lung cancers), Korea (65% of all lung cancers) or China (61% of all lung cancers)
[322].

The inducibility of CYP1A1 and CYP1B1 mRNA was also evaluated for THP-1 cells, HMC-1
cells and the EA.hy 926 endothelial cells. Unstimulated THP-1 cells were reported to have
only low levels of CYP1A1 and CYP1B1 together with limited potential to induce these
genes by treating the cells with compounds such as B[a]P or TCDD [287, 323]. This is also
in line with our results for undifferentiated THP-1 cells.

The differentiated THP-1 cells are responding differently after treatment with B[a]P or TCDD
compared to the non-differentiated THP-1 cells. After the differentiation, THP-1 cells
responded to the xenobiotic model compounds by upregulating CYP1A1 and CYP1B1
MmRNA compared to the DMSO-treated control cells. A similar observation was recently
described, where the activation of the vitamin D3 receptor enhanced the metabolism of
B[a]P via CYP1A1 in THP-1 cells [323]. The activation of the vitamin D3 receptor induces

differentiation in THP-1 cells, similar to the differentiation with PMA, where the potential of
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THP-1 cells to xenobiotics respond to with an upregulation of CYP1A71 and CYP1B1 mRNA
becomes increased [264].

Informations about the potential of human mast cells, here represented by the HMC-1 cells,
to respond to xenobiotics do to the best of our knowledge not exist. In contrast to the
undifferentiated THP-1 cells, HMC-1 cells were able to respond to B[a]P and TCDD
exposure with upregulation of CYP1A717 mRNA. The level of CYP1B1 mRNA remained
constant in HMC-1 cells during treatment with B[a]P and TCDD and did not change
significantly compared to the control cells.

Similar to the other tested cell lines, EA.hy 926 were found to exhibit a significant
upregulation of CYP1A1 mRNA after 24 h of treatment compared to the control cells. In
contrast to the other cell lines that were used to establish the tetraculture in vitro system the
level of CYP1B1 mRNA was below the limit of detection in EA.hy 926 cells. Studies with
primary endothelial cells have shown that these cells express CYP1B1 mRNA and this
expression can be even further upregulated by applying shear stress to the endothelium
[324, 325]. The lack of the potential to express CYP1B1 mRNA might be a consequence
resulting from the initial establishment of this cell line. EA.hy 926 cells have not been directly
isolated as a cell line itself but are somatic cell hybrids between A549 cells and umbilical
vein cells that were fused. EA.hy 926 share many characteristics with primary endothelial
cells such as shape or expression of endothelial markers like the van Willebrand Factor
(VWF) [266], but might have lost certain abilities during the fusion with the A549 cells. The
role of CYP1A1 and CYP1B1 for the response of the endothelial cells to DEPM will be
discussed in section 4.3.2.1. All cells were able to respond to the xenobiotic model

compounds B[a]P and TCDD by showing an upregulation of at least CYPTA7T mRNA.
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4.3. RESPONSE OF THE ENDOTHELIAL PART OF A 3D TETRACULTURE /N VITRO MODEL
IN A DOSE-CONTROLLED EXPOSURE SCENARIO TO DIESEL EXHAUST PARTICULATE
MATTER AT THE AIR-LIQUID-INTERFACE (ALI)
DEPM is suspected to contribute significantly to cardiovascular diseases, such as
atherosclerosis, and to exhibit an adverse potential on human health [213]. However,
representative model systems to evaluate the hazard of DEPM on the human alveolar
barrier were still missing. In this part of the PhD work the question if in vivo relevant doses
of DEPM can elicit a response in the endothelial cells of the tetraculture model system
relevant for the alveolar barrier was investigated.
Many studies that were focusing on the evaluation of the adverse effects of DEPM on
human lung in vitro used DEPM in extremely high doses between 10 and 100 ug/mL [115,
121, 127, 169, 185, 213, 326, 327]. In respect to the considerations of in vivo relevant doses
given in the materials and methods part these concentrations are around 100 times higher
than what a human would aspirate in a very extreme exposure scenario. When assuming
that the dose of a test substance that reaches 1 cm? of cell culture area corresponds to 1
cm? of 140 m? of the inner lung surface, concentrations of up to 10 ug per cm? will already
represent pulmonary overload [221, 328].
This discrepancy between the applied doses in vitro and the in vivo relevant range may lead
to an overestimation of certain effects whereas small changes in the cells might be
overlooked. Regarding the studies mentioned above a missing consensus about how to
express the applied dose seems to be an additional drawback within current inhalation
toxicology. In submerged experiments, cells are exposed to particles or chemicals in
suspension, which results then in a dose given as x pg/mL, assuming an almost equal
distribution of the compound in the cell culture medium. However, in ALI experiments, values
are frequently given as the particle concentration per m® of air and the flow rate per min. In
order to make submerged exposure and ALl exposure more comparable, the deposited

mass per surface area needs to be known. A commercial aerosol exposure system from
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Vitrocell™ was used in the experiments of the thesis [309]. Up to now, the aerosol exposure
system from Vitrocell™ is the only system that has proven its performance in several
toxicological studies in different laboratories to achieve maximal uniformity during exposure
[226, 233-235, 279, 329, 330]. With this system cells can be exposed to any liquid or powder
that can be aerosolized. In addition, it is also possible to evaluate the deposition rate of an
ALI experiment using quartz crystal microbalances (QCMs). These balances can measure
down to 5 ng/cm?. However, in the preliminary experiments the QCMs were not able to
detect correctly the DEPM. This might be a result of the fact that these particles are
electrostatically charged and may interfere with the quartz crystal. As a consequence,
another method to evaluate the deposition rate of the DEPM was established. In contrast to
the QCMs, this method does not allow a real-time evaluation of the deposited mass during
the experiments, but can only measure the total amount deposited at the end of the
exposure time. However, it is the only method available that can be used for an ALI
exposure scenario with DEPM and the device from Vitrocell™.

The method is based on the findings from Rudd and Strom [291]. A standard curve of known
DEPM concentrations has to be prepared and to be evaluated using a spectrophotometer.
To this standard curves, the deposited amounts at different time-points were compared. The
spectrophotometric method delivered reproducible and sensitive results for the deposition of

DEPM. Even though the method does not allow real-time dosimetry, it is precise enough to

allow a proper dosimetric approach in the relevant range for DEPM.

4.31. THE POTENTIAL OF DEPM TO TRIGGER AN NRF2-ORCHESTRATED RESPONSE
IN VITRO IN THE ENDOTHELIAL PART OF THE TETRACULTURE

The endothelium can be described as a layer of cells separating all systemic organs from
circulating xenobiotics [118]. The vascular endothelium is now gaining increasing attention

as a major target of toxicants, especially for inhalable compounds or particles. Impaired
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function of endothelial cell, such as endothelial dysfunction, can lead to severe diseases, like
atherosclerosis and myocardial infarction. An impaired endothelial cell function is
characterized by reduced dilatory properties and the increased expression of, surface
adhesion molecules critical to inflammation, which are critical for the beginning of a site
directed inflammation. Exposures to a variety of air pollutants has been shown to negatively
impact endothelial function due to the production of radicals resulting in oxidative stress. The
transcription factor Nrf2, which belongs to the group of bZip transcription factors [331] plays
an important role for the cellular antioxidant defense. Nrf2 orchestrates cellular defense to
electrophiles and oxidants by binding to the antioxidant response element in the promoter
regions of cytoprotective genes [332]. In endothelial cells, the Nrf2-mediated response after
contact to an oxidative stimulus is expected to be important to maintain the function of the
endothelium and to prevent atherosclerosis. One key factor of this defense cascade under
the control of Nrf2 is the gene HMOX1, which encodes for the enzyme heme oxygenase 1.
This enzyme was shown to possess high cytoprotective potential, by scavenging radicals
and neutralizing oxidants by the production of heme [157, 333]. In this experiment the
potential of DEPM to induce an anti-oxidant response mediated by Nrf2 target gene
expression and nuclear translocation of Nrf2 in the endothelial cells of the tetraculture was
evaluated. Special attention was paid to the expression level of HMOX1 mRNA, since its
induction was claimed to contribute significantly to cellular redox homeostasis and
cytoprotection against radicals [157, 334, 335]. The tetraculture in vitro system was exposed
to in vivo relevant doses of DEPM in order to evaluate the response of the endothelial cells
following indirect contact to these particles. Up to now, in vitro studies that were focusing on
the evaluation of the adverse potential of DEPM on the endothelium, were mostly using
DEPM extracts or suspended DEPM (reviewed in [213]). Regarding the anatomy of the
human alveolar tract, the direct exposure of endothelial cells to high amounts of DEPM is far
from representing the in vivo situation and poorly justified [118]. In addition studies that are
using extracts from DEPM are not reflecting the full range of the hazard of DEPM since they

are not taking into account the role of the carbon core of the particles. With the aerosol
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exposure system from Vitrocell™ in combination with the tetraculture in vitro system the
problems of direct exposure and low relevance of the exposure route can be overcome.

As a first step for the evaluation of the impact of the different doses on the tetraculture
in vitro system, tetracultures were exposed to considerably low amounts (40 ng/cm? 80
ng/cm?, and 240 ng/cm?) of DEPM and the changes in cellular viability were monitored at 6,
24 and 48 h after exposure. As expected, the applied doses were not high enough to affect
significantly the cellular viability of the DEPM-exposed cells compared to the controls. The
results for cellular viability are in line with those of a recently published study where the
effects of catalyzed and non-catalyzed diesel on lung cells exposed at the ALl was
evaluated [134]. Similar to these findings, the diesel exhaust particles had almost no effect
on cellular viability.

Regarding the concept of the hierarchical oxidative stress response, a strong effect of DEPM
on cellular viability is not expected in tier 1 and tier 2 in contrast to fier 3, where extensive
apoptosis and necrosis take place [160]. In order to further investigate the cellular response
in the tetraculture model system, samples of the undernatant were taken at the same time-
points as for the viability testing and the potential secretion of second messengers was
analyzed, using a 3 x 10 multiplexed assay. As expected, no significant change in the
secretion of any of the evaluated second messengers compared to the control cells was
detected. Regarding the results of an ALl exposure study published by Steiner and
coworkers, DEPM exposure may even lead to a reduction of the production of pro-
inflammatory cytokines [134]. In contrast to the ALI exposure, cells in submerged exposure
showed significant increase in the production of pro-inflammatory second messengers, such
as IL-8 [115, 117, 162, 175]. However, also in submerged exposure DEPM was found to
interfere with the cytokine secretion in macrophage cells [336]. Overall differences in the
applied doses need to be considered when comparing the effects.

The differences of the results from ALl exposure and submerged exposure could be
explained by two main facts: First, the doses used for ALl exposure experiments were

several orders of magnitude lower than those applied for submerged exposure. Second, for
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submerged exposure, DEPM suspensions and extracts with organic solvents are frequently
used [213]. These extracts increase dramatically the availability of PAHs that are normally
bound to the DEPM particle and may even not be at the surface. The higher dose range
together with increased availability of PAHs may then result in an overestimation of the
observed pro-inflammatory potential.

The same might be true for in vivo experiments using pulmonary instillation. Also for these
experiments, particle suspensions are generated and afterwards instilled into the airways of
the laboratory animal, which might lead to a kind of leaching of PAHs into the solvent and a
potential misevaluation of the hazardous potential of DEPM.

Up to now results from the exposure of lung cells and coculture models to DEPM at the ALI
are extremely limited and due to the lack of harmonized exposure rate definitions, the results
are difficult to compare to each other. In addition, it was shown, that the outcome of
experiments with DEPM differs depending on the exposure method [218].

In respect to the results obtained for cellular viability and the secretion of second
messengers, the coculture system was still in the state of tier 1 of the hierarchical oxidative
stress response [160] after the exposure to DEPM. This matches also with the data for the
evaluation of important marker genes for antioxidant defense and endothelial inflammation
that were analyzed for the endothelial part of the tetraculture system at 6, 24 and 48 h after
exposure. For the evaluated time-points no significant change for the marker genes, such as
HMOX1, NQO1, ICAM-1 or VCAM1 could be detected. Besides the evaluation of the marker
genes for cellular antioxidant defense and endothelial inflammation, the upregulation the
transcription factor NF\B was analyzed. This transcription factor is known to be involved in
the upregulation of cytokines and the transcription of cellular adhesion molecules, such as
ICAM-1 and VCAM1 at the beginning of an inflammation [337]. In tier 2 of the oxidative
stress response, the pathways mediated by NFB play a major role in antioxidant defense,
which involves the production of chemokines, cytokines and adhesion molecules [160]. Data
from in vivo from experiments with rodents suggest that NF,B plays a central role in

inflammatory vascular diseases, such as atherosclerosis. It was shown, that the animals in
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these studies had enhanced mRNA levels of NFB enhanced in the endothelium [338, 339].
In order to analyze if the endothelial cells of the tetraculture were able to react in a similar
way to the applied DEPM, tetracultures were exposed different doses of DEPM. For the
endothelial cells indirectly exposed to 240 ng/cm? of DEPM, a significant increase of NF,B
MmRNA was detected 48 h after the exposure. The increase in NF,B mRNA in endothelial
cells at 48 h after the exposure might be the first sign of the beginning of a stress response
in the endothelial cells, shifting cellular homeostasis towards tier 2. Another indicator to
support this hypothesis is the upregulation of HSP70 mRNA that was significantly increased
after 48 h in endothelial cells indirectly exposed to 240 ng/cm?. HSP70 is a member of the
chaperon family and its normal function is to assist the refolding of misfolded proteins [340].
However, under stress, cells start to produce and to release HSP70 [341] and it was shown
that organic compounds, such as B[a]P that can also be found in the outer shell of DEPM,
were able to induce HSP70 mRNA expression in lung cells [342]. In vivo experiments with
rodents demonstrated that HSP70 contributed to endothelial dysfunction and cardiovascular
disease [294]. In contrast to the presented results direct exposure of EA.hy 926 cells to
DEPM under submerged conditions was not followed by enhanced NF,.B mRNA expression
[140] but lead to an increased level of HSP72 mRNA already after 6 h in rodent endothelial
cells [124].

The late response for the upregulation of HSP70 mRNA might be due to the fact that the
endothelial cells in the tetraculture have no direct contact to the deposited DEPM. DEPM
components, such as B[a]P, need to leach and to diffuse to access the endothelial cells or
need to be metabolized by other cell types of the tetraculture to produce second messenger
or metabolites that induce the stress response in the endothelial cells. Regarding the results
for the metabolic competence of A549 cells, the overall competence of the system is
probably very low. As a result potentially produced metabolites are not readily available to
affect the endothelial part, but rather need a while to accumulate. This theory is in line with

already published results, where A549 cells were exposed to relatively low doses of DEPM.
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In these experiments, the protein level of HSP70 was found to be upregulated only at 72 h
after the exposure [342].

Overall, the time between exposure and measurement was probably contributing to the fact
that no strong cellular reaction could be observed. This might also explain the missing target
gene expression for the antioxidant defense genes and the inflammatory marker genes in
the endothelial cells of the tetraculture system. The results for NF,B and HSP70 point
towards a cellular reaction after the exposure to 240 ng/cm?, which takes more time than
48 h to trigger a measurable effect in the cells. However, the increased mRNA level of
HSP70 is not necessarily translated into elevated protein. The translation of increased
HSP70 mRNA levels into elevated protein level needs to be confirmed by e.g. western
blotting. This should be used as a starting point for future experiments, e.g. to confirm the
upregulation of HSP70 protein and the activation of NFB-pathway.

HMOX1, NQO1 and SOD1 are known to be under the transcriptional control of the ARE
together with Nrf2 as important transcription factor [159, 343]. In order to investigate if a
missing translocation of Nrf2 in the endothelial cells of the tetraculture could explain the lack
of target gene expression, cells were exposed under identical conditions as for the gene
expression. The nuclear translocation of Nrf2 in the endothelial cells of the tetraculture was
evaluated at 3, 4 and 5 h after the exposure via CLSM. Nuclear translocation could already
be detected in cells 3 h after the exposure and reached its maximum 4 h after exposure.
Even though the endothelial cells had no direct contact to the DEPM, the indirect exposure
lead to a strong nuclear translocation of Nrf2. Compared to a study where bronchial cells
were directly treated with DEPM suspensions, the nuclear translocation of Nrf2 in the
present study was even higher and comparable to the signal that was observed for direct
B[a]P treatment in 16HBE cells [344].

In addition, the translocation efficiency was comparable to EA.hy 926 cells that were
exposed to an oxidative stress inducer (AAPH 20 mM for 2 h in monoculture), where all cells

showed a positive response after 2 h of exposure.
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Experiments with fluorescent NPs have shown, that even 50 nm particles were not able to
cross the triculture in the upper part of the in vitro system and did not reach the endothelial
layer in significant amounts. Therefore, direct contact of the endothelial EA.hy 926 cells to
DEPM is very unlikely. It is more reasonable to assume that the cellular response is
mediated by some of the components from the outer shell of the DEPM, such as PAHs, that
probably leached and were able to reach the endothelial layer to trigger a response [167]. In
addition, it seems also reasonable to assume, that in the tetraculture in vitro system a kind of
cellular crosstalk exists. As a result of this, the direct exposure of the triculture composed of
A549, THP-1 and HMC-1 cells may lead to the production of second messengers, which are
then able to trigger a response in the endothelial part of the tetraculture without the need of
direct contact to DEPM [292].

Despite the clear nuclear signal of Nrf2, no significant change for the expression of target
genes was detected under assay conditions. To the best of our knowledge no other group
has described a similar observation for Nrf2 and its target genes. One possible explanation
could be that the endothelial EA.hy 926 cells might lack an important key factor, linking the
nuclear translocation of Nrf2 and the target gene expression of genes under the
transcriptional control of the ARE. In general, Nrf2 is activated by phosphorylational
modification leading to Keap1/Nrf2 dissociation, nuclear Nrf2 translocation, and finally ARE
responsiveness. Recent research has focused on the regulatory mechanisms of Keap1-
dependent turnover and translocation of Nrf2 [334]. Under normal cell conditions Keap1
prevents the nuclear accumulation of Nrf2 but some investigators also proposed a
stabilization of Nrf2 [345, 346]. After nuclear translocation Nrf2 must interact with other
factors such as small Maf, the proto-oncogenes c-Jun and c-Fos, activating transcription
factor (ATF)-4 or Fra-1 to be able to bind to the ARE and to induce target gene expression
[332, 347-349]. EA.hy 926 cells may have lost one of the above-mentioned factors which are
crucial for the target gene expression of ARE genes due to their origin. However, this does
not fit to the fact that ARE target gene expression in these cells was recently described [350,

351].
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A second possibility to explain the missing target gene expression and the strong nuclear
signal of Nrf2 is based on the interaction of DEPM and cellular components. These particles
have been described to interfere with parts of the cytoskeleton leading to cytoskeletal
dysfunction [352-354]. Up to now it is not clear if the DEPM particles need to interact directly
with the cells or if the leaching of PAHs or other components are responsible for the effect
on the cytoskeleton. The production of radicals by PAHs can also lead to the disruption of
actin filaments [355]. These cytoskeletal filaments are essential for the regulatory role of
Keap1 and a disruption has been suggested to be required for nuclear accumulation of Nrf2
[356]. Nrf2 is known to be a nuclear protein and the activity of Keap1 is required for nuclear-
cytosolic shuttling to avoid accumulation of Nrf2 in the nucleus [334, 357]. Interestingly,
Keap1 has also been found in the nucleus forming a complex together with Nrf2 after
stimulation [358]. The potentially leached PAHs could trigger nuclear accumulation of Nrf2
together with Keap1 due to a deregulation of its inhibitor. Due to the inhibitory effect of
Keap1 on Nrf2 the ARE would then not be activated. However, this hypothesis needs to be
confirmed by additional experiments, together with a well-defined positive control that is

suitable for aerosol exposure.

4.3.2. DEPM AS POTENTIAL INDUCER OF AHR NUCLEAR TRANSLOCATION

Besides the alveolar epithelium the endothelial cell layer needs to be considered as an
important target for air pollutants and inhaled xenobiotics [118]. DEPM particles carry PAHs
on their outer shell and these compounds can be released upon contact with alveolar cells
or lining fluids. These leached components could then reach the circulation [167]. The
systemic availability of PAHs may potentially affect the endothelium and lead to an
upregulation of xenobiotic metabolizing enzymes, such as CYP1A1 and CYP1B1. The gene
expression of CYP enzymes can be modulated in response to the activation of key

transcription factors by specific substrates. In the lung and the alveolar epithelium, the
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activation of AhR by PAHSs induces the transcription of CYP1A7 and CYP1B1 mRNA [359,
360].

The potential of DEPM and its components to induce the nuclear translocation of the AhR
and target gene expression of CYP1A1 and CYP1B1 in the endothelial part of the
tetraculture after indirect exposure need a thorough discussion. Cells were exposed under
similar conditions as for the evaluation of Nrf2 target gene expression and nuclear
translocation. Extracts from DEPM or whole DEPM suspensions were used to “simulate” the
leaching process and the systemic availability of DEPM-bound PAHs on the endothelium
[118]. The majority of the literature focuses on the oxidant effects of DEPM on the
endothelium and only little information is available on the susceptibility of endothelial cells to
xenobiotics [361]. The oxidative potential of DEPM particles may be a result of the
metabolization of the adsorbed PAHs by enzymes of the CYP450 family. In this respect it
seems necessary to evaluate the potential of DEPM to induce an upregulation of CYP450
enzymes in the endothelial cells.

The EA.hy 926 cells showed weak translocation efficiency for AhR compared to the signals
that was detected for Nrf2 and the AhR signal disappeared at 5 h after the exposure.
Regarding the datasheet provided from NIST for the SRM2975 DEPM reference material,
the concentration of PAHs in the DEPM powder is extremely low. DEPM powder contains
0.599 mg of B[a]P per kg DEPM. Transferring this value to the experimental setup, where
1.008 pg of DEPM was deposited per Transwell™ at the highest dose of 240 ng/cm?, the
total quantity of B[a]P was only around 5.99 x 107° mg. The values for the dry weights of
other PAHSs, such as benzo[jlfluoranthene, dibenz[a,h + a,clanthracene or picene, that can
be found in the DEPM particles, are all similar. Furthermore the endothelial layer is covered
by a layer consistent of three other cell types (A549, THP-1 and HMC-1 cells). In this
respect, the low translocation efficiency of the AhR after the indirect exposure to DEPM
seems not surprising but rather demonstrates the sensitivity of EA.hy 926 cells to detect very
low amounts of xenobiotics. Indeed the sensitivity of these endothelial cells compared to

other endothelial cell lines has also been confirmed by others [361]. The expression of
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CYP1A1 and CYP1B1 mRNA was evaluated at different time-points following the exposure,
in order to analyze if the nuclear translocation of AhR lead to the expression of xenobiotic
metabolizing genes. EA.hy 926 showed a significant increase for the expression of CYP1A1
mRNA at 6 h after exposure but no expression of CYP1B1 mRNA. The absence of
detectable CYP1B1 expression in the endothelial cells was not surprising as they are known
to express only a limited set of CYP450 enzymes [316]. Phase | metabolism in endothelial
cells is mainly dependent on CYP2J2, which is highly expressed in the human pulmonary
endothelium [362]. This enzyme is primarily involved in arachidonic acid metabolism, but
was also described to be important for the metabolization of some xenobiotic drugs, such as
diclofenac and bufuralol [363]. Regarding the expression of CYP1A1 in human lungs, the
expression is mainly restricted to bronchiolar, terminal bronchiolar, and alveolar epithelium
[316], but was also found in the respiratory endothelium [364]. The induction of CYP1A1 may
be a precondition for the development of peripheral lung cancer in smokers. This
assumption is underlined by in vivo studies where all individuals that were suffering from
lung cancer had induced levels of CYP1A1 in their lungs [42, 364]. Interestingly, EA.hy 926
cells that were exposed in monoculture to 5 yM BJ[a]P for 24 h showed “just” a 50% higher
response for CYP1A1 mRNA levels. However, these experiments are hardly comparable
because of the different exposure times, media conditions and route of exposure. The
upregulation of CYP1A71 mRNA can be explained in two ways: First, the low quantities of
PAHSs that can be found on the surface of the DEPM particles may be sufficient to induce a
measurable response in the endothelial part of the tetraculture already at 6 h after exposure
on the transcriptional level leading to the expression of CYP1A1 mRNA. The second
possibility is based on a potential cellular crosstalk between the upper compartment of the
tetraculture that comprises the A549, THP-1 and HMC-1 cells and the basolateral
compartment with the EA.hy 926 cells. It was shown, that DEPM trigger the production and
the release of secondary products, such as arachidonic acid metabolites, in lung epithelial
cells and macrophages [365-368]. Arachidonic acid derivatives, such as prostaglandin e2

(PGE2) were described as AhR ligands, inducing CYP1A7 transcription [369]. It seems
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reasonable to assume, that the DEPM deposited in the upper compartment of the
tetraculture may have induced the production and the release of arachidonic acid
compounds that finally reached the endothelial cells and lead to the upregulation of CYP1A1
MRNA by binding to the AhR.

Nevertheless, the finding that in vivo relevant doses of DEPM particles are able to induce
CYP1A1 mRNA in the endothelial cells of the tetraculture needs to be considered as an
important starting point for further mechanistic studies in order to study the cellular cross talk

between the different cell types in the tetraculture system.
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5. CONCLUDING REMARKS

An improved tetraculture system representing the alveolar barrier has been carefully
characterized and adapted for native aerosol exposure. The cultivation of cells at the ALl is a
prerequisite for the administration of PM and NPs via aerosol. Resembling the in vivo
histology of the alveolar barrier the endothelial cells are grown on the basolateral side of the
microporous membrane epithelial cells and the model cells for the innate immune system
are grown within the Transwell™ insert. This setup ensures a 3D-orientation similar to the
organization of the alveoli in vivo. Inserts with pores of 1 um were found to be the most
appropriate support for the 3D model system, since they ensure the optimal exchange of
nutrients between compartments. Submerged cultures showed elevated levels in ROS
production compared to ALI cultures when treated with an oxidative stress inducer, such as
AAPH. The macrophage-like THP-1 cells act as particle-intercepting cells and form
heterogeneous colonies with mast cells (HMC-1) in the in vitro system as shown by CLSM.
Overall the results demonstrate that the proposed system is behaving in a physiological way
and has characteristics that resemble the in vivo organization of the alveolar region. The
macrophages are active and efficiently intercept particles in submerged conditions and
exposed to an aerosol at the air-liquid-interface.

The system proved its functionality in a low dose real world exposure scenario with native
DEPM particles. A method, which allows to determine the deposited dose of DEPM per cm?
of cell culture area has been established.

The doses that were used for DEPM exposure are in contrast with many published studies in
the relevant range for human health. The results indicate that the applied doses of DEPM
particles trigger the nuclear translocation of the transcription factor Nrf2 that is important to
activate transcription of target genes for antioxidant defense in the endothelial part of the
tetraculture. Despite the clear nuclear accumulation of Nrf2, no target gene expression could

be detected.
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In contrast to the results for Nrf2 indirect DEPM exposure of the tetraculture system at the
ALl lead to significant upregulation of CYP1A7 mRNA and nuclear translocation of AhR.
Regarding the low amounts of potential AhR ligands and inducer for CYP1A1 the
tetraculture system seems to possess high sensitivity to detect xenobiotic compounds.

DEPM particles were exhibiting a measurable effect on the endothelial part of the in vitro
tetraculture system in this real life exposure scenario and the findings may help to design
even more realistic in vitro exposure scenarios. Overall, the use of the tetraculture system

may lead to a more realistic judgment regarding the hazard of new compounds in the future.
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6. EMERGING CHALLENGES AND FUTURE PERSPECTIVES

Regarding the results from the characterization of the tetraculture system, it is still not fully
clear if A549 cells possess a CYP1 activity or not. Since CYP1 metabolism is important for
the activation of xenobiotics, which can also be found as parts of DEPM, the question about
the metabolic competence of A549 cells but also of the tetraculture system should be further
evaluated. For future experiments, the direct evaluation of metabolites from B[a]P
metabolism could be used as a possibility to confirm the presence of CYP1 activity and to
compare the potency to other well-characterized cell lines and coculture models.

An additional challenge that needs to be addressed for future experiments is the general
lack of well-defined positive controls for ALI exposure experiments. A proper positive control
would contribute significantly to improve the design of future studies, allowing better
comparisons between different studies and between different laboratories. Such positive
control particles are under development for experiments with NPs, but still not commercially
available for use in other laboratories.

Within this context, the reason for the clear nuclear translocation but missing target gene
expression should be addressed, using a well-defined positive control to trigger the
expression of Nrf2 target genes in the endothelial cells in order to prove the functionality of
the Nrf2 pathway in the EA.hy 926 cells.

Together with the implementation of robust positive controls, the results from the
experiments regarding the potential activation of Nrf2-related pathways by DEPM should be
used as a starting point to further investigate the indirect effects of low DEPM doses on the
endothelium. Since first responses for the target gene expression appeared after 48 h after
the exposure, it seems reasonable to increase the time after exposure to 72 h and to
evaluate the cellular response.

Combining the exposure experiments with a next generation sequencing approach for the
endothelial part of the tetraculture system may lead to a deeper understanding of the

pathways that are involved in linking air pollution and cardiovascular disease.
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Probably the most interesting but also most challenging future perspective will be the
implementation of protocols that allow the separation of A549, HMC-1 and THP-1 cells from
the triculture in the upper compartment. The separation the different cell lines after the
exposure will offer the possibility to study the response of the cell types from the coculture
system to DEPM while being in physical contact to other cell types. The separation could be
achieved by using magnetic beads that are coupled to antibodies, which are specific for
surface molecules that can be found on top of the different cell types. After the separation,
the cells could be used for qRT-PCR experiments and/or a proteomic approach. This would
allow studying the response in each cell line after being exposed to DEPM and in close

contact to the other cell lines.

Therefore, future research efforts could involve the following aspects:

Evaluation of representative metabolites from B[a]P metabolism in A549 cells and

the tetraculture system to evaluate their potential for metabolizing xenobiotics

* Implementing a positive control suitable for ALI exposure experiments with DEPM
and nanomaterials

* Using the potential positive control to proof the functionality of the Nrf2 pathway in
EA.hy 926 endothelial cells

* Further investigation of the indirect effects of low doses of DEPM on the endothelium
using a next generation sequencing approach

* Evaluation of the response of the endothelial cells of the tetraculture system at 72 h
after the exposure

* Implementation of protocols to allow the separation of the different cell lines of the

triculture system after the exposure to DEPM in order to evaluate the different

responses of the different cell types of the triculture from the upper compartment
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