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Chapter 1

General introduction



Background

It has been calculated that an adult human at rest can inhale 10,000 to 15,000 L of
ambient air per day (Harkema and Wagner, 2019). Therefore, inhalation of polluted air
can result in a significant deposition of xenobiotics. Inhaled polluted air may contain
various gaseous and solid and soluble particulate pollutants present in outdoor air
(e.g. ozone, particulate matters (PM)) and occupational settings (e.g. asbestos and
engineered nanomaterials, process generated particles) (Kelly and Fussell, 2012). Since
aviation industry has expanded rapidly in the past years, aircraft-related air pollution,
including ultrafine particles (UFPs, particle size < 100 nm) near and at airports and
bleed-air contamination in aircraft cabins, is considered as an increasing health risk
(Bendtsen et al., 2021; NRC, 2002). Understanding inhalation toxicity of aircraft-
related air pollutants is thus of major importance for prediction of their potential
health impact.

To evaluate inhalation toxicity of gaseous and particulate pollutants, experiments can
be performed using in vivo exposure. However, there is a continuous ethical debate
on using animals to test the toxicity of chemicals. Interspecies difference is another
limitation of in vivo models, which makes it challenging to interpret results of in vivo
experiments for the human situation. Those issues can be avoided by the use of in vitro
exposure, since cell models are mainly isolated from human tissues or transformed
from human cells (BéruBé et al., 2010). Therefore, in vitro exposure systems have
become a promising alternative method for toxicity testing.

Part I: The respiratory system

It has been reported that inhalation exposure to air pollutants is associated with a
wide range of public health problems such as chronic respiratory diseases (e.g.
asthma and pulmonary fibrosis) (Samet and Krewski, 2007; Savolainen et al., 2010).
Based on its structure and function, the respiratory tract (Figure 1) can be divided
into the upper conducting and lower respiratory zones (Harkema and Wagner, 2019).
The upper conducting airways make up the majority of the human respiratory tract
and consist of nose, pharynx, larynx and tracheobronchial airways (trachea, bronchi,
bronchioles, and terminal bronchioles). It not only conducts gases into and out of
the lungs, but also filters, warms, and moisturizes the inhaled air before it enters the
alveolar portions of the lungs. The lower respiratory tract is divided into respiratory
bronchioles, alveolar ducts, and alveoli, which are functional units of gas exchange
(Harkema and Wagner, 2019; Parent, 2015).
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Figure 1. Illustration of the respiratory tract including the upper and lower respiratory zones,

adapted from Harkema and Wagner (2019).

The human respiratory tract is covered by a epithelial cell layer, in which cell types vary
with zones depending on their functions (Table 1). The bronchial tracts are covered by a
pseudo-stratified columnar epithelium, which consists of undifferentiated basal cells,
secretory goblet cells, and ciliated cells. The bronchioles have a cuboidal epithelium,
which is mainly composed of secretory Clara cells (BéruBé et al., 2010). During
inhalation, the bronchial epithelium functions as a physical barrier against inhaled
materials such as particles and bacteria. Mucus clearance contributes significantly to
the barrier function of the bronchial epithelium, which is regulated by different types
of cells. Mucus synthesized by the secretory cells (e.g. serous cells and mucous cells)
is a watery, sticky material lining on the surface of the epithelium to trap inhaled
substances (e.g. particles and bacteria). Mucus containing the entrapped foreign
substances are subsequently swept from the lungs to the oral cavity via mucociliary
clearance by ciliated cells, and then swallowed into the esophagus (Antunes and
Cohen, 2007; Knowles and Boucher, 2002; Randell and Boucher, 2006). Tight junctions
are important in the barrier function of the bronchial epithelium (Ganesan et al.,
2013), which can restrict paracellular permeability, regulate the flow of molecules
and control homeostasis of the respiratory tract (Heijink et al., 2010; Schneeberger
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and Lynch, 2004). In addition, barrier function can not only prevent inhaled foreign
materials from injuring the lungs, but can also act as a signaling platform for, for
example, activation of immune cells in lungs (Ganesan et al., 2013; Godfrey, 1997).

The alveolus (Figure 1 and Table 1), the functional unit of gas exchange, consists of
an air space with thin walls that are surrounded by a rich network of pulmonary
capillaries for blood transport. Alveolar type (AT) I and type II cells, fibroblasts,
and a small population of macrophages together constitute the alveolar squamous
epithelium (BéruBé et al., 2010; Féréol et al., 2008). Fibroblasts act as scaffold; the
attached AT I cells cover 95% of the alveolar surface. The main function of AT I cells
is to form a barrier that allows gases to exchange freely (Williams, 2003). AT II cells
that form the remaining 5% of the surface are involved in lung defense, immune
regulation, transepithelial solute transport and epithelial repair (Fehrenbach, 2001).
Pulmonary macrophages are the most abundant immune-cell type present in the
alveolar compartment. They also play a critical role in the defense against foreign
substances, especially inhaled particles (Joshi et al., 2018).

Exposure methods of in vitro lung models

Traditionally, in vitro exposure is performed under submerged conditions. More
recently, air-liquid interface (ALI) exposure via ALl exposure systems has become
widely applied (Antherieu et al., 2017; Miilhopt et al., 2016; Paur et al., 2011). In the
following section submerged and ALI exposure methods are described, including
their advantages and disadvantages, and summarized in Table 2.

Submerged exposure

Submerged exposure involves adding particle or fibre suspensions or dissolving
chemicals into the culture medium to expose cells. Submerged exposure is easy to
perform and requires a relatively low amount of test substance for exposure. Due to
the immediate (high dose rate) exposure, this approach could not be considered as
being realistic for airborne exposures (BeruBe et al., 2009). For example, inhaled
substances (e.g. particles) will directly deposit onto the respiratory epithelium mainly
by diffusion, whereas under submerged conditions cells are covered by the thick
layer of fluid (cell culture medium) in which particles can either reach the cells by
sedimentation or diffusion. Besides, characteristics and kinetics of test substances
can be changed by the culture medium and the relevance of biological responses
observed following submerged exposure have consequently been debated (Limbach
et al., 2005; Maier et al., 2008). In addition, cells under submerged condition do not
tend to differentiate and secrete the epithelial lining fluid.
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Table 1. Overview of the different structures and cell types of the conducting and respiratory zones

in the lung, adapted from BéruBé, et al. (2010).

Air-liquid interface (ALI) exposure systems

To minimize the limitations of submerged exposure and to accurately mimic
inhalation exposure, ALI culture and ALI exposure systems have been developed.
For ALI culture, cells are cultured on a permeable membrane on an insert fitted into
culture plates with the apical side (eventually) being exposed to air (Braakhuis et al.,
2020; Paur et al., 2011). Culture medium is added to the basolateral side of the insert
(BéruBé et al., 2010; Upadhyay and Palmberg, 2018). The cells on the inserts stay in
contact with air on the apical side to induce cell differentiation and mimic in vivo
conditions, as well as with medium on the basolateral side to absorb nutrients. During
ALI exposure, cells can be directly exposed to generated aerosols, reflecting realistic
inhalation conditions (Antherieu et al., 2017; Milhopt et al., 2016; Paur et al., 2011).

m
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In comparison to submerged exposure, ALI exposure places demand on the careful
selection of cell models, as not many cell types can remain viable for a long period of
time under ALI conditions.

Among different types of ALI exposure systems for in vitro study, the cloud exposure
system has been widely used in recent studies (Fizesan et al., 2019; Wang et al., 2019).
The cloud system normally consists of a polycarbonate aerosol chamber, a base module
for placing culture inserts, and a nebulizer that generates liquid aerosols (one example
shown in Figure 2A). During exposure, a dense cloud of droplets containing the test
substance is generated by a single nebulization, which is uniformly distributed at the
base of the exposure chamber. Within 10 minutes, droplets settle onto the bottom
of the base module, where cell inserts are positioned. The deposited mass can be
monitored with the use of a quartz crystal microbalance (QCM) that is installed in the
base module. To rapidly remove the residual gaseous phase after sedimentation of the
test material, the cloud PowerVent exposure system has been developed on the basis
of the cloud system, equipped with a vacuum system. However, such “one-hit” cloud
exposure does not fully reflect realistic inhalation exposure. As such, another type
of ALI exposure system, the continuous flow exposure system, has been developed
(Jeannet et al., 2015; Jonsdottir et al., 2019; Milhopt et al., 2016). ALI continuous
exposure systems can be connected to different aerosol sources, allowing cells to be
continuously exposed to pre-heated aerosols under ALI conditions for a long period
with an adjustable flow rate (Braakhuis et al., 2020). In addition, those systems can
also be coupled with additional equipment for monitoring characteristics of test
atmospheres during ALI exposure, including chemical composition, particle number
concentration (PNC), particle size distribution (PSD). The VITROCELL® continuous
flow exposure station (Figure 2B) is an example of this kind of system, which is
commercially available. This exposure station includes 3 levels with exposure modules:
the top level for clean air exposures and the middle and bottom level for aerosol
exposures. The exposure modules contain inserts with cells. Using compressed air,
the spray nozzle nebulizes the test suspension (e.g. particle suspension), which can be
heated in a mixing chamber and is subsequently led to the exposure modules.

OO
OO
@O

Figure 2A. The VITROCELL' cloud exposure system as an example of ALI cloud exposure systems
includes A: Chamber for exposure of controls; B: Chamber for exposure of aerosolized substances,
number 1-8 represents where cell inserts are positioned, MB represents a microbalance; C: Aerosol

nebulizer; D: Temperature controller.
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Figure 2B. The VITROCELL' continuous flow exposure station as an example of ALI continuous
exposure systems, adapted from Braakhuis et al. (2020), includes 3 levels with exposure modules: the
top level for clean air exposures and the middle and bottom level for aerosol exposures. The exposure
modules contain inserts with cells. Aerosol characterization instruments can be connected, such as
the scanning mobility particle sizer (SMPS), condensation particle counter (CPC), and tapered element

oscillating microbalance (TEOM).
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Table 2. Advantages and disadvantages of submerged and ALI exposure methods for toxicity testing

of particles.
Exposure Exposure  Advantages Disadvantages
methods systems
Not representative of human
inhalation dynamics;
Deposited mass could not be
Submerged Easy to operate;
Exposure - Various cell models can be used measured-r .
Characteristics of test substance can
be changed due to the cell culture
medium
More representative of human
inhalation dynamics than submerged ~ Fewer cell models can be used;
Cloud exposure; Less representative of human
Easy to operate; inhalation dynamics than continuous
Dose of solid particles can be assessed ~ exposure system
ALL gravimetrically
exposure

Fewer cell models have been shown to
be resistant to air flow;

Relatively more test substance is
needed compared to submerged or
cloud exposures

In-vivo like exposure conditions;
Continuous Dose of solid particles can be assessed
flow gravimetrically;

Aerosols characterization available

Lung models for in vitro ALl studies

To study inhalation toxicity via in vitro exposure, it is critical to choose an appropriate
cell model that mimics the region of interest of the respiratory tract. Characteristics
of cell models can differ, depending on the origin, differentiation ability and culture
conditions. Identifying those characteristics is thus of great importance for the
application of cell models in in vitro experiments. In vitro lung models are usually
divided based upon the use of either primary cells or immortalized cell lines (BeruBe
et al., 2009; Gordon et al., 2015). Primary cells are isolated from healthy or even
diseased human tissues, which can be obtained from lung resection or donation. Cell
lines are mainly derived from lung cancer cells or transformed from primary cells by
viruses to immortalize those cells. Both types of cell models have specific advantages
and disadvantages, which should be weighed before use. For example, primary
cells with the ability of complete differentiation and tight junction formation can
represent the in vivo airway epithelium more closely compared to cell lines. Their
use also has some disadvantages such as high(er) cost, difficult handling procedures
and donor variations (Hiemstra et al., 2018). Cell lines are more convenient because
they are readily available and can be passaged continually over a long period of

time. Conversely, they do not retain many differentiation features of primary cells.
Moreover, as cell lines do not have inter-donor variability, results derived from cell
lines are often more reproducible (BeruBe et al., 2009).

A number of commonly-used lung cell models is selected for detailed introduction
in the following section and summarized in Table 3, including advantages and
disadvantages.

Human primary lung epithelial cells

1. Normal human bronchial epithelial (NHBE) cells:

Normal human bronchial epithelial (NHBE) cells are isolated from bronchus
samples of donors. When in submerged culture, NHBE cells form a monolayer of
undifferentiated bronchial epithelium. While under ALI conditions, NHBE cells can
form a pseudostratified bronchial epithelium-like tissue and fully differentiate to
ciliated cells and goblet cells located at the apical side, as well as basal cells at the
basolateral side (Mathis et al., 2013). Tight junctions play a crucial role in epithelial
barrier function. NHBE cells show a high transepithelial electrical resistance (TEER)
value that exceeds 800 ohm x cm? with well-defined zonula occludens protein-1 (ZO-
1) expression under ALI culture (Lin et al., 2007; Oshima et al., 2011), indicating
formation of tight junctions. However, donor differences in NHBE cells have been
observed in cell viability tests and transporter expression levels (Sakamoto et al., 2013;
Scheffler et al., 2015). The relatively short lifespan is another disadvantage of NHBE
cells (Scheftler et al., 2015). Currently, there are some commercially available NHBE-
based cell models (e.g. Epithelix and MucilAir model) that can retain a pseudostratified
morphology and functional characteristics for up to 6 months (BeruBe et al., 2009).

2. Human alveolar epithelial cells (hAEpC):

AT I cells cover the major part of the alveolar surface, however, it is very hard to build
primary an AT I cell model under laboratory conditions. Up to now, the commonly-
used primary alveolar cell model is the human alveolar epithelial cell (hAEpC) (Elbert et
al., 1999; Forbes and Ehrhardt, 2005). Primary hAEpC can have an AT I-like squamous
appearance as well as AT II-like lamellar bodies (Lehmann et al., 2011). Under ALI
conditions, the hAEpC model shows clear expression of ZO-1 proteins and has a high
TEER value (> 1000 ohmxcm?) (Forbes and Ehrhardt, 2005; Lehmann et al., 2011).
However, the isolation and culture of hAEpC is very time-consuming and the cells
need 14 days to reach confluence (Lehmann et al., 2011). Also, the hAEpC model is not
yet commercially available, which limits its application in inhalation exposure studies.
To overcome those disadvantages, a modified hAEpC model, human alveolar epithelial
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lentivirus immortalized (CI-hAELVi) cell model, has been recently developed (Kuehn
et al., 2016). This CI-hAELVi cell model may be a promising alternative to hAEpC as a
model for the alveolar epithelium.

Human lung epithelial cell lines

1. Human bronchial epithelial cell line (Calu-3):

Calu-3 cells were derived from a 25-year old Caucasian male with lung adenocarcinoma
(Ong et al., 2013). Grainger et al. (2006) reported that Calu-3 cells grow fast and
consistently, and can generate a more representative morphology of the airway
epithelium under ALI conditions compared to cells under submerged conditions.
Also, Calu-3 cells can form polarized monolayers with functional tight junctions
under ALI culture (Gordon et al., 2015; Ong et al., 2013). However, TEER values of
Calu-3 cells differ widely between different laboratories, varying from 100 to 2500
ohmxcm? (Srinivasan et al., 2015). As an important mechanism of airway defense,
mucin release and swelling are observed in Calu-3 cells after long-term ALI culture
(Kreda et al., 2007; Shumilov et al., 2014). However, it has been reported that different
culture conditions can significantly affect characteristics of Calu-3 cells, including cell
differentiation, barrier integrity and permeability properties (Kreft et al., 2015).

2. Human bronchial epithelial cell line (16HBE140-):

16HBE140- (16HBE) is a cell line transformed from normal bronchial epithelial
cells with SV40 large T antigen (Ehrhardt et al., 2002). Under submerged culture,
16HBE cells grow fast and can form layers of polarized cells with microvilli and
cilia, comparable with bronchial epithelium in vivo. Also, 16HBE cells exhibit good
intercellular integrity with well-defined tight junctions, adherent junctions, and gap
junctions and high TEER values (= 800 ohmxcm?) (Ehrhardt et al., 2002; Forbes et al.,
2003; Heijink et al., 2010). However, when changing to ALI conditions, 16HBE cells
build layers of 10-16 cells in thickness without a clear polarity organization (Ehrhardt
et al., 2002). Their TEER values also drop accordingly to below 130 ohm x cm?, with an
irregular staining pattern of ZO-1 and E-cadherin (Ehrhardt et al., 2002).

3. Human bronchial epithelial cell line (BEAS-2B):

BEAS-2B cells are transformed from bronchial epithelial cell with adenovirus 12-
SV4o virus hybrid (Reddel et al., 1988). Although BEAS-2B cells generate a confluent
monolayer more rapidly than 16HBE cells, they cannot form intercellular junctions.
Only faint staining for ZO-1 proteins can be observed, and E-cadherin proteins are
rarely detected (Heijink et al., 2010). Courcot et al. (2012) have shown that BEAS-2B
cells exhibit a high similarity in gene expression pattern with primary cells, which

makes them widely-used for studying cytokine responses. However, as BEAS-2B cells
contain polyomavirus DNA sequences, a high safety level of laboratory (Biosafety Level
2) is required for their culture.

4. Human alveolar type II epithelial cell line (A549):

A549 cells derived from alveolar type II carcinoma cells are a commonly used alveolar
model in in vitro studies (Lieber et al., 1976). As49 cells grow rapidly and can express
AT II-like lamellar bodies (Foster et al., 1998; Heijink et al., 2010). The low TEER
value of As549 cells indicates poor formation of tight junctions (Srinivasan et al.,
2015), although Foster et al. (1998) have shown that the permeability of Lucifer yellow
(a fluorescent dye) across As49 cells monolayers decreases under ALI conditions
compared to submerged conditions, indicating the barrier resistance to Lucifer yellow
at the ALL

5. Human mucoepidermoid carcinoma cell line (NCI-H292):

NCI-H292 (H292) cells are generated from salivary gland carcinoma cells (Courcot
et al., 2012). The fact that H292 cells are not derived from lung tissues could be
a disadvantage. H292 cells have high reactivity and tolerance to PM and gas/
vapor phases, they are therefore widely used as a lung model in inhalation studies
(Schamberger et al., 2015). The ability of H292 cells to form intercellular junction is
better than BEAS-2B cells, but still relatively weak. Expression of ZO-1and E-cadherin
proteins can be detected in H292 cells, though it is fragmented and irregular (Heijink
et al., 2010). Passage number is an important factor for H292 cells in toxicity testing
as it can cause a significant variety of cell viability and inflammatory responses upon
exposure (Azzopardi et al., 2015).

17
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Table 3. Advantages and disadvantages of the commonly-used lung cell models.

Cellmodels Advantages Disadvantages

In vivo-like morphology of airway
epithelium under ALI culture;
Epithelial membrane integrity; Relatively short lifespan;
Some NHBE-based models (e.g. High price
Primary cells Epithelix and MucilAir model) are
commercially available

NHBE

AT I-like squamous appearance Time-consuming for cell isolation and
hAEpC and AT II-like lamellar bodies; culture;
Epithelial membrane integrity Not commercially available

Grow fast;

Representative morphology of

airway epithelium; Variability dependent on culture
Epithelial membrane integrity; conditions

Mucociliary differentiation under

ALI culture

Grow fast;
Invivo-like airway epithelium
16HBE under submerged culture;
Epithelial membrane integrity
Cell lines under submerged culture

Not suitable for ALI culture

Grow fast;
BEAS-2B High homology in gene expression
pattern with primary cells

Weak formation of tight junctions;
Need high safety level laboratory

As Grow fast; Cannot form tight junctions;
49 AT I1-like lamellar bodies st g
Not derived from lung cells;
Ha92 High reactivity and tolerance toPM  Weak formation of tight junctions;

Variability dependent on passage
number

and gas/vapor phases

Other relevant lung cell models

The human lungs contain more than 50 cell types (BéruBé et al., 2010). Each area/
zone of the lungs consists of different cell types and compositions. It can, therefore,
be useful to develop cell models that represent a certain part of the respiratory tract.
During inhalation exposure, human airway epithelium serves not only as a barrier, but
also a pro-inflammatory signaling platform for recruitment and activation of immune
cells such as macrophages and dendritic cells (Faber and McCullough, 2018; Rothen-
Rutishauser et al., 2005). Communication between immune cells and epithelial
cells in response to the inhaled substances have been reported. For example, during
endocytosis of inhaled particles, macrophages are intended to produce inflammatory
responses that can affect cellular responses from epithelial cells (Dagvadorj et al., 2015;
Ishii et al., 2005; Wottrich et al., 2004). To mimic the in vivo situation more closely and

obtain insight in interactions between cells (Frohlich and Salar-Behzadi, 2014; Klein
et al., 2011), it would be meaningful to build multi-culture cell models combine lung
epithelial cells with immune cells for inhalation studies.

Macrophages have a strong phagocytic function and are the most abundant immune
cells in the lungs. Macrophages differentiated from human peripheral-blood
monocytes, so called monocyte-derived macrophages (MDMs), are a good option for
co-cultures (Lehmann et al., 2011). However, MDMs have some disadvantages that
limit their application, including donor variability and the difficulty to obtain MDMs.
Another type of macrophages differentiated from THP-1 human monocytes (THP-
1 derived macrophages, TDMs) has also been extensively used as an alternative to
MDMs in co-cultures. TDMs have an easy-handling culture protocol and show high
reproducibility, although they only show few characteristics of in vivo macrophages
(Chanput et al., 2014; Tedesco et al., 2018). By adding macrophages on top of the
epithelial layer, co-culture models can be created. Several types of macrophage/
epithelial cell co-culture models have been designed using macrophages in
combination with lung epithelial cells such as primary bronchial epithelial cells (Ji et
al., 2018), CI-hAELVi cells (Kletting et al., 2018) and As49 cells (Miiller-Quernheim et
al., 2012; Wottrich et al., 2004). Besides the co-culture models of the respiratory tract,
some triple-culture models have also been designed and applied in the past ten years,
represented by macrophages and lung epithelial cells with dendritic cells (Lehmann et
al., 2011), fibroblasts (Barosova et al., 2020) or pulmonary endothelial cells (Dekali et
al., 2014; Zhang et al., 2019).

Overall, various lung cell models, including monoculture and multi-culture models,
have been developed to mimic the region of interest of the respiratory tract in in
vitro studies. When selecting these lung cell models for in vitro exposure, the tested
substances, exposure methods, and region of the lung that relates to the objectives of
the study need to be taken into consideration.

Part Il: Aircraft-related air pollutants and their adverse health
effects

Due to the rapid development of civil aviation, concerns on the potential health
impacts of aircraft-related air pollutants have been raised in recent years. High levels
of air pollutants, mainly nitrogen oxides and PM, are detected near busy airports.
Most of these are typically related to aviation emissions (Masiol and Harrison, 2014).
Among those pollutants, UFPs from aircraft emission have received increasing
attention, as they may pose a serious threat to public health. Meanwhile, it has also
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been reported that bleed-air contamination events occurred in aircraft cabin, which
are potential causes of the alleged aerotoxic syndrome of cabin crews and passengers
(Michaelis et al., 2017).

Ultrafine particles

UFPs are particles with a mobility diameter < 100 nanometers (nm) that are of natural
origin (volcanos and sea) or from anthropogenic emissions (engine exhaust, welding,
and high-temperature processes in general). UFPs have a negligible mass compared to
micron sized particles in the same mixture, thus making up only a small proportion
of the weight of measured PM1o and PM2.5 concentrations (Kwon et al., 2020). Due
to unique characteristics (e.g. small particle size and large surface-to-volume ratio),
UFPs are associated with noticeable inhalation risks (Heinzerling et al., 2016; Leikauf
et al., 2020). Upon inhalation, particles will deposit in the respiratory tract mainly
by diffusion, which increases with decreasing air velocity. Model calculation using
the Multiple Path Particle Dosimetry model (MPPD model, ARA Inc., 2014; Braakhuis
et al., 2014) suggests that UFPs can deposit onto the epithelial surface of both
tracheobronchial and alveolar regions. Inhalation exposure to UFPs has therefore
been correlated with a wide range of chronic respiratory diseases (Heinzerling et
al., 2016; Leikauf et al., 2020). Meanwhile, the small size of UFPs also increases the
likelihood of particles to translocate into the human microvasculature and systemic
circulation, eventually diffusing throughout the body including the brain (Miller et
al., 2017; Terzano et al., 2010). Moreover, the large surface-to-volume ratio allows
UFPs to absorb more organic and inorganic substances compared to fine particles
with micrometer dimensions, thereby increasing the toxicity of UFPs per unit mass
(Li et al., 2003). In this thesis, we focus on effects of UFPs emitted by aircrafts, both
within (cabin/cockpit/flight deck) as well as outside (exhaust).

Aviation as source of UFPs emissions

UFPs in the range of 10-30 nm dominated the particle number concentration (PNC)
of particles from aviation emissions (Keuken et al., 2015; Riley et al., 2016; Stacey,
2019). Particles emitted from aircrafts during takeoff and landing are predominantly
in the ultrafine range (4 - 100 nm), whereas aircraft ground movements generate
predominantly large particles (1 and 10 wm) from aircraft tire wear (Mazaheri et al.,
2013). Also, aircraft activities can influence PNCs of UFPs. A study on Los Angeles
International Airport (LAX) reported that take-off events correlated with the highest
spikes of UFP number concentrations, some of which exceed 107 particles/cm?® (Zhu
et al., 2011). UFPs from aircraft emissions have large surface-to-volume ratios and
high reactivity, enabling them to absorb chemical substances from the incomplete
combustion of fuel and lubricating oil (Masiol and Harrison, 2014). Sulphur (S) is
identified as the most abundant element in airport UFPs, since a large amount of

20

sulfur content is added to aviation fuel (Agrawal et al., 2008; Kinsey et al., 2011).
High concentrations of soluble transition metals (e.g. Ni, V, Fe, and Cu) and PAHs
are also detected in UFPs collected from airport surroundings (Lai et al., 2013;
Shirmohammadi et al., 2018).

Inhalation exposure to airport UFPs may have potential adverse effects on airport
employees and residential population in airport surrounding areas (Marie-Desvergne
et al., 2016; Touri et al., 2013). A study on UFPs at Copenhagen Airport (CPH) reported
occupational exposure levels of UFPs among 5 airport-employee groups, including
baggage handlers, catering drivers, cleaning staff, airside security, and landside
security (Mgller et al., 2014). They found that the average exposure level of UFPs at
the airport can reach to 3.7 x 10* UFPs/cm?® (baggage handlers) depending on working
positions. A few epidemiological studies conducted outside the airport areas reported
that the average exposure PNC of UFPs is around 5.4 x 104 particles/cm?® at Amsterdam
Airport and 5.3 x 10* particles/cm? at Los Angeles International Airport (LAX) (Habre
et al. 2018; Lammers et al. 2020). Health risks upon inhalation exposure to airport
UFPs are summarized in Table 4A. According to those studies, short-term exposure
to airport UFPs may be associated with increased acute systemic inflammation
and decreased lung and heart functions (Habre et al., 2018; Lammers et al., 2020).
However, there is still a general lack of data on inhalation risk of exposure to airport
UFPs, in particular for their in vitro toxicity.

Bleed-air contamination in aircraft cabins

In most commercial jet aircrafts, the compressed air drawn from the compressor
stage of the engine is mainly used for air supply during flights, so called “bleed air”.
Bleed air passes through the Environmental Control System (ECS), where the air is
conditioned to meet the required temperature before being distributed to the flight
deck and the passenger cabin. From the air compression to the air distribution into
the aircraft cabin, bleed-air contamination may happen in the aircraft cabin on some
occasions. For example, if seals within the engine are not performing effectively, oil
from oil leaks may be pyrolyzed at high temperature. These oil leaks and resulting
thermal degradation products could lead to bleed-air contamination, subsequently
contaminating the aircraft cabin (Day, 2015). This type of contamination in an aircraft
cabin is commonly referred to as “fume events”. Due to the widespread use of jet
engines and the occasionally occurring fume events, concerns have been raised over
the composition of pyrolyzed aircraft engine oils and their potential to cause short-
and long-term health effects (NRC, 2002; Michaelis, 2011).
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The Civil Aviation Authority (CAA) (2004) reported that breakdown products of
aircraft engine oil contain more than 40 different potentially harmful chemicals.
Carbon monoxide (CO) and volatile organic compounds (VOCs) have been suggested
as potential indicators of bleed-air contamination in aircraft cabins (Michaelis, 2011).
Organophosphates (OPs) are also one of abundant byproducts from pyrolysis of
aircraft engine oils. Among OPs, tricresyl phosphates (TCPs) are the most frequently
detected compounds in cabin air (Denola et al., 2011; Solbu et al., 2011). In accordance
with a recent study (Howard et al., 2018), UFPs in aircraft cabins can also be abundantly
formed by pyrolysis of engine oils, combustion of fossil fuels and chemical reactions.
Therefore, an increase of UFP counts in cabin air would be expected under bleed-air
contamination, in particular accompanied by visible fumes. A lot of sampling work
has been performed in an attempt to measure and identify bleed-air contaminants
in aircraft cabins. Van Netten (1998) measured air quality on three aircrafts during
normal commercial flights and found no detectable levels of CO above the limit of
detection (LOD) of 1 ppm in any of the airplanes. Also, TCPs were not detected in
either cockpit or cabin air in airplanes that suffered from smoke odor and oil leakage
(Van Netten, 1998). Solbu et al. (2011) sampled in 40 aircrafts (cockpit and passenger
cabins) from 4 airline companies in Norway, including jet engine airplanes, propeller
airplanes and helicopters. They noticed that TCP levels are an order of magnitude
higher in cabin air samples collected from an airplane that experienced turbine oil
leakage compared to samples collected after engine replacement. Wang et al. (2014)
collected 84 air samples during 14 flights and selected 19 VOCs for chemical analysis
of samples. According to source apportionments of VOCs, cabin service and humans
contributed the most (29%) to VOC emissions in aircraft cabins. Denola et al. (2011)
took 78 air samples from 3 different airplanes (a fighter trainer, a cargo transporter
and a fighter bomber) to monitor TCP in the cockpit and cabin air. Only 11 samples
showed total TCP levels slightly above the limit of quantitation (LOQ) ranging from
0.12 t0 4.99 ug/m?, with levels in 2 samples (21.7 and 51.3 pg/m?) 10 times higher than
the LOQ. The general non-detectable or low levels of those indicators is mainly due to
the difficulties of capturing the fume events in real time in aircraft cabins.

Cabin crews and passengers have reported a wide number of symptoms during flights
including cough, sore throat, dizziness, nausea, disorientation, confusion, lethargy,
tremors, and tingling of the arms and legs, so called “aerotoxic syndrome” (Michaelis
et al., 2017). Those symptoms have been associated with inhalation exposure to bleed-
air contaminants at low levels (Brown et al., 2001; Hocking, 2000; Michaelis, 2011). CO
is a toxic gas which has an affinity for hemoglobin (Hb) to forming COHb, reducing
blood O, -carrying capacity (Kao and Nafiagas, 2004). The presence of CO in aircraft
cabin may be associated with the neurological complaints reported by aircrews and
passengers after fume events (Van Netten, 2005). TCPs in cabin air, particularly tri-
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ortho-cresyl phosphate (ToCP), has been suggested to be associated with the reported
CNS-related symptoms in aircraft crews after fume events (Van Netten, 2005).
Additionally, it has been reported that exposure to VOCs and UFPs is related to
noticeable inhalation risks on e.g. the respiratory systems (Pappas et al., 2000; Soni
etal., 2018).

Many epidemiological studies have been performed to evaluate adverse health effects
of bleed-air contamination in aircraft cabins on aircrews and passengers, some of
which are summarized in Table 4B including the study design, data set, reported
symptoms and conclusions. Notably, most of those epidemiological studies could not
fully reveal the cause-effect relationship between fume events and health outcomes for
several reasons. 1) The broad variety in reported symptoms and the lack of clustered
symptoms in crews and passengers make it difficult to attribute reported symptoms to
specific diseases; 2) Some of the reported symptoms may result from exposure to low
levels of contaminated bleed-air for a long period of time, however, those long-term
chronic effects are difficult to trace back to exposure events; 3) Some of the reported
symptoms can also be caused by other environmental factors in aircraft cabins such as
low humidity, hypoxia and high level of passenger occupancy, which may affect well-
being and sensory perception of aircrews and passengers. Therefore, toxicological
data of inhalation exposure during fume events is required. The need for improved
understanding of in vitro toxicity of aircraft engine oil fumes is the prime basis for the
current need for in-depth expertise of the risk assessment of fume events.

Objectives and thesis outline

Inhalation exposure to aircraft-related air pollutants such as UFPs from airport
emissions and bleed air contaminants in aircraft cabins is associated with a wide
range of public health problems. However, information on their toxicity (e.g. in vitro
toxicity) following inhalation is still lacking, which hampers establishing a clear
cause-effect relationship. In addition, physicochemical characteristics of those air
pollutants including PNC, particle size distribution (PSD) and chemical composition
may affect their toxic potency. It is thus necessary to investigate the in vitro toxicity
of aircraft-related air pollutants together with their physicochemical characteristics
to identify the most toxic fractions or compounds. In this thesis, conventional
(submerged) and advanced (ALI) exposure systems have been applied to study the
adverse effects of aircraft-related air pollutants in the lung cell culture models in vitro.
The main goal of this thesis is to optimize the lung cell models under ALI conditions
to assess inhalation toxicity of aircraft-related air pollutants in vitro.
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To achieve this goal, the specific objectives are formulated as follows:

To investigate the chemical composition, potential sources, and in vitro
toxicity of airport PM, in comparison to PM collected from urban traffic
emissions.

Compared to our understanding of vehicle emissions, there is limited knowledge
on physicochemical characteristics and in vitro toxicity of airport PM. Therefore,
we measured the chemical composition and oxidative potential of PMo.25 collected
in airport areas, in comparison to well-analyzed urban traffic PM. By comparing to
the chemical composition of PM collected directly from diesel engine and aircraft
turbine engine emissions, the potential sources of urban traffic PM and airport PM
were identified. Furthermore, effects of urban traffic PM and airport PM samples on
reactive oxygen species (ROS) activity, pro-inflammatory responses, and cell viability
in the human bronchial epithelial cell model were assessed under submerged exposure
conditions (Chapter 2).

To optimize the in vitro mono-/co-culture models of human airway barrier
for aerosol exposure under ALl conditions.

In order to avoid some of the limitations of the submerged exposure method used in
Chapter 2, we optimized and evaluated the in vitro mono-/co-culture models of human
airway barrier under prolonged ALI conditions for toxicity testing at more realistic
exposure conditions in Chapter 3. Four types of the human bronchial epithelial cell
model were evaluated with respect to the epithelial morphology, barrier function
and cytotoxicity over prolonged ALI culture. One of those cell models that can retain
the monolayer structure and maintain a strong tight junction was selected to create
co-culture models with macrophages. The co-culture protocol under ALI conditions
was improved and the sensitivity of the co-culture models to aerosolized LPS was
evaluated.

To apply the optimized lung cell models for in vitro toxicity testing of
aircraft-related air pollutants under ALl exposure conditions.

Chapter 4 and 5 focus on inhalation toxicity of aircraft-related air pollutants,
including UFPs from airport emissions and fumes generated from aircraft engine oil
and hydraulic fluid. With the optimized in vitro cell model in Chapter 3, we evaluated
inhalation toxicity of both airport UFPs with a Cloud exposure system (Chapter 4) and
generated oil fumes with a continuous aerosol exposure system (Chapter 5).

A general discussion of the main findings and future perspectives in relation to the
objectives is presented in Chapter 6, following by an overall summary.
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Highlights

Aviation emission was the main contributor to PM_, from a major airport
Urban area PM_, were dominated by road traffic (traffic emission and road dust)

Airport-related PM_,_exerts similar toxicity compared to PM_, from urban traffic

Abstract

Air traffic is rapidly growing, raising concerns about the air pollution its impact on
public health. However, little is known about the impact of air pollution sources on
air quality and health in the vicinity of airports. In this study, the sources and adverse
health effects of airport-related particulate matter (PM) were investigated and
compared to those of urban traffic emissions. Ambient PMo.25 were collected at the
Los Angeles International Airport (LAX) and at a central Los Angeles USC campus),
along with PM2.5 collected directly from turbine and diesel engines. The particle
chemical composition, oxidative potential (OP) (ascorbic acid (AA), and electron
spin resonance (ESR) assay) as well as their reactive oxygen species (ROS) activity,
inflammatory potential (interleukin (IL) 6 and 8 and tumor necrosis factor (TNF) -«)
and cytotoxicity on human bronchial epithelial (16HBE) cells were assessed. Chemical
composition measurements confirmed that aircraft emissions were the major source
to LAX PMo.25, while the sources of the USC samples were more complex, including
traffic emissions, suspended road and soil dust, and secondary aerosols. The traffic-
related transition metals (Fe and Cu) in LAX and USC samples mainly affected OP
values of particles, while multiple factors such as composition, size distribution and
internalized amount of particles contributed to the promotion of ROS generation
in 16HBE cells during 4 h exposure. Internalized particles in cells might also play an
important role in activating inflammatory responses during cell recovery period, with
LAX particles being more potent. Our results demonstrated considerable toxicity of
airport-related particles, even at low exposure concentrations, suggesting that airport
emission as source of PMo.25 may also contribute to the adverse effects on public
health attributable to PM. The potency of such particles is in the same range as those
collected at a site in urban area impacted heavily by traffic emissions.

Keywords: PMo.25; Aviation emission; Traffic emission; Oxidative potential;
Pro-inflammation.

36

Introduction

Due to the rapid development of the aviation industry and high demand for air
transportation, the concomitant airport pollution has attracted increasing attention
in recent years (Masiol and Harrison, 2014). Airport particulate matter (PM) emissions
are the known source of air pollution in the proximity of an airport (Hu et al., 2009;
Hudda et al., 2014). These particles, however, are not only from aircraft emissions
(engine exhaust and non-exhaust emissions from aircraft), but also emissions from
other sources like the ground traffic operations for transporting people and goods
(Masiol and Harrison, 2014). However, current information regarding contributions
of the relevant sources to airport PM emissions is inadequate, which hinders our
ability to accurately assess the population risks associated with the exposure to these
emissions.

Large airports are often located in the proximity of metropolises, consequently
airport emissions may have considerable impact on public health in the surrounding
urban areas. Barrett et al. (2010) estimated that around 8000 premature mortalities
were attributable to aircraft cruise emissions globally every year (Barrett et al., 2010).
Touri and colleagues (2013) examined the impact of airport pollution exposure on
respiratory health by evaluation of studies on occupational exposure. Although the
link between respiratory health effects and airport pollution exposure was shown in a
few occupational studies, the correlation was weak and needs further research (Touri
et al., 2013). Therefore, understanding the associated risks of exposure to airport-
related PM in comparison with other major contributors to urban PM such as vehicle
emissions are of great significance to public health officials and legislators.

PM is a rather complex mixture that could differ in size distribution and chemical
composition depending on emission sources. Both size distribution and composition
are major critical factors influencing particle toxicity (Kelly and Fussell 2012). Particles
in the nanometer-size range typically account for the majority of total particle number
concentrations in airport areas (Masiol and Harrison, 2014). A recent LAX airport
study shown that the mean diameter of particles from the LAX is around 20 nm that
is distinctly smaller than particles emitted from the urban traffic area (USC samples:
mean diameter = 35 nm) (Shirmohammadi et al., 2017b). These nano-sized airport-
related particles result in a higher surface area/mass ratio compared to micron-sized
PM, which allows more organic and inorganic species to be adsorbed and/or absorbed
on their surface. This, in turn, could increase the particle toxicity per unit inhaled mass
(Li et al., 2003; Nel et al., 2006). Many relevant toxic effects of PM might be triggered
through PM-induced oxidative stress due to reactive oxygen species (ROS) generation
in cells (Ayres et al., 2008; Xiang et al., 2016a). PM-induced ROS can oxidize lipids and
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damage DNA, thereby impairing natural defense mechanisms, and lead to excessive
production of inflammatory mediators, which are highly related to many respiratory
and lung inflammatory diseases. In particular, small particle size and PM species
including elemental carbon (EC), a number of organics as well as soluble transition
metals (including Ni, V, Fe, and Cu) can have significant effects on the toxicity of PM
as evidenced by previous studies (Aust et al., 2002, Kelly and Fussell 2012, Loxham
et al., 2013). However, there is a general lack of information on the health hazards of
aviation-released PM compared to that of other mobile transportation sources such as
road traffic.

The primary goal of the study presented here was to explore the health hazards of
two important PM sources in relation to their PM composition. We hypothesized that
airport-related PMo.25 can induce comparable cytotoxicity to particles collected from
an urban area, impacted mostly by road traffic emissions. To test this hypothesis, we
collected PMo.25 samples downwind the Los Angeles International airport and in the
downtown area of Los Angeles, CA, along with PM samples directly collected from
the exhaust of a turbine and a diesel engine, then examined how these different PM
samples affect the biological responses in human bronchial epithelial (16HBE) cells.

Materials and methods

PM sampling

Urban air PM samples

Ambient PMo.25 samples were collected in two locations in Los Angeles, as discussed
in more detail by Shirmohammadi et al., (2017a). One sampling site was near the
residential area of Playa del Rey, at a South Coast Air Quality Management District
(AQMD) LAX Hastings monitoring site, which is located adjacent to the downwind
Los Angeles International Airport (LAX). The PMo.25 collected in this site was mainly
influenced by the airport emissions and to a lesser extent by shore ocean breeze, and
are less affected by traffic emissions (Shirmohammadi et al., 2017a). The other site
was in central Los Angeles, at the University of Southern California (USC), roughly 150
meters from -and immediately downwind the major freeway (I-110). Samples collected
here mainly represent urban mixed particles, mostly dominated by road traffic
emissions (Minguillén et al. 2008; Sowlat et al 2016).

Personal Cascade Impactor Samplers (PCIS) (SKC, Inc., Eighty-Four, PA, USA) were
used for sampling PM at the flow rate of 9 Ipm (Misra et al, 2002). The sampling
duration for each sample was 7 days from late October to early December of 2016 (for
a total of 5 weeks). Each site was visited once a week to collect samples and load new

38

filters. Flow rates were checked during the visit to ensure proper performance of the
PCIS samplers. PM was classified in two particle collection size ranges: accumulation
mode (0.25 - 2.5 um, PM2.5 - 0.25) and quasi-ultrafine mode (< 0.25 um, PMo0.25).
Only PMo.25 samples have been used for the work discussed in this paper, as they
were considered more representative of direct primary emissions compared to
the accumulation mode range that contains a higher fraction of regional aerosols
(Shirmohammadi et al, 2017a). During the sampling period, one PCIS loaded with
37-mm quartz filters (Whatman International Ltd, Maidstone, England) was used for
organic chemical speciation measurements (details can be found in Shirmohammadi
et al, 2017a). The other three PCISs were loaded with 37 mm Teflon filters (Pall Life
Sciences, 3-um pore, Ann Arbor, MI) for gravimetric measurements to determine mass
concentration as well as for the additional chemical and biological analyses discussed
in this study.

Turbine and diesel samples

Turbine and diesel samples were collected directly from diluted exhaust of a
Fighting Falcon turbine engine (F100, Pratt & Whitney, East Hartford, Connecticut,
USA) and a low-sulfur fuel diesel (EN 590) engine (Bredenoord, 35 KVA Silent,
Apeldoorn, Netherlands), respectively, by means of a versatile aerosol concentration
enrichment system (VACES) (Kim et al., 2001) as well as a high-volume cascade
impactor (HVCI) sampler (Demokritou et al., 2002) in this study. Minor flows of the
VACES were used to collect droplets containing particles into a BioSampler (SKC, Inc.,
Eighty-Four, PA, USA) as well as passing the concentrated aerosol through a diffusion
dryer and subsequently collect PM on 47-mm Teflon filters (Pall Life Sciences, 2-um
pore, Ann Arbor, MI, USA) for the biological and chemical analyses, respectively. Albeit
that the VACES was equipped with a PM2.5 size selective inlet, the vast majority of
the particles from both test engines were < 0.1 um. Sampling time for each day lasted
for eight hours and a filter was collected in parallel to the BioSampler, then a new
filter was loaded for the next sampling day, resulting in 1 turbine sample and 3 diesel
samples were collected. Flow rates, heating and cooling temperatures, and particle
number concentration as well as concentration enrichment of the VACES were checked
every 2 hours to ensure proper performance. The HVCI consists different impaction
stages to collect particles in different size ranges. 3 impaction stages (cut-points at 10,
2.5 and 0.1 pm, respectively) were selected in this study, and downstream of the third
stage, a backup TE 38 filter (Whatman, 5-um pore, Dassel, Niedersachsen, Germany)
was placed for collecting the ultrafine particles (<0.1 um) for chemical analysis. All
filters were weighed before and after sampling to determine particle mass loadings
and then stored in petri dishes at 4°C in the dark.

39

alay s 1oys | zamadeyd



Filters extraction

Teflon filters (5 LAX and 5 USC filters from PCIS, 1 turbine and 3 diesel filters from
VACES) were immersed by 2mL methanol (HPLC grade) in a petri dish, followed by
sonication (Sonorex RK-52, 60/120 KW, 35 KHz, Bandelin, Berlin, Germany) for 1
minute. The filters were then flipped over with clean tweezers and were sonicated
again for 1 minute, a process that was repeated for three consecutive times. The
extract was transferred into a vial, then 5 LAX extracts, 5 USC extracts and 1 turbine
extract were dried respectively overnight at 30°C in an incubator. For diesel samples,
3 diesel extracts were combined before drying. All the filters were also weighed after
the extraction process to determine the extraction efficiency, which was around 90%
in this study. Dried extracts (5 LAX, 5 USC, 1 turbine and 1 diesel samples) were re-
suspended in 1mL Hanks’ Balanced Salt solution (HBSS, Thermo Fisher Scientific Inc.,
the Netherlands), which can maintain cells osmotic balance during in vitro assay.

Chemical analysis

Filter samples (details in 2.1) collected at LAX and USC as well as from the exhaust
of the turbine and diesel engines (from HVCI) were analyzed to quantify the
chemical PM constituents. The analytical procedures were described in more detail
by Shirmohammadi et al., (2017a). Briefly, both EC and OC content of all weekly
samples were quantified using 1 cm?* punch of each quartz filters. The United States
National Institute for Occupational Safety and Health Thermal Optical Transmission
method was applied in EC and OC analysis (Birch and Cary, 1996). To measure the
total elemental composition of the PM, a section of each Teflon filter was digested in
a mixture of 1.5 mL of 16 M nitric acid, 0.5 mL of 12 M hydrochloric acid and 0.2 mL of
hydrofluoric acid using a microwave-aided solubilization protocol (Shirmohammadi
et al., 2017a). The digests were then analyzed using a high resolution (magnetic
sector) inductively coupled plasma mass spectrometer (SF-ICPMS, Thermo-Finnigan
Element 2).

Oxidative potential assays

Ascorbic acid (AA) depletion assay

The AA assay measures the rate of AA consumption by a known amount of PM and was
used to measure the redox activity of the ambient and engine exhaust PM samples of
this study. 200ug/mL PM re-suspensions (in HBSS) were diluted in ultrapure water
(1:15) to a concentration of 12.5 ug/mL. Briefly, 160 uL of 12.5 ug/mL PM suspension
was added to a 96-well flat-bottomed UV plates (VWR, Breda, Netherlands). All
samples were incubated in a spectrophotometer (spectraMAX 190: Molecular
Devices, Sunnyvale, USA) for 10 minutes at 37 °C. 20 ul of 2 mM AA was then added
and measured by a microplate reader at 265 nm every 2 minutes for 2 hours. For AA
depletion assay experiment, 160 L of domestic oil burning furnace particles (DOFA,
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US EPA, RTP, NC) suspension at 12.5 pg/mL and HBSS diluted in dH O (1:15) were
used as the positive, and negative controls, respectively. The results were expressed as
nmol/s of AA depletion per ug PM.

Electron spin resonance (ESR) assay

ESR assay is selected to detect the PM-induced hydroxyl radical (OH-) generation,
which is mainly generated via Fenton-type reaction. Spin trap 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) was applied in presence of hydrogen peroxide. In brief, 25
1L of 200 pg/mL PM re-suspension (in HBSS) was mixed with 50 uL of 0.0sM DMPO
(kept in the dark) and 25 pL 0.5 M hydrogen peroxide (H,0)) in a vortex mixer for 5
seconds and then placed in shaking water bath at 37 °C for 15 minutes’ incubation.
The suspension was then placed in the vortex mixer again for 15 seconds followed
by a transfer into a 50 pl glass capillary to measure. A MS-300 ESR spectrometer
(Magnettech, Berlin, Germany) was utilized to measure the DMPO-OH quartet signal.
The following ESR settings at room temperature were used for all measurements:
magnetic field: 337 mT, range: 7mT, sweep time: 30 s, number of scans: 3, modulation
amplitude: 0.2 mT, receiver gain: 2E2. For ESR assay, DOFA suspension at 1000 pug/
mL and HBSS were used as the positive, and negative control, respectively. The results
were expressed as the total amplitudes of DMPO-OH quartet in arbitrary units (A.U.)
per ug PM.

Cell culture

Human bronchial epithelial (16HBE) cells used in Braakhuis et al., (2016) were
cultured in Dulbecco Modified Eagle Medium/ (DMEM)/F-12 medium, L-Glutamine
(1%), fungizone (1%), fetal bovine serum (5%), and 1% weight per volume penicillin/
streptomycin in an incubator with 5% CO, at 37 °C. All culture media and supplements
were purchased from Life Technologies (Thermo Fisher Scientific Inc., the
Netherlands).

Cell viability

MTS assay, a colorimetric method for determining the number of viable cells, was
used to study cytotoxicity due to exposure to PM according to the manufacturer
procedure (Promege, Fitchburg, Wisconsin, USA). Briefly, 16HBE cells were
seeded into 96-well plates with 2 x 10° cells/mL and cultured for 24 h to reach ~ 80%
confluence. Subsequently, the medium was replaced by the 100 uL non-serum fresh
culture medium to prevent a protein corona around the particles. Two samples with
relatively high mass filter loadings (L4: LAX week4 and U4: USC week4) were firstly
chosen to establish the range for a concentration-response relationship (s to 160 pg/
mL). Cells were exposed to PM for 4 h after which the culture media was refreshed
with serum-free fresh culture medium without PM for a 20h recovery period. The
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culture media from recovery period were collected and stored at -20°C for testing
cytokine release. Next, cells were washed with HBSS and incubated with serum-free
fresh culture medium containing MTS reagent (medium: MTS reagent = 10:1) for 1 h
following absorbance measurement by a microplate reader at 490 nm (SpectraMax
M2: Molecular Devices, Sunnyvale CA, USA). Fresh HBSS (containing no PM) was used
as negative control. Based on the concentration-response curve, the concentration
points corresponding to 80% of viability were set as the exposure concentration for
the repetition of MTS assay for all PM samples (Figure S2).

Reactive oxygen species (ROS) activity

Changes in intracellular ROS level after PM exposure were detected using the
fluorescent dye 2', 7'- dichlorodihydrofluorescein diacetate (H2-DCFDA) (Thermo
Fisher Scientific Inc., the Netherlands) methodology, which is based on the
oxidation of nonfluorescent H -DCFDA by intracellular ROS to highly fluorescent
2,7-dichlorofluorescein (DCF). H -DCFDA in the assay is used as an indicator for
intracellular generated reactive oxygen species (ROS). Similarly, to the seeding process
followed for cell viability testing, cells were washed with HBSS before adding 100uL
H -DCFDA (10uM, dilute in HBSS) probe (in the dark). After 45 minutes incubation,
the probe was removed, and cells were washed again, and the plate was measured with
100pL HBSS using microplate reader (SpectraMax M2: Molecular Devices, Sunnyvale
CA, USA) to determine the basal ROS production over the time. The cells were then
exposed to all PM samples with serum-free fresh colorless culture medium and the
plate was measured after 1 h, 2 h, 4 h exposure and 20 h recovery. 0.5% H O, and fresh
HBSS (no PM) were used as positive and negative controls, respectively.

Release of inflammatory mediators

To test the effects of particles on pro-inflammatory mediator expression, the release
of IL-6, IL-8 and tumor necrosis factor a (TNF-a) proteins from 16HBE cells was
determined for LAX and USC samples with the supernatants collected from MTS
assay using Luminex multiplex kit (Millipore, Merck, Darmstadt, Germany). For
turbine and diesel samples, only IL-8 release was determined using the enzyme-
linked immunosorbent assay (ELISA) Kit (eBioscience, San Diego, USA). Fresh HBSS
(no PM) was used as the negative control.

Statistical analysis

Correlations between elemental composition and oxidative potential (OP) were
analyzed using Spearman rank correlation coefficient. Statistical comparison test was
conducted using one-way ANOVA, significant differences were defined as p < 0.05.
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Results

Characteristics of particles

The measured elements were assigned to four categories, each representing a
specific emission source; these categories were aviation, ocean spray, road dust, and
traffic. S, as the most abundant element in aircraft emissions, was considered as
the aviation-related species (Kinsey et al., 2011). As the LAX site is located near the
Pacific Ocean, particle — bound Na was considered as the ocean-related element in
the form of sea salt. Al, Ca, Ti and K reported as the trace elements for suspended
road dust (Marcazzan et al., 2001) were considered as road dust elements for LAX and
USC particles (Al, Ca, and Ti were considered as road dust elements for turbine and
diesel particles without K). While Mn, Fe, Cu, Zn, Ba, Pb, Ni, and Mg were elements
associated with the traffic emissions, including combustion of fuel and lubricating
oil as well as abrasion of brake, engine and tire wear (Maier et al., 2010; Pant and
Harrison, 2013). For the LAX samples, aviation-related element (S) accounted for the
largest fraction at 49.5%, followed by road dust elements (Al, Ca, Ti and K) and traffic-
related elements (Mn, Fe, Cu, Zn, Ba, Pb, Ni and Mg) at 21.8% and 15.9%, respectively.
In contrast, the emissions from traffic (28.5%), road dust (31.5%) and aviation (33.4%)
were represented equally in the USC samples. In addition, ocean-related element had
a higher contribution to the total elemental fraction for the LAX samples (12.8%) than
in USC samples (6.60%) (Figure 1a), which can be explained by the proximity of the
LAX to the Pacific Ocean, as noted earlier.

As presented in Figure 1b, aviation element contributed to the largest fraction in
turbine sample at 82.9%, which corroborated the use of this element (S) as a tracer
of aviation-related emissions in the smaller PM size range. Road dust (Al, Ca, and
Ti), traffic and ocean markers accounted for much smaller fractions of 9.53%, 6.54%,
and 1.04%, respectively. For diesel samples, traffic-related elements were the major
contributors (54.1%) to the total elemental fraction, followed by ocean marker at 23.2%.
The remainder was divided by aviation and road dust markers, with similar fractions
of 12.2% and 10.4%, respectively. The mass fractions of the PMo.25 measured species,
including trace elements and metals as well as organic carbon (OC) and elemental
carbon (EC) can be found in Table S1. The ambient concentrations of these species are
reported in detail in Shirmohammadi et al (2017a). EC and OC were omitted from our
statistical analyses because their mass fractions in the USC and LAX samples were
virtually identical (as seen in Table S1) and their inclusion to the statistical analysis
did not provide any meaningful insight or conclusions.
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Figure 1. Elemental contributions in PM from LAX and USC (a) as well as turbine and diesel engines
(b). S was considered as aviation-related element, Na as ocean-related element, and Mn, Fe, Cu, Zn,
Ba, Pb, Ni and Mg as traffic-related elements in both (a) and (b). Al, Ca, Ti and K were considered as

road dust elements in a (red), while Al, Ca, and Ti as road dust elements in b (orange).
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Oxidative potential assays (AA and ESR)

The oxidative potentials (OP) measured by AA and ESR of PMo.25sampled at LAX and
USC are illustrated in Figure S1, using the ratios of PM samples divided by negative
control (NC) values of each assay. A significant positive correlation was observed
between OP,, and OP_, (R=0.81, p<0.05, n = 10, Table S2).

To evaluate and compare the OP level of different PM samples, the geometric mean
(GM) values of OP,, and OP__, are presented in Table 1 for all PM samples. For both LAX
and USC samples, OP,, and OP,, values were significantly higher than the value of
negative control (p<0.05), with LAX samples showing relatively lower values compared
to USC samples (0.33 + 0.10 vs 1.14 + 0.18 for AA, 1.97 + 0.51 vs 3.58 + 0.24 for ESR).
OP,, and OP,, levels in turbine samples were higher than the levels of diesel samples
(1.11 + 0.04 Vs 0.53 + 0.06 for AA, 0.83 + 0.07 vs 0.59 + 0.11 for ESR). Both PM samples
showed significant OP except the diesel PM OP_, value, which was comparable to OP
value of the NC.

Table 1. Geometric mean of oxidative potential (AA and ESR) values of LAX, USC, turbine, and diesel

samples as well as negative and positive controls.

AA (nmol AA/s/pg) ESR (A.U/1000/pg)
LAX (n=5) 0.33+0.10 1.97+0.51
USC (n=5) 1.14 +0.18 3.58+0.24
Turbine 1.11+0.04 0.83+0.07
Diesel 0.53+0.06 0.59+0.11
Negative control (dH,0) 0.08 +0.02 0.49 +0.02
Positive control (DOFA) 1.36 + 0.13 11.4 + 0.37

Cell viability

Cell viability, an important indicator of toxicity, was measured after 24 h, including
4 h particle exposure and 20 h recovery period. One low (10 ug/mL) and one high (100
ug/mL) exposure level were used for all samples, as shown in Figure 2. Overall, 16HBE
cells treated at 10 and 100 pg/mL particles showed little cytotoxic effects, with the
exceptions of U1(81.8%) and U2 (79.6%) at 100 pug/mL, for which cell viabilities were
around 80%, implying more cell deaths. To further study cellular responses after
exposure, the lower exposure dose (10 ug/mL) was used in subsequent study tests.
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Reactive oxygen species (ROS) activity

Intracellular ROS generation was measured after 1, 2, and 4 h exposure and 20 h
recovery for all the samples to examine the oxidative potential of the particles by an
additional method. The level of ROS was illustrated using ratios between samples and
negative control (Figure 3 and Figure S3). After exposure to 10 pug/mL particles, the
ROS levels in 16 HBE cells were significantly elevated (p < 0.05), and a slowly increasing
trend was observed from 1h to 4h in all samples. On average, USC samples caused
a slightly higher ROS generation than LAX samples per unit mass, while turbine
samples showed a greater effect on ROS induction than diesel samples (p < 0.05).
After 20-h recovery, ROS production decreased to comparable level to the negative
control for LAX, and USC samples.

Correlation between oxidative potential indicators and PM composition

We selected OP,,, OP_ and OP . at 1, 2, and 4 h to calculate the Spearman’s
correlation coefficient with chemical species in LAX and USC samples (Table 2). It was
shown that OP,,, OP, and OP,

related transition metals (Fe and Cu, Spearman R: 0.65-0.87; p <0.05). Some trace

at 1, 2, and 4 h significantly correlated with traffic-

elements that are ingredients of road and soil dust (e.g. Ti, Pb and Ca) also showed
positive correlation with OP,, and OP
with the OP, .

sz (Spearman R: 0.65-0.77; p <0.05) but not

Table 2. Spearman’s correlation coefficients (R) between the OP measures (AA, ESR and ROS) and
chemical species for LAX and USC samples.

Species AA ESR ROS ROS ROS
Cu 0.87¢ 0.80* 0.81% 0.78% 0.71*
Fe 0.85% 0.76* 0.77* 0.73% 0.65"
Ca 0.77* 0.72* 0.64 0.60 0.50

Ti o.71* 0.65" 0.59 0.53 0.41

Pb 0.70% 0.46 0.60 0.65* 0.67*
Sum of traffic-related elements 0.78" 0.71% 0.67* 0.64 0.55

*=p<o0.05.

Inflammatory mediators

The induction and release of inflammatory mediators (IL-6, IL-8 and TNF-o) was
observed in 16HBE cells, and is expressed as ratios between samples and negative
control (Figure 4). The LAX samples induced higher release of the inflammatory
mediators in 16HBE cells at 1.7, 1.8, and 1.4-fold increase for IL-6, IL-8 and TNF-«,
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Figure 2. 16HBE cell viability tested by MTS assay for PM samples at 10 and 100 ug/mL. T and D
denote turbine and diesel samples, respectively. 1, 2, 3, 4 and 5 refer to the sampling week at LAX and
USC.
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Figure 3. Average relative ROS activity in 16HBE cells after 1, 2, 4 h exposure and 20 h recovery to
PMo.25 from LAX, and USC (compared to negative control, NC), * represents significant difference
at p<0.05.
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respectively, while the release of IL-6, IL-8 and TNF-a induced by USC samples were
at 1.3, 1.3, and 1.1-fold increase, respectively. However, no significant changes of IL-8
release were seen for turbine and diesel samples at 10 ug/mL.

2

Relative inflammatory mediators expression
(samples to negative control)

Figure 4. Relative expression of inflammatory mediators (IL-6, IL-8, and TNF-«) after 20 h recovery
on 16HBE cells for LAX and USC samples (compared to the negative control, NC). * represents

significant difference at p<0.0s.

Discussion

Our results demonstrate the adverse responses in human bronchial cells (16HBE),
including effects on cell viability/cytotoxicity, ROS activity and inflammatory
mediators release, after exposure to ambient PMo.25 collected near airport and
urban sites as well as PM directly sampled from diluted exhaust of turbine and diesel
engines. Elemental composition and oxidative potential of the PM samples seem to
explain these biological responses.

Combustion of different fuels and the use of diverse engine types result in the
emission of PM with distinctly different elemental composition. In line with several
previous studies, S was found to be the most dominant element (82.9%) for turbine
engine particles in this study due to the abundant S content in aviation fuel (Agrawal et
al., 2008; Kinsey et al., 2011). In comparison, diesel exhaust particles were dominated
(54.1%) by elemental markers of fuel and lubricant oil combustion, such as Mn, Fe, Cu,
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Zn, Ba, Ni, Pb, and Mg (Lin et al., 2005; Wang et al., 2003). An appreciable (although
lower than that of turbine engines) S fraction (12.2%) was measured in diesel samples,
probably due to the S content in diesel oil and fuel (Shields et al., 2007).

The elemental composition of PMo.25 from LAX showed some differences compared
to aircraft turbine engine samples. S (49.5%) was still the most abundant element for
LAX samples, while the contributions of road dust (21.8%), vehicle emissions (15.9%),
and ocean related elements (12.9%) were higher than those of the engine samples. This
was a result of the influence of not only aircraft emissions, but also ground support
transportation at the airport as well as the seaside location of LAX on the composition
of these urban samples (Masiol and Harrison, 2014, Shirmohammadi et al., 2017a).
This suggests that, besides aviation activities, the contributions from surrounding
traffic emissions and re-suspended road-dust to the airport-related particles are
not negligible. In contrast, the elemental contributions in USC sample differed
considerably compared to diesel engine sample. Traffic, road dust related elements
as well as S accounted for similar large fractions of the PM mass underscoring the
contributions of emission sources such as suspended road dust and atmospheric
secondary sulfate to urban particles besides exhaust emissions (Marcazzan et al.,
2001; Pant and Harrison, 2013).

The oxidative potential (OP) assays, AA and ESR, used in this study mainly represent
the level of metal mediated reactive oxygen species (ROS) in particles such as OH-
by Fenton reaction. The values of OP_, and OP,, both showed significant positive
correlations with some dominate traffic-related metals such as Fe and Cu (Spearman
R>0.75, p<0.05, Table 2). Janssen et al. (2014) reported similar high correlations
between OP, and OP,, (Spearman R>0.85), as well as the correlations with such
transition metals (Janssen et al., 2014). This indicates that the level of transition
metals in PM have a major impact on the induction of ROS. This in turn, might explain
the higher OP_, and OP,, levels for PM from USC and turbine engine as they contain
more abundant traffic-related elements compared to LAX and diesel PM samples
(Table1).

In contrast, ROS regulation in cells relates to more components. When particles
deposit on surface of cells after exposure, a number of particle-cell physicochemical
interactions could take place, including catalysis of surface compositions, particle
wrapping, intracellular uptake and biocatalysts (Nel et al., 2009; @vrevik et al., 2015).
Certain particle characteristics such as chemical composition, size distribution and
surface area contribute actively to these interactions, often leading to oxidative
stress due to access ROS generation (Qvrevik et al., 2015). It has been reported that
transition metals play an important role in ROS generation; PM with higher level
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of transition metals such as Fe and Cu are capable of amplifying intracellular ROS
generation (Aust et al., 2002; Schwarze et al., 2006), while the large surface area of
ultrafine PM can provide more opportunities for catalyzing redox reactions (Nel et al.,
2006). Similar findings were shown in our study, in that, the USC as well as turbine
particle samples that were more abundant in transition metals induced greater
intracellular ROS generation during the exposure period compared to LAX and diesel
samples, respectively (p<o0.05, Figure 3 and Figure S3).

To determine the influence of transition metals on ROS generation during the
whole exposure period, the correlations between levels of OP,  at 1, 2, and 4 h and
the dominant transition metals (Fe and Cu) in PMo.25 were calculated (Table 2).
sat 1, 2, and 4 h and such
metals at the first 1 h exposure (OP,_ at 1 h: Spearman R= 0.77 to 0.81) confirmed

The significant and positive correlations between OP,

the importance of these transition metals in ROS production. At the beginning of
exposure, the release of redox active transition metals from particles might activate
redox cycling (e.g. Fenton reaction) and promote a great intracellular ROS generation
(@vrevik et al., 2015). This similar ROS-formation principle may also explain the
ssx (R=0.95 and
0.84, Table S2). However, with cellular internalization of particles taking place, the

higher correlation coefficients between OP, . at 1 h and OP,, and OP

size, surface area and internalized amount of particles might gradually dominate in
intracellular ROS generation (Hussain et al., 2009; Li et al., 2008). Several studies
reported that particles with smaller size have a higher likelihood entering into cells
(Braakhuis et al., 2015; Gratton et al., 2008); their interaction with cellular membrane,
subcellular organelles and biological systems can catalyze greater ROS production
(Hussain et al., 2009; Li et al., 2008; @vrevik et al., 2015). While the transition metals
showed less influence on ROS generation during the cellular internalization period,
this might explain the decrease in the correlation coefficients between OP, . and
these traffic-related metals over the course of the exposure (OP, at 2 h: Spearman
R=0.73t00.78,4 h: R=0.65t0 0.67, Table 2).

Furthermore, it has been reported that oxidative stress can activate transcription
factors such as NF-xB and AP-1 (Reuter et al., 2010; Rincon and Irvin, 2012). This
can lead to the transcription of pro-inflammatory mediators such as IL-6, IL-8 and
TNF-a, the expression of which is directly related with asthma and some inflammatory
pulmonary diseases. However, results from our study showed that inflammatory
responses (IL-6, I1L-8 and TNF-a) could also be elicited after 20 h recovery even
when ROS generation induced by PM was balanced to the control level. Although
PM suspensions used for cell exposure were changed to particle-free culture media
followed by a 20 h recovery period, several in vitro studies showed that small PM can
cross the cell membrane and remain in cells (Gratton et al., 2008; Braakhuis et al.,
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2015), which may play an important role in inflammatory mediators’ induction during
the recovery period (Hussain et al., 2009). The smaller size distribution of LAX samples
(Shirmohammadi et al 2017a) might lead to greater internalized amount of particles,
thus promoting the release of IL-6, IL-8 and TNF-a in 16 HBE cells (Figure 4).

The enhancement of ROS may disrupt the cellular oxidant-antioxidant balance,
leading to inflammation and cytotoxicity. Excessive inflammation can result in the
programmed cell death (Elmore, 2007). In this study, MTS values were all above 80%,
indicating that cells showed low mortality after particles exposure (10 ug/mL) in spite
of at high level of oxidative stress. On the other hand, the results are also in accordance
with the growing awareness that significant toxicity in cells such as enhanced ROS
production and inflammatory responses can be induced even at high cell viability level
(Valberg, 2004).

Summary and Conclusions

In this study, we found that the aviation emissions were the major contributor to the
total mass of PMo.25 collected downwind a major airport. In contrast, PM collected in
a busy urban area have more complex chemistry due to the contribution of multiple
sources, including traffic emissions, suspended road dust and atmospheric secondary
sulfates, which accounted for similar contributions. Moreover, elemental carbon and
organic carbon content was very similar for these two locations. In addition, our
results demonstrated that airport-related PMo.25, even at relatively low exposure
concentrations, possess toxic properties similar to the PMo.25 emissions from urban
traffic, suggesting that airport activity as a pollution source of PMo.25 may also
contribute to adverse effects on public health.
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Supplementary Material

Table S1. Average mass fractions (with standard deviations, SD) of organic carbon (OC), elemental

carbon (EC), metals and trace elements elements. OC and EC mass fractions are in units of pg/ug

PM, whereas mass fractions of all other trace elements and metals are in ng/ug PM

Species LAX usc Turbine Diesel
Ave SD Ave SD Ave SD Ave sD

OC(rg/Kg) 0.31 0.04 0.31 0.09 - - - -
EC(rg/Kg) 0.12 0.01 0.12 0.05 - - - -
S(ng/ug) 34.31 4.50 22.57 3.71 328 41.0 9.35 0.83
Na 8.92 1.96 4.48 1.66 4.11 0.50 17.9 0.58
Fe 7.48 3.43 13.37 6.33 17.0 1.51 0.72 0.02
Al 5.32 2.44 7.03 4.77 17.9 2.21 0.20 0.07
K 5.51 2.06 6.06 2.32 - - - -
Ca 3.86 1.73 7.36 4.09 19.2 2.26 7.80 0.18
Mg 1.26 0.50 1.83 1.20 2.00 0.32 3.74 0.18
Ba 0.67 0.34 1.08 0.49 0.13 0.01 0.01 0.001
Zn 0.63 0.20 1.03 0.43 2.72 0.28 36.8 0.81
Cu 0.51 0.21 1.21 1.07 2.62 0.19 0.10 0.002
Ti 0.41 0.23 0.78 0.55 0.68 0.12 0.02 0.003
Pb 0.30 0.10 0.42 0.22 0.93 0.10 0.06 0.001
Mn 0.15 0.05 0.25 0.09 0.12 0.01 0.08 0.002
Ni 0.05 0.01 0.05 0.01 0.38 0.06 0.08 0.003

Table S2. Spearman’s correlation coefficients (R) between the oxidative potential (OP) measures (AA,

ESR, and ROS) for LAX and USC samples (n=10).

Measures AA ESR ROS ROS,, ROS,,
AA - 0.81" 0.95 0.94" 0.88"
ESR 0.81" - 0.84" 0.81" 0.79"
ROS 0.95 0.84" - 0.99" 0.95
ROS 0.94" 0.81 0.99" - 0.98"
ROS, 0.88" 0.79° 0.95 0.98" -
*=p<0.05
54
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Figure S1. Relative ratios of oxidative potential measured by AA and ESR in LAX, and USC samples,

adjusted for negative control. Domestic oil burning furnace (DOFA) is used as a positive control

(PC), 1,2,3,4, and 5 refer to the sampling week at LAX and USC.
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Figure S2. 16HBE cell viability tested by MTS assay at L4 (LAX week 4) and U4 (USC week 4) from 5

to 160 ug/mL.
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Figure S3. Relative average ROS activity (compared to the negative control, NC) in 16HBE cells after
1,2, 4 h exposure and 20 h recovery for turbine, and diesel PMs, adjusted for NC (negative control).

* represents significant difference at p<o.os.
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Abstract

For toxicity testing of airborne particles, air-liquid interface (ALI) exposure systems
have been developed for in vitro tests in order to mimic realistic exposure conditions.
This puts specific demands on the cell culture models. Many cell types are negatively
affected by exposure to air (e.g., drying out) and only remain viable for a few days.
This limits the exposure conditions that can be used in these models: usually relatively
high concentrations are applied as a cloud (i.e., droplets containing particles, which
settle down rapidly) within a short period of time. Such experimental conditions
do not reflect realistic long-term exposure to low concentrations of particles. To
overcome these limitations the use of a human bronchial epithelial cell line, Calu-
3 was investigated. These cells can be cultured at ALI conditions for several weeks
while retaining a healthy morphology and a stable monolayer with tight junctions. In
addition, this bronchial model is suitable for testing the effects of repeated exposures
to low, realistic concentrations of airborne particles using an ALI exposure system.
This system uses a continuous airflow in contrast to other ALI exposure systems that
use a single nebulization producing a cloud. Therefore, the continuous flow system is
suitable for repeated and prolonged exposure to airborne particles while continuously
monitoring the particle characteristics, exposure concentration, and delivered dose.
Taken together, this bronchial model, in combination with the continuous flow
exposure system, is able to mimic realistic, repeated inhalation exposure conditions
that can be used for toxicity testing.

Keywords: air-liquid interface, bronchial model, inhalation exposure, toxicity,
realistic exposure, in vitro, nanomaterials;
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Introduction

The lungs are vulnerable to inhalation exposure to airborne particles. To assess the
potential toxicity of airborne particles, progress has been made to develop air-liquid
interface (ALI) exposure systems">**5. ALl exposure systems allow more relevant and
realistic exposure models compared to traditional submerged exposure via culture
medium that alters the characteristics and kinetics of the particles. The ALI exposure
systems place specific demands on the cell culture models, as the models lack culture
medium and thus nutrients at the apical side. Many cell models are negatively affected
by being cultured and exposed at the air (e.g., drying out) and only remain viable for a
few days. This limits the exposure conditions that can be used in these models: usually
relatively high concentrations are applied within a short period of time as a cloud
(i.e., droplets containing particles, which settle down rapidly). Such experimental
conditions do not reflect realistic long-term exposure to low concentrations of
particles; thus, the relevance of the results can be questioned. To overcome these
limitations, the culture and exposure protocol for a bronchial model consisting of the
human bronchial epithelial cell line Calu-3” was optimized.

Most in vitro lung models used for ALI exposure contain other cell lines such as As49,
BEAS-2B, and 16HBE140- (16HBE) or primary cells as a basis®. These cell lines have the
disadvantage that they remain viable for only a few days when cultured at the ALL In
addition, some of these cell lines overgrow when cultured for a period longer than s
days. Finally, A549 cells miss functional tight junctions and can therefore not form a
tight barrier that is needed to mimic the lungs®®. Primary epithelial cells might be a
good option for ALI exposure as they can be cultured at the ALI for weeks. However,
primary cells differ from batch to batch, are more difficult to maintain, and are more
expensive compared to cell lines, which makes them less suitable for toxicity testing
and screening. When comparing different human bronchial epithelial cell lines
(16HBE, Calu-3, H292, and BEAS-2B), only the Calu-3 cells fulfill all criteria needed
for realistic, repeated ALI exposure: they remain viable for weeks while cultured at
the ALI, provide a high barrier integrity, do not overgrow, and are easy to culture and
maintain. Calu-3 cells originate from an adenocarcinoma and are able to produce
mucus™?, There are inconsistencies as to whether the cells can develop cilia™®. Calu-3
cells are also a suitable model to study respiratory syncytial virus (RSV) infections that
infect ciliated airway epithelial cells*.

Besides the cell model, an automated exposure system (AES) is used for the air-liquid
exposure to aerosols*. The AES has the advantage that it uses a continuous airflow
to expose the cell model to aerosols. This is in contrast to other air-liquid exposure
systems that usually use relatively high concentrations within a short period of time as
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a cloud (i.e., droplets containing particles that settle down rapidly)”***. These cloud
systems do not reflect realistic long-term exposure to low concentrations of particles.
By applying a continuous airflow using the AES, the cell model can be exposed to a
low concentration of particles over a longer time period, reflecting realistic exposure
conditions. Another advantage over cloud systems is that the AES has the option to
connect particle characterization instruments, allowing the measurements of particle
size, number concentration, and mass over time. A limitation of the AES is that it uses
relatively high airflows between 10 mL/min and 100 mL/min.

Protocol

1. Preparing cell culture medium (CCM)

1. Prepare a bottle of 500 mL of minimum essential medium (MEM) supplemented
with glutamine.

2.Add 5 mL of penicillin-streptomycin (i.e., 100 U/mL penicillin and 100 pg/mL
streptomycin).

3. Add 5 mL of non-essential amino acids (NEAA) solution.

4. Add 10 mL of amphotericin B (optional).

5.Add 50 mL of FBS (heat inactivated, please follow the ATCC protocol for
heat inactivation;(https://www.atcc.org/~/media/PDFs/Culture%20Guides/
AnimCellCulture_Guide.ashx, page 19).

2. Sub-culturing of Calu-3 cells

NOTE: Calu-3 cells are cultured in T75 or T175 cell culture flasks at 37 °C and 5% CO,.
Cells are passaged at 60-80% confluency every 7 days with CCM renewal every 2—-3
days. CCM is poured off and fresh CCM (T25 = 5 mL, T75 = 15 mL, and T175 = 25 mL) is
pipetted into the flask and the flask is placed back into the incubator. Cells should be
passaged at least 2x after thawing, before using in experiments, or before freezing,
and they should be passaged no more than 25x in total.

1. Confirm if flask is 60-80% confluent by checking under a light microscope.

2. Pour off the CCM from the flask.

3. Wash the cells 2x with 5 mL of 1x Hanks’ Balanced Salt Solution (HBSS) without
calcium and without magnesium. Discard the HBSS after each wash. HBSS removes
serum, which inhibits trypsin.

4. Add 3 mL of trypsin-EDTA for a T75 (4 mL for a T175) and place the flask back into
the incubator at 37 °C and 5% CO, for 10-15 min. Check after 10 min, ensuring the
cells have become detached from the flask surface. In case the cells are grown to
>80% confluency, they will not detach using trypsin 0.05% and trypsin 0.25% could
be used.
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5.Add 6 mL (i.e., double the trypsin-EDTA volume originally added) of CCM to the
flask and gently rock the flasks to ensure proper mixing. This is to ensure the
trypsin has been neutralized by the FBS in the CCM and its activity on the cells
halted. If trypsin is allowed to remain in contact with the cells for too long they will
not reattach when put into a new cell culture flask.

6. Pour the complete contents of the flask into a 50 mL centrifuge tube.

7. Centrifuge the cells for 5 min at 130 x g, ensuring that the centrifuge is correctly
balanced.

8. Return the vial containing the cells back to aseptic conditions and remove the
supernatant gently, without disturbing the pellet. The supernatant can be poured
off and the remainder pipetted off, ensuring the pellet is not disturbed.

9. Resuspend the cell pellet in 1 mL of CCM by pipetting up and down until all cells are
suspended (i.e., no pellet or cell agglomerates are observed). Additional CCM can be
added to dilute the cell suspension.

10. Count the cells, both dead and alive, in 1 mL of CCM using a hemocytometer. If

needed for proper counting, dilute the cells in 3 or 4 mL.

11. Suspend the cells into the CCM volume required and add the cell suspension into
each flask. To achieve about 80% confluency in a week, seed 2 x 106 cells in a T75 or
6 x 10° cells in a T175.

12. Gently rock the flask and then place it back into the incubator at 37 °C and 5% CO,.

13. Replace with fresh CCM every 2—3 days and subculture when the cells reach 60—
80% confluency.

3. Seeding Calu-3 cells onto culture inserts

NOTE: Inserts are available with different pore sizes. Small pore sizes (e.g., 0.4
um) have the advantage that the cells grow more easily and can achieve a good
barrier already after 5 days culturing under submerged conditions, as measured by
Trans Epithelial Electrical Resistance (TEER). However, when interested in particle
translocation, these pores are too small and will trap the particles. Therefore, larger
pore sizes (e.g., 3 um) are usually chosen to test particles. When using a larger pore
size, the cells need longer time periods (e.g., 7-10 days culturing under submerged
conditions) to achieve a good TEER.

1. Prepare cell suspension with known concentration following steps 2.1-2.10.

2. Dilute cells to a concentration of 5 x 10° cells/mL in prewarmed CCM for 6 well
inserts or 2.5 x 10° cells/mL for 12 well inserts.

3. Take a cell culture plate with inserts and place under aseptic conditions.

4. Fill the basolateral side with 2 mL of prewarmed CCM for 6 well inserts, or
1 mL for 12 well inserts. While adding the culture medium, take the insert out
using tweezers.
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5. Carefully mix the cell suspension by pipetting up and down. Pipette 1.0 mL for 6
well inserts and 500 pL for 12 wells inserts (equivalent to 100,000 cells/cm?) on the
top of the membrane in the cell culture insert with 0.4 pm pores. For 3.0 um pores,
increase the cell density to 128,000 cell/cm?.

6. Cover the cell culture plate and incubate at 37 °C and 5% CO,.

7. Change the CCM every 2—3 days.

8. Let the cells become confluent for 7 days under submerged conditions before
continuing to culture at the ALL

9. Measure TEER.

1. Take an Epithelial Voltohmmeter supplemented with Chopstick Electrode
Set and charge the battery system overnight.

2. Disconnect the Voltohmmeter from the charger and connect the chopstick
electrode.

3. Clean the electrode with 70% ethanol.

4. Place the electrode in the CCM by putting the longer electrode in the
external culture media until it touches the bottom of the dish and putting
the shorter electrode in the media without touching the membrane.

5. Start with an empty insert without cells. Wait until the measurement
stabilizes and write down the resistance in Ohms. This measurement is the
resistance of the insert membrane without any cells (i.e., blank resistance).

6. Repeat the measurement for each insert and subtract the blank resistance
to obtain the true resistance.

7. For data analysis, multiply the resistance values by the surface area of the
insert into Q x cm?. For a 6 well insert, the surface area is 4.67 cm?. Thus,
if a resistance of 600 Ohm is measured and the background is 120 Ohm,
the resistance is 480 Ohm, which is then multiplied by the surface area of
4.67 cm? for a total of 2,241.6 Ohm x cm?. The TEER should be >1,000 Q x
cm® to continue.

10. Remove the CCM from the apical side of the inserts.

11. Add 2 mL of prewarmed CCM for 6 well and 1 mL for 12 well inserts to the basolateral
side of the well (i.e., under the cell culture insert). The CCM should touch the
membrane from the bottom, but not leak onto the top of the insert.

12. At this point cells are apically exposed to air, which is referred to as culturing at the
ALL

13. Culture cells at the ALI in the incubator at 37 °C and 5% CO, for 7 days prior to
exposure.

14. Change the basolateral CCM every 2—3 days. The cells can be used at the ALI for 6
weeks.
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4. Preparing the exposure setup

NOTE: Sections 5-7 describe preparations for particle exposure using an automated
exposure station (AES, see Table of Materials). The setup for particle nebulization
and characterization is also compatible with other ALI exposure systems from other
manufacturers. As an example, the exposure to particles is described below. Such
systems can also be used for other exposures, such as sensitizers, cigarette smoke,
and diesel exhaust. Figure 1 shows the AES and an exposure module. Figure 2 shows a
schematic representation of the exposure setup including all other instruments.

1. Before starting an exposure using the AES, connect the system to several

instruments to measure aerosol characteristics; these are measured in a side stream
just before the aerosols enter the cabinet.
NOTE: A flow splitter is used to connect the side stream to the exposure
characterization equipment. Generally, the following equipment is used: scanning
mobility particle sizer (SMPS), optical particle sizer (OPS), condensation particle
counter (CPC), tapered element oscillating microbalance (TEOM). The SMPS and
OPS measurements are performed 1x per hour and use the same tubing from the
flow splitter. The CPC and TEOM perform continuous measuring and data from
both are logged on a Squirrel model 2020 data logger. In addition, gravimetric mass
concentration is determined using a microbalance in controlled relative humidity
(40-70%) and temperature (21-23 °C) conditions.

Teflon filters are weighed before and after each exposure to confirm the exposure
concentration. To capture the exhaust, a HEPA filter is used. The setup including
engineered nanomaterial (ENM) suspensions and nebulizer are all placed in a flow
cabinet to prevent any exposure to people. The AES can be used for testing many
different types of ENMs, including metals and metal oxides.

2. Prepare a nanomaterial suspension shortly before exposure. Usually a 1% suspension
is prepared as a stock solution. For example, suspend 100 mg of nanomaterial in
10 mL of pure water.

NOTE: For DQi12 exposure, 300 mg is used to achieve about 2 ug/cm?. This amount
can be used in a single exposure or divided over repeated exposures (e.g., 300 mg is
suspended in 30 mL for a single exposure or 21.5 mg is suspended in 2.15 mL freshly
every day for 3 weeks of repeated exposure). The suspension is freshly prepared
on each exposure day. The particle suspension is sonicated for 16 min using probe
sonication. The volume of the 1% stock solution is adjusted to a total volume of 100
mL by adding pure water.
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3. Put the ENM suspension in a small bottle with a cap and a magnetic stirrer to
prevent settling of the particles. Connect the bottle to a peristaltic pump via a small
tube and adjust the flow to 25 mL/h.

4. Connect the peristaltic pump to a spray nozzle and adjust the settings to allow
continuous aerosolization.

5. The spray nozzle is mounted to a 60 ¢cm long aluminium tube (mixing chamber,
diameter 15 cm, heated to 60 °C). The setup is connected to the AES via a 1.5-meter-
long copper tube (diameter 15 cm). On top of the AES an impactor removes all
aerosols larger than 2.5 um.

6. Connect the spray nozzle to 3 bar compressed air through two mass flow controllers
(MFEC) to allow nebulization of suspensions. One flow of 14 L/min is used for the
spray nozzle, the other MFC for mixing of the air in the tube.

7. The day before the start of the exposure, turn on the AES to allow the cabinet to
reach a temperature of 37 °C.

8. Turn on the air flow and the humidity in the cabinet 2 h before start of the exposure,
to reach 85% humidity. Turn on the heating of the exposure chambers in which the
inserts with the cells will be placed.

9. Turn on the quartz microbalance (QCM) and set the initial value at o using the
software. Start logging. Every 10 s the mass is measured and expressed as ng/cm?.

10. Warm the cell culture media to 37 °C in a water bath (~20 — 30 min).

5. Preparing Calu-3 cells for exposure

NOTE: For a typical ALI exposure using the AES, 15-20 inserts with a confluent cell
layer are needed. These consist of 3 clean air controls, 3 incubator controls that will
be handled similarly to the other inserts without exposure in the AES, 68 inserts for
aerosol exposure (depending on the use of 0, 1, or 2 microbalances), 1-3 inserts for
control measurements (such as maximum LDH release), and 3 spare inserts in case the
TEER of some of the inserts is not sufficient. The cells should have a TEER of >1,000 Q
X cm” to continue.

1. On the first day of exposure, wash cells 1x with CCM, check cell morphology, and
measure the TEER of the cell model using a Voltohmmeter. The cells should form a
tight monolayer without gaps.

2. Put 2 mL/1 mL of HEPES buffered CCM without FCS to the basolateral side of 6
well/12 well plates and transfer the culture inserts with cells to the new plates.
NOTE: During exposure, no CO, is present in the AES. Therefore, HEPES buffered
culture medium (25 mM HEPES) is used during transport and exposure. This
medium is used for both the exposed cells in the AES as well as the incubator control
cells.
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. In case the time to transport the cell cultures to the AES is more than 5 min, put the

cells in a portable incubator of 37 °C during transport.

. Handling the AES during an exposure
. At the AES, fill the exposure modules with HEPES-buffered CCM without fetal calf

serum (FCS). The amount of CCM depends on the unit used, and the type of cell
culture insert. Keep in mind that to keep cells at the ALI, the medium should reach
the bottom of the membrane, but should not leak on top of the membrane. When
using 6 well inserts, add 6 mL of HEPES-buffered CCM to the exposure modules.

. Transfer the inserts with cells from the plates to the exposure modules using sterile

tweezers. Check that there are no air bubbles at the basolateral side of the cells and
remove any CCM on the apical side of the inserts. In case there are some air bubbles
at the basolateral side, gently turn the inserts using the sterile tweezers until they
are removed. Keep the plates containing CCM in an incubator for transfer after an
exposure.

. Use the touchscreen display to choose exposure duration, air flow rate, and

electrostatic deposition enhancement. The display can also be used to check
humidity and temperature. Usually, an exposure duration of 4 h is chosen, with a
flow rate of 50 mL/min on the inserts at 37 °C and 85% humidity.

NOTE: The modules in the first level (Figure 1) are used for clean air exposure;
inserts in this level are used as clean air exposure controls. The other modules in the
second and third level can be used for aerosol exposure, including two modules for
quartz crystal microbalances (QCM) to measure deposition online.

. The leak test should be conducted before starting exposure. The leakage needs to be

less than 5 mL/min. Follow the instructions on the AES display. When the leak test
has finished, the exposure can be started. In case of a leak, the tubing should be
checked.

. At the end of exposure, open the door of an AES module, open the exposure modules,

place the cell culture inserts back to the cell culture plates, and transfer the plates to
the portable incubator.

. Collect the media from the modules (i.e., exposed samples) and from the plates

(i.e., incubator controls) for later analysis, such as lactate dehydrogenase (LDH)
measurement.

. Back at the cell culture lab, transfer the cell culture inserts to plates filled with fresh

standard CCM. Put the cell culture plates in the incubator until the next exposure or
until analysis.

. After the final exposure day, put the inserts in the incubator until the next day.
9. At the day after the final exposure, add CCM to the apical side to measure TEER

using a Voltohmmeter. Collect both the apical and the basolateral CCM separately
for analysis of cytokines.
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10. Remove all CCM and perform a cell viability assay by adding, for example, a
proliferation reagent to the apical side.

7. Cleaning the AES

1. Fill the exposure modules with water, wait for 1 min, and remove the water. Next, fill
the modules with 70% ethanol, leave it for 10 min, and remove the ethanol. Clean the
exposure trumpets also with 70% ethanol.

2. Stop the 85% humidity control, but leave the temperature of the cabinet at 37 °C for
the next experiment.

Representative Results

This article provides a method for culturing and exposing human bronchial epithelial
cells at the ALI that mimics realistic, repeated inhalation exposure conditions that can
be used for toxicity testing. Characteristics of both the cell model and of the exposure
system are essential for achieving a realistic inhalation exposure model that can be
used for repeated exposures. Results on these characteristics are shown below.

Cell model requirements and selection
When selecting a suitable cell model, the following characteristics must be taken into

account:

1. The cell model should be able to form a confluent monolayer with functioning tight
junctions to mimic the lung barrier.

2.The cell model should show optimal performance when exposed repeatedly to
conditioned (temperature and humidity) air.

3. The cell model should respond to an exposure.

This study started with four different human bronchial epithelial cell lines: 16HBE,
Calu-3, H292, and BEAS-2B. These are all widely used for toxicity testing of
nanomaterials and chemicals. Of the four cell lines, only the Calu-3 cells fulfilled all
the above requirements. The cells formed a monolayer with tight junctions (Figure
3) that remained a stable barrier over time as measured by TEER, whereas the other
cell lines either did not form a barrier or showed a drop-in barrier function when
cultured at the ALI (Figure 4). In addition, H292 and BEAS-2B tended to overgrow into
multiple cell layers when cultured for a longer time period. Traditional submerged cell
culturing and ALI culturing differed greatly, because at the ALI nutrients were only
available from the basolateral side and the cells were exposed to dry conditions at
the apical side. These conditions can cause stress to the cell models, which could be
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observed by measuring the cell viability over time. Cell lines 16HBE, H292, and BEAS-
2B all showed an increased LDH release when cultured at the ALI, while Calu-3 cells
showed only a slight LDH release (Figure 5).

Next, the response of the Calu-3 model to substances was tested. As a positive
control substance, LPS was administered via nebulization to the apical side of the
model. The deposited dose was 0.25 pg/cm?. The Calu-3 cells showed a reaction to
lipopolysaccharide (LPS) by an increase in LDH release and in tumor necrosis factor
alpha (TNF-a) release (Figure 6).

Finally, the Calu-3 monolayer was exposed to quartz silica (DQ12) nanomaterials
(IOM, Edinburgh). Crystalline silica can induce silicosis and may also cause lung
tumors. Therefore, the International Agency for Research on Cancer (IARC) has
classified crystalline silica as a Group [ human carcinogen?. The mechanism of action
of crystalline silica is thought to be via the induction of persistent inflammation
caused by its reactive surface***?. Several in vivo studies in both rats and mice report
the induction of inflammation and histopathology changes, including tumors and
fibrosis, after inhalation exposure to crystalline silica??2¢272829 These effects are
all observed after repeated exposure and/or long-term follow-up. The Calu-3 model
was used to investigate whether the observations from the in vivo studies could be
mimicked using an in vitro model that could be exposed repeatedly at the ALI. Calu-3
cells were exposed for 3 consecutive weeks, 5 days per week, 4 h per day to DQi12. The
deposited dose was measured using a QCM. The average deposited dose was 120 ng/
cm? per day, with a cumulative dose of 1.6 pg/cm?, similar to the doses inducing an
effect in vivo.

Other particle characteristics are shown in Table 1. After 3 weeks of exposure, DQ12
induced no significant effects in TEER, cell viability, and monocyte chemoattractant
protein 1 (MCP-1) release, compared to the clean air controls (Figure 7). As more
toxicity of DQ12 was expected based on the in vivo data, the reactivity of the particles
was checked using an acellular assay according to the protocol optimized within the
EU-project GRACIOUS (deliverable 5.3). The reactivity of the DQi2 batch was lower
than expected (Figure 8), orders of magnitudes lower compared to the positive control
particles carbon black (CB). This lack of reactivity might explain the absence of a
toxicity response in the Calu-3 model.
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Figure 1: The automated exposure station (AES). The left figure shows the outside of the cabinet
with the touch panel. The AES has three levels with exposure modules: the top level for clean air
exposures, and the middle and bottom level for aerosol exposures. The right figure shows the

exposure module in which inserts with cells are placed.
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Figure 2: Schematic representation of the exposure setup. From left to right: 1) the ENM suspension
connected to the spray nozzle via a peristaltic pump; 2) Using compressed air the spray nozzle
nebulizes the ENM suspension and via a mixing chamber the aerosols are led to the AES; 3) Just

before entering the AES, aerosol characterization instruments are connected: SMPS, OPS, CPC,

and TEOM.
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Figure 3: Representative image of Calu-3 cells after culturing at the air-liquid interface (ALI) for
10 days. Fluorescence microscopy image of Calu-3 cells after culturing at the ALI for 10 days. Tight

junction protein ZO-1is stained in green, nuclei of the cells are stained in blue.
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Figure 4: Transepithelial electrical resistance (TEER) of four different cell lines during a culture
period of 21 days. TEER values of 16HBE, Calu-3, H292, and BEAS-2B when cultured for 21 days: first
7 days submerged, followed by 14 days at the ALI. TEER values were corrected for the background
resistance of the insert and multiplied by the surface area of the insert. The symbols and error bars

represent the average value and standard deviation of six inserts.
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Figure 5: LDH release of four different cell lines during a culture period of 21 days. LDH release
of 16HBE, Calu-3, H292, and BEAS-2B when cultured for 21 days: 7 days submerged, followed by
14 days at the ALL. LDH values shown are relative to the maximum LDH release per cell type. The

symbols and error bars represent the average value and standard deviation of five inserts.
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Figure 6: Cellular effects in Calu-3 cells exposed to LPS. Calu-3 cells were exposed via cloud nebulization
to 0.25 pg/cm? LPS. (A) The WST-1 conversion. (B) LDH release. (C) TNF-« release after LPS exposure.

The symbols and error bars represent average values and standard deviations of three inserts.
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Figure 7: Cellular effects in Calu-3 cells exposed to DQ12 nanomaterials. Calu-3 cells were exposed for
3 weeks (4 h per day, 5 days per week) to DQ12 nanomaterials, about 120 ng/cm? per day, cumulative
dose of 1.6 ug/cm?. (A) TEER values. (B) LDH release. (C) MCP-1 release after DQ12 exposure. All
symbols and error bars represent average values and standard deviations of three inserts for the

controls and six inserts for the DQ12 exposure

73

aJay a)1n1oys | €ardeyy



Reactivity of DQ12

4000
T ® DQ12
=
T 3000 u O Carbon black
5 L
g
£
< 2000+ I%
s
]
Tt ]
@ 1000~
e« o
™
A
1 10 100

Concentration (ug/cm?)

Figure 8: Acellular reactivity of DQ12. DQ12 was incubated with a 2',7'-Dichlorofluorescein Diacetate
(DCFH-DA) probe to detects its surface reactivity. As a positive control, carbon black (CB) particles

were included. Compared to CB, DQ12 has very low surface reactivity.

Table 1: DQi2 exposure characteristics. Values are shown as average with standard deviation in

brackets.
Particle mass Particle number (#/ Mobility particle Geometric standard Optical particle size
(pg/m?) cm?) size (nm) deviation (wm)
2969 (418) 83983 (10215) 66.6 2.5 1.1(1.3)
Discussion

This paper describes a method for culturing human bronchial epithelial cells under
ALl and exposing this bronchial model to aerosols or gases. The advantage of
using Calu-3 cells is that they form tight junctions, remain a monolayer, are able to
withstand the air flow, and can be cultured for weeks at the ALI, unlike many other cell
types (e.g., 16HBE, H292, and BEAS-2B). Using the VITROCELL® automated exposure
station (AES) has the advantage that the cells can be exposed under realistic and
relevant conditions as low concentrations can be applied using a continuous airflow.

Continued flow systems, such as the AES, have advantages compared to using cloud

systems**°, which use a single nebulization of a suspension. The continuous flow
is more realistic and many variables like flow rate, humidity, and temperature are
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controlled. In addition, deposition can be enhanced using an electrical field. Finally,
aerosol characteristics like size, number concentration, and mass are monitored
online. A disadvantage is that continued flow systems are more complex compared to
cloud systems. Therefore, it is important to run preparatory experiments that focus
on the particle characteristics of the aerosol and the delivered dose on the insert. The
initial starting concentration of the particles and the AES settings can then be adjusted
to achieve the desired dose on the cells®’. Depending on the type of particles being
tested, the aerosol generation method can differ. The use of electrostatic deposition
depends on the particle type and works best for metallic particles. For particles with a
positive surface charge a negative electrostatic field should be applied and vice versa.

Selection of exposure concentrations can be difficult for any air-liquid exposure
experiment. For the DQ12 exposures, the aim was to achieve a total cumulative dose
of 1 pg/cm? after 3 weeks exposure, 5 days per week, 4 h per day. This dose is similar
to doses that induced an effect in vivo*?5273°3 When performing the exposures, there
was some variation between different exposure days. Although the actual deposited
dose of 1.6 pg/cm? is higher than the 1 pg/cm? that was aimed for, the dose might have
been too low to observe effects in the Calu-3 model. Only minor differences in TEER,
viability, and cytokine response were observed between the clean air exposure and the
DQi2 exposure, and these differences were not statistically significant. An explanation
for the observation that DQi2 exposure for 3 weeks did not induce significant effects
in the Calu-3 cells is that macrophages were lacking from the Calu-3 model. Possibly,
after DQi2 uptake macrophages produce proinflammatory cytokines that may
affect Calu-3 cells. Another explanation is that the DQi2 batch that was used for the
experiments was not as reactive as expected. When using LPS as a positive control
substance, Calu-3 does show a response, as measured by an increase in LDH release
and an increase in TNF-o release. This indicates that the model can detect toxicity.

The Calu-3 cell model has many advantages, as discussed in the results section.
Moreover, when cultured for a longer time at the ALI, the Calu-3 cells can grow cilia/
cilia-like structures® and produce mucus”*>®. Despite these advantages, the model
has limitations with respect to its physiological relevance. The Calu-3 cell lines
originates from an adenocarcinoma, whereas 16HBE and BEAS-2B originate from
healthy tissue. Unfortunately, the latter two are not suitable for repeated ALI exposure
as they do not remain a stable monolayer over time. Another limitation of the Calu-
3 model is that it only represents a single cell type. In the human lung, multiple cell
types that interact and respond differently to exposure are present. Inhaled particles
will deposit in different regions of the lungs depending on their aerodynamic size.
This is where the particles contact the epithelial cell barrier, as mimicked by the Calu-
3 model. In the human lung, alveolar macrophages are attracted to the particles,
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engulf them, and clear them from the lungs. Macrophages also play an essential role
in the inflammation response to particle exposure. Therefore, efforts are being made
to extend the Calu-3 model by adding primary macrophages to mimic the lung barrier
more closely. The disadvantage of the macrophages is that they remain viable only for
about 7 days when cultured on top of Calu-3 cells at the ALIL. Therefore, macrophages
should be re-added weekly to transform the current Calu-3 model into a coculture
model. The optimization of the coculture protocol is currently ongoing.

Given the above, the Calu-3 bronchial model is a suitable model for repeated exposure
to aerosols of partly soluble substances such as chemicals from cigarette smoke and
LPS. These soluble substances induce significant increases in cytokine responses
in the Calu-3 cells. For testing insoluble particles such as diesel exhaust and DQ1i2,
a coculture model is needed, because the macrophages play a crucial role in the
induction of effects by particle exposure.

For the exposures described, insert membranes with 3.0 pm pores were used. The main
reason for choosing this type of insert is that it is possible to test the translocation of
nanomaterials. When using smaller 0.4 um pore size, particle agglomerates will not be
able to cross the insert membrane. The disadvantage of using a large pore size is that
the cells need a longer time to grow confluent and that it is more difficult to visualize
the morphology of the cells using light microscopy. To check that the cells do form a
confluent monolayer, the TEER should be >1,000 Q x cm? before starting an exposure.

Taken together, the Calu-3 bronchial model presented here is suitable to use for
repeated exposure to aerosols, at least up to 3 weeks. The model can withstand being
cultured and exposed via a continuous airflow and is capable to detect toxicity to the
bronchial epithelium.
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Highlights
Calu-3+MDM model shows the epithelial monolayer integrity under prolonged ALI
culture.

Calu-3+MDM model has an increased sensitivity in inflammatory responses to LPS
aerosol.

Combination of Calu-3+MDM model is a preferred option for long-term ALI exposure
to inhaled aerosols.

Abstract

Inhalation exposure to environmental and occupational aerosol contaminants is
associated with many respiratory health problems. To realistically mimic long-term
inhalation exposure for toxicity testing, lung epithelial cells need to maintained and
exposed under air-liquid interface (ALI) conditions for a prolonged period of time.
In addition, to study cellular responses to aerosol particles, lung epithelial cells have
to be co-cultured with macrophages. To that aim, we evaluated human bronchial
epithelial Calu-3, 16HBE140- (16HBE), H292, and BEAS-2B cell lines with respect to
epithelial morphology, barrier function and cell viability under prolonged ALI culture
conditions. Only the Calu-3 cells can retain the monolayer structure and maintain
a strong tight junction under long-term ALI culture at least up to 2 weeks. As such,
Calu-3 cells were applied as the structural barrier to create co-culture models with
human monocyte-derived macrophages (MDMs) and THP-1 derived macrophages
(TDMs). Adhesion of macrophages onto the epithelial monolayer was allowed for 4 hrs
with a density of 5 x 10* macrophages/cm?. In comparison to the Calu-3 mono-culture
model, Calu-3 + TDM and Calu-3 + MDM co-culture models showed an increased
sensitivity in inflammatory responses to lipopolysaccharide (LPS) aerosol at Day 1 of
co-culture, with the Calu-3 + MDM model giving a stronger response than Calu-3 +
TDM. Therefore, the epithelial monolayer integrity and increased sensitivity make
the Calu-3 + MDM co-culture model a preferred option for ALI exposure to inhaled
aerosols for toxicity testing.

Keywords: Aerosol exposures; Co-culture; Epithelial cells; Macrophages; Air-liquid
interface; Barrier function;
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1. Introduction

Humans constantly inhale various exogenous substances such as nanoparticles,
traffic emissions, and cigarette smoking aerosols (Almstrand et al. 2009; Phillips et al.
1999). Inhalation exposure to environmental and occupational aerosol contaminants
is related to a wide range of public health problems such as chronic respiratory
diseases and airway dysfunction (Bakand et al. 2012; Samet and Krewski 2007). These
effects on respiratory health can be studied using in vivo and in vitro methods. Due to
limitations of in vivo experiments including ethical issues, inter-species differences
and operational difficulties, in vitro models have increasingly been applied for hazard
assessment of aerosol exposures (BéruBé et al. 2010; Braakhuis et al. 2016). The
commonly used in vitro approach involves dissolving the aerosols of interest in culture
medium to expose lung cells under submerged conditions. However, submerged
exposure conditions do not adequately resemble the in vivo situation, as under
realistic conditions a gradual delivery and deposition from the air onto the respiratory
tract lining the epithelium will occur (BeruBe et al. 2009). Besides, characteristics
and kinetics of the test substances will likely change during submerged exposure.
Therefore, the relevance of biological responses observed following submerged
exposure has been debated (Limbach et al. 2005; Miilhopt et al. 2016).

To minimize these limitations, air-liquid interface (ALI) exposure of cells has been
developed. ALI exposure of cells is applied by the exposure systems, which use a
continuous flow or single cloud to expose cells to aerosols containing test substances,
enabling a more relevant and realistic inhalation exposure (BéruBé et al. 2010; Miilhopt
et al. 2016). A single layer of epithelial cells covers the surface of bronchioles, the first
target of exposure to inhaled substances (BéruBé et al. 2010; Hiemstra et al. 2018).
Consequently, the corresponding characteristics of epithelium such as single-layer
morphology and barrier functions are regarded as essential criteria for cell selection
at the ALI (Hermans and Bernard 1999). For ALI conditions, cells are cultured on the
apical side of membrane fitted in an insert, which is exposed to air to simulate human
airway conditions (de Jong et al. 1994; Paur et al. 2011). Culture medium is added to
the basolateral side of the insert to be in contact with cells for nutrient supply via
the membrane. Such an approach requires careful selection of the appropriate cell
types/lines, since not that many cell types can be cultured under ALI conditions and
still remain viable for a sufficiently long period of time. While current epithelial cell
models have been evaluated for their suitability for culture under ALI conditions
for only a few days (Heijink et al. 2010), there is an increasing need to expose these
cell models for multiple days to resemble repeated and even long-term exposure to
inhaled aerosols (PATROLS-Website 2018).
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Macrophages, the most abundant immune-cell type present in healthy lungs, play
an important role in the clearance of foreign substance and apoptotic cells (Hu and
Christman 2019; Septiadi et al. 2018). To mimic the lung epithelium more closely, co-
culture models have been designed by adding macrophages on the top of the epithelial
cell layer (Ji et al. 2018; Lehmann et al. 2011). These macrophages are intended to
produce inflammatory responses that can affect epithelial cells, probably increasing
the sensitivity of co-culture models to inhaled aerosol particles in comparison to
mono-culture models (Tao and Kobzik 2002; Wottrich et al. 2004). Due to easy
handling and high reproducibility, macrophages differentiated from THP-1 human
monocytes (THP-1 derived macrophages, TDMs) were mostly used in co-cultures
(Chanput et al. 2014), whereas human monocyte-derived macrophages (MDMs) can
provide more realistic cellular responses (Lehmann et al. 2011). However, information
on the number of days that MDMs and TDMs are viable is currently lacking and it is
unknown if they retain their functions in co-culture models.

We therefore evaluated widely-used epithelial cell models including 16HBE140-
(16HBE), Calu-3, H292 and BEAS-2B cells under prolonged ALI culture conditions in
terms of their epithelial morphology, barrier function and cell viability. In addition,
MDMs and TDMs were used to create co-culture models and to evaluate the number
of days that they remained viable as well as their functional responses to LPS aerosol.

2. Materials and methods

2.1 Cell cultures

16HBE, Calu-3, H292 and BEAS-2B cells are widely used as lung epithelial cell models
in submerged and ALI culture (see the supplementary information for additional
details). 16HBE cells were kindly provided by Dr. Gruenert (University of California,
San Francisco, CA). Calu-3, H292 and BEAS-2B cells were purchased from the
American Tissue Culture Collection (ATCC, Rockville, MD). 16HBE cells (passage 12-
18) were cultured in Dulbecco’s Modified Eagle Medium/(DMEM) /F-12 supplemented
with 1% L-Glutamine, 1% Fungizone, 5% Fetal Bovine Serum (FBS), and 1% Penicillin-
Streptomycin (P-S); Calu-3 cells (passage 05-12) were cultured in minimum essential
medium (MEM) with 10% FBS, 1% Non-Essential Amino Acid (NEAA) solution and 1%
P-S; H292 cells (passage 05-09) were cultured in RPMI-1640 medium with 10% FBS, 1%
P-S and 1% sodium pyruvate; BEAS-2B cells (passage 05-09) were cultured in DMEM
medium with 10% FBS and 1% P-S.
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THP-1 monocyte-like cells (ATCC, Rockville, MD) and primary human CD14* monocytes
isolated from buffy coats (Sanquin, Amsterdam, the Netherlands) were differentiated
to macrophages. THP-1 cells (passage 08-13) were differentiated to TDMs by addition
of phorbol 12-myristate 13-acetate (PMA, 30 ng/mL, Sigma, the Netherlands) for 5
days, followed by culturing with fresh medium for two more days. Primary human
CD14* monocytes were differentiated to MDMs by addition of macrophage colony-
stimulating factor (M-CSF, 50 ng/mL, Sigma, the Netherlands) for 6 days (Lehmann et
al. 2011). Monocytes and macrophages were cultured in RPMI-1640 medium with 10%
FBS and 1% P-S. To avoid the variation between donors, the isolated primary human
CD14" monocytes were frozen in separate tubes until use to ensure MDMs used in
this study were from the same donor. Cells were cultured in the flask in an incubator
at 37°C with 5% CO,. All culture medium and supplements were purchased from Life
Technologies (Thermo Fisher Scientific Inc., the Netherlands).

2.2 Preparation of air-liquid interface (ALI) culture

A schematic overview on the cell seeding and exposure is shown in Figure 1. When
reaching approximately 80% confluency in the cell culture flask, 16HBE, Calu-3,
H292, and BEAS-2B cells were detached enzymatically (0.05% trypsin-EDTA, Thermo
Fisher Scientific Inc., the Netherlands) and subsequently seeded on the apical side
of inserts (0.4 um pore membrane, Polyester, Corning Inc., Germany) fitted in a 6-
or 12- wells plate with respectively 1 or 0.5 mL corresponding culture medium on the
apical side and 2 or 1.5 mL culture medium was added into the basolateral side. The
submerged culture period to reach confluence was set at 7 days. H292 and BEAS-2B
cells grow much faster in submerged conditions compared to 16HBE and Calu-3 cells.
To prevent overgrowing before ALI culture, seeding densities were set at 1.0 x 10° cells/
cm? for 16HBE and Calu-3 cells, and 2.0 x 10* cells/cm? for H292 and BEAS-2B cells.
After submerged culture for 7 days, apical medium was removed from the inserts to
obtain the ALI conditions. Morphology of the epithelial cell models in the inserts was
monitored over time via an optical microscope (OM) (CKX41 Inverted Microscope,
Olympus, Waltham, USA) with a 4-time objective lens.

To create co-culture models, macrophages were added onto the epithelial cell layer at
the fourth day of ALI culture, which was set as day o (Do) for co-culture. MDMs were
gently scraped from the flask with cell dissociation buffer (Thermo Fisher Scientific
Inc., the Netherlands), while TDMs were detached enzymatically with Accutase
(Thermo Fisher Scientific Inc., the Netherlands) due to their low cell viability after
scraping. After re-suspension, 1 or 0.5 mL of macrophage suspension (2.0 x 10* or 5
x 10* macrophages/ cm?, some with labelling as described in 2.5) was added onto the
epithelial cell layer in 6- or 12 -wells inserts to allow the adhesion of macrophages.
In our pilot experiments we used a minimum of 2 hrs for macrophages adhesion.
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However, microscopic observation showed that the majority of the cells was not able
to adhere to the epithelial carpet within 2 hrs of adhesion. We therefore increased
the adhesion time from 2 hrs to 4 hrs. To evaluate the influence of re-added apical
medium on the morphology of the cell models and the adhesion efficiency of the
macrophages, we prolonged the adhesion time to 24 hrs. From a practical point of
view, we did not select an adhesion time between 4 and 24 hrs, as it will make the
removal of apical medium as well as the following ALI exposure less convenient. The
Calu-3 mono-culture model was also treated using same protocol, but adding 1 or 0.5
mL of culture medium. Mono- and co-culture models in 6-well inserts were evaluated
over the co-culture time while in 12-well inserts the cells were exposed to LPS aerosol
at D1 of the co-culture.

For all cell models in inserts, apical and basolateral medium was refreshed every 2-3
days and collected separately. To collect the apical medium at the ALI for measuring
LDH and cytokine release (see 2.7), 1 and 0.5 mL of corresponding medium was added
to the apical side of 6- and 12 -wells inserts respectively, incubated for around 30 mins,
and harvested.

Epithelial cells were at submerged culture for 7 days, followed by the ALI culture

Submerge culture ALI culture

1 |
| | I
Days after seeding 7 11 21

(Day 0 of co-culture)

Epithelial cells seeding:
1.0x10° 16HBE and Calu-3 cells/cm?
2.0x10%H292 and BEAS-2B cells/cm?

Step 1. Evaluation of 16 HBE, Calu-3,
H292, and BEAS-2B cells at ALI in an
incubator within 21 days

MDMs and TDMs were added onto the epithelial

Figure 1. A schematic overview of the procedures including cell seeding, creating co-culture models

and LPS exposure for the mono-culture and macrophage/epithelial cell co-culture models. Epithelial

]

Cells with monolayer structure,
well-formed tight junction and low
cytotoxicity were used in co-culture

cell layer at D11 to create co-culture models

Step 2. The density and adhesion
period of macrophages onto the
epithelial cell layer are optimized

!

Step 3. With the optimization of
co-culture protocol, two co-culture
models were evaluated within 9
days or exposed to LPS at D12

cells were at submerged culture for 7 days, followed by ALI culture.
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2.3 Lipopolysaccharide (LPS) aerosol exposure

LPS (Thermo Fisher Scientific Inc., the Netherlands) as a positive control substance
was sprayed onto the apical side of mono- and co-culture models in 12 well inserts via
the VITROCELL’ cloud exposure system (Figure S1, Vitrocell, Waldkirch, Germany) at
D1 of the co-culture. The injection volume of LPS solution (175 ug/mL) for nebulization
was 200 uL and the deposited dose in each insert was 0.25 ug/cm?*as measured using a
microbalance. The LPS exposure in the Cloud exposure system takes about 15 minutes.
3-4 inserts were used for LPS exposure in Calu-3 mono-culture, Calu-3 + MDM, and
Calu-3 + TDM models; Due to the similar cellular responses between air control and
incubator control (Figure S7) (He et al 2020), we chose to place 3 inserts under ALI
conditions in an incubator as control. Apical and basolateral medium were collected
separately (described in 2.2) after exposure for 24 hrs.

2.4 Transepithelial electrical resistance (TEER) measurement

As an important indicator of barrier integrity, transepithelial electrical resistance
(TEER) was measured using an Evom2 Voltohmmeter equipped with 4 mm chopstick
electrodes (World Precision Instruments Inc., FL, USA). To measure TEER at the ALI,
1 mL of corresponding medium was added onto the apical side of a 6-well insert. All
TEER values were corrected for the resistance of cell-free insert (=130 ohm) and the
surface area of a 6-well insert (4.67 cm?).

2.5 Zonula Occludens protein-1 (ZO-1) staining

Tight junctions play a crucial role in epithelial barrier function, therefore cultures
were stained for the tight-junction protein ZO-1 in two ways, depending on the
microscope used and research aim. To visualize tight junctions and the monolayer
structure of epithelial cells, method 1 was used with confocal laser scanning
fluorescence microscopy (CLSM); to visualize the epithelial cell layer in Calu-3 mono-
culture and co-culture models, method 2 was used with fluorescence microscopy
(FM). Cells were washed 3 times with phosphate buffered saline (PBS) and fixed in 4%
paraformaldehyde (Thermo Fisher Scientific Inc., the Netherlands) for 5 mins, then
permeabilized with 0.1% Triton X-100 (Thermo Fisher Scientific Inc., the Netherlands)

for 15 mins.

Method 1: cells were incubated with the ZO-1 rabbit polyclonal antibody (Thermo
Fisher Scientific, Switzerland, 1:100 in 0.1% bovine serum albumin (BSA) in PBS) for
2 hrs, followed by another 2 hrs incubation with a mixture of secondary antibodies in
0.1% BSA in PBS: goat anti-rabbit immunoglobulin G (IgG) DyLight 488 conjugated
(Agrisera, Sweden, 1:100 dilution), rhodamine-phalloidin (Thermo Fisher Scientific,
Switzerland, 1:100 dilution) and 1 ug/mL 4' 6-diamidino-2-phenylindole (DAPI) (Sigma
Aldrich, Switzerland). All the staining steps were performed in the dark at room
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temperature. After staining, the cells were washed with PBS, and mounted in glycergel
(DAKO Schweiz AG, Switzerland) in microscopy slides, subsequently visualized via
CLSM (Carl Zeiss, Switzerland) equipped with a 40-times objective lens.

Method 2: cells were incubated with the ZO1-1A12 monoclonal antibody (Thermo Fisher
Scientific Inc., the Netherlands, 1:500 in 0.2% Triton X-100) for 30 mins, followed by
another 30 mins incubation in the dark with a secondary antibody, fluorescein FITC
anti-mouse IgG (Thermo Fisher Scientific Inc., the Netherlands, 1:100 in PBS). Cell
nuclei were counter-stained afterwards by 1 pwg/mL DAPI (Thermo Fisher Scientific
Inc., the Netherlands) in PBS for 7 mins. In between all steps, cells were washed 2 or
3 times with PBS. Culture inserts were carefully mounted on a microscope slide with
a glycerol-based liquid (Thermo Fisher Scientific Inc., the Netherlands) and examined
via FM (Olympus BX51, Shinjuku, Japan) with a 10-time objective lens.

2.6 Macrophages morphology

Before adding onto the epithelial carpet, the morphology of MDMs and TDMs was
assessed via the May Griinwald Giemsa stain. Briefly, macrophages were stained
with May-Griinwald solution (Merck, Germany) for 5 mins on slides. After rinsing
with Milli-Q water, macrophages were subsequently stained with 0.8 % (V/V)
Giemsa solution in Sorensen’s phosphate buffer (Thermo Fisher Scientific Inc., the
Netherlands) for 20 mins. Afterwards, slides were rinsed thoroughly with Milli-Q
water and air dried, which were then assessed with an OM (Leitz Laborlux D, Leica,
Germany) at a 50-time objective lens.

To visualize macrophages in the co-culture models, macrophages were pre-labelled
with Vybrant Dil dye (Thermo Fisher Scientific Inc., the Netherlands) according to
Septiadi et al. (2018). After detachment from the flask, macrophages (10° macrophages/
mL< density <10” macrophages /mL) were incubated in the dye-containing medium
(dye : medium=1:200, v/v) for approximately 25 mins, followed by washing 3 times
with culture medium. By counting cells under the OM and FM, the dye labelling
efficiency of macrophages was calculated:

. . Macrophages number under FM
Dye labeling efficiency (%) = Macrophages number under OM %X 100%

As described in 2.2, the labelled macrophages were added onto the epithelial cell layer
(2x10* macrophages/cm?). After adhesion of macrophages for 4 or 24 hrs, inserts were
examined under the FM, with 4-6 images of macrophages being taken at random
areas of the membrane. By counting the number of macrophages in each image, the
efficiency of macrophages adhesion can be calculated as follows:
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o 4.67
Macrophages number in image X 0.0059

X 100%

Adhesi ffici %) =
esion efficiency (%) Total adding number X Dye labeling ef ficiency

in which the correction from image area (0.59 mm?) to surface area of the 6-well insert

(4.67 cm?) is included.

2.7 Cell viability, LDH release and inflammatory cytokine release

The MTS assay was used to test the cell viability (Promega, Fitchburg, Wisconsin, USA).
Briefly, cells on the apical side of the inserts were incubated with the MTS solution
(medium: MTS reagent = 9: 1, v/v) for 60 mins before absorbance measurement by a
microplate reader (SpectraMax M2: Molecular Devices, Sunnyvale CA, USA). Values of
cell viability were corrected for the incubator controls.

To study cytotoxicity and cell membrane integrity, lactate dehydrogenase (LDH)
release in the apical and basolateral medium was measured (Roche Diagnostics GmbH,
Mannheim, Germany). Briefly, 100 pL of supernatant and 100 uL reaction reagent were
successively added into a 96-well flat-bottomed plate and incubated in the dark for 20
minutes at room temperature. After adding 50 uL stop solution (HCI, 1.0 M, Sigma,
Netherlands) per well, the absorbance was measured. All LDH values were corrected
for the maximum LDH release per cell type or for the incubator controls. To measure
the maximum LDH release, cells were incubated with lysis buffer (2% triton X-100,
Thermo Fisher Scientific Inc., the Netherlands) for 5 mins. The lysate was collected for
LDH measurement.

To test the inflammatory response, inflammatory cytokines (interleukin (IL)-1p, IL-8,
IL-10 and tumor necrosis factor (TNF)-a) in the apical and basolateral medium were
measured using an enzyme-linked immunosorbent assay (ELISA) (Thermo Fisher
Scientific Inc., the Netherlands) according to the manufacturer’s protocol.

2.8 Statistical analysis

Results from mono-culture models were obtained from two independent experiments,
with 3-6 parallel inserts/supernatants in each experiment; results from co-culturing
with macrophages were obtained from one experiment, with 6-12 parallel inserts/
supernatant. Results from LPS exposure were obtained from one experiment, with 3-4
parallel inserts. Error bars indicate standard deviation of the mean (SD). Differences
between groups were compared by one-way analysis of variance (ANOVA), a p-value
< 0.05 is considered statistically significant. Data analysis was conducted using
GraphPad software (version 8.2.1).
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3. Results

3.1 Mono-culture models at the ALI

TEER changes of 16HBE, Calu-3, H292 and BEAS-2B cells were followed and their
morphology was assessed over the 21-day culture period, and tight junctions of 16 HBE
cells (D10) and Calu-3 cells (D12) were visualized with ZO-1 staining method 1 (Figure
2). In line with previous studies (Chen et al. 2015; Srinivasan et al. 2015), we classified
barrier function of respiratory epithelial cell models in 6-well insert as “tight” with
TEER values higher than 1000 ohmxcm?, as “intermediate” with values between 300-
1000 ohmxcm?, and as “leaky” with values below 300 ohmxcm?. During submerged
culture, 16HBE and Calu-3 cells showed similar trends of increasing TEER values over
time, reaching around 2000 ohmxcm? (Figure 2A). When changing to ALI conditions,
TEER values for 16HBE cells dropped 69% to around 550 ohmxcm?*with the functional
network of tight junction ZO-1 protein (stained with method 1) incompletely defined
(Figure 2C, XY direction), while values for Calu-3 cells fluctuated around 2000
ohmxcm?* with well-defined ZO-1 proteins expression around the cell periphery
(Figure 2D, XY direction). H292 and BEAS-2B cells showed low TEER values (around
300 ohm x cm?) in both culture conditions during the whole culture period.

After submerged culture for 7 days, confluent cell monolayers were seen for all cell
lines (Figure S2A). However, H292 and BEAS-2B cells appeared as multilayers within
3 days culture at the ALI (D10, Figure 2B), which became more obvious at D12 (Figure
S2B). A small scale of multilayers was also observed in 16HBE cells at D1o (Figure 2C,
Z-stack section), indicating the loss of monolayer character. Only Calu-3 cells kept
their monolayer structure (Figure 2D, Z-stack section) during long-term ALI culture
(= 2 weeks) that can be seen up to 5 weeks (Figure S2C).

Relative LDH release (corrected for the maximum LDH release) in the apical and
basolateral medium was measured every 2 or 3 days, and the total LDH release was
also calculated by adding the relative LDH levels on both sides (Figure 3). Overall, total
LDH levels showed a slight increase for all cell lines when changing submerged culture
conditions to the ALI, followed by fluctuations around 13% for 16HBE and BEAS-2B
cells, and around 9% for Calu-3 and H292 cells. Among these cell lines, Calu-3 cells
showed the highest LDH release (= 7%) in the apical medium and the lowest LDH
release (= 2%) in the basolateral medium.
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Figure 2. TEER (A) of 16HBE, Calu-3, H292 and BEAS-2B cells during the 21-day culture period,
cells were at submerged culture for 7 days, followed by ALI culture; error bars indicate the standard
deviation of 6 parallel inserts with cells. Cell morphology (B) of H292 and BEAS-2B cells at Day 10;
Confocal fluorescence microscopy images of 16HBE cells at Day 10 (C) and Calu-3 cells at Day 12
(D); left: XY viewing direction; right: Z-stack section. Tight junction ZO-1 proteins (C and D) were
stained in purple and the nuclei in turquoise. Multilayers in 16HBE cells at D1o (red arrow). Scale

bars in B: 100 um; in C and D:50 um.
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Due to the inability to develop a significant TEER, the occurrence of obvious
multilayer structure and relatively higher LDH levels under ALI conditions, 16HBE,
H292 and BEAS-2B cells were disregarded for additional experiments in this study,
whereas Calu-3 culture model was used for subsequent co-cultures experiment.
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Figure 3. Relative LDH release on the apical (A) and basolateral (B) side of 16HBE, Calu-3, H292 and
BEAS-2B cells as well as their total LDH levels (C) during the 21-day culture period. LDH release was
measured during 2 or 3 days. The total LDH release was calculated by adding the relative LDH levels

on both sides. Error bars indicate the standard deviation of 5 or 6 parallel inserts with cells.

3.2 Creating co-culture models

Before co-culture, MDMs and TDMs were stained in chamber slides to characterize
morphology. As shown in Figure S3, the round and oval nuclei were peripherally and
centrally located in macrophages, with the larger nuclei in TDMs. Some of MDMs and
TDMs developed irregular cytoplasm and pseudopodia, suggesting differentiation of
macrophages (Vordenbiumen et al. 2013).
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After culturing with macrophages for 4 or 24 hrs (adhesion period), tight junctions
of the epithelial cell layer were visualized (Figure 4, ZO-1 staining method 2, see 2.5).
The strong ZO-1 expression around the cell periphery was observed in mono- and
co-culture models, while cell fusions occurred as well, leading to the formation of
some large cells with multiple nuclei or a single larger nucleus. Compared to 4 hrs,
cell fusions appeared at a larger scale in mono- and co-culture models with 24 hrs
adhesion period, resulting in the formation of multilayers of cells, in particular for
the Calu-3+TDM model. The number of MDMs and TDMs on the epithelial cell layer as
well as their adhesion efficiency were also related to the adhesion time periods (Figure
5 and Figure S4). Overall, the larger number of adherent macrophages was seen in the
co-culture models after 24 hrs adhesion, resulting in a higher adhesion efficiency (=
55%) of MDMs and TDMs in comparison to their efficiency after 4 hrs (=20%).

4 hrs
CaU3+MDM=

24 hrs

Calu-3+TDM

Mono Calu-3

Figure 4. Fluorescence microscopy images of epithelial cell layer in mono-culture Calu-3 and co-
culture models after 4 (left) and 24 hrs (right) adhesion period. The tight junction ZO-1 proteins were

stained in green and nuclei in blue. White squares are examples of cell fusion. Scale bars: 100 um.
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To avoid the large-scale formation of multilayers in the co-culture models, 4 hrs
adhesion of macrophages was used for creating the co-culture models. In our
pilot study no IL-1B, an inflammatory indicator for macrophages, was detected in
the co-culture models in response to LPS aerosol when using a density of 2.ox10*
macrophages/cm?. Since the number of adherent macrophages can influence the
sensitivity of co-culture models (Bodet et al. 2005), we increased the seeding density
from 2x10* to 5x10* macrophages/cm? to enhance the sensitivity of the co-culture
models. The adherence efficiency of MDMs and TDMs at a seeding density of 5 x 10*
macrophages/cm? after 4 hrs was 17% + 9% and 13% + 7%, respectively, which was rather
similar with their efficiency at a seeding density of 2 x 10* macrophages/cm?.

3.3 Co-culture models at the ALI

To determine the number of days that macrophages remained viable, morphology of
MDMs and TDMs on the epithelial carpet was assessed during the 9-day co-culture
period (Figure 6A and 6B). Overall, MDMs and TDMs showed similar morphological
changes. At D1 and D3 of the co-culture, morphological differentiation was seen in
MDMs and TDMs that formed aggregates and developed pseudopodia. During the 6
days co-culture, the numbers of macrophages as well as Calu-3 cells were similar at
Day 1, 3, and 6 (Figure 6C and Table S1), suggesting that the ratio between Calu-3 cells
and macrophages in our co-culture models remained stable (= 20). However, increased
apoptotic cell debris appeared after a longer period of the co-culture (D6 and D9) with
a drop-in macrophage numbers at D9 (Figure 6C), indicating that more macrophages,
particularly TDMs, had died after the long culture period at the ALI (> 6 days).

To evaluate the responses of co-culture models to ALI conditions, TEER changes and
total IL-8 and IL-1P release in mono- and co-culture models after two time periods
D, and D, ) were measured (Figure 6D and 6E). All cell models showed a comparable
increase in TEER values from Do to D1 that resulted in a level of around 1500 ohmxcm?
(Figure 6D). IL-1f could not be detected in mono- and co-culture models after each time
period (data not shown), while IL-8 could be detected in each cell model and showed no
difference between D and D, (Figure 6E). All cell models showed a comparable IL-8
level at D, while a significant increase (p<0.05) was seen in the Calu-3+TDM model at
D_ in comparison to the mono-culture and Calu-3 + MDM models.
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Figure 5. Fluorescence microscopy images (A) of MDMs and TDMs (2.0x10* cells/cm?) after 4
(left) and 24 hrs (right) adhesion onto the Calu-3 epithelial carpet and their adhesion efficiency
(B). Macrophages were labelled with Vybrant Dil dye (in red, A). Scale bars in A: 100 um. B: Error
bars indicate the standard deviation of macrophages number in 4 or 6 random areas of the insert

membrane. More images of MDMs and TDMs in Figure S4.
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3.4 Functional responses of co-culture models to LPS aerosol
Cell viability, LDH release and production of the inflammatory cytokines IL-1f3, IL-10

A MDMs

and TNF-o in mono- and co-culture models were measured after LPS exposure (D1 of

the co-culture) for 24 hrs (Figure 7). All cell models showed high cell viability (> 90%)
and no changes in LDH release upon LPS exposure (Figure 7A and 7B), indicating no

100 i, cytotoxicity. No effect of LPS on the release of IL-1f and IL-10 was seen in the mono-

culture model. A comparable level of IL-1 was detected on the apical side of both
co-culture models, while IL-10 was only detected on the apical side of the Calu-3 +
MDM model (= 150 pg/mL) (Figure 7C and 7D). TNF-« that can be produced by both
macrophages and Calu-3 cells was detected on both sides of all cell models (Figure 7E
and 7F). On the apical side, the Calu-3 + MDM model showed the highest concentration
of TNF-a (= 1150 pg/mL, p < 0.0001), followed by the Calu-3 + TDM model (= 115 pg/
mL), which was significantly higher than the concentration in the mono-culture (= 45

D9 D6 D9
100 pm 100 pim 100 pm 100 pm
| — L L]

c

% 100-) =3 Calu-3+MDM 2400> - :;:032:::: pg/mL, p < 0.0001). No significant difference (p > 0.05) was seen in the TNF-« levels
T 80 B= Calu-3+TDM <~ 20001 = Calu-3+TDM on the basolateral side of all cell models.
é 60 X §|1600—
2 1 E 12004 bl For all cell models, no LDH was detected on the basolateral side of the incubator
E' % s00d \ o controls and exposed samples; IL-1f3, IL-10 and TNF-a were not detected on either
§ 207 E 400- b - Pl side of the incubator controls, and also no IL-1p and IL-10 on the basolateral side of
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Figure 6. Fluorescence microscopy images of MDMs (A) and TDMs (B) (4 hrs adhesion, density:
5.0x10* cells/cm?) and their average number in images (C) after co-culture for 1, 3, 6, and 9 days at
the ALI, as well as the TEER (D) and IL-8 production (E) during the 6-day co-culture period. White
squares in (A) and (B) are morphological examples of the MDMs and TDMs differentiation. Scale
bars in (A) and (B): 100 um. Error bars in (C) indicate the standard deviation of macrophage numbers
in 3 or 4 random areas of the insert membrane; Error bars in (D) and (E) indicate the standard

deviation of 6 or 12 parallel inserts with cells. * represents p<0.05.
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Figure 7. Effects of LPS exposure in mono- and co-culture models in 12 well inserts including cell
viability (A), LDH release (B) and the production of IL-1f (C), IL-10 (D) and TNF-« (E) on the apical
side and TNF-a (F) on the basolateral side. Error bars indicate the standard deviation of 3 or 4

B

parallel inserts with cells. ND represents not detected; represents p<0.0001.
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4. Discussion

Our results demonstrate the substantial differences in cellular responses including cell
morphology, TEER changes, and cytotoxicity for epithelial mono-culture of 16HBE,
Calu-3, H292 and BEAS-2B cells as well as the macrophage/epithelial cell co-culture
models under ALI conditions. The Calu-3 epithelial model can retain its monolayer
structure and develop a strong tight junction under long-term ALI culture, which was
subsequently used as the structural barrier to create co-culture models in combination
with MDMs and TDMs. With the optimization of the co-culture procedure at the
ALL, our cell co-culture models showed epithelial monolayer integrity, and increased
sensitivity in inflammatory responses to LPS exposure, with the Calu-3 + MDM model
giving the strongest responses.

4.1 Mono-culture models at the ALI

Human bronchial epithelial and alveolar epithelial cell models are both viable
options for in vitro exposure, especially to ultrafine particles (UFPs), since both the
tracheobronchial and alveolar regions will receive UFPs on their epithelial surface.
Deposition of UFPs is not limited to the alveoli, and with decreasing air velocity,
substantial deposition can also occur on the terminal bronchial epithelium (Braakhuis
et al. 2014). Therefore, human bronchial epithelial cell lines such as 16HBE, Calu-
3, H292 and BEAS-2B cells are suitable lung models to study inhalation exposure
(BéruBé et al. 2010; Hiemstra et al. 2018). Primary bronchial epithelial cells that can
be cultured at the ALI for weeks with well-formed tight junctions might be a good
alternative to the lung epithelial cell lines (Pezzulo et al. 2011). However, they have
some disadvantages including the high cost, difficult handling procedures and donor
variations, which make them less suitable as a basis for a co-culture model from an
economical, reproducible and practical point of view. Indeed, to comprehensively
evaluate inhalation toxicity of, for example, UFPs in vitro, it is warranted to study
their effects both in bronchial epithelial models and alveolar epithelial cell models.
Therefore, further investigation on which is the best alveolar model is also needed.

When culturing epithelial cell models at the ALI, we assessed the formation of
monolayer structure and barrier function as markers of the ability to resist the
transport of xenobiotics (BéruBé et al. 2010; Holgate 2008; Kidney and Proud 2000).
According to our findings, Calu-3 epithelial cells can act as basis for the co-culture
models, since they can develop a strong barrier function and keep their monolayer
structure for long-term ALI culture with low cytotoxicity. Depending on the
surface and pore size of insert membrane, culture period and medium refreshment
frequency, TEER values of Calu-3 cells can differ widely varying from 100 to 2500
ohmxcm? (Srinivasan et al. 2015). In this study, we set TEER values > 1000 ohmxcm?
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in a 6-well insert before starting the co-culture as the criterion for the Calu-3 cell
model. When forming a high barrier integrity at the ALI, the permeability coefficient
of compounds across the Calu-3 monolayer would decrease with increasing molecular
weight (Grainger et al. 2006). This might be an explanation for the observation
that LDH (=140 kDa) accumulated on the apical side of the Calu-3 monolayer, while
the level of LDH detected in the basolateral medium was only limited (Figure 3). In
comparison, for 16HBE, H292 and BEAS-2B cells with a weak barrier function, the
LDH level on the basolateral side was generally higher than that on the apical side.
A similar finding was also reported for As49 cells that lack functional tight junctions
at the ALI and showed higher LDH levels in basolateral than in apical medium after
exposure to polluted air (Zavala et al. 2016). These findings indicate that LDH has a
high permeability across cell layers with a weak barrier function, therefore LDH levels
in the basolateral medium could be an indicator to evaluate the barrier function of
cells at the ALI. Also, when evaluating and comparing the cytotoxicity at the ALI, LDH
levels on the apical and basolateral side should be considered respectively depending
on the barrier function of cells.

4.2 Co-culture models at the ALI

The beneficial properties of the Calu-3 epithelial monolayer barrier can be increased
by addition of pulmonary macrophages, which play an important role in the defence
of airways (Byrne et al. 2015). In the present study, improvements were made by
adding MDMs and TDMs onto the Calu-3 monolayer to create the co-culture models.
However, there is no consensus regarding the optimal number of macrophages and
their adhesion time to the epithelial cell layer. The commonly used seeding ratio
between macrophages and epithelial cells ranges from 1:1 to 1:5 with an adhesion time
from 2 hrs to 24 hrs (Bodet et al. 2005; Grabowski et al. 2016; Lehmann et al. 2011;
Tao and Kobzik 2002; Ugonna et al. 2014). Our results demonstrate that a long time
period (e.g. 24 hrs) with medium on top of the monolayer can affect its structure.
To avoid this negative effect on the monolayer, a relatively short incubation period
(e.g. = 4 hrs) should be used for preparing co-cultures. However, the efficiency of
macrophages adhesion decreased with a shorter incubation period. We calculated
that the efficiency of MDMs and TDMs adhesion for 4 hrs is around 20%, thus the
actual number of macrophages that adhered to the epithelial carpet was much lower
than the added number. When taking this adhesion efficiency into consideration, the
density of macrophages onto the epithelial carpet in our co-culture models (seeding
density: 5x10* macrophages/cm?) was around 1.0 x 10* macrophages/cm?, slightly lower
than that in human airway wall (= 3.5 x 10* macrophages/cm? from the lung tissue
sections (Grashoff et al. 1997). However, at a seeding number of 2 x 10* macrophages/
cm?, macrophages may already cover around 70 % of the insert membrane
(Figure S5), especially at the centre of the membrane. In order to avoid a too high
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density of macrophages on the epithelial layer, we increased the seeding density to
5 x 10* macrophages/cm?. Still the density of adherent macrophages is lower than in
lungs in vivo.

After the optimization of the co-culture procedure, the co-culture models showed a
stronger inflammatory response (IL-1B, IL-10 and TNF-«) to LPS aerosol compared to
the mono-culture (Figure 7). Similar findings were reported in in vitro studies on air
pollutants, in which inflammatory responses were increased when macrophages had
been added to the epithelial cells (Bauer et al. 2015; Tao and Kobzik 2002; Wottrich et al.
2004). The macrophage-specific cytokines IL-1f and IL-10 were abundantly produced
in our co-culture models, suggesting the activation of macrophages. Importantly, IL-
1B and IL-10 only accumulated on the apical side (Figure 7C and 7D). It is likely that
the tight junction in the co-culture models blocks the passage of the cytokines from
the apical to the basolateral side. This lack of passage can be seen as another read-
out of proper barrier function. In line with this observation, upon LPS exposure the
TNF-a concentration on the apical side of the co-culture models was significantly
higher than that in mono-culture model, while the TNF-u level was comparable on
the basolateral sides for mono-culture and co-culture models (Figure 7E and 7F). This
may suggest that TNF-a on the apical side of co-culture models, majorly produced by
macrophages in response to LPS aerosol, does not cross the epithelial barrier. Also, it
indicates that TNF-o on the basolateral side of co-culture models is mainly due to the
release from Calu-3 cells as a similar level was observed for the mono-culture model.

The use of MDMs and TDMs in co-cultures was previously compared in terms of
their availability, differentiation protocols and donor variations (Chanput et al. 2014;
Kooter et al. 2017). We further investigated their morphological changes over the co-
culture time period and their response to LPS aerosol. Similar morphological changes
of MDMs and TDMs were observed within the 9-day co-culture period. Most of the
macrophages remained viable until around Dé of co-culture. During the first 3 days
of co-culture some of macrophages seemed to be more active with the developed
arrow-like cytoplasm and pseudopodia (Figure 6A and Figure 6B). After co-culture
for 6 days, macrophages started to detach and float upwards, moving out of focus,
which were seen as blurry spots (Figure S6), indicating the loss of viability. A lack of
medium supply due to the tight barrier formed by the epithelial carpet during co-
culture for 6 days may explain this loss of viability. It suggests that our co-culture
models can be used up to 6 days, while for more prolonged exposures macrophages
need to be re-added weekly to ensure characteristics of the co-culture model. Cytokine
responses to LPS aerosol varied between the Calu-3 + TDM and Calu-3 + MDM models
(Figure 7). Upon LPS exposure an increased concentration of the anti-inflammatory
cytokine IL-10 was detected on the apical side of the Calu-3 + MDM model in keeping
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with M2 polarization by M-CSF (Mosser and Edwards 2008). In contrast, no IL-10
was detected in the Calu-3 + TDM model, which was possibly due to the M1 state of
PMA-differentiated THP-1 monocytes (Maef et al. 2014). In line with previous studies
that proposed TNF-a as a marker for M1 macrophages (Mosser and Edwards 2008), a
clear concentration-response relationship in TDMs monocultures (M1 macrophages)
was observed at LPS levels ranging from 0.08 to 5.12 ug/cm2, while TNF-o was not
detectable in MDMs monocultures (M2 macrophages) (Figure S8). Interestingly, on
the apical side of the co-culture models, the Calu-3 + MDM model produced more
TNF-o compared to the Calu-3 + TDM model. Interactions between macrophages and
epithelial cells might play an essential role in promoting the TNF-a release on the
apical side, as reported in several studies (Fizesan et al. 2019; Ji et al. 2018). However,
the mechanism of bidirectional communication underlying inflammatory responses
in the current co-culture models is still unclear and needs to be further studied.

Taken together, an optimized Calu-3 + MDM co-culture model was created by allowing
4 hrs adhesion of macrophages onto the epithelial monolayer with the density of s5x10*
macrophages/cm?. Our model showed epithelial barrier integrity under prolonged ALI
culture conditions, as well as an increased sensitivity to LPS aerosol in comparison
to the Calu-3 mono-culture and Calu-3 + TDM co-culture models at D1 of co-culture.
Therefore, we propose this model, provided weekly seeding of MDMs, to be applied in
the prolonged ALI exposure to estimate the hazard of aerosols exposures.
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Supplementary Material

Materials and methods

Description of epithelial cell lines

Cell lines 16HBE and BEAS-2B are immortalized from normal human bronchial
epithelial cells and widely used in lung research. The 16 HBE cells can form well-defined
tight junction with highly organized actin filaments (Ehrhardt et al. 2002) while
BEAS-2B cells can form a confluent monolayer faster and exhibit higher homology
in gene expression pattern compared to primary cells (Heijink et al. 2010). Calu-3
cells can produce features of differentiated, functional human airway epithelial cells,
allowing them to be used for modelling the respiratory epithelial barrier (Grainger et
al. 2006). Although the H292 cell line is generated from the salivary gland carcinoma
cell, it has been often used as lung cell model to study effects of inhalation exposure

on gene expression due to high reactivity to total particulate matter and gas/vapor
phase (Courcot et al. 2012; Sekine et al. 2015).
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Figure S1. Air-liquid interface (ALI) Cloud exposure system. A: Chamber for exposure controls,
which were not used in this study; B: Chamber for LPS exposure, number 1-8 represents each
position, MB represents a microbalance; C: Aerosol nebulizer; D: Temperature controller. More
information can be found via https://www.vitrocell.com/inhalation-toxicology/exposure-systems/

vitrocell-cloud-system
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Figure S2. Cell morphology of 16HBE, Calu-3, H292 and BEAS-2B cells at day 7 (A) and 12 (B) as
well as Calu-3 cells at day 21 and 43 (C). Cells were at submerged culture for 7 days, followed by ALI

culture. Scale bars: 100 pm.
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Figure S3. May-Grunwald Giemsa stained cytosmears of MDMs (left) and TDMs (right) before

adding onto Calu-3 cells.
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A MDM-4hrs
MDM-24hrs
B TDM-4hrs
TDM-24hrs

Figure S4. Fluorescence microscopy images of MDMs (A) and TDMs (B) after 4 or 24 hrs adhesion
onto the Calu-3 epithelial carpet. The seeding density of MDMs and TDMs is 2.0x10* cells/cm?.
Macrophages were labelled with Vybrant Dil dye in red. Scale bars: 100 um. Number 1, 2, and 3

represent the images taken at random areas of the membrane.
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The centre of the membrane
'&'2 ST -
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Figure S5. Microscopy images of MDMs (density: 2.0x10* cells/cm?) after seeding onto the epithelial

carpet. Scale bars: 100 pm.

Figure Sé. Fluorescence microscopy images of MDMs (4 hrs adhesion, density: 5.0 x 10* cells/cm?) at

D6 of co-culture. Scale bars: 200 um.
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Figure S7. Effects of exposure to Milli Q water aerosol in co-culture models in 12 well inserts
including cell viability, LDH release and the production of IL-8. Error bars indicate the standard

deviation of 3 or 4 parallel inserts with cells.
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Figure S8. TNF-o release from TDMs and MDMs after exposure to LPS at concentrations from 0.08

to 5.12 pug/cm?. Error bars indicate the standard deviation of 3 parallel inserts with cells.

Table S1. The density of the Calu-3 cells and the ratio between Calu-3 cells and macrophages (1.0
x 10* macrophages/cm?) at Day o, 1, 3, and 6 for the co-culture. Results for the Calu-3 cells density

were obtained from 3 parallel inserts.

Co-culture day Dayo Day 1 Day 3 Day 6
Density (Calu-3 cells/cm?) 176421 + 2389 192798 + 7421 207211 + 16925 226842 + 7421
Ratio

(Calu-3 cells: macrophages) =18 =19 =20 =22
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Highlights

Airport and road traffic UFPs can activate inflammation in Calu-3 cells
Airport UFPs exert similar toxicity compared to UFPs from road traffic emission

ALI condition promotes cellular responses to particles at low exposed dose

Abstract

Relatively high concentrations of ultrafine particles (UFPs) have been observed
around airports, in which aviation and road traffic emissions are the major sources.
This raises concerns about the potential health impacts of airport UFPs, particularly
in comparison to those emitted by road traffic. UFPs mainly derived from aviation
or road traffic emissions were collected from a location near a major international
airport, Amsterdam-Schiphol airport (AMS), depending on the wind direction,
along with UFPs from an aircraft turbine engine at low and full thrust. Human
bronchial epithelial cells (Calu-3) model in combination with an air-liquid interface
(ALI) Cloud system was used for the in vitro exposure to UFPs at low doses ranging
from 0.09 to 2.07 ug/cm?. Particle size distribution was measured. Cell viability,
cytotoxicity and inflammatory potential (interleukin (IL) 6 and 8 secretion) on Calu-3
cells were assessed after exposure for 24 hrs. The biological measurements on Calu-3
cells confirm that pro-inflammatory responses still can be activated at the high cell
viability (>80%) and low cytotoxicity. By the Benchmark Dose (BMD) analysis, Airport
and Non-Airport (road traffic) UFPs as well as UFPs samples from a turbine engine
have similar toxic properties. Our results suggest that UFPs from aviation and road
traffic in airport surroundings may have similar adverse effects on public health.

Keywords: UFPs; Airport emission; Road traffic emission; Calu-3 cell; Air-liquid
interface; BMD analysis.
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1. Introduction

Relatively high concentrations of ultrafine particles (UFPs, particle size < 100 nm),
expressed as number per volume, have been observed around airports primarily linked
with aviation activities (Hudda and Fruin 2016, Keuken et al 2015, Masiol and Harrison
2014, Ren et al 2018, Riley et al 2016, Winther et al 2015). Although characteristics (e.g.
size distribution) and sources of the airport UFPs are becoming clear (Stacey 2019),
little is known about their toxicity as well as the comparison of their toxicity with
UFPs from other sources such as road traffic.

Large airports are usually surrounded by major motorways. Consequently, aviation
activity and road traffic are the major sources to the particles in airport surroundings
(He et al 2018). A recent study reported total particles number concentrations (PNCs)
of around 35,000 particles/cm® at a monitoring site nearby the Amsterdam-Schiphol
airport (AMS, the Netherlands), in which aviation activity was estimated to account
for 79% and road traffic for 18% of PNCs (Pirhadi et al 2020). Aircraft emissions are
characterized by a smaller particle size compared to other combustion sources,
such as road traffic (Stacey 2019). The small class of UFPs contributes mostly to the
size distribution for aviation emissions with a strong increase in the range of 10-20
nm, while the size of UFPs from road traffic is generally larger than 50 nm (Keuken
et al 2015, Pirhadi et al 2020, Shirmohammadi et al 2017). The size of particles is an
important characteristic, which can influence not only their toxic potency, but also
where particles exert their toxicity (Heusinkveld et al 2016, Miller et al 2017, Stone et
al 2017, Terzano et al 2010). Depending on the size distribution of UFPs, the exposure
risks may differ. Therefore, understanding the associated risks due to exposure to
UFPs from aviation and road traffic emissions is of great significance to gain better
insight into the extent of their contributions to health effects.

To better assess the potential toxicity of inhaled UFPs, the air-liquid-interface (ALI)
exposure via exposure systems was developed. Compared to the traditional in vitro
exposure by adding the particles suspension into medium, ALI exposure allows
particles to be deposited on semi-dry apical cell surface via a continuous flow or single
cloud to adequately resemble the realistic inhalation exposure in lungs (BéruBé et al
2010, Kim et al 2016), thereby being applicable in many toxicity studies (Antherieu et
al., 2017; Fizesan et al., 2019; Miilhopt et al., 2016). UFPs can deposit in the respiratory
tract mainly by diffusion, which increases with decreasing air velocity. Model
calculation using the Multiple Path Particle Dosimetry (MPPD) model suggests that
both tracheobronchial and alveolar regions would receive UFPs (1 - 100 nm) on the
epithelial surface (Braakhuis et al. 2014). Human bronchial and alveolar epithelial
cells were consequently the preferred options for toxicity testing of UFPs. However,
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there are at present only a few human lung cell models available that are resistant to
being cultured at ALI, as well as have a good performance on biological barrier (i.e.
well-formed tight junctions). The careful selection of the appropriate cell lines was
consequently required before starting an exposure.

The aim of this study is to investigate the toxicity of UFPs from aviation and road
traffic emissions. We collected UFPs from airport and non-airport emissions (mostly
impacted by road traffic) around AMS, as well as UFPs directly from an aircraft
turbine engine. An optimized human bronchial epithelial Calu-3 cell model was used
in combination with the ALI Cloud system to test the toxicity of UFPs samples at 5
exposure doses. The adverse effects as tested by cell viability, lactate dehydrogenase
(LDH) release and pro-inflammatory responses were measured at 24 hrs post exposure
and evaluated by the benchmark dose (BMD) analysis.

2. Materials and methods

2.1 Collection of UFPs samples

2.1.1 Airport and Non-Airport UFPs sample

UFPs from aviation is usually mixed with that of road traffic in airport surroundings,
making it difficult to separate the two sources into specific UFPs fractions. To solve
this problem, we positioned a UFP sampler at a location (52°19'15.2"N 4°47°07.5"E)
between the AMS and two major motorways (A4 and A9), and very close to two major
runways within no other major sources in between the sampler and aircrafts (Figure
1). Figure 1 illustrated the location of the sampling site, which is as same as the
sampling site described in Lammers et al (2020). Additionally, we took the advantage
of the change of wind directions, allowing sampling UFPs on separate filters at times
downwind of airport runways or the major motorways. Samples collected under
southern and western wind from direction of the airport were labeled as “Airport”
UFPs sample, whereas if the wind was blowing from the direction of the motorways
(eastern and northern wind) the samples were labeled as road traffic dominated UFPs
(Non-Airport UFPs).

Airport and Non-Airport UFPs samples were collected in 2018, the detailed collecting
time can be found in Table 1. Two modified high-volume cascade impactors (HVCI)
were used to collect UFPs samples from airport and non-airport emissions respectively
using only the final stage with a mass median aerodynamic diameter (MMAD) of less
than 0.18 um as previously described (Demokritou et al 2002). The decision which
HVCI was turned on was made after checking the wind direction. To obtain sufficient
UFPs on filters, the sampling time for each filter was for several days, from 9 a.m.
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to 4 p.m per day. All filters were weighed by an analytical balance before and after
collection (after overnight stabilization at 40-60% humidity and 20°C) and then stored
at -20°C in the dark.

Amsterdam

Vijfhuizen

Polderbaan

Haarlemmermeer

0 1 2

Aalsmeerbaan

Kilometers

Figure.1 Location of the sampling site (x) near Amsterdam Airport Schiphol (AMS), same as the
sampling site described in Lammers et al (2020), northeastern of airport runways and southwestern

of two major motorways (A4 and A9).

Table 1. Description and characteristics of particle samples.

Particle Collection period Dominating source of Mean size (nm)*  Size peaks (nm)*
samples (2018) emission
Diesel N/A NIST Diesel 177491 27,42,188
(reference sample)
Turbine 1 26 April F100 (low thrust) 204+158 42,103, 223
Turbine 2 26 April F100 (full thrust) 70+75 17, 24,32
Non-airport1 23,24 May; road traffic contribution 51+64 13,9, 21
8 June
Non-airport2 12,13 June; Road traffic contribution 45+40 29
4-6,9,12,20 July
Non-airport3 16 October Road traffic contribution 45+43 30
Airport1 14, 15 June; Aviation contribution 974102, 31,77
17,18, 24 July
Airport 2 31 July; Aviation contribution 47436 32

8,15, 22, 29 August; 10,
26 September

N/A = not applicable
', This is the mean size of particles in suspension and the size can deviate from particle size in the outside air
2. These are the major peaks in the size distribution
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2.1.2 UFPs samples for turbine and diesel engines

UFPs were also collected directly from the exhaust of a turbine engine (Pratt & Whitney
F100) when running at low thrust (ground-idle or taxi operation, Turbine 1) and at full
thrust (Turbine 2) using a HVCI. In addition, a standard reference diesel particulate
matter (NIST® SRM" 2975) for diesel engine exhaust emissions was purchased (Sigma
Aldrich, the Netherlands). Although the NIST diesel sample cannot be used for the
direct comparison of the toxicity with the other UFPs samples because of different
collection methods, this diesel sample can be used as a benchmark material to assess
whether the used biological measurement works and to allow comparison with past
and future study findings.

2.2 Preparation of particle suspension and characterization

Filters containing UFPs were extracted with methanol by sonication according to the
earlier protocol (Gerlofs-Nijland et al 2013). The extraction procedure was repeated
three times. The combined extract from three times was collected in a glass bottle and
concentrated using a rotary evaporator (IKA" RV1o, Germany) to almost dry matter.
1 mL of methanol was then added to rinse the bottle by an ultrasonic treatment.
The remaining suspension was collected into a pre-weighed glass vial, subsequently
evaporated overnight at 25°C, followed by acclimatization (40-60% humidity at 20°C)
for 24 hrs. The glass vial with residue was then weighed. A clean Teflon TE38 filter
was also extracted using the same protocol and included as a negative control. All
extracted UFPs samples were stored at -20°C.

Immediately prior to exposure, the extracted UFPs as well as NIST diesel particles
were suspended by ultrasonic treatment in 1 mL of Milli-Q water with 0.01% NaCl
solution (for nebulization in Cloud system). The particle size distribution of each
suspension was measured by a tracing analysis of the Brownian motion with a laser
illuminated microscope (LM20, NanoSight Ltd, UK).

2.3 ALl culture and TEER measurement

Human bronchial epithelium Calu-3 cell line purchased from the American Tissue
Culture Collection (ATCC, Rockville, US) was used for in vitro exposure. Calu-3 cell
line was cultured with minimal essential medium (MEM) + GlutaMAX, supplemented
with 10% fetal bovine serum (FBS), 1% non-essential amino acid (NEAA) solution and
1% penicillin/streptomycin in an incubator with 5% CO, at 37°C. Upon reaching about
80% confluence, Calu-3 cells were enzymatically detached from the culture flask with
0.05% trypsin-EDTA. 0.5 mL cells suspension with a density of 2.5 x 10° cells/mL was
seeded into the apical side of sterile 12 mm insert (3.0 um pore size, 1.12 cm? polyester
membrane, Costar, Germany) placed in a 12-well plate. 1.5 mL culture medium was
added to the basolateral side of insert for nutrient supply. Cells in insert were cultured
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under submerged condition for 7 days to achieve confluence. Apical medium was then
removed, Calu-3 cells were cultured for an additional 7 days at ALL. Culture medium
(only basolateral medium during ALI culture) was refreshed every 2-3 days. All culture
medium and supplements were purchased from Life Technologies (Thermo Fisher
Scientific Inc., the Netherlands). As an important indicator of barrier function,
transepithelial electrical resistance (TEER) of Calu-3 cells was measured by the Evom2
Voltohmmeter with a 4mm chopstick electrodes (World Precision Instruments Inc.,
FL, USA) before ALI exposure. To measure TEER under ALI condition, 0.5 mL medium
was added into the apical side of the insert. All TEER values were corrected for the
resistance of cell-free inserts (=130 ohm) and insert surface area (1.12 cm?).

2.4 UFPs exposure in Cloud exposure system

The VITROCELL® Cloud Exposure System (Vitrocell, Waldkirch, Germany) was used
for ALI in vitro exposure at 37°C. The system contains 12 cavities for 12 mm inserts
including 3 cavities for exposure control inserts, 1 for determining the deposited mass
of particles in an insert via a microbalance, and the rest for ALI exposure (Figure 2,
Lenz et al., 2014). To achieve the ALI exposure to particles, this system uses a single
nebulization to produce a dense cloud of droplets with particles in the chamber. The
ultrasonic nebulization of the particle suspensions results in 4.0 — 6.0 um droplets
that are much larger than the size distribution of used particle samples. As such, we
do not expect that the nebulization has an impact on the aggregation of the particles.
Therefore, the particle size distribution of UFPs samples in suspension would be
less affected due to the nebulization. Cells were then exposed to the particles by
sedimentation of the droplets. Prior to the in vitro exposure, the fluorescein sodium
salt (Sigma, the Netherlands) and a reference UFPs sample (DQi2 quartz, IOM,
Edinburg) were sprayed via nebulizer respectively to assess the deposition of particles
on the membrane of inserts at exposure positions. The detailed protocol can be found
in the supplementary information.

Since pilot in vitro studies already indicated that the effect level was higher than 0.05
ug/cm? on the Calu-3 cell model, we designed the exposure procedure by successively
nebulizing 100-400 uL of prepared suspension (1000 pg/mL) in the chamber to aim at
the doses of UFPs approximately ranging from 0.1 to 1.5 ug/cm?. The experiment of
each sample includes the following 3 steps: First, 3 inserts for exposure controls were
exposed with the suspension of a blank filter extraction or re-suspension solution
without particles; Second, 4 exposed doses tested in succession for each UFPs sample,
with 2 inserts for each dose (duplicate measurement); Finally, 4 inserts that were not
exposed in the Cloud system but, with the exception of exposure, treated in the same
way including 3 for incubator controls and 1 for measuring the total amount of LDH
in cells (see 2.6). The mass of deposited particles via a microbalance was recorded
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after exposure to the particle aerosol. The actual applied doses in this study vary
between the different samples due to the instrumental uncertainty. Overall, most
UFPs samples reach the aimed dose range with the exception of Airport 1 sample, in
which the highest dose (0.96 ug /cm?) is much lower compared to the highest dose of
the other samples. After exposure, all inserts were transferred to a new 12-wells plates
with 1.5 mL fresh culture medium on the basolateral side and cultured in an incubator

for 24 hrs.

OO0
©E
o©JoIo
@O

Figure 2. Air-liquid interface (ALI) Cloud exposure system. A: Chamber for exposure controls;
B: Chamber for UFPs exposure, number 1-8 represents each exposure position, MB represents
a microbalance; C: Aerosol nebulizer (pore size: 4.0 — 6.0 um); D: Temperature controller. More
detailed information can be found via the following link: https://www.vitrocell.com/inhalation-

toxicology/exposure-systems/vitrocell-cloud-system

2.5 Cell viability

Cell viability was measured by the MTS assay (Promega, Fitchburg, Wisconsin, USA)
as previously described (He et al 2018). Briefly, Calu-3 cells on the membrane after 24
hrs exposure were washed with culture medium, apical and basolateral medium was
collected and stored at 4°C or -20°C for analysis. Subsequently, cells were incubated
with 500 pL fresh MTS solution (medium: MTS reagent = 9: 1). After 30 minutes
incubation, 100 uL MTS solution was transferred into 96-well flat bottom plates
(Thermo Fisher Scientific Inc., the Netherlands) for absorption measurement. MTS
solution was used as a blank control. The viability of exposed cells was corrected for
incubator controls.
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2.6 LDH leakage

The leakage of total lactate dehydrogenase (LDH) in culture medium was measured
with the LDH cytotoxicity detection kit (Roche Diagnostics GmbH, Mannheim,
Germany). 100 pL of collected apical or basolateral medium and reaction reagent
were successively added into 96-well flat bottom plates and incubated in dark at room
temperature for 20 minutes. After adding 50 pL stop solution (HCI, 1.0 M, Sigma, the
Netherlands), absorbance was measured at 490 nm (with background subtraction at
650 nm). Culture medium was tested as a blank control. All LDH values are corrected
for the total amount of LDH in cells. To measure the total amount of LDH, cells in an
insert (incubator control) were lysed with 2% triton X-100 (Thermo Fisher Scientific
Inc., the Netherlands) for 5 minutes.

2.7 Release of pro-inflammatory mediators

To investigate effects of particles on pro-inflammatory responses, the production of
pro-inflammatory mediators (IL-6 and IL-8) in basolateral medium was measured
using the enzyme-linked immunosorbent assay (ELISA) kit (eBioscience, San Diego,
USA). As a positive control substance, lipopolysaccharide (LPS) was sprayed to the
apical side of Calu-3 model for inducing pro-inflammatory responses. The detailed
exposure protocol can be found in the supplementary information.

2.8 Statistical analysis

Applying the adverse responses at 5 dose groups, the benchmark dose (BMD) analysis
(EFSA 2009) was performed with PROAST (version 65.2 www.rivm.nl/proast) to
create a dose-response relationship for each UFPs sample. This analysis has the
advantage that it estimates the BMD with a confidence interval, increasing the
reliability of outcomes and allowing to compare the toxicity of UFPs samples. The
detailed description of BMD analysis can be found in our earlier study (Gosens et
al., 2016). The analysis was performed at a defined effect size (benchmark response
(BMR)). For the release of LDH and inflammatory mediators (IL-6 and IL-8), a BMR
of 10% change compared to the incubator control level was chosen according to the
EFSA (2009). When applying this statistical analysis at the predefined BMR, several
dose-response models were fitted to results and the optimal model would be turned
out after modeling. The Hill model was used in the present study and lower 5%
and upper 95% confidence limits (one sided, BMDL and BMDU, respectively) of the
corresponding BMD as well as mean BMD were derived with the Hill model. The 90%
BMD confidence interval (BMD_,) including BMDL, BMDU, and average BMD values
was presented per effect marker that represented the degree of toxicity. The narrower
the BMD_, is, the more certain this dose interval can lead to the predefined effect.
The BMD_, was also used for potency comparison between UFPs samples (EFSA 2009).
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The more overlapping between BMD _; implies less difference in the potency of UFPs
samples. If there is no 10% change or no BDMU determined at applied doses, the UFPs
sample was not included in the comparison.

3. Results

3.1 UFPs samples description

The description and size distributions of the particle samples are presented in Table 1.
It should be noticed that this is the size distribution of the particles in suspension that
can deviate from particle size in the outside air. The mean size of the particles samples
in suspension falls within the ultrafine range as defined in this study (<180 nm) with
the exception of Turbine 1 sample (204 nm). The mean size of each Non-Airport sample
is approximately 50 nm, which is similar to the mean size of the Airport 2 sample. In
comparison, the mean size of the Airport 1 sample (97 nm) is twice as large.

3.2 Particles deposition in ALI Cloud system and TEER of Calu-3 cells

A fluorescein sodium salt was used to assess the deposition of parties in ALI Cloud
system. Although it is a soluble chemical, as we have generated an aerosol that either
included the fluorescein or the collected/purchased particles, we have used this to
demonstrate if the droplets themselves were uniformly distributed. On the basis of
the fluorescence images, distributions of the fluorescein salt were homogeneous on
the membrane of each insert in exposure position. The fluorescence intensity was
similar between exposure inserts as well (Figure S1). It indicates the fluorescein
deposition was uniform within each exposure well and constant across the different
wells. Moreover, after nebulization with the Cloud system the deposition of DQi2
quartz (= 150 nm in suspension) on membranes of inserts, as a reference, was also
analyzed via a TEM. As shown in Figure S2, most of particles were evenly deposited
on the membrane, while several particles cluster appeared, probably because of the
agglomeration and aggregation of particles in the suspension.

To check that Calu-3 cells do form the tight barrier after 14 days (7 days at submerge
and 7 days at ALI) culture, TEER of Calu-3 cells was measured before starting the
exposure. As shown in Figure 3A, Calu-3 cells used for in vitro exposure can express
high TEER (> 800 ohmxcm?) levels, indicating well-formed tight junction and
suitablity for particles exposure via ALI Cloud system. TEER of Calu-3 cells was also
measured after 24 hrs exposure to Airport and Non-Airport UFPs (Figure 3B). All TEER
values at each exposed dose showed a slight drop to around 600 ohmxcm?, indicating
the barrier function in Calu-3 cells still remained upon exposure.

122

1200+

1000~ %

TEER (Ohmxcm?)

-3

=3

°
I

SRSl ESE

T T T T T T T T
NA1  NA2 NA3 A1 A2 T1 T2 D

Particles sample

600

Figure 3A. TEER of Calu-3 cells at the ALI before being used for in vitro exposure to UFPs samples.
NA and A represent Non-Airport and Airport samples, T represents Turbine sample, D represents

Diesel sample. Calu-3 cells were at submerged culture for 7 days, followed by ALI culture for 7 days.
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3.3 Cell viability and cytotoxicity

After 24 hrs exposure, cell viabilities are higher than 80% for all particle samples at
the exposed doses (Figure 4). LDH release in the medium (apical + basolateral) was
also measured (Figure 5) as a marker for cell membrane damage and cytotoxicity. In
general, an increased LDH release is only observed at the highest exposed dose around
1.5 ug/cm? for most of UFPs samples. For the reference sample (NIST diesel), a clear
dose-response relationship can be observed at exposure levels ranging from o to 3.6

pg/cm>.
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Figure 4. Cell viability tested by MTS after exposing to UFPs samples for 24 hrs. The dots represent
viability values from the duplicate measurement at applied doses and the trend line was made by
average cell viability values at each dose. The dotted line is 80% viability, above which indicates few

effects on cell death.
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Figure 5. Relative LDH release of Calu-3 cells after exposing to UFPs samples for 24 hrs. The dots
represent LDH levels from the duplicate measurement at applied doses and the trend line was made

by the average LDH levels at each dose.

A BMD analysis was performed to rank the UFPs samples based on the degree
of cytotoxicity, BMD values inducing a 10% increase in LDH level were obtained,
including the mean BMD, the lower (BMDL) and upper (BMDU) limits of the BMD_;
(Figure 6 and Table 3). The BMDU for Airport 1 sample could not be determined and

125

aJay s 1oys | vasadeyy



Non-Airport 1 sample dose not induce the BMR at exposed doses. It indicates the low
cytotoxicity of Airport 1 and Non-Airport 1 samples, which are not included in the
comparison. BMDs for the other Airport and Non-Airport samples as well as turbine
and diesel samples can be determined, however, no distinctions in LDH levels could be
made because of the substantial overlap between their BMDc.i (NIST diesel sample is
not used for the comparison because of different collection methods).

Turbine 14 =t LDH
Non-airport 24 =t
Airport 2 +——t
Non-airport 3+ g
Turbine 24 [
L L L L
Q N 4" -] ™ o

Exposure Dose (pglcmz)

Figure 6. Summary of derived BMDs and confidence interval in LDH levels for which a dose-
response was found within applied doses. The BMDU for Airport 1 sample could not be determined
and Non-Airport 1 sample did not induce the BMR. Both samples were not included in the

comparison.

3.4 IL-6 and IL-8 production

The production of pro-inflammatory mediators (IL-6 and IL-8) in Calu-3 cells was
measured after 24 hrs exposure (Table 2). Exposure to UFPs collected from airport and
non-airport emissions as well as from a turbine engine at low thrust (Turbine 1) can
promote the production of IL-6 and IL-8 mainly at the highest applied dose. When
using LPS as a positive control substance to induce pro-inflammatory response (IL-8),
Calu-3 cells do show an increased IL-8 secretion (> 2.5 folds), which gives confidence
that Calu-3 model is capable of detecting pro-inflammatory responses (Figure S3).

According to the outcomes of the performed “BMD analysis” (Figure 7 and Table 3),
a 10% BMR could be identified for all particle samples with the exception of Turbine
2 and NIST diesel, indicating few effects on IL-6 and IL-8 production for Turbine 2
and diesel samples at used doses. However, due to the substantial overlapped BMDc.i.
between Airport and Non-Airport UFPs samples, no distinctions in cytokines IL-6 and
IL-8 levels could be made.

126

Table 2. The concentration of pro-inflammatory mediators (IL-6 and IL-8) in basolateral side

medium after exposing to UFPs samples at 5 doses for 24 hrs.

Concentration (pg/mL)

Particle samples Exposure Dose (pg/cm?)

IL-6 IL-8

o 2891 15926

0.39 2569 14151

Diesel 1.21 2910 16027
2.56 2816 15509

3.60 3081 16971

o 2517 13866

0.09 2640 14541

Turbine 1 0.30 3003 16543
0.80 2726 15016

1.33 3045 16770

o 2517 13866

0.13 1821 11529

Turbine 2 0.35 2058 13031
0.95 2117 13402

1.48 1977 12515

o 1108 6663

0.11 999 6321

Non-airport 1 0.41 957 6056
1.32 1053 6665

2.07 1350 8549
o 1489 10687

0.17 1333 9563

Non-airport 2 0.49 1615 11585
1.18 1600 11476

1.69 1866 13389
o) 1489 10687

0.10 1522 10923

Non-airport 3 0.32 1788 12825
0.82 1737 12464

1.43 1928 13830

o 1108 6663

0.09 909 5753

Airport1 0.28 955 6045
0.64 1166 7379

0.96 1496 9469
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Figure 7. Summary of derived BMDs and confidence interval in IL-6 and IL-8 levels for which a

dose-response was found within applied doses. Turbine 2 sample did not induce a BMR and was

therefore not included in the comparison.

Table 3. Summary of derived BMDs in LDH, IL-6 and IL-8 levels including the mean BMD, lower

(BMDL) and upper (BMDU) limits of the confidence interval inducing a 10% BMR.

BMDs (pg/cm?)
BMR:10% LDH IL-6 IL-8
Mean BMDL BMDU Mean BMDL BMDU Mean BMDL BMDU

Turbine 1 0.58 0.29 0.84 1.1 0.48 4.62 1.0 0.46 4.59
Turbine 2 0.98 0.62 1.56 - - - - - -
Non—airport 1 - - - 1.0 0.43 2.32 0.98 0.42 2.46
Non-airport 2 0.78 0.40 112 0.86 0.34 1.46 0.81 0.32 1.44
Non-airport 3 0.94 0.55 1.48 0.79 0.29 1.52 0.75 0.28 1.45
Airport 1 0.87 0.55 - 0.35 0.11 0.66 0.31 0.09 0.60
Airport 2 0.87 0.47 1.21 0.76 0.22 1.45 0.7 0.21 1.38
Diesel' 1.9 1.01 2.69 3.5 1.7 - 3.5 1.65 -

«_»,

: could not be determined

'. NIST diesel sample is not used for the direct comparison of the toxicity to the other UFPs samples because of

different collection methods
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4. Discussion

Our findings show that cell damage and the secretion of pro-inflammatory mediators
can occur in a Calu-3 model after exposure to UFPs from airport a non-airport
emission as well as from an aircraft turbine engine. There are no indications that the
health effects of airport emission are substantially different from those caused by
road traffic emissions applying similar exposure doses (on a mass basis).

The exposed doses (0.09 to 2.07 pg/cm?) of particles in this study are substantially
lower than those have been previously reported in other in vitro studies. For example,
the research on Los Angeles International Airport (LAX), in which the toxicity of PM
<0.25 pum collected from aviation activities and urban traffic area was compared,
assumed a dosage of 3.13 ug/cm? (He et al 2018). In the RAPTES study (Steenhof et
al 2011), increasing doses from 3.68 to 58.8 pg/cm? were used to compare the in vitro
toxicity of PM samples with three size fractions and from different sources in the
Netherlands. Comparable doses of particles used in our study were also used in a
recent in vitro study, in which human bronchial epithelial (BEAS-2B) cells were directly
exposed to diluted emissions from a turbine engine under stationary condition at
very low doses (2.1 - 6.9 ng/cm?) and at doses of 0.3-0.4 pg/cm?* with the engine speed
corresponding to ascending airplanes (Jonsdottir et al 2019). Comparing the exposure
levels used in those in vitro studies to levels people are actually exposed to in the
environment, including airport surroundings, is difficult. Especially for UFPs when
exposure doses related to mass concentrations are used, while for ultrafine particles
particle size and particle number concentrations may be more relevant.

To our knowledge, this is the first ALI exposure to air pollution UFPs done with Calu-3
model. For the reference diesel sample a clear increase in LDH release was seen with
the exposure doses increase, however, production of IL-6 and IL-8 induced at each
dose were at comparable level to the exposure control (o pug/cm?). This low production
of pro-inflammatory cytokines was also observed in another bronchial epithelial
(BEAS-2B) cells line after exposure to diesel particles (SRM 2975) at doses ranging
from 1.0 ug/cm? to 110 pg/cm? (Chaudhuri et al 2010). A possible explanation for the
limited induction of pro-inflammatory response is that the large size distribution of
diesel particles (= 177491 nm) might lead to the less cellular internalization of particles,
thus limiting the release of pro-inflammatory cytokines in Calu-3 cells (Hussain et al.,
2009, He et al 2018). In line with the growing awareness that cellular adverse effects
including the inflammation can still be induced at high cell viability (Bitterle et al
2006, He et al 2018), up-regulation of pro-inflammatory mediators (10% increase of
IL-6 and IL-8 secretion) was observed in Calu-3 cells after Airport and Non-Airport
UFPs exposure at levels ranging from 0.35 to 1.0 ug/cm? (Table 3). The effect doses of
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UFPs on Calu-3 cells that cause the pro-inflammatory responses under ALI exposure are
substantially lower in comparison with those on Calu-3 cells using submerged exposure
(Mura et al 2011, Puisney et al 2018). For example, Puisney et al (2018) reported only limited
up-regulation of inflammatory marker (IL-6) in Calu-3 cells after submerged exposure to
the nano-sized particles at dose 0f 1.0 - 10 pug/cm?. The exposure method may be a critical
factor influencing the effect dose. Compared to the traditional submerged exposure via
medium, ALI exposure reflects more relevant and realistic human inhalation exposure,
allowing particles to be deposited at the epithelial cell surface instead of agglomeration
and diffusion in the medium (Limbach et al 2005), consequently resulting in the lower
effect doses of UFPs under ALI exposure. A recent review about in vitro exposures also
concluded that in relation to the production of the inflammatory marker (IL-8) after
particles exposure, the deposited dose recorded at ALI exposure is more informative than
the administered dose used for submerged exposure (Secondo et al 2017).

Besides the exposure method, effect doses can also be influenced by cell types used in ALI
exposure. Jonsdottir et al (2019) performed an in vitro exposure at ALI with similar design,
which showed the over-production of inflammatory mediators (IL-6 and IL-8) in human
bronchial epithelial (BEAS-2B) cells after exposing to diluted emissions from a stationary
engine at very low doses (2.1 - 6.9 ng/cm?). These low effect doses may indicate the
higher sensitivity in BEAS-2B cells than that in Calu-3 cells when exposed to UFPs under
ALI condition. The high resistance in Calu-3 cells at ALI might be an explanation. ALI
condition promotes the differentiation of Calu-3 cells in producing the thick mucus and
forming the tight junction, which are the functional characteristics in lungs (Grainger et
al 2006, Vllasaliu et al 2011). The mucociliary clearance and well-formed tight junction can
therefore provide much more resistance to particles exposure in Calu-3 cells compared
to other in vitro models (e.g. BEAS-2B and A549 cells) with the weak cellular clearance
and tight junction formation at ALI (Bitterle et al 2006, Heijink et al 2010). Such high
resistance in Calu-3 cells at ALI was also reported in Banga et al, (2012), showing that
no changes were detected in levels of some cytokines including IL-8 in Calu-3 cells (ALI
culture for 14 days) after exposing to nanoparticles (<100 nm) at 4 ug/cm? and 4 ng/cm?.
However, that lack of macrophages, which is a limitation of the current epithelial Calu-
3 model, might be another explanation of lower sensitivity of this cell type for cytokine
production. Possibly, macrophages can produce pro-inflammatory mediators after the
uptake of UFPs that subsequently may affect Calu-3 cells, promoting cellular responses to
UFPs (Hu and Christman 2019).

When starting a risk assessment of exposure to UFPs, BMDs for various cellular responses
can be used to identify the degree of toxicity (EFSA 2009). Substantial overlap between
the BMD_, of UFPs from airport and non-airport emissions was shown in LDH, IL-6 and
IL-8 levels, which indicates the comparable ability of these UFPs samples to induce the
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cytotoxicity and pro-inflammatory responses in Calu-3 cells. An explanation for their
similar toxicity is the mild effects on the cytotoxicity and inflammation, which might be
due to the low deposited dose. With the mild effects, the range of BMD _, is wide, which
makes the BMD_, of UFPs samples difficult to distinguish. The insignificant difference on
size distribution between Airport and Non-Airport UPFs might be another explanation.
A large amount of research has reported differences in size can lead to different toxicity
of particles. Particles in smaller size can absorb more organic and inorganic substances
and deposit on the respiratory tract with higher efficiency, which increase their toxicity
per unit of inhaled mass (Terzano et al., 2010, Li et al 2003, Schwarze et al 2006). Unlike
previous findings that the particle size in airport emission was clearly smaller than thatin
road traffic emission (Keuken et al 2015, Shirmohammadi et al 2017), size distributions of
airport and road traffic UFPs samples are similar in the present study with the exception
of Airport 1 sample which is even twice as large as the mean size. This indicated that size
distribution in UFPs suspension may differ from size distribution of UFPs in ambient
air, since the smaller particles can easily clump together and form larger particles during
collecting and extracting the UFPs in/from the filter (Yu et al 1997). To overcome this
limitation, the combination of particles sampling system and ALI exposure system can
be implemented to provide the real-time UFPs exposure. The optimization of the ALI
exposure system is currently ongoing.

Conclusion

UFPs from airport, non-airport (road traffic) origin as well as from a turbine engine
can induce the cell damage and release of pro-inflammatory markers. No substantial
differences are identified among UFPs samples in their toxic potency at the applied
doses, suggesting that UFPs from airport and road traffic in airport surroundings
may have similar adverse effects on public health.
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Supplementary Material
Materials and methods
1. Particles distribution in Cloud exposure system

The fluorescein sodium salt was dissolved into Milli-Q water with 0.01% NaCl solution
to make the stock solution at 2.4 mM. Subsequently, 200 puL of the stock solution
was sprayed to a dense cloud of droplets with particles in Cloud exposure system,
sodium salts were deposited into cell-free inserts by the sedimentation of droplets.
After deposition, inserts were observed under the fluorescence microscope (Olympus
BXs1, Shinjuku, Japan). Each membrane was then washed by 2mL Milli-Q water, the
collected wash solution was used for fluorescence intensity measurement. Besides,
100 pL of DQi2 suspension (1000 pug/mL in Milli-Q water with 0.01% NaCl solution)
was also sprayed to a dense cloud of droplets with particles in Cloud exposure system.
After deposition, inserts were observed under the a Tecnai spirit TEM (Thermo Fisher/
FEI, Hillsboro, Oregon, US) with a 4096x4096 Eagle CCD camera (Thermo Fisher/FEI,
Hillsboro, Oregon, US).

2. Lipopolysaccharide (LPS) exposure

Calu-3 cells were prepared under ALI condition as descripted in 2.3. For ALI exposure
to LPS substance, o and 350 pg /mL LPS solution (Milli-Q water with 0.01% NaCl) was
nebulized to the apical side of the Calu-3 model in the Cloud system, the exposed
dose of LPS is around 0.45 pg/cm? via a microbalance. Subsequently, all inserts
were transferred to a new 12-wells plates with 1.5 mL fresh culture medium on the
basolateral side and then cultured in an incubator for 24 hrs. The basolateral side
medium was collected from each insert for measuring IL-8 production.
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Figure S1. The distribution of fluorescein sodium salts on the side and in the middle of the
membrane insert as well as the fluorescence intensity of membrane insert at each position. Number

1-8 represents the exposure position in Cloud system shown in Figure 2A.
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Figure S2. TEM image of DQ12 quartz after nebulization via the Cloud system. Scale bar: 2. um;

Figure S3. Production of cytokine IL-8 from Calu-3 cells after ALI exposure to LPS for 24 hrs. The
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dissolve solution, Milli-Q water with 0.01% NaCl, was used for exposure control (0 pg/cm?).
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Highlights
“Mini-BACS + AES” setup can be used for in vitro hazard characterization of simulated
fume events.

Aircraft hydraulic fluid fumes are more harmful than engine oil fumes.

Higher OP level and smaller particle size may contribute to higher toxicity of hydraulic
fluid fumes.

Our results clearly reflect potential health risks associated with fume events in aircraft
cabins.
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Abstract

Contamination of aircraft cabin air can result from leakage of engine oils and
hydraulic fluids into bleed air. This may cause adverse health effects in cabin crews
and passengers. To realistically mimic inhalation exposure to aircraft cabin bleed-air
contaminants, a mini bleed-air contaminants simulator (Mini-BACS) was constructed
and connected to an air-liquid interface (ALI) aerosol exposure system (AES). This
unique “Mini-BACS + AES” setup provides steady conditions to perform ALI exposure
of the mono- and co-culture lung models to fumes from pyrolysis of aircraft engine
oils and hydraulic fluids at respectively 200 °C and 350 °C. Meanwhile, physicochemical
characteristics of test atmospheres were continuously monitored during the entire
ALI exposure, including chemical composition, particle number concentration (PNC)
and particles size distribution (PSD). Additional off-line chemical characterization
was also performed for the generated fume. We started with submerged exposure
to fumes generated from 4 types of engine oil (Fume A, B, C, and D) and 2 types of
hydraulic fluid (Fume E and F). Following submerged exposures, Fume E and F as
well as Fume A and B exerted the highest toxicity, which were therefore further tested
under ALI exposure conditions. ALI exposures reveal that these selected engine oil
(0 - 100 mg/m?) and hydraulic fluid (0 — 90 mg/m?®) fumes at tested dose-ranges can
impair epithelial barrier functions, induce cytotoxicity, produce pro-inflammatory
responses, and reduce cell viability. Hydraulic fluid fumes are more toxic than engine
oil fumes on the mass concentration basis. This may be related to higher abundance of
organophosphates (OPs, = 2800 pug/m?®) and smaller particle size (= 50 nm) of hydraulic
fluid fumes. Our results suggest that exposure to engine oil and hydraulic fluid fumes
can induce considerable lung toxicity, clearly reflecting the potential health risks of
contaminated aircraft cabin air.

Keywords: Fume event; Aircraft cabin air; Mini-BACS; Organophosphates; Co-culture;
BMD analysis.
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1. Introduction

Concerns have been raised regarding the potential health risks of exposure to
contaminated air in aircraft cabins (Michaelis, 2011; Ramsden, 2012; Winder and
Michaelis, 2005). Health effects reported by a fraction of aircraft cabin crews include
cough, sore throat, nausea, dizziness, disorientation, and tremors during flight.
Those health complaints, which are sometimes collectively referred to as “aerotoxic
syndrome” (Michaelis et al., 2017; Van Netten, 2005), have been associated with
exposure to cabin air contaminants, particularly during so-called fume events (Abou-
Donia et al., 2013; Brown et al., 2001; Reneman et al., 2016; Winder and Michaelis,
2005).

The primary source of outside air used to pressurize and ventilate the cabin and
cockpit (so-called “bleed air”) is extracted from the main engine compressors (during
flight) or from the Auxiliary Power Unit (on ground level). Bleed air passes through
the air conditioning system (so-called “PACKs”) of the Environmental Control System
(ECS) before being distributed to aircraft cabin and cockpit. However, during this
process, bleed air contamination may occur, for example, due to oil leaks. Oils from
those leaks are subjected to high temperatures and their thermal degradation products
can contaminate bleed air, subsequently resulting in aircraft cabin air contamination
(Michaelis, 2011; Michaelis, 2016). It has been reported that organophosphates (OPs),
volatile organic compounds (VOCs), carbon monoxide (CO) and ultrafine particles
(UFPs, particle size < 100 nm) are the main contaminants (Denola et al., 2011; Howard
et al., 2018; Shehadi et al., 2016; Solbu et al., 2011).

Inhalation exposure to a complex mixture of those contaminants in an aircraft
cabin may pose considerable health risks for crews and passengers (Michaelis et al.,
2017). A large health survey on 4011 flight attendants, conducted by the Occupational
Health Research Consortium in Aviation (OHRCA) in 2014, showed that almost 50%
of flight attendants reported one or more symptoms, in which respiratory symptoms
and neurological problems accounted for 23% and 17%, respectively (OHRCA, 2014).
However, given the difficulties to capture fume events in real time in aircraft cabins,
current information on characteristics of fume events as well as their inhalation
toxicity is still scarce.

The use of a simulation setup for generating fumes under controlled laboratory
conditions allows a steady output of test atmospheres to measure the composition
(e.g. chemicals and particles) of fume events, regardless the type and state of the
engine or ECS. It has been reported that various chemicals can be derived from
simulated fume events, of which CO and tricresyl phosphate (TCP) isomers were
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the most frequently reported compounds (Van Netten and Leung, 2001; Winder and
Balouet, 2002). High concentrations of UFPs were also detected after pyrolysis of
aircraft engine oils (Amiri et al., 2017; Mann et al., 2014). The chemical composition
of fume emissions from laboratory pyrolysis can differ depending on oil types (Van
Netten and Leung, 2001), which probably affects toxic properties of the generated
fumes. Therefore, understanding the composition profile of fumes generated from
different types of aircraft engine oil and hydraulic fluid is essential for further
investigation of inhalation toxicity by cabin air contaminants.

Upon inhalation, particles can be gradually deposited onto human tracheobronchial
epithelium based on the size and aerodynamic behaviour (Braakhuis et al., 2014).
Therefore, human bronchial epithelial cell models are preferred for inhalation
exposure studies. To more accurately evaluate the responses to UFPs originating from,
for example, pyrolyzed oils, macrophages can be added onto the epithelial carpet (Ji
et al., 2018; Wottrich et al., 2004), as macrophages are known to play an important
role in the uptake and clearance of particles in the lungs (Hu and Christman, 2019).
Importantly, cell models should allow for a continuous exposure to the generated
fumes under air-liquid interface (ALI) exposure conditions to realistically mimic
inhalation exposure of the bronchial epithelium.

The primary goal of this study is to investigate the hazards of simulated aircraft fume
events under controlled laboratory conditions. We hypothesize that aircraft engine
oil and hydraulic fluid fumes can induce cytotoxicity and inflammation responses
in human lung cell models under ALI exposure conditions. To test this hypothesis,
a mini bleed-air contaminants simulator (Mini-BACS) was set up for generating
fumes, including 4 types of engine oil fumes (Fume A, B, C, and D) and 2 types of
hydraulic fluid fumes (Fume E and F). Chemical composition, particle number
concentration (PNC), and particles size distribution (PSD) of the generated fumes
were investigated. For testing the toxicity of the generated fumes in vitro, we started
with submerged exposure of the lung model to establish a dose-response relationship
to gain a basic understanding of their toxic potency. In accordance with the results
obtained from submerged exposure, the 4 types of fume samples that exerted the
highest toxicity were selected and subsequently tested under ALI exposure conditions
to further evaluate their toxicity. An aerosol exposure system (AES) was connected
with the Mini-BACS to allow long-term ALI exposure to the generated fumes using a
monoculture of human bronchial epithelial (Calu-3) cells and a co-culture of Calu-3 +
human monocyte-derived macrophages (MDMs). Adverse effects on the cell models,
including changes in transepithelial electrical resistance (TEER), cell viability, lactate
dehydrogenase (LDH) release and inflammatory responses, were measured at 24 hours
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post exposure. Additionally, the off-line chemical characterization was performed to
measure the concentrations of aldehydes-ketones, OPs, VOCs, and organic acids in
the generated aircraft cabin fumes.

2. Materials and methods

2.1 Chemicals and reagents

We selected 4 types of engine oil and 2 types of hydraulic fluid that are the most
abundant based on market share. More information of those samples, provided
by distributors of aviation oils and fluids, is shown in Table S1. Culture medium
and supplements, as well as enzyme-linked immunosorbent assay (ELISA) kits for
measuring interleukin (IL)-6, IL-8, IL-10 and tumor necrosis factor (TNF)-o were
purchased from Life Technologies (Thermo Fisher Scientific Inc., the Netherlands);
WST assay kit was purchased from Promega (Fitchburg, Wisconsin, USA); LDH
detection kit was purchased from Roche Diagnostics (Mannheim, Germany); All
other chemicals, unless otherwise noted, were purchased from Sigma Aldrich (the
Netherlands).

2.2 Cell culture under submerged and ALI conditions

Calu-3 cells purchased from American Tissue Culture Collection (ATCC, Rockville,
MD) were cultured in minimum essential medium (MEM) with 10% fetal bovine serum
(FBS), 1% Non-Essential Amino Acid (NEAA) solution and 1% penicillin/streptomycin.
Primary human CD14* monocytes isolated from buffy coats (Sanquin, the Netherlands)
were differentiated to MDMs by addition of macrophage colony-stimulating factor
(M-CSF, 50 ng/mL) for 6 days as previously described (He et al., 2021). Monocytes and
macrophages were cultured in RPMI-1640 medium with 10% FBS and 1% penicillin/
streptomycin. All cells were cultured in flasks in an incubator with 5% CO, at 37 °C.

When reaching approximately 80% confluence, Calu-3 cells were detached
enzymatically by 0.05% trypsin-EDTA. Then, 0.5 mL of cell suspension (density:
2.5 x 10° cells/mL) was seeded on the apical side of cell culture inserts (0.4 um pore
membrane, 1.12 cm? polyester membrane, Costar, Germany) in 12-well plates, with 1.5
mL cell culture medium on the basolateral side of the inserts for nutrient supply. After
submerged culture for 7 days to reach confluence, the apical medium was removed
to obtain ALI conditions. Calu-3 cells on the inserts were cultured for an additional
7 days under ALI conditions before being used for subsequent ALI exposure or co-
culture with MDMs. To create the Calu-3 + MDM co-culture model, 0.5 mL of MDMs
suspension was added onto the Calu-3 epithelial carpet for 4 hours with a density of
5 x 10* macrophages/cm?. After removing the apical medium, the Calu-3 + MDM co-
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culture model was cultured for an additional 20 hours under ALI conditions. During
cell culture on the inserts, the apical and basolateral medium were refreshed every 2
or 3 days.

2.3 Mini-BACS setup

As illustrated in Figure 1, aircraft engine oil and hydraulic fluid samples were guided
to a spray nozzle (Schlick, Germany) by an adjustable motor driven syringe to be
nebulized with pre-heated (90°C) air into a heated mixing chamber (90°C), controlled
by a mass flow controller (MFC). The fumes then flowed through an oven (R50/500/12,
Nabertherm, Germany) for pyrolysis and vaporization. In previous studies, pyrolysis
experiments were performed at various temperatures in the range from 200 to
600 °C (Amiri et al., 2017; Mann et al., 2014; Van Netten and Leung, 2001). Different
temperatures will most likely have an effect on aerosol characteristics, however,
according to the report of National Research Council (NRC) (2002), typical conditions
for bleed air of an aircraft engine do not exceed 350 °C (NRC, 2002). To realistically
reflect conditions during fume events, we therefore used 350 °C and 200 °C as the
pyrolysis temperature for aircraft engine oils and hydraulic fluids, respectively. The
whole system was kept pressurized at around 3 bar using a critical orifice downstream
of the oven and a back pressure regulator. After expanding through the critical
orifice to atmospheric pressure, the generated fumes were diluted and cooled with
compressed air controlled by a MFC to 20 - 25 °C measured by a temperature sensor,
and transferred to a buffer tank made of anodized aluminum. To continuously
monitor the characteristics of test atmospheres in the buffer tank, including PNC,
PSD, and concentrations of VOCs and CO, we used a condensation particle counter
(CPC) 3752 (TSI inc., St Paul MN, USA), a scanning mobility particle sizer (SMPS) 3936
(TSI inc., St Paul MN, USA), a total hydrocarbon analyser (THCA) RS 55-T (Ratfisch
Analysensysteme GmbH., Poing, Germany) and a gas filter correlation CO analyser
model 300E (ENVIRO-TEC., Largo Lakes Blvd, USA).

2.4 Fume sampling, chemical analysis and submerged exposure

Fumes generated from aircraft engine oil and hydraulic fluid with the Mini-BACS were
collected for chemical analysis and in vitro toxicity testing via submerged exposure.
Concentrations of aldehydes-ketones (C1 - C6), OPs (32 OPs), VOCs (Cé - C12), and
organic acids (C1 - C8) in collected fume samples were measured. Details of sampling,
extraction and chemical analysis can be found in the Supplementary Material.

To perform submerged exposure, Calu-3 cell suspension (density: 8 x 10° cells/mL)
was added into 96-well plates (100 uL per well) and cells were cultured for 24 hours to
reach confluence. Before submerged exposure in 96-well plates, fume extracts in vials
(described in the Supplementary Material) were dissolved in pure DMSO to make
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stock solutions at 100 mg/mL. The solution of each fume sample was subsequently
diluted in Calu-3 cell culture medium to 8 exposure doses ranging from 4 to 512 pg/
mL containing 0.5% DMSO. Calu-3 cells were exposed to those samples at 8 doses in
triplicate for 24 hours. The medium suspension of blank filter extracts containing
0.5% DMSO and the fresh culture medium were used as negative controls and medium
controls, respectively.
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Figure 1. Schematic representation of the mini bleed-air contaminants simulator (Mini-BACS,
top) and ALI aerosol exposure system (AES, bottom). The Mini-BACS is connected to the AES
for exposure to the generated fumes in vitro. The AES contains 4 exposure modules including 1
module for exposure to clean air (air control) and 3 for exposure to the generated fumes at 3 doses
each. For online measurement of particle number concentration (PNC), particle size distribution
(PSD), and concentrations of volatile organic compounds (VOCs) and CO, the AES is connected to a
condensation particle counter (CPC), a scanning mobility particle sizer (SMPS), a total hydrocarbon

analyzer (THCA) and a gas filter correlation carbon monoxide (CO) analyzer.
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2.5 ALl exposure to the generated fumes

The AES (Vitrocell, Waldkirch, Germany) used for this study has 4 exposure modules,
including 1 module for exposure to clean air and 3 for exposure to the generated fumes
at different doses (Figure 1 and Figure S1). Before starting an exposure, we filled each
well in the modules with 3.5 mL of Calu-3 cell culture medium and then transferred
the inserts with the cells to each well. From the buffer tank (described in 2.3), streams
of the generated fumes were fed into three manifolds where fumes were diluted with
compressed air. A small volume of fume taken from each manifold was sprayed via the
AES, with a flow-rate at 5 mL/min, onto the cells on the inserts for 4 hours at 37 °C and
85% humidity. Compressed clean air with the same flow-rate was used as clean air
control. The main flow of fume or compressed air through each manifold (5 L/min)
was collected on filters (PTFE Membrane Disc Filters - 2 um, VWR, the Netherlands)
for calculating their mass concentrations during exposure:

Fume mass on the filter (mg) x 1000
5L/ min X 240 min

Mass concentration (mg/m?3) =

Notably, nucleation may occur when the emission of the oil vapor cools down to
reach temperatures that also are present in aircraft cabins. In our study, particle
agglomeration may mostly occur between the generation of oil fumes (after cooling
down) and deposition onto the cells. This gives a very short residence time of the
generated fumes (< 2 seconds) during this process, thus reducing chance of particle
agglomeration. Meanwhile, 4 inserts were placed in an incubator: 3 for incubator
controls and 1 for measuring the maximum LDH release (LDH__) in the cells. After
exposure in the AES for 4 hours, the inserts with the cells were placed back to new 12-
well plates with 1.5 mL culture medium on the basolateral side and transferred to an
incubator for an additional 24-hour exposure.

2.6 Biological responses after submerged and ALl exposures

After submerged exposure to fume samples collected from pyrolysis of aircraft engine
oils and hydraulic fluids for 24 hours, viability of Calu-3 cells was measured via the
WST assay as previously described (He et al., 2018) to establish the dose-response
relationship for engine oil and hydraulic fluid samples.

TEER values of the Calu-3 monoculture and the Calu-3 + MDMs co-culture on the
inserts were measured after exposure under ALI conditions for 24 hours as an
important indicator of barrier function and integrity in the lung cell models. The
Evom2 Voltohmmeter with 4 mm chopstick electrodes (World Precision Instruments
Inc., FL, USA) was used for TEER measurement by adding 0.5 mL culture medium
to the apical side of the inserts. TEER values were corrected for the insert surface
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area (1.12 cm?) and for the resistance of cell-free 12-well inserts (= 130 Ohm). After
measuring TEER, apical and basolateral medium were collected and viabilities of the
cells on the inserts were measured using the WST assay. Briefly, cells on the inserts
were incubated with 10% WST solution for 30 min before absorbance measurement
was performed as previously described (He et al., 2020). To investigate cytotoxicity,
LDH release in the apical and basolateral medium was measured. Briefly, 100 uL of
medium and 100 pL of LDH reagent were successively added to a 96-well plate and
then incubated at room temperature (in dark) for 20 minutes before absorbance

measurement. LDH values were corrected for the maximum LDH release (LDH ) as

previously described (He et al., 2020). In addition, production of cytokine IL-6, IL-8,
IL-10 and TNF-a as markers for inflammatory responses in medium was measured

using ELISA kits according to the manufacturer’s protocol.

2.7 Statistical analysis

Results from submerged exposures were obtained from 2 independent experiments
for each fume type, with 3 parallel inserts per experiment. Results from ALI exposures
were obtained from 1 or 2 independent experiments for each fume type, with 3 or
4 parallel inserts per experiment. Differences between groups were compared by
one-way analysis of variance (ANOVA), a p-value < 0.05 is considered statistically
significant. Data analysis was conducted using GraphPad software (version 8.2.1).
Benchmark dose (BMD) analysis was used to derive a dose—response relationship for
each fume sample (PROAST, version 67.0, www.rivm.nl/proast). More information
of BMD analysis was described in our earlier study (He et al., 2020). In accordance
with the European Food Safety Authority (EFSA) as well as taking the variation of
the data into account, a 20% increase compared to incubator controls in total levels
(apical + basolateral) of LDH release and inflammatory cytokines production was
chosen as a benchmark response (BMR) for modelling (EFSA, 2009). After fitting the
data to several models, the Exponential model turned out to be the optimal model for
analysis. The lower 5% (BMDL) and upper 95% (BMDU) confidence limits (90% BMD
confidence interval (BMDc.i.)) and the mean BMD of each fume were derived from the
model analysis for effect markers. BMDc.i. was used for potency comparison between
fume samples. More overlap between the BMDc.i of fume samples indicates less
difference in their potency. If there was no 20% change or no BDMU determined at the
tested dose-range, fume sample was not included in the rank order.
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3. Results

3.1 Chemical profiles of fume samples

The concentration (ng/m?) of aldehydes-ketones (C1 - C6), OPs (32 OPs), VOCs (Cé6 -
C12), and organic acids (C1 - C8) in the collected fume samples were measured and
total levels of aldehydes-ketones, OPs, VOCs, and organic acids were calculated
(Figure 2A and Table S2). Overall, engine oil fumes (Fume A, B, C and D) showed
different concentration profiles. Total level of aldehydes-ketones was comparable
among Fume A, B and D, around 6000 ug/m?, which was higher than that of Fume
C at 4257 ug/m*. Fume B and C had a comparable OP level (= 2400 pg/m?), which was
around 2 and 5 times as high as that of Fume D (1077 pg/m?®) and Fume A (495 ug/m?),
respectively. Fume D had the highest level of organic acids (1246 pg/m?), followed by
Fume B (825 ug/m?), Fume A (709 pg/m?), and Fume C (340 pg/m?®). Total VOCs levels
of engine oil fumes were relatively low ranging from 93 to 378 pg/m?. In comparison
to engine oil fumes, hydraulic fluid fumes had much lower levels of aldehydes-ketones
(< 80 nug/m?) and organic acids (< 10 pg/m?), but relatively high levels of OP (= 2800 pg/
m?). The two hydraulic fluid fumes showed a comparable chemical profile, with the
exception of total VOCs level which was around 60 times higher measured in Fume E
(= 600 pg/m?®) compared to Fume F (= 10 pg/m?).

3.2 Cell viability after submerged exposure

For viability of Calu-3 cells under submerged exposure conditions, a clear dose-
response relationship was observed for all of fume samples at doses > 32 pg/mL
(Figure 2B). The median lethal concentration (LC,) of fume samples for Calu-3 cells
was calculated to rank their potency. Fume E and F had relatively low LC_ at 80 and 100
ug/mL, respectively, followed by Fume A and B at around 250 pg/mL, and Fume C and
D at around 480 ug/mL. This indicates the higher toxicity of Fume E and F (hydraulic
fluid fumes) as well as Fume A and B (engine oil fumes), which were therefore selected
for subsequent ALI exposure using the Calu-3 monoculture cell model. Fume F was
also tested using the Calu-3 + MDM co-culture model.
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Figure 2. Chemical profiles of fume samples collected on filters (A) and cell viability after submerged
exposure to fume samples (B). (A) Total concentrations of aldehyde-ketones (C1- C6), OPs (32 types
of OPs), organic acids (C1 — C8), and VOCs (C6 — C12) in the collected engine oil (Fume A, B, C, and
D) and hydraulic fluid (Fume E and F) fumes. (B) Viability of the Calu-3 cells, determined using the
WST assay, after submerged exposure to each fume sample for 24 hours at 8 doses from 4 to 512 pg/
mL. The red dotted line in (B) indicates 50% viability. LC_ represents the median lethal concentration

(ug/mL) of fume samples under submerged exposure conditions.
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3.3 Characteristics of test atmospheres during ALl exposure

ALI exposure experiments were performed to more closely mimic inhalation exposure
during a fume event. For ALI exposure, aircraft engine oils and hydraulic fluids were
pyrolyzed at stable temperatures around 350 “C and 200 °C, respectively. In parallel,
the characteristics of test atmospheres, including PNC, PSD and concentration
of VOCs and CO, were continuously monitored during ALI exposure (Figure 3 and
Table 1). The mean particle size of engine oil fumes (= 100 nm) was twice as large as
that of hydraulic fluid fumes (= 50 nm). The mean PNC of engine oil fumes was around
2.0 x 10* /[cm?, which was higher than that of hydraulic fluid fumes (= 8.0 x 107 /cm?).
The mean concentrations of VOCs and CO measured in engine oil fumes were around
10 and 20 ppm, respectively, which were higher than VOCs and CO levels of hydraulic
fluid fumes (= 5.5 and 0.7 ppm, respectively). Mass concentrations of the generated
fumes during ALI exposure were also calculated (Table 1). The highest exposure
concentration was 100 mg/m? for Fume A and B, 55 mg/m’ for Fume E, 90 mg/m? for
Fume F with the Calu-3 monoculture, and 50 mg/m? Fume F with the Calu-3 + MDM
co-culture.

Table 1. Characteristics of test atmospheres, including the particle number concentration (PNC),
geometric mean (GM) mobility diameter + geometric standard deviation (GSD), concentrations
of VOCs and CO, and mass concentration, during ALI exposure in the AES using the Calu-3

monoculture cell model. Fume F was also tested using the Calu-3 + MDM co-culture model.

Fume Mean Mobility Mean VOCs Mean CO Mass concentration
sample PNC diameter GM  concentration concentration range

(per cm?) +GSD (nm) (ppm) (ppm) (mg/m?)
Fume A ~2.0 x 10* 97+3.1 9.0+1.6 15+4.9 0-100
Fume B ~2.3 x10° 96 1.7 12+3.6 20+9.9 0-100
Fume E ~8.1x 107 60+9.7 4.7+0.3 0.7+0.1 0-55
Fume F

~7.8 x 107 40+ 4.7 6.1+0.7 0.7+0.1 0-90
(monoculture)
Fume F

~9.1x 107 45+0.7 5.6+0.4 0.8+0.1 0-50
(co-culture)
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Figure 3. Characteristics of test atmospheres during ALI exposure in the AES for 4 hours. (A)
Oven temperature for pyrolysis, (B) particle size distribution, (C) CO concentration, and (D) VOCs
concentration of fumes generated from engine oils (Fume A and B) and hydraulic fluids (Fume E and
F) during ALI exposure using the Calu-3 monoculture cell model. Fume F was also tested using the

Calu-3 + MDM co-culture model.

3.4 Barrier functions and cell viability after ALl exposure

We measured TEER values and viabilities of the cells after ALI exposure to the
different fumes for 24 hours (Figure 4). Compared to TEER values of controls, Calu-3
cells showed comparable TEER levels (= 1000 Ohmxcm?) after exposure to engine oil
fumes at the tested dose-range. After exposure to hydraulic fluid fumes, a significant
drop of the TEER value (lower than 500 Ohmxcm?, p < 0.05) was observed in the Calu-3
cells at the highest exposure dose. However, there was no significant change in TEER
values of the Calu-3 + MDM co-culture in response to hydraulic fluid fume (Fume F)
exposure (Figure 4A). After 24-hour exposure to engine oil fumes up to 100 mg/m?,
Calu-3 cells retained high cell viabilities (> 80%), indicating the absence of cytotoxic

152

effects. After exposure to hydraulic fluid fumes, viabilities of Calu-3 cells fell below
80% at > 55 mg/m’® of Fume E and 45 mg/m?® of Fume F. In comparison to the Calu-3
monoculture, the Calu-3 + MDMs co-culture retained a high cell viability (> 80%) after

exposure to Fume F up to 50 mg/m?’ (Figure 4B).
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Figure 4. TEER values (A) and viabilities (B) of the cells after ALI exposure to fumes generated from
aircraft engine oils (Fume A and B) and hydraulic fluids (Fume E and F) at different doses for 24
hours using the Calu-3 monoculture cell model. Fume F was also tested using the Calu-3 + MDM
co-culture model. Error bars indicate the standard deviation of 3 or 6 parallel inserts with the cells.

* represents p < 0.05, *¥ p < 0.01and *** p < 0.001. The red line (B) indicates 80% viability.
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3.5 LDH release under ALl exposure conditions

In response to aircraft engine oil and hydraulic fluid fumes exposure, LDH levels on
the apical side of the Calu-3 monoculture and the Calu-3 + MDM co-culture were
comparable (= 7% of LDH__ ) over the tested dose-ranges (Figure 5A). In contrast,
on the basolateral side, an increase in LDH release was observed at the highest dose
for all of the generated fumes, with the exception of Fume A. BMD values of fume
samples inducing a 20% increase in total level (apical + basolateral) of LDH release
were derived from BMD analysis to rank their degree of cytotoxicity (Figure 5A and
Table 2). The BMDU of Fume A could not be determined at the tested dose-range,
indicating its low cytotoxicity. Fume A was consequently not included in the rank
order. According to the BMD values of hydraulic fluid fumes for LDH release (Table
2), BMDc.i. of Fume F in the Calu-3 monoculture (23 - 28 mg/m?) was comparable to
that in the Calu-3 + MDMs co-culture (27 - 34 mg/m?). Using the Calu-3 monoculture,
the BMDc.i (23 - 28 mg/m’®) of Fume F was lower than that of Fume E (35 - 45 mg/
m?). The BMDc.i of hydraulic fluid Fume E and F in the Calu-3 monoculture was much
lower compared to the BMDc.i of engine oil Fume B (67 - 78 mg/m?), indicating higher
cytotoxicity of hydraulic fluid fumes.

3.6 Inflammatory responses under ALl exposure conditions

Production of inflammatory cytokines (IL-6 and IL-8) in the apical and basolateral
medium from mono- and co-culture cell models was measured after ALI exposure for
24 hours (Figure 5B and Figure 5C). In general, levels of IL-6 and IL-8 on the apical
side were much higher than on the basolateral side. On both apical and basolateral
sides, an increase in IL-6 production was clearly seen for all of the generated fumes
at the highest dose, with the exception of engine oil Fume A (Figure 5B). For IL-8
production, an increase on both sides was observed only for hydraulic fluid Fume F at
the highest dose using the Calu-3 monoculture model (Figure 5C). IL-10 and TNF-«,
markers for macrophages, were not detected on either side of the Calu-3 monoculture
and the Calu-3 + MDM co-culture models exposed to engine oil and hydraulic fluid
fumes at the tested dose-range (data not shown).

BMD values of each fume sample evoking a 20% increase of total levels (apical
+ basolateral) of IL-6 and IL-8 production were obtained from BMD analysis
(Figure 5B, Figure 5C and Table 2). For aircraft engine oil fumes, the BMDU of Fume
A for IL-6 production could not be determined and Fume A and B were not able to
induce a2 BMR for IL-8 production. Therefore, Fume A was not included in the rank
order of IL-6 and IL-8 production and Fume B was not included in the rank order of
IL-8 production. This also indicates few pro-inflammatory effects of engine oil fumes
at the tested dose-range. In comparison, a 20% increase of IL-6 and IL-8 production
was identified for hydraulic fluid fumes. However, no distinctions were observed due
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Figure 5. Induction of cytotoxicity and inflammatory responses after ALI exposure to fumes
generated from engine oils (Fume A and B) and hydraulic fluids (Fume E and F) at different doses for
24 hours using the Calu-3 monoculture cell model. Fume F was also tested using the Calu-3 + MDM
co-culture model. Relative LDH release (A) and production of IL-6 (B) and IL-8 (C) on the apical and
basolateral sides of the inserts, combined with summary of the derived BMDc.i. and mean BMD
of the different fumes for total level (apical + basolateral) of LDH release (A), IL-6 production (B)
and IL-8 production (C). BMDU of Fume A could not be determined in LDH release (A) and IL-6
production (B). A 20% increase (BMR) of IL-8 production (C) could not be determined for Fume
A and B. Error bars indicate the standard deviation of 3 or 6 parallel inserts with the cells. IC

represents incubator control.
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to the substantial overlap between BMDc.i. of Fume E and Fume F (monoculture).
Also, minor differences in BMDc.i. for IL-6 and IL-8 production were seen between
the Calu-3 monoculture and the Calu-3 + MDMs co-culture in response to Fume
F exposure.

Table 2. Summary of the derived BMD values of the different fumes for total levels (apical +
basolateral) of LDH release, IL-6 production, and IL-8 production, including the mean BMD,
lower (BMDL) and upper (BMDU) limits of the confidence interval inducing a 20% BMR, after ALI
exposure to fumes for 24 hours using the Calu-3 monoculture cell model. Fume F was also tested

with the Calu-3 + MDM co-culture model.

BMD values (mg/m?)
BMR:20% LDH IL-6 IL-8
Mean BMDL BMDU Mean BMDL BMDU Mean BMDL BMDU

Fume A 140 99 - 107 64 - . - _
Fume B 73 67 78 53 38 70 - - -
Fume E 39 35 45 23 16 31 44 35 56
Fume 26 23 2.8 28 18 41 59 44 74
(mono-culture)
Fume F

31 27 34 14 9.0 21 42 34 56
(co-culture)

“-”: could not be determined

4. Discussion

Earlier studies conducted with simulated fume events under laboratory conditions
mainly focused on the composition (e.g. chemicals and particles) of aircraft engine oil
and hydraulic fluid fumes (Amiri et al., 2017; Mann et al., 2014; Van Netten and Leung,
2001). Our unique combination of a Mini-BACS and an AES integrates generation
of fumes from aircraft engine oils and hydraulic fluids via a bleed-air simulator
under controlled conditions, deposition of the generated fumes onto the cells with
a continuous airflow via the AES, and online physicochemical measurements of test
atmospheres during the entire ALI exposure. This system thus provides a realistic
inhalation exposure for testing toxicity of fume events in vitro. The toxicological data
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demonstrate that, for the Calu-3 mono-culture and the Calu-3 + MDM co-culture lung
cell models, fumes from hydraulic fluids are more harmful than fumes derived from
engine oils.-

Under submerged exposure conditions, the values from the WST assay increased
up to 150% of control after exposure to the generated fumes, particularly engine oil
fumes, at 32 - 128 pg/mL for 24 hours. Values from the WST assay directly correlate
to the metabolic activity of the cells in the culture. It thus suggests that the cells are
experiencing (oxidative) stress under exposure to engine oil fumes at 32 - 128 pg/mL,
resulting in enhanced mitochondrial activity. Notably, the cells were exposed to oil
fumes under submerged conditions by adding the fume suspension into the cell culture
medium. The fume suspension consists of a mixture of particles and chemicals, which
may reach the cells by sedimentation/diffusion (particles) and dissolving (chemicals),
depending on their characteristics (e.g. solubility) and kinetics. The delivered dose
of fumes to the cells under submerged exposure conditions consequently remains
unknown. Therefore, it is difficult to compare the delivered doses of fumes under
submerged conditions to the doses under ALI conditions.

Many in vitro studies have shown the important role of macrophages for co-culture
cell models in promoting cellular responses and increasing sensitivity to, for example,
particulate matter (Ji et al., 2018; Rothen-Rutishauser et al., 2007; Wottrich et al., 2004).
Despite the high PNC (mean PNC = 9.1 x 10”) measured in Fume F, the presumed higher
sensitivity of the co-culture model was not noted in our study in which we compared
effects induced by Fume F in the Calu-3 + MDMs co-culture to those observed in the
Calu-3 monoculture. Usually, increases in IL-10 and TNF-a production are regarded
as markers for the activation of macrophages (Hoppstadter et al., 2015; Mosser and
Edwards, 2008). When challenged with lipopolysaccharide (LPS) as a positive control,
the Calu-3 + MDM co-culture model shows increases in IL-10 and TNF-a production
and a higher sensitivity to LPS compared to the Calu-3 monoculture (He et al., 2021),
indicating that MDMs in our co-culture model can be activated. However, IL-10 and
TNF-a were not detected in the Calu-3 + MDM co-culture model after exposure to
Fume F, suggesting that hydraulic fluid fumes did not activate macrophages under ALI
exposure conditions in our study. It should be noted that during pyrolysis of hydraulic
fluid at 200°C many unburned/unreacted fluid droplets were observed in fume
emission. It is therefore possible that abundant particles in hydraulic fluid fumes stick
to the surface and the interior of fluid droplets, which could limit the macrophages-
particles interactions when deposited onto the cells.
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In this study we used BMD analysis to identify the degree of toxicity of aircraft engine
oil and hydraulic fluid fumes under ALI exposure conditions. Compared to engine oil
fumes, hydraulic fluid fumes had a lower BMDc.i. for LDH release and inflammatory
cytokines production, indicating their higher toxicity. Different chemical profiles
between engine oil and hydraulic fluid fumes may be an explanation for their different
toxic properties. A number of studies have discussed the possibility of OP formation
from fume events and their potential harmful effects on cabin crews and passengers
(Hood, 2001; Liyasova et al., 2011; NRC, 2002; Solbu et al., 2011). Additionally, tri-n-
butyl phosphate (TBP) and triphenyl phosphate (TPP), which were detected in the
generated fumes (Table S2), have previously been shown to shown to reduce cell
viability (200 uM of TBP and TPP) of the lung cell lines in vitro and induce cytotoxicity
(5 Wl TBP, 20% v/v in n-dodecane) in lungs of rats in vivo (An et al., 2016; Salovsky et al.,
1998). To estimate the contribution of OPs from fumes on cytotoxicity in the lung cell
models under ALI exposure conditions, we studied the relationship between total OP
levels of the different fumes and the mean BMD values of those fumes for LDH release
derived from ALI exposures. Total OP levels showed a significant negative correlation
with the BMD values for LDH release (R* = 0.96, p < 0.05, Figure S1A). Notably, TBP
accounted for the largest fraction (> 95%) of total OP level for the different fumes
(Table S2). To determine the influence of other OPs on cytotoxicity, we further
conducted correlation analysis for total OP levels excluding TBP, where a significant
negative correlation with the BMD values still existed (R*=0.97, p < 0.05, Figure S1A).
Our data therefore suggest that under ALI exposure conditions higher cytotoxicity
can be induced by fumes with higher total OP levels. As such, the relatively high OP
level detected in hydraulic fluid fumes may explain their higher cytotoxicity under
ALI exposure conditions compared to engine oil fumes. However, such significant
correlations were not observed between total OP levels and the LC_ values of fume
samples derived from submerged exposures (Figure SiB). The poor water solubility
of the most abundant OP detected in fumes (TBP and TPP: log Kow > 4, (Leo and
Hoekman, 1995)) may provide an explanation for the absence of a correlation between
total OP levels and cytotoxicity under submerged conditions, as it likely prevents
OPs from dissolving in the cell culture medium to a sufficient degree. In addition,
smaller sized particles have larger surface area to volume ratios and higher reactivity
to absorb more chemicals, thereby increasing their in vitro toxicity (Jonsdottir et al.,
2019; Stone et al., 2017). Therefore, the smaller particle size observed in hydraulic
fluid fumes (mean size = 50 nm) under pyrolysis may also contribute to their higher
toxicity compared to engine oil fumes (mean size =~ 100 nm).

Fume events are difficult to capture in real time, in part because it is not well understood

under which conditions they are evoked. Consequently, there is limited knowledge on
the composition and levels of inhaled fume during a fume event in an aircraft cabin.
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Vasak (1992) has reported that mass concentrations of fumes were respectively 1.5
mg/m’ and 1.3 mg/m’in the cockpit and in the passenger cabin during a fume event.
This fume level reported 20 years ago may be not the actual cabin levels under current
exposure conditions, as types of aircraft engine oil have been updated and changed
in the past 20 years. However, no newer data on fume/particle concentrations have
been published in the open literature, to our knowledge. According to the multiple
path particle dosimetry (MPPD) model analysis, the deposition efficiency of particles
(10 nm < particle size < 100 nm) onto the tracheobronchial epithelium ranges from
10% to 40% (Braakhuis et al., 2014). It can thus be estimated that the inhaled level of
fume into the human tracheobronchial region theoretically ranges from 0.13 - 0.6 mg/
m?. Although mass concentrations of engine oil (0 - 100 mg/m?®) and hydraulic fluid
(0 - 90 mg/m?®) fumes during ALI exposure in our study are substantially higher, the
deposition efficiency of aerosolized substances in the AES (with the same exposure
parameters used for ALI exposure to fumes) is low at around 2% for aerosolized UFPs
(particle size = 60 nm, data not shown). Upper estimates for exposure levels of fumes
onto the cells in our study thus amount to 2.0 mg/m?. Using the BMD values (Table
2), we can estimate that, after adjusting for deposition efficiency (2%), the BMDL
values of Fume A for LDH release (1.98 mg/m?®) and IL-6 production (1.28 mg/m?) in the
Calu-3 cells differ slightly from the realistic exposure levels of fume in the lungs (0.13 -
0.6 mg/m?). For Fume B, this difference is even smaller with the BMDL for LDH release
(1.34 mg/m?®) and IL-6 production (0.76 mg/m?). For Fume E, the BMDL values for LDH
release (0.70 mg/m?), IL-6 production (0.32 mg/m?®), and IL-8 production (0.70 mg/
m?) are substantially overlapping with realistic exposure levels of fume in the lungs.
This also holds for the BMDL of Fume F for LDH release (0.46 mg/m?), IL-6 production
(0.36 mg/m?), and IL-8 production (0.88 mg/m?) using the Calu-3 monoculture model
as well as for LDH release (0.54 mg/m?®), IL-6 production (0.18 mg/m?®), and IL-8
production (0.68 mg/m?) using the Calu-3 + MDMs co-culture model. Additionally,
cabin fume is a complex mixture of gases and particles, in which the gaseous part
is likely also toxic to the lungs. Therefore, the main gaseous contaminants (CO and
VOCs) during fume events should also be taken into consideration to comprehensively
evaluate how the fume levels in test atmospheres in vitro relate to exposure conditions
in aircraft cabins. The reported levels of CO ranged from < 1 to 9.4 ppm and VOCs
ranged from below the limit of detection to = 10 ppm in aircraft cabin air (Shehadi
et al., 2016). It is clear that CO and VOCs levels measured in test atmospheres
(CO: 0.7 — 20 ppm; VOCs: 4.7 — 12 ppm) during in vitro exposure substantially overlap
with the realistic cabin levels. The toxicological data derived from ALI exposures in
our study thus clearly reflect the potential health risks associated with fume events in
aircraft cabins, particularly for hydraulic fluid fumes.
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Conclusion

Our unique experimental “Mini-BACS + AES” setup is able to provide steady
conditions to perform in vitro exposure under ALI conditions to aircraft engine oil
and hydraulic fluid fumes, generated at respectively 350°C and 200°C. Exposure of
the Calu-3 monoculture and Calu-3 + MDM co-culture lung cell models to high levels
of aircraft engine oil and hydraulic fluid fumes under ALI conditions can reduce
TEER and viabilities of the cells, induce cytotoxicity, and increase production of pro-
inflammatory cytokines. Hydraulic fluid fumes are more toxic than engine oil fumes
on the mass concentration of fume basis, which may be related to higher abundance of
OPs and smaller particle size of hydraulic fluid fumes. Our toxicological data clearly
reflect the potential health risks during fume events in aircraft cabins.
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Supplementary Material

Materials and methods

Sampling, extraction and chemical analysis of fumes

Aircraft engine oil and hydraulic fluid fumes generated with a Mini-BACs were
collected in different ways depending on analysis methods of the target chemicals.

Aldehydes-ketones (C1 - C6):

The sampling and analysis of aldehydes and ketones is based on ISO16000-3 (2011).
Sampling was performed with the use of a Dinitrophenyl-hydrazine (DNPH) cartridge
based on the derivatization reaction between Dinitrophenylhydrazine and carbonyl or
ketone groups. A hydrazone complex from the derivatization reaction was analysed
by high pressure liquid chromatography (HPLC, Agilent 1100) followed by ultra-violet
(UV, Model 785A, Separations) detection at 360 nm. Prior to sampling, all DNPH
cartridges were moisturized with Milli-Q water in order to reach more stability for
unsaturated aldehydes like acrolein.

Organophosphates (OPs):

To measure OPs, fumes were collected on glass fiber filters (Whatman, diameter 47
mm) in combination with Chromosorb 106 adsorption tubes. Before extraction, the
internal standards, Triphenyl Phosphate-dis and Triethyl Phosphate-dis, were added
to filters. Filters and tubes were extracted via the accelerate solvent extractor (ASE
350, Dionex) with dichloromethane as extraction solvent. After extraction, the sample
extract was concentrated and analysed by a gas chromatography (Agilent 7890A)/mass
spectrometry (Agilent 5975C) (GC/MS). The method was capable of identifying and
quantifying 32 OPs, including separation and quantification of 10 tricresyl phosphate
(TCP) isomers based on Solbu et al. (2011).

VOCs (Cé6 - C12) and organic acids (C1 - C8):

Fumes were trapped on tenax GR thermal desorption (TD) tubes for VOCs and
organic acids determination, which was performed by a TD-GC-MS (Agilent 7890
and Agilent 5977) based on 1SO16000-5 (2007) and 1SO160000-6 (2011). Compounds
were identified based on retention time and mass spectra libraries (Automated Mass
Spectral Deconvolution and Identification System (AMDIS), TNO library, and National
Institute standards (NIST)). Quantification is performed by the substance specific
calibration for compounds at a concentration above 3 ug/m?3.
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For submerged exposure, the generated fume was collected on 47-mm Teflon filters
(2-um pore, VWR, the Netherlands) for 6 hours. For the first 3 hours of sampling,
4 parallel filters were used, after which 4 new filters were loaded. In total, 8 filters
were collected for each type of fume. Filter extraction includes 3 steps. 1) Filters of
each fume sample were cut into pieces and collected in a 50 mL tube, and 2) extracted
with 5 mL of acetone (HPLC grade) by shaking for 5 mins. 3) After extraction, filters
were rinsed with 3 mL acetone. The combined acetone from step 2 and 3 in the tube
was evaporated at 25°C overnight. After evaporation, 2 mL acetone was added into
the tube to re-dissolve fume extracts. The re-dissolved oil solution was collected in
pre-weighed glass vials, then transferred to a stove at 25°C for evaporation overnight.
After acclimatization (50% humidity at 20°C) for 24 hours, vials with fume extracts
were weighed again and the mass of fume extracts was calculated. As control, 4 clean
Teflon filters were extracted using the same protocol.
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Tested aerosols
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Figure S1. The exposure module in the AES.
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Figure S2. The correlations (A) between total OP levels of fume samples (left side: including TBP;
right side: excluding TBP) and the mean BMD values of those fumes for LDH release derived from
ALI exposures; (B) between total OP levels of fume samples (left side: including TBP; right side:

excluding TBP) and the LC_ values of those fumes derived from submerged exposures.
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0.004

0.043 0.079

0.079

DCP-2

Di-cresyl phenyl phosphate
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0.003

0.020 0.030

0.030

DCP-3

Di-cresyl phenyl phosphate

1.313 1.118 1.788 0.104 0O.111 0.005

0.032

TmCP

Tri (m, m ,m)-cresyl phosphate

3.580 3.092 4.780 0.012 0.033 0.003

0.064

T(m,m,p)CP

Tri (m, m, p)-cresyl phosphate

3.402 3.257 4.489 0.012 0.029 0.003

0.057

T(m,p,p)CP
TpCP

Tri (m, p, p)-cresyl phosphate

1.120 1.083 1.470 0.023 0.012 0.004

0.023

Tri (p, p, p)-cresyl phosphate

0.005

T(o,0,m)CP

T(0,0,m)-cresyl phosphate

0.005

T(m,m,0)CP

T(m,m,o0)-cresyl phosphate

0.005

T(0,0,p)CP

T(o,0,p)-cresyl phosphate

0.005

T(o,p,m)CP

T(o,p,m)-cresyl phosphate

0.005

T(o,p,p)CP

T(o,p,p)-cresyl phosphate

: lower than detection limit

«_n,

“: limits of detection
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Chapter 6

General Discussion and
Future Perspectives



General Discussion

The main objective of the research presented in this thesis is to optimize the lung
cell models under air-liquid interface (ALI) conditions to assess inhalation toxicity of
(aircraft-related) air pollutants in vitro. To achieve this objective, the following three
research aims are formulated:

1. To investigate the chemical composition, potential sources, and in vitro toxicity of airport PM,
in comparison to PM collected from urban traffic emissions.

2. To optimize the in vitro mono-/co-culture models of human airway barrier for aerosol
exposure under ALI conditions.

3. To apply the optimized lung cell models for in vitro toxicity testing of aircraft-related air
pollutants under ALI exposure conditions.

Those research aims are addressed in this thesis from Chapter 2 to Chapter 5. An
overview of the thesis chapters including aim(s) that each chapter covers is presented

in Table 1.

Table 1. Overview of the thesis chapters and their corresponding research aims.

Chapter Title Research aims
1 2 3

2 Pro-inflammatory responses to PMo.25 from airport and urban traffic x

emissions

3 An air-liquid interface bronchial epithelial model for realistic, repeated x

Part inhalation exposure to airborne particles for toxicity testing

3 Optimization of an air-liquid interface in vitro cell co-culture model to x

Part II estimate the hazard of aerosol exposures

4 Comparative toxicity of ultrafine particles around a major airport in human x

bronchial epithelial (Calu-3) cell model at the air-liquid interface

5 Invitro hazard characterization of simulated aircraft cabin bleed-air x
contamination in lung models using a novel air-liquid interface (ALI)
exposure system
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According to the main findings drawn from Chapter 2 to Chapter 5 by those research
aims, the general discussion in this section focuses on the following two perspectives:

1. Hazard assessment of exposure to aircraft-related air pollutants including airport UFPs in
and around airports and bleed-air contaminants in aircraft cabin air.

2. Testing strategy to investigate in vitro toxicity of exposure to air pollutants.

Hazard assessment of airport UFPs in and around airports

We investigated in vitro toxicity of UFPs from airport (Los Angeles International Airport
(LAX) and Amsterdam-Schiphol airport (AMS)) emissions under submerged and ALI
exposure conditions, in comparison to well-analyzed traffic emissions (Chapter 2
and Chapter 4). In spite of differences in experimental design among studies at LAX
and AMS, including lung cell type and culture/exposure method, results from both
studies clearly indicate that short-term (< 24 hours) exposure to airport UFPs at tested
doses (LAX: 10 pg/mL; AMS: 0.09 — 1.69 ug/cm?) can induce inflammation in lung
cells. To our knowledge, information on in vitro toxicity of airport UFPs has been rarely
reported. Jonsdottir et al. (2019) performed a short-term (1 hour) ALI exposure to UFP
emissions directly from an aircraft turbine engine at very low doses (0 - 0.4 pg/cm?).
In their study significant cytotoxicity and enhanced pro-inflammatory responses
were observed in the lung cells, suggesting acute lung toxicity of UFPs from aircraft
emissions. As aircraft emissions are the major contributor to the total mass of airport
UFPs, in vitro toxicity of UFPs from aircraft turbine engine emissions may to some
extent represent toxic potency of airport UFPs. In accordance with a previous in vivo
study (Bendtsen et al., 2019), acute lung inflammation can also be induced in mice after
pulmonary exposure to 18 and 54 ug of UFPs collected from the apron of Copenhagen
Airport (CPH) for 1 day. Most notably, effects of airport UFPs on induction of acute
inflammation, using interleukin (IL)-6 levels in blood samples as a marker, was also
observed in volunteers (22 non-smoking adults with mild to moderate asthma) after
exposure at the high LAX UFP zone (downwind of LAX, ~10 km) for 2 hours (Habre
et al., 2018). Another recent study at AMS (same as sampling site described in
Chapter 4) showed that short-term (5 hours) exposure to airport UFPs was
associated with decreased lung function as well as decreased heart function in healthy
volunteers (Lammers et al., 2020). However, according to an epidemiological study
on airport staffs (baggage handlers, catering drivers, cabin cleaning staff, airside
security and landside security) at CPH, no association was observed between chronic
occupational exposure to UFPs at airport (from 1990 to 2012) and the increased risk of
cardiovascular diseases (Mgller et al., 2020). Taken those results from in vitro, in vivo
and human exposures together, we can conclude that, compared to the background
levels, short-term (< 24 hours) elevated exposure to UFPs from airport emissions may
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induce lung inflammation and negatively affect lung function. Our in vitro findings
are in line with those reported using in vivo models or derived from volunteer
exposures, suggesting that relatively simple models can already be informative for
hazard assessment.

For short-term exposure to airport UFPs, to put exposure levels into perspective, we
estimated the realistic inhaled dose delivered into the lungs during a single day (24
hours) as follows:

We assume the inhaled air volume for an adult of 25 m* per day (Paur et al., 2011),
the human tracheobronchial surface area of 2471 cm? (Mercer et al., 1994), and the
deposition fraction of airport UFPs (particle size = 20 nm, Shirmohammadi et al.
2017) onto the tracheobronchial epithelium around 40% (Braakhuis et al., 2014).
Mass concentrations of PM2.5 measured at sampling sites near LAX and AMS during
aircraft activities are respectively 35 ug/m?® and 7.4 pg/m? (Pirhadi et al., 2020;
Shirmohammadi et al., 2017). Also, according to the epidemiological studies in airport
surroundings, PM2.5 mass concentrations measured during volunteer exposures are
13.7 pg/m?® at LAX (Habre et al., 2018) and 23.1 pg/m?at AMS (Lammers et al., 2020).
Those values measured in airport surroundings (outside airport areas) may to some
extent represent the residential exposure level. Mass concentrations of PM2.5 were
also measured inside a commercial airport in which PMz2.5 levels ranged from 105
to 385 pg/m’ inside terminal buildings and from 156 to 400 ug/m* in ambient airport
air (Ren et al., 2018). Those values measured inside airport areas may represent the
occupational exposure level of PM2.5 at airports. Lewis et al. (2018) have reported that
for aviation emissions the mass fraction of PMo.1 relative to PM2.5 is around 15%.
Accordingly, mass concentrations of UFPs can be estimated to be in a range of 1.11 to
5.25 ug/m? around airports (outside the airport area) and in a range of 15.8 to 60 ug/
m? at airports (inside the airport area). According to the equation above, estimates
for the realistic inhaled dose of UFPs for an adult after a single day exposure thus
amount to 4.5 — 21 ng/cm? in airport surroundings and 64 - 243 ng/cm?at airports.
Due to limitations of submerged exposure, toxicological results from submerged in
vitro exposure could not be translated to real-life human exposures. We thus only use
toxicological data from ALI exposures (Chapter 4) for inhalation risk assessment.
Ideally, in vitro exposure to airport UFPs should be performed around the level to
which a population can be exposed to. However, our pilot experiment in Chapter 4
showed that the no-effect level using the Calu-3 cells was higher than 21 ng/cm? (the
theoretically highest level around airports). We therefore increased the tested doses
of UFPs to a range of 90 to 2070 ng/cm? The BMDL values of airport UFPs for lactate
dehydrogenase (LDH) release (470 — 550 ng/cm?) and pro-inflammatory responses (90
- 220 ng/cm?) derived from BMD analysis in our study were higher than the theoretical
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inhaled level (4.5 — 21 ng/cm?) in airport surroundings, but substantially overlapping
with the level (64 - 243 ng/cm?) at airports. Therefore, our in vitro toxicological data can
closely reflect the potential health risks of short-term exposure to UFPs at airports,
particularly for airport personnel who operate in airport taxiways.

Notably, we assessed health effects of airport UFPs on the basis of toxicological
results from short-term exposures (24 hours), whereas under realistic environmental
conditions airport personnel and surrounding residents are repeatedly exposed to
airport UFPs over a long-term period. As clearance of UFPs in the lungs is a relatively
slow mechanisms (up to several months to be completed, (Sturm, 2011)), cumulative
exposure of airport UFPs may occur in airport personnel and surrounding residents.
In theory that can result in persistent adverse effects on the lungs. Besides, retained
UFPs in the lungs can gradually be translocated to the microvasculature and systemic
circulation (Miller et al., 2017; Terzano et al., 2010), which may be a trigger of systemic
diseases.

Hazard assessment of bleed-air contaminants in an aircraft cabin

It has been reported that fume events may occur once in about 200 - 5000 flights
(Megson et al., 2016). Capturing fume events through an extensive commercial flight
campaign would therefore be overly cost- and time-inefficient. Also, differences
among aircrafts on engine conditions, used oil types, operational conditions and
cabin air distribution systems may result in variable composition profiles of bleed-
air contaminants in aircraft cabins during fume events. It is thus hard to clearly
identify which marker substances can be used to investigate a potential association
with adverse health effects. We therefore constructed a “Mini-BACS + AES” setup to
mimic inhalation exposure to aircraft cabin bleed-air contaminants under controlled
laboratory conditions (Chapter 5).

Our in vitro results revealed that fumes generated from aircraft engine oils
(0 — 100 mg/m?) and hydraulic fluids (0 - 90 mg/m?) at the tested dose-ranges can
induce significant toxicity in the lung cell models under ALI conditions. We also
investigated the hazards of the generated fumes on the nervous system (data not
shown in this thesis). The in vitro toxicological data showed that both acute (0.5 hour)
and sub-chronic (24 - 48 hours) exposure to engine oil and hydraulic fluid fumes
can cause an inhibition of neuronal activity in primary rat cortical cultures without
affecting cell viability. There is currently a lack of data regarding lung toxicity after
acute and chronic exposure to (simulated) aircraft cabin bleed-air contaminants.
Neurotoxic effects of acute exposure to high levels of bleed-air contaminants in
healthy volunteers were reported by Heutelbeck et al. (2016), in which an inhibition
of neuropathy target esterase (NTE) activity was found in blood samples collected
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from 11 flight crews 5 days post-exposure of a fume event. Also, clinical investigations
suggested that chronic occupational exposure to low levels of bleed-air contaminants
during flights can pose potential neurological effects on aircrews. Reneman et al.
(2016) observed a relative reduction in brain white matter microstructure (associated
with the extent of cognitive impairment) for aircrews with around 8ooo flight
hours compared to controls (healthy volunteers, predominantly racecar drivers),
although the extent of the reductions in white matter seemed independent of the
estimated total number of flight hours. Additionally, elevated levels of neuronal and
glial auto-antibodies as biomarkers of central nervous system (CNS) injury were
observed in blood samples obtained from three aircrews with more than 2600 flight
hours (Hageman et al., 2020). Taken together, those results from in vitro and human
exposures highlight the potential health risks, particularly functional neurotoxic
effects, associated with exposure to contaminated aircraft cabin air.

As described in Chapter 5, the estimated inhaled fume level (0.13 - 0.6 mg/m?) into the
human tracheobronchial region is comparable to the BMDL derived from the effect
markers (LDH release and production of IL-6 and IL-8) in our study. This suggests
that, on the mass concentration of fumes basis, our in vitro toxicological results
can closely reflect the potential inhalation risks during fume events. Notably, the
calculation in Chapter 5 is made only on the mass basis of fumes and their deposition,
while cabin fume is a complex mixture of gases and particles, in which the gaseous
part is likely also toxic to the lungs. Therefore, the main gaseous contaminants (CO and
VOCs) during fume events should also be taken into consideration to comprehensively
evaluate how the levels of gaseous contaminants in test atmospheres in vitro relate
to exposure conditions in aircraft cabins. The reported levels of CO ranged from <1
ppm to 9.4 ppm and VOCs ranged from below the limit of detection to = 10 ppm in
aircraft cabin air (Shehadi et al., 2016). It is clear that CO and VOCs levels measured
in test atmospheres (CO: 0.7 — 20 ppm; VOCs: 4.7 — 12 ppm) during in vitro exposure
substantially overlap with the realistic cabin levels. EPA (2000) has established limits
for CO of 9 ppm (around mean cabin CO level) for an 8-hour exposure to prevent
carboxyhemoglobin (COHb) level in blood from rising > 2.5%. It suggests that acute
exposure to CO during fume events might not induce significant toxicity in aircrew
and passengers. In terms of exposure to VOCs during fume events, health monitoring
of aircrews who suffer from complex symptoms after fume events showed that the
individual VOC levels (in blood and urine), particularly octane and hexane, increased
dramatically (around 100 times) after a fume event compared to those after a flight-
free period (Heutelbeck, 2017). This implies that exposure to VOCs during a fume
event can result in load and accumulation of VOCs in human body.
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The use of a laboratory setup to simulate fume events has the advantage of being
stable and independent under controlled conditions for characterization of test
atmospheres and in vitro exposure to the generated fumes. However, it should be
noted that such a simulator could not meet the exact aircraft engine circumstances
and cabin conditions during fume events. In comparison to laboratory conditions,
different aspects such as high ozone level, presence of combustion products (e.g.
nitrogen oxides and sulfur oxides) emitted from aircraft engine, low humidity and
low air pressure in aircraft cabins may increase the potential inhalation risks during
fume events (Wolkoff et al., 2016). High level of ozone in the atmosphere at high
altitude may enter into aircraft cabins, due to inadequate converters of ozone in many
commercial aircrafts (Weisel et al., 2013). It has been reported that cabin ozone level is
consistently associated with upper respiratory symptoms in aircrews and passengers
(Beko et al., 2015). High levels of ozone in aircraft cabins can also result in abundant
ozone-initiated reaction products, particularly in presence of VOCs, which are
abundantly formed during fume events. Those ozone-initiated reaction products can
be more irritating than their precursors, thus increasing their inhalation risks (Weisel
et al., 2013; Wolkoff et al., 2000). Combustion products, such as nitrogen oxides from
high-temperature oxidation of nitrogen in combustion air and sulfur oxides from jet
fuel, can be abundantly emitted from aircraft engines during take-off (Day, 2015).
Exposure to those combustion products, in particular after reactions with cabin
ozone, may exacerbate the development of respiratory symptoms in aircrews and
passengers during flights (Strgm-Tejsen et al., 2008; Weschler, 2006). We therefore
recommend to study chemical interactions between, for example, nitrogen oxides and
ozone with possible bleed-air contaminants (e.g. VOCs) in a follow-up study. Aircraft
cabin environment is also an important risk factor. The relatively low humidity and
air pressure inside cabins, which can increased body fluid loss, is likely to result in
adverse effects including irritation of the eyes and upper airways on aircrews and
passengers (Hashiguchi et al., 2013; Nagda and Hodgson, 2001). Additionally, high
level of occupancy and occasionally combined with frequent changes in gravitational
forces can adversely influence comfort of aircrews and passengers, probably making
them more susceptible to cabin bleed-air contaminants.

Testing strategy to investigate in vitro toxicity of exposure to air pollutants
As mentioned in Chapter 1, in vitro exposure has become a widely applied method for
inhalation hazard assessment as a potential alternative for testing in animals (BéruBé
et al., 2010). In this thesis, we present results of studies in which we have used both
submerged and ALI exposure conditions with different lung cell types in either
monoculture or co-culture models for in vitro toxicity testing of particles with and
without gases. In accordance with our findings, a testing strategy has been designed
for air pollutants to present how to investigate in vitro toxicity of air pollutants
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(Figure 1, using ambient UFPs as an example). Notably, the choice of type of lung cells
for in vitro exposure may depend on region of the lung that relates to the objectives of
the study. Therefore, the first important step is to select a suitable lung cell model for
in vitro exposure. As inhaled UFPs can deposit onto the tracheobronchial and alveolar
epithelium, depending on particle size and aerodynamic behavior, lung bronchial
epithelial and alveolar epithelial cell models can be both used for inhalation toxicity
testing of UFPs in vitro. Usually, those lung epithelial cell models are co-cultured with
macrophages to investigate cellular responses to particles (Ji et al., 2018; Wottrich et
al., 2004), as lung macrophages play an important role in the defense against inhaled
particles (Joshi et al., 2018). Furthermore, to closely investigate mechanisms of
particles uptake by immune cells of airway wall, more complex in vitro lung models
can be designed on the co-culture of macrophages and lung epithelial cells basis
for toxicity testing. For example, macrophages and epithelial cells collaborate with
dendritic cells in the human airways by building a transepithelial network against
inhaled particles. On the co-culture of macrophages and lung epithelial cells basis,
dendritic cells can be cultured underneath the membrane of the inserts to create
the triple cell culture model (Blank et al., 2007; Rothen-Rutishauser et al., 2005).
Additionally, to recapitulate the air/blood barrier and investigate translocation of
inhaled particles from the lungs to the blood stream, the co-cultures of alveolar
epithelial cells and human umbilical vein endothelial cells (HUVEC) can be created by
culturing HUVEC underneath the membrane of the inserts (Liyasova et al., 2011).

For testing the toxicity of the less-investigated UFP samples in vitro, it is suggested to
start with submerged exposure to establish a dose-response relationship with a wide
dose-range. The lethal doses (e.g. the median lethal dose, LD, ) of UFP samples can be
accordingly derived from the dose-response curve to gain a basic understanding of
their toxic potency. ALI exposure of lung cell models can be subsequently performed
to further accurately evaluate their toxicity. The exposure concentration for ALI
exposure is usually determined according to the lethal doses (e.g. LD, and LD_) from
submerged exposure as well as the human realistic inhaled dose.

After ALI exposure, various biological responses can be measured to assess lung
toxicity of inhaled UFPs, depending on the research aims. Cytotoxicity refers to the
ability of, for example, UFPs to destroy living cells. Therefore, it is of vital importance
to accurately measure cytotoxicity after inhalation exposure to identify if tested
substances can pose certain health risks. The LDH release assay is the most commonly
used method to determine cytotoxicity. Barrier function of airway epithelium plays
a critical role in preventing inhaled UFPs from injuring the lungs. As an important
indicator of barrier function, transepithelial electrical resistance (TEER) of lung
cell models can be monitored after exposure to identify barrier integrity in lung cell
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models. Some follow-up experiments such as visualization of tight junction proteins
can also be considered, as tight junctions contribute significantly to barrier function
of the bronchial epithelium (Ganesan et al., 2013). A combination of UFPs deposition
and interactions in the lungs can result in the induction of lung inflammation. To
monitor the inflammation induced by inhaled UFPs, inflammatory response in lung
cell models can be determined on basis of the production of cytokines, including IL-6,
IL-8 and tumor necrosis factor (TNF)-a. Besides, additional biological responses to
inhaled UFPs such as reactive oxygen species (ROS) activity and surfactant production
in lung models can also be measured for hazard assessment.

Ambient UFPs can vary in size, shape, chemical composition and other characteristics,
depending on their potential sources. In parallel with toxicity testing, important
physicochemical properties of particles, such as size distribution, shape and chemical
composition that have been suggested to affect their toxic potency, should also be
characterized for hazard assessment (Braakhuis et al., 2016; Kelly and Fussell, 2012).
It has been reported that the translocation and clearance of particles in the lungs are
strongly related to their size distribution, shape and chemical composition (Braakhuis
et al., 2016; Li et al., 2003). During those processes, particle interactions with cell
membrane, subcellular organelles and biological systems can occur, catalyzing ROS
production and inflammatory responses in lung cell models (Braakhuis et al., 2016; Li
et al., 2003). Also, particles consisting of relatively toxic chemicals such as polycyclic
aromatic hydrocarbons (PAHs) and transition metals (e.g. Ni, V, Fe, and Cu) can
significantly induce severe inflammation, particularly for UFPs with large surface-to-
volume ratio and high surface activity to absorb those chemicals (Li et al., 2003; Masiol
and Harrison, 2014). Overall, knowledge on characteristics of particles in combination
with the obtained in vitro toxicity data will help to assess inhalation risks of UFPs and
identify which marker characteristics dominantly contribute to toxicity.

Future perspectives

As particle aggregation and alteration of the chemical composition of PM can usually
occur during sampling and extraction processes (Chapter 2 and Chapter 4), in vitro
toxicity of PM derived from particle suspensions may differ from PM in ambient air.
A possible solution to minimize this limitation in future experiments is to combine
PM sampling and ALI exposure, allowing for a direct exposure of the cells to collected
aerosols. Moreover, we applied only single and short-term exposures of airport
UFPs to assess their potential health risks, whereas under realistic environmental
conditions airport personnel and residents living close to airports are probably
exposed to airport UFPs over a long period of time. Therefore, inhalation toxicity of
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Testing strategy to investigate in vitro toxicity of acute exposure to air pollutants

(UFP as an example)

H

[ Selecting a suitable lung cell model for in vitro exposure ]

ﬂ

LPerforming submerged exposure to UFPs with

a wide dose-range to establish a clear dose-
response relationship

H

Performing ALI exposure to UFPs with
exposure concentration determined

according to the lethal doses from
submerged exposure

H

Measuring biological responses to identify
cytotoxicity, barrier integrity, inflammatory
responses, etc. after exposure

Physicochemical characterization for
UFPs (e.g. size, shape, chemical
composition, etc.).

ﬂ ﬂ

Hazard assessment of exposure to UFP samples

Figure 1. Testing strategy to investigate in vitro toxicity of acute exposure to ambient UFPs.

long-term and repeated exposures to airport UFPs needs to be further investigated. It
is warranted to use not only human bronchial epithelial cell models but also alveolar
epithelial models for inhalation toxicity testing to comprehensively evaluate toxic
effects of inhaled UFPs. As such, a further study to investigate which is the best
alveolar cell model under ALI conditions needs to be performed. Besides, to closely
mimic in vivo-like conditions and accurately investigate cellular responses to test
substances, progress should be made to develop complex in vitro lung models with
more types of cells (e.g. lung vascular cells, primary bronchial and alveolar epithelial
cells) under ALI conditions. For those established multicellular models, particularly
involving primary cells, stability under long-term ALI exposure conditions will be
a challenge. Therefore, comprehensive evaluations with respect to cell viability,
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cell layer integrity, inflammatory responses and surfactant properties should be
monitored for those multicellular models over prolonged ALI culture to identify
their feasibility for toxicity testing. Notably, organ-on-a-chip (OOC) technology that
integrates in vitro models and a micro-engineered environment on a single chip has
recently taken in vitro toxicity testing to an unprecedented level (Bovard et al., 2017).
Multiple lung-on-a-chip microsystems have been designed, which can reproduce not
only the morphology but also mechanical properties (e.g. physical movement) of the
lung epithelium (Benam et al., 2016; Huh, 2015). Those lung-on-a-chip microsystems
in combination with ALI exposure systems may offer new opportunities to accurately
evaluate the toxicity of e.g. inhaled particles in vitro.

The outcomes of this thesis mainly contribute to refine our understanding of the
potential lung toxicity of exposure to airport UFPs and aircraft cabin bleed-air
contaminants, referred as aircraft-related air pollutants in this thesis. Notably,
increasing evidence indicates that UFPs and gaseous chemicals can pass through
the lungs and go into the blood stream, eventually diffusing throughout the body
including the brain (Park et al., 2014; Terzano et al., 2010). Therefore, further in
vitro studies on cardiovascular toxicity and neurotoxicity of those aircraft-related
pollutants should also be performed by linking, for example, lung OOC with heart
OOC or brain OOC. Additionally, in this thesis, toxicological data were derived from
in vitro exposures alone, which might not perfectly reflect inhalation risks of those
aircraft-related air pollutants under real-life exposure conditions. Additional in vivo
and clinical studies are expected in the future to validate our findings.

Last but not least, given the increasing number of associations between exposure to
aircraft-related air pollutants and potential health risks, concerns on regulations of
aircraft emissions and cabin air quality have been raised in recent years. Information
summarized and discussed in this thesis regarding the hazardous properties of
aircraft-related air pollutants and their possible inhalation risks may provide guidance
and contribute to policy-making on air quality monitoring and improvement at
airports and in aircraft cabins. Also, certain measures should be taken to minimize the
occupational exposure risks for airport personnel and cabin crews who work in physical
conditions with long-term and repeated exposures to airport UFPs and aircraft cabin
bleed-air contaminants. For example, requiring airport personnel to wear masks
when operating in airport taxiways, updating aircraft cabin ventilation standards to
effectively control cabin bleed-air contaminants, setting a health-based shift system
and working duration, and operating a routine health surveillance system.
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Summary

Since the aviation industry has expanded rapidly over the past decades, aircraft-related
air pollution, including airport ultrafine particles (UFPs) pollution and aircraft cabin
bleed-air contamination, is considered as an increasing global problem for human
health. Exposure to UFPs in/near airports for airport personnel and surrounding
residents as well as to bleed-air contaminants in aircraft cabins for aircrews and
passengers may be related to a wide spectrum of public health problems. However,
scientific information on toxicity of those air pollutants is still incomplete and thus
needs to be further investigated. As described in Chapter 1, in vitro toxicity testing
models using direct exposure to air pollutants have gradually become available, avoiding
extensive investigations in experimental animals. To realistically mimic inhalation
exposure, lung cell models need to be continuously exposed to test atmospheres under
air-liquid interface (ALI) conditions. Some of the lung epithelial cell models involve co-
culturing with macrophages to construct physiological traits that closely resemble in
vivo lung epithelium in response to inhaled particles. However, many immortalized cell
lines do not remain viable over long-term ALI culture. Careful selection of in vitro lung
models that meet the aims for ALI exposure is therefore required. The main goal of
this thesis is to optimize in vitro lung models under prolonged ALI culture conditions
for investigating the adverse health effects of air pollutants that are emitted by and in
aircrafts. Our major findings are summarized in the following sections.

Investigation of the chemical composition, potential sources, and in vitro
toxicity of airport particulate matter (PM), in comparison to PM collected
from urban traffic emissions.

In Chapter 2, we presented the physicochemical characteristics, potential sources,
and in vitro toxicity of PMo.25 collected from airport emissions, in comparison to
well-analyzed urban traffic emissions. Aircraft emissions were found as the major
contributor to the total PMo.25 mass collected downwind Los Angeles International
Airport (LAX). Compared to airport PM, urban traffic PM samples had a more complex
elemental composition, suggesting multiple emission sources. To test toxicity of
PMo.25 from airport and urban traffic emissions in vitro, human bronchial epithelial
16HBE cells were exposed to PMo.25 suspension at 10 pg/mL under submerged
conditions. Our in vitro toxicological results indicate that PMo.25 from airport and
urban traffic emissions can increase the generation of reactive oxygen species (ROS)
and induce pro-inflammatory responses in the bronchial epithelial cells, eventually
resulting in cell death. Compared to urban traffic PM, in vitro exposure to airport PM
increases higher production of pro-inflammatory mediators in the cells probably due
to their smaller size range. Our findings highlight the potential health risks of aircraft
emissions as a major source of PMo.25 in airport surroundings.
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Optimization of the in vitro mono-/co-culture models of human airway
barrier for aerosol exposure under ALl conditions.

In Chapter 3, we optimized the in vitro mono-/co-culture cell model of human airway
barrier under ALI conditions for aerosol exposure. Human bronchial epithelial Calu-3,
16HBE, H292 and BEAS-2B cell lines were evaluated regarding epithelial morphology,
barrier function and cell viability over long-term ALI culture. Only Calu-3 cells can
exhibit a monolayer structure and maintain a strong barrier function with high cell
viability at least up to 2 weeks. Therefore, Calu-3 cells were used as structural barrier
to create different co-cultures with monocyte-derived macrophages (MDM) and THP-
1 derived macrophages (TDM). Following optimization of the protocol for co-culture,
adhesion of macrophages onto the epithelial carpet was allowed for 4 hours with a
seeding density of 5 x 10* macrophages/cm?. When challenged with lipopolysaccharide
(LPS) as a positive control, the two co-culture models showed higher sensitivity in
inflammatory responses compared to the monoculture of Calu-3 cells, in which the
co-culture of Calu-3 + MDM gave a stronger response than the Calu-3 + TDM. Taken
together, the optimized monoculture of Calu-3 cells and co-culture of Calu-3 + MDM
are preferred for toxicity testing under ALI exposure conditions.

Application of the optimized lung cell models for in vitro toxicity testing of
aircraft-related air pollutants under ALI exposure conditions.

Using in vitro lung models optimized in Chapter 3, we tested in vitro toxicity of airport
UFPs with an ALI Cloud Exposure System (CES) in Chapter 4 and fumes generated
from aircraft engine oils and hydraulic fluids with an ALI Aerosol Exposure System
(AES) in Chapters.

In Chapter 4, we separately collected UFPs predominantly derived from airport
emissions (Airport UFPs) or traffic emissions (Non-Airport UFPs) at a location near
Amsterdam-Schiphol airport (AMS), depending on wind directions. The mean size
of Airport and Non-Airport samples in suspension falls within the ultrafine range
(particle size < 100 nm). Using a CES, the optimized monoculture of Calu-3 cells was
exposed under ALI conditions to Airport and Non-Airport UFPs, ranging from 0.09 to
2.07 pug/cm?. ALI exposures revealed that pro-inflammatory responses can be induced
in the lung cells at high viabilities (> 80%) after exposure to Airport and Non-Airport
UFPs at doses > 0.09 ug/cm?. Airport and Non-Airport UFPs exerted a comparable in
vitro toxicity in the Calu-3 cells under ALI exposure conditions.

In Chapter 5, we investigated toxic effects of exposure to cabin bleed-air contaminants
under ALI conditions. To realistically mimic inhalation exposure to cabin bleed-
air contaminants and subsequently evaluate their toxicity in vitro, a mini Bleed-Air
Contaminants Simulator (Mini-BACS) system was connected to an AES. This unique
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combination integrates generation of fumes from aircraft engine oils and hydraulic
fluids under controlled conditions, deposition of fumes onto lung cell models with a
continuous airflow, and online physicochemical measurements of test atmospheres.
Our results indicate that exposure to high levels of engine oil and hydraulic fluid
fumes under ALI conditions can reduce TEER and cell viability, induce LDH release
and increase the production of pro-inflammatory cytokines in the Calu-3 monoculture
and Calu-3 + MDM co-culture models. Hydraulic fluids fumes are more toxic than
engine oil fumes, likely due to higher abundance of organophosphates (OPs) and
smaller particle size distribution (PSD) of hydraulic fluid fumes.

Taken together, in vitro toxicological data in Chapter 4 and Chapter 5 reveal that
exposure to aircraft-related air pollutants, airport UFPs and the generated cabin
fumes, can induce considerable lung toxicity, highlighting their potential inhalation

risks under real-life exposure conditions.
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Aangezien de luchtvaartindustrie de laatste decennia snel is toegenomen, wordt
de aan vliegtuigen gerelateerde luchtverontreiniging, inclusief verontreiniging
door ultrafijne deeltjes (UFPs) op luchthavens en verontreiniging door afgevoerde
lucht uit vliegtuigcabines, beschouwd als een toenemend wereldwijd probleem
voor de gezondheid van de mens. Blootstelling aan UFPs in/nabij luchthavens door
luchthavenpersoneel en omwonenden, en aan luchtverontreiniging in vliegtuigcabines
door bemanning en passagiers, kan in verband worden gebracht met een breed
spectrum van gezondheidsproblemen. De wetenschappelijke informatie over de
schadelijkheid van deze luchtverontreinigende stoffen is echter nog onvolledig
en moet dus verder worden onderzocht. Zoals beschreven in hoofdstuk 1, zijn er
langzamerhand in vitro modellen voor het testen op schadelijkheid beschikbaar
gekomen die gebruik maken van directe blootstelling aan luchtverontreinigende
stoffen, waardoor uitgebreid onderzoek bij proefdieren wordt vermeden. Om
blootstelling door inademing op realistische wijze na te bootsen, moeten longcellen
deels aan de lucht (de testatmosfeer) worden blootgesteld, in zogenaamde air liquid
interface (ALI) modellen. Sommige van de modellen met longepitheelcellen omvatten
een co-cultuur met macrofagen, met als doel fysiologische reacties te krijgen die
sterk lijken op die van in vivo longepitheel in reactie op geinhaleerde deeltjes. Veel
geimmortaliseerde cellijnen blijven echter niet levend tijdens een langdurige ALI
kweek. Zorgvuldige selectie van in vitro longmodellen die voldoen aan de doelstellingen
voor ALI blootstelling is daarom vereist. Het hoofddoel van dit proefschrift is het
optimaliseren van in vitro longmodellen onder langdurige ALI kweekomstandigheden
voor het onderzoeken van de nadelige gezondheidseffecten van luchtverontreinigende
stoffen die worden uitgestoten door en in vliegtuigen. Onze belangrijkste bevindingen
worden in de volgende paragrafen samengevat.

Onderzoek naar de chemische samenstelling, potentiéle bronnen en in
vitro toxiciteit van deeltjes (PM) afkomstig van emissies op luchthavens, in
vergelijking met PM afkomstig van emissies door stadsverkeer.

In hoofdstuk 2 presenteerden we de fysisch-chemische karakteristieken, potentiéle
bronnen, en in vitro schadelijkheid van PMo.25 verzameld uit emissies op luchthavens,
in vergelijking met goed geanalyseerde emissies door stadsverkeer. Vliegtuig
emissies bleken de grootste bijdrage te leveren aan de totale PMo.25 massa die werd
verzameld benedenwinds van Los Angeles International Airport (LAX). Vergeleken
met PM van luchthavens, hadden PM monsters van stedelijk verkeer een meer
complexe elementaire samenstelling, wat meerdere emissiebronnen suggereert.
Om de toxiciteit van PMo.25 van luchthaven- en stadsverkeeremissies in vitro te
testen, werden humane bronchiale epitheliale 16HBE cellen blootgesteld aan 10 pg/
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mL PMo.25-suspensie in celkweekmedium. Onze in vitro toxicologische resultaten
tonen aan dat PMo.25 van luchthaven- en stadsverkeeremissies het ontstaan van
reactieve zuurstofspecies (ROS) kan verhogen en ontstekingsreacties in de bronchiale
epitheelcellen kan opwekken, uiteindelijk resulterend in celdood. In vergelijking met
PM van stadsverkeer, geeft in vitro blootstelling aan PM van luchthavens een hogere
productie van ontstekingsmoleculen in de cellen, waarschijnlijk als gevolg van hun
kleinere omvang. Onze bevindingen wijzen op de potentiéle gezondheidsrisico’s
van vliegtuigemissies als een belangrijke bron van PMo.25 in de omgeving van
luchthavens.

Optimalisatie van de in vitro mono-/co-cultuur modellen van de barriére
van de luchtwegen in de mens voor blootstelling aan aérosolen onder ALI
condities.

In hoofdstuk 3 hebben wij het in vitro mono-/co-cultuur celmodel van de humane
luchtwegbarriere onder ALI omstandigheden geoptimaliseerd voor blootstelling aan
aerosolen. Humane bronchiale epitheliale Calu-3, 16HBE, H292 en BEAS-2B cellijnen
werden geévalueerd met betrekking tot epitheliale morfologie, barriérefunctie en
levensvatbaarheid van de cellen gedurende langdurige ALI kweek. Alleen Calu-
3 cellen kunnen een enkellaags structuur vertonen en een sterke barriérefunctie
behouden met een hoge levensvatbaarheid van de cellen, tot ten minste 2 weken.
Daarom werden Calu-3 cellen gebruikt als structurele barriére om verschillende co-
culturen te creéren met van monocyten afgeleide macrofagen (MDM) en van THP-1
cellen afgeleide macrofagen (TDM). Na optimalisatie van het protocol voor co-cultuur,
werd adhesie van macrofagen op het epitheliale tapijt uitgevoerd gedurende 4 uur
met een zaaidichtheid van 5 x 10* macrofagen/cm?. Wanneer ze werden gechallenged
met lipopolysaccharide (LPS) als positieve controle, vertoonden de twee co-
cultuurmodellen een hogere gevoeligheid in ontstekingsreacties in vergelijking met de
monocultuur van Calu-3 cellen, waarbij de co-cultuur van Calu-3 + MDM een sterkere
respons gaf dan Calu-3 + TDM. Alles bijeen zijn de geoptimaliseerde monocultuur
van Calu-3-cellen en de co-cultuur van Calu-3 + MDM te verkiezen voor testen voor
schadelijkheid onder ALI omstandigheden.

Toepassing van de geoptimaliseerde longcelmodellen voor in vitro testen
voor schadelijkheid van vliegtuig gerelateerde luchtverontreinigende
stoffen onder ALI-blootstellingscondities.

Met behulp van in vitro longmodellen geoptimaliseerd in hoofdstuk 3, testten wij
in vitro de schadelijkheid van UFPs afkomstig van luchthavens met een ALI Cloud
Exposure System (CES) in hoofdstuk 4 en dampen ontstaan uit vliegtuigmotorolién en
hydraulische vloeistoffen met een ALI Aerosol Exposure System (AES) in hoofdstuk 5.

195

Sumeauswes | Laaadeyd



In hoofdstuk 4 hebben we afzonderlijk UFPs verzameld die voornamelijk afkomstig
waren van luchthavenemissies of verkeersemissies op een locatie in de buurt van
de luchthaven Amsterdam-Schiphol (AMS), afhankelijk van de windrichting. De
gemiddelde grootte in suspensie van de monsters van de luchthavenen het verkeer
valt binnen het ultrafijne bereik (deeltjesgrootte < 100 nm). Met behulp van een CES
werd de geoptimaliseerde monocultuur van Calu-3 cellen onder ALI omstandigheden
blootgesteld aan UFPs afkomstig van de luchthaven en het verkeer, variérend van 0.09
tot 2.07 pug/cm?. Blootstellingen aan ALI toonden aan dat onstekingsreacties kunnen
worden opgewekt in de longcellen bij hoge levensvatbaarheid (> 80%) na blootstelling
aan UFPs van de luchthaven en van het verkeer bij doses > 0.09 pg/cm?. UFPs van
luchthavens en verkeer gaven een vergelijkbare in vitro schadelijkheid in de Calu-3
cellen onder ALI blootstellingscondities.

In hoofdstuk 5 onderzochten we de schadelijke effecten van blootstelling
aan verontreinigingen in de afgevoerde lucht uit vliegtuigcabines onder ALI
omstandigheden. Om de blootstelling aan verontreinigingen in de afgevoerde lucht uit
vliegtuigcabines op realistische wijze na te bootsen en vervolgens hun schadelijkheid
in vitro na te gaan, werd een mini Bleed-Air Contaminants Simulator (Mini-BACS)
systeem aangesloten op een AES. Deze unieke combinatie integreert het opwekken van
dampen van vliegtuigmotorolién en hydraulische vloeistoffen onder gecontroleerde
omstandigheden, het afzetten van dampen op longcelmodellen met een continue
luchtstroom, en online fysisch-chemische metingen van testatmosferen. Onze
resultaten tonen aan dat blootstelling aan hoge niveaus van motorolie en hydraulische
vloeistofdampen onder ALI omstandigheden de TEER en de levensvatbaarheid
van de cellen kan verminderen, LDH afgifte kan induceren en de productie van
ontstekingsbevorderende eiwitten kan verhogen in de Calu-3 monocultuur en
Calu-3 + MDM co-cultuur modellen. De dampen van hydraulische vloeistoffen zijn
giftiger dan de dampen van motorolie, wat waarschijnlijk te wijten is aan de grotere
aanwezigheid van organofosfaten (OPs) en de kleinere deeltjesgrootteverdeling (PSD)
van de dampen van hydraulische vloeistoffen.

Samenvattend blijkt uit de in vifro toxicologische gegevens in hoofdstuk 4 en
hoofdstuk 5 dat blootstelling aan met vliegtuigen gerelateerde luchtverontreinigende
stoffen, UFPs van luchthavens en de opgewekte cabinegassen, een aanzienlijke
longtoxiciteit kunnen induceren, wat hun potentiéle inhalatierisico’s onder reéle
blootstellingsomstandigheden onderstreept.
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