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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are a group of chemical compounds found in urbane
air, which have been suggested to contribute to pulmonary diseases by modulating
pro-inflammatory responses. The relative potency of the various PAHs and signaling pathways
behind the PAH-induced inflammation are not well known. Therefore, we wanted to assess if
various PAHs modulates the aryl hydrocarbon receptor (AhR) and the possible importance of
AhR in altering pro-inflammatory responses. We exposed human bronchial epithelial cells
(BEAS-2B) to eight different PAHs; phenanthrene, 1-methylphenanthrene (1-MP),
fluoranthene, pyrene, 1-nitropyrene (1-NP), B-naphthoflavone (B-NF), benzo[a]pyrene (B[a]P),
and benzo[e]pyrene (B[e]P). All the PAHs modulated AhR through altering CYPIAl
expression. B[a]P, B[e]P, and phenanthrene had agonistic properties towards AhR, whereas the
other PAHs (1-MP, fluoranthene, pyrene, and 1-NP) had antagonistic properties. Notably, the
agonistic/antagonistic abilities seemed to be partly concentration-dependent. The tested PAHs
generally had none or marginal effects on the IL-6 release. In contrast, they did not markedly
change the CXCLS release. When the cells were primed with the Toll-like receptor 3 (TLR3)
agonist polyinosinic:polycytidylic (Poly I:C), which mimics a viral infection, pyrene slightly
increased the IL-6 and CXCLS release, but the other PAHs did not cause any marked changes.
However, there were some variations between the different experiments that may have masked
the possible effects. Inhibiting AhR by treating the unprimed and primed cells with the AhR
antagonist CH223191 illustrated that cytokine release in both unprimed and primed cells could
be dependent on AhR activity. In contrast, inhibiting AhR caused no observable effect on /L-6
and CXCLS expression in unprimed cells. Lastly, pyrene and B[«]P did not increase Ca?" release
as evaluated using Cal-520 AM dye and measuring fluorescence using a microplate
fluorescence reader. However, it should be noted that the used method may not be sensitive
enough to detect possible responses. This study elucidates that the PAHs may modulate the
classical genomic pathway of AhR. However, using the present experimental model, their
effects on pro-inflammatory responses seem to be marginal, were cytokine release appeared to

be dependent on AhR activity, while the synthesis was unaffected.
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1. Introduction

Air pollution and diesel particulate matter (DPM) has been associated with a higher risk of lung
cancer in humans (IARC, 2014). The DPM contains polycyclic aromatic hydrocarbons (PAHs),
which are known to be potent mutagens and carcinogens (IARC, 2010). Notably, earlier studies
have increased the interest in the PAHs importance for inflammatory responses, and in the
adverse health effect they may have for humans (IARC, 2010, 2014; Tokiwa, Sera, Horikawa,
Nakanishi, & Shigematu, 1993).

1.1. Air pollution

Air pollution is a mixture of chemicals, gases, and biological material suspended in the air,
which may cause harm to humans, animals, and vegetation (Kampa & Castanas, 2008). Air
pollutants can be derived from the combustion of organic material from volcanoes and fires
(Brunekreef & Holgate, 2002), including incomplete combustion of other organic materials,
such as coal, fossil fuels and biomass (Landrigan et al., 2018). Some primary sources for
emissions in newer times are various industrial activities, residential biomass burning,
agricultural waste burning, and petroleum consumption by motor vehicles (Brunekreef &
Holgate, 2002; Landrigan et al., 2018). The ambient air pollution is still increasing as a
consequence of the industrialization of low-income countries and the rapid growth of cities,
causing the increased usage of petroleum-fueled cars, buses, and trucks. Notably, the
combustion of fuels has been reported to account for up to 85% of airborne particulate pollution
(Landrigan et al., 2018). Thus, in newer times, we have been increasingly exposed to air
pollution. However, legislation and regulations have recently been passed to prevent pollution,
which has caused a reduction of the emissions in high- and middle-income countries (Landrigan

etal., 2018), suggesting that the emission and our exposure to air pollution are slowly declining.

Many of the pollutants formed by combustion are lipophilic chemicals that potentially may
accumulate in the body. Thus, long term exposure to natural sources has resulted in the
evolutionary development of various defense mechanisms to protect us from the pollutants’
harmful effects (Kampa & Castanas, 2008), including the development of
xenobiotic-metabolizing enzymes. Furthermore, these enzymes may modify the lipophilic
chemicals into water-soluble compounds, which the body readily excretes. Nevertheless,

several pollutants may contribute to the development of various diseases. Epidemiological
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studies suggest that air pollution and airborne particulate matter (PM) may harm human health,
including being associated with increased occurrence of different cardiopulmonary conditions,

chronic respiratory diseases, and lung cancers (Dvrevik et al., 2017).

1.2. Particulate matter (PM)

Combustion of organic matter will result in a mixture of PM, sulfur dioxide (SO.), nitrogen
oxides (NOx), carbon monoxide (CO), and ozone (O3) (Priiss-Ustiin, Vickers, Haefliger, &
Bertollini, 2011). PM is the term used for air pollutants that consist of different complex
mixtures of particles suspended in the air (Kampa & Castanas, 2008). It contains a
carbonaceous component and secondary components, including inorganic and organic
chemicals, metals, and reactive gases (Kampa & Castanas, 2008; Schwarze et al., 2006). PM
varies in size and composition and is categorized according to its aerodynamic equivalent
diameter (size), as shown in Figure 1. Respirable particles also called thoracic particles, have a
size ranging from 10 pm to 0.01 pm. Furthermore, they are characterized by the ability to pass

the larynx and reach the primary bronchioles (Brook et al., 2004; Kelly & Fussell, 2012).

PMio is defined as PM with a size of less than 10 pm. Coarse particles, which often include
mineral particles, are designated PMi¢.2.5 and range between 10 — 2.5 um (Brook et al., 2004;
Esworthy, 2013). These are large and often deposit in the throat and upper respiratory airways
during inhalation, and are further eliminated by coughing or sneezing (Atkinson, Fuller,
Anderson, Harrison, & Armstrong, 2010; Cadelis, Tourres, & Molinie, 2014). Fine particles
(PM25.0.1) range between 2.5 — 0.1 pm (Esworthy, 2013), and more strongly impact human
health by being able to reach the alveoli and terminal bronchioles (Kelly & Fussell, 2012;
Londahl et al., 2007). Ultrafine particles (UFPs) have a size ranging between 0.1 — 0.01 pm and
are designated PM; 5 together with fine particles (Kelly & Fussell, 2012). UFPs have a higher
surface area-to-mass ratio than the bigger particles, and may potentially lead to enhanced

biological toxicity (Brook et al., 2004).
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Figure 1 Particulate matter (PM) is categorized according to aerodynamic diameter (size) and how far
it can penetrate the lungs. The coarse particles with a size up to 10 um will deposit in the throat and are
often coughed or sneezed out. Fine particles and ultrafine particles are designated PM>.s and have a size
range from 2.5 um to 0.01 um and can reach the alveoli and terminal bronchioles. Picture adapted from
(Brook et al., 2004).

PM is a significant contributor to air pollution, and studies suggest it may affect our health
primarily through the respiratory tract. Inhaled PM may lead to lung cancer and other
respiratory diseases, including reduced lung function, exacerbation of asthma, increased
morbidity of obstructive lung diseases, and also cardiovascular diseases (Quay, Reed, Samet,
& Devlin, 1998; Ristovski et al., 2012). Studies also suggest a link between PM> 5 and various
non-communicable diseases (NCDs), including diabetes, hyperactivity disorder, and autism in

children (Landrigan et al., 2018). One significant contributor to PM»s in urban air is the

combustion of diesel, which causes the emission of DPM.

1.2.1. Diesel particulate matter (DPM)

The usage of diesel engines in vehicles is one of the critical contributors to DPM in the air and
is one of the primary sources of exposure to humans (Wichmann, 2007). DPM consists of PM; 5
and is a complex mixture of solid and liquid particles suspended in the gas, meaning that DPM
might reach deep into the lungs (Ristovski et al., 2012; Wichmann, 2007). The variations in
chemical composition and sizes of the particles among engines make the potential toxicity of
DPM not easily understood (Wichmann, 2007). Accordingly, the PM>s consists of a
carbonaceous part other substances can condense on, including sulfates, metallic substances,

and inorganic and organic chemicals (Ristovski et al.,, 2012), which may alter the toxic



potential. One primary organic chemical group is the PAHs, which are linked to many of the

toxic effects seen after exposure to PM» s and DPM (Ristovski et al., 2012; Wichmann, 2007).

1.2.2. Polycyclic aromatic hydrocarbons (PAHs)

PAHs are composed of fused benzenoid rings having different properties, including being
semivolatile (Bostrom et al., 2002). Some of the smaller 2-3 ringed PAHs are predominantly in
the gas phase and are associated with coarse particles. Four-ringed PAHs are present in both
gas and particulate phases, and the 5-6 ringed PAHs are mainly present in the particulate phase,
dominating in PMz 5 (Dat & Chang, 2017).

One of the main exposure routes for PAHs is through inhalation, where tobacco smoke seems
to be of importance (Lannero et al., 2008). PAHs are formed during incomplete combustion
processes from industry, heating, and carbonaceous particles such as DPM (Bostrom et al.,
2002). Lenner and Karlsson reported that cars having diesel engines might emit five times more
PAHs compared to gasoline engines (Lenner & Karlsson, 1998). However, since then, the
technology has improved, and diesel engines with filters are suggested to decrease the PAH
emission from diesel engines up to 70% (Apicella et al., 2020). Also, in recent times, legislation
concerning the amount of PAHs in the air have reduced the presence of these compounds (K.-
H. Kim, Jahan, Kabir, & Brown, 2013). Nevertheless, exposure to PAHs still causes harm to
humans (Bostrom et al., 2002). According to recent studies, occupational exposure to PAHs are
possibly associated with a higher risk of adverse health effects, including lung cancer (Olsson
et al., 2010). However, it should be noted that exposure to other pollutants may also contribute
to the observed adverse health effects. Nitrated PAHs (nitro-PAHs) are also known to have
carcinogenic properties and are formed through nitration reactions of the combustion-generated

PAHs (IARC, 2014; Nowakowski, Rostkowski, & Andrzejewski, 2017).

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHSs)

Nitro-PAHs are formed during photochemical and atmospheric processes, produced by a
chemical reaction between the PAHs and NOx (Bostrom et al., 2002; IARC, 2017). It has
previously been suggested that several PAHs and nitro-PAHs might be crucial human cell
mutagens in the aerosol extracts (Durant, Busby, Lafleur, Penman, & Crespi, 1996).
Furthermore, the metabolic activation of PAHs and nitro-PAHs by the Cytochrome P450 (CYP)
enzyme 1Al (CYP1AI) and 1B1 (CYP1B1) may induce their toxic potential through the

4



formation of reactive electrophilic metabolites (e.g., epoxides) as well as reactive oxygen

species (ROS) (Y.-D. Kim, Ko, Kawamoto, & Kim, 2005; Namazi, 2009).

1.2.3. Reactive oxygen species (ROS)

ROS, or oxygen radicals, may not only be formed during the metabolism of xenobiotics but are
also produced during aerobic metabolism and may increase as a result of incomplete reduction
of oxygen (O2) to water (H20). Oxygen radicals include superoxide anion radical (O2),
hydrogen peroxide (H207), and hydroxyl radical (OH) (Smart & Hodgson, 2018). The
imbalance between the production of ROS and the available antioxidant defenses may cause
oxidative stress (Ristovski et al., 2012), having the potential to cause damage to DNA, proteins,

lipids, and other molecules (Namazi, 2009; Simon, Haj-Yehia, & Levi-Schaffer, 2000).

Because of the oxygen radicals’ small, diffusible size, rapid synthetization, and removal, they
can also work as second messengers in important cellular signaling events. However, they are
also toxic at high concentrations, making them efficient only at a narrow concentration range
(Schreck & Baeuerle, 1991; Schreck, Rieber, & Baeuerle, 1991). Notably, the production of
oxygen radicals can be triggered by immune cells, which are important during inflammation as

a part of the defense mechanism (Gamaley & Klyubin, 1999; Simon et al., 2000).

1.3. The immune system

The immune system’s main task is to recognize self from non-self, accordingly, by identifying
proteins and molecules belonging to the body and foreign bodies such as bacteria, viruses, and
toxic compounds (Murphy & Weaver, 2017a). Notably, the immune system may also react to
PM, where the attached PAHs are reported to have an essential role in inducing inflammatory

responses (Bonvallot et al., 2001).

The immune system is separated into the innate (first line of defense) and the adaptive (second
line of defense). The innate immune system consists of anatomical barriers, such as the physical
and chemical barrier of the respiratory system, and more specialized innate immune cells,
modulating the innate immune response. The innate immune cells are different types of white
blood cells (leukocytes), which are characterized by moving into the circulatory system to

protect the body from harm (Parham, 2015a). Furthermore, the immune cells communicate



with each other, and with non-immune cells, such as epithelial cells, by cytokine production

and release, which triggers immune responses. (Whitsett & Alenghat, 2015).

1.3.1. The anatomical barrier of the respiratory system
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Figure 2 Anatomy of the lower respiratory
tract. The respiratory system is composed of
the upper respiratory tract and the lower
respiratory tract. The lower includes
trachea, bronchus, bronchioles and the gas
exchanging part (respiratory bronchioles,
alveolar duct and alveoli). Picture taken
from (Waugh & Grant, 2014).

The respiratory system consists of the upper and
lower respiratory tract. The lower includes trachea,
bronchus, bronchioles, and the gas exchanging part,

as shown in Figure 2 (Waugh & Grant, 2014).

The human airway is composed of hollow tubules
lined by ciliated, brush, goblet, and basal cells,
which structure a physical, secretory, and regulatory
barrier of the epithelium, protecting the lungs and
airway from inhaled pathogens and environmental
pollutants (Cao, Chen, Dong, Xie, & Liu, 2020).
Airway epithelial cells respond to these invaders by
regulating the inflammatory response through

cytokine release (Proud & Leigh, 2011).

Basal cells are stem cells responding to injury by
differentiating into goblet cells and ciliated cells,

which have important roles in repair responses.

Goblet cells secrete mucus and mucins in the submucosal glands (Whitsett & Alenghat, 2015),

and ciliated cells dominate in the airway epithelium. Together they constitute the first line of

defense (Cao et al., 2020). Furthermore, they are located in the submucosa layer underneath the

epithelium layer (Figure 3) (Waugh & Grant, 2014).
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mucus gel layer, an essential Figure 3 Structure of airway epithelium and the submucosal
gland. Mucins and mucus are secreted from the submucosal
component of the mucociliary gland. They compose the mucus gel layer, an essential
component of the mucociliary escalator. Unwanted particles are
trapped in the mucus gel layer, and ciliated epithelium cells
move the particles upwards to the larynx to be coughed up or
swallowed. Picture taken from (Waugh & Grant, 2014).

escalator, which traps unwanted
particles. The synchronized beating
of ciliated epithelium cells moves
the particles upwards to the larynx to be swallowed or coughed up (Waugh & Grant, 2014).
Notably, the overproduction of mucus in the airways is linked to respiratory diseases, such as
asthma and chronic obstructive pulmonary disease (COPD) (Aikawa, Shimura, Sasaki, Ebina,

& Takishima, 1992; Whitsett & Alenghat, 2015).

1.3.2. Innate immune cells

A significant part of the innate immune response is to destroy invading agents and pollutants
by phagocytosis using phagocytic cells, such as macrophages and neutrophils. Activation of
macrophages results in an inflammation response releasing cytokines and chemokines, further
recruiting cells from the blood into the infected area (Murphy & Weaver, 2017a). Alveolar
macrophages are located in the lung alveoli. They have a critical role in the respiratory tract
immune system by protecting the lungs from harmful effects by the removal of foreign PM
(Miyata & van Eeden, 2011). Neutrophils usually arrive first at the site of infection in response
to cytokines released from macrophages (Downey, Worthen, Henson, & Hyde, 1993). In acute
pulmonary inflammation, they have an important function in host defense, including the

production of oxygen radicals (Downey et al., 1993).

Mast cells are tissue cells commonly found in mucous membranes. They are essential for wound
healing and defense against pathogens via the inflammatory response activated through the
release of cytokines and granules. Furthermore, they are crucial in pulmonary inflammation,
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including asthma (Cruse & Bradding, 2016). Notably, exposure to PMs is suggested to
increase the cytokine production, and might further induce allergic effects through the cytokine

and histamine release (Jin et al., 2019).

Dendritic cells are located in most tissues, including the inner mucosal lining of the lungs. They
identify threats and act as messengers for the rest of the immune system by antigen presentation
(Parham, 2015a). Other studies have reported that exposure to PM causes the activation and
maturation of dendritic cells, which induce the activation of the adaptive immune cells (Pfeffer
et al., 2018). Accordingly, it is suggested that dendritic cells act as a bridge between the innate
immune system and the adaptive immune system, modulated by T cells and B cells. These cells
give a specific response against threats and rely on antigen receptors that recognize structures

of individual pathogens (Murphy & Weaver, 2017a).

1.3.3. Cytokines

Cytokines are small proteins essential for intra- and intercellular communication, having a
central role in the regulation of the immune system (Murphy & Weaver, 2017b). Cells often
release cytokines when exposed to invading agents, but may also be released after exposure to
xenobiotics (Parham, 2015b). The cytokine will bind to a specific receptor located on the
surface of another cell. The binding induces a cascade of intracellular signals, causing the cell

to change behavior, including the upregulation of genes (Parham, 2015b).

Cytokines include interleukins, chemokines, and others (Zhang & An, 2007). Interleukins are
generally expressed by leukocytes, which then act on other leukocytes (Zhang & An, 2007).
Mainly, they are made by different immune cells, such as macrophages, causing the
development and differentiation of T cells and B cells (Mizel, 1989). Chemokines are
chemoattractant cytokines that induce the movement of cells towards the chemokine source.
They may be identified by either having two cysteine residues approximate to the amino
terminus (CC chemokines) or by having two cysteine residues separated by a single amino acid

(CXC chemokines) (Murphy & Weaver, 2017b).

Studies suggest that some pro-inflammatory cytokines, including interleukin 6 (IL-6) and
interleukin 8 (CXCLS8), are released from airway epithelial cells in response to foreign

compounds, such as PM (Mills, Davies, & Devalia, 1999; Park & Park, 2009). Also, their



release is modulated through various signaling pathways (Gomperts, Kramer, & Tatham,
2009b).

Interleukin 6 (IL-6)

IL-6 has many purposes and biological activities and is activated in the early inflammatory
response. The activation of IL-6 is increased in association with respiratory diseases and has
both pro-inflammatory and anti-inflammatory properties (Quay et al., 1998; Schindler et al.,
1990). One systemic effect of IL-6 is the rise in body temperature, a fever, caused by alteration

of energy mobilization (Parham, 2015b).

Interleukin 8 (CXCLS8)

CXCLS8 is a member of the CXC-chemokine family and is expressed in every part of the body
(Baggiolini, Walz, & Kunkel, 1989). CXCLS binds to specific chemokine receptors mainly
located on neutrophils, causing the activation and movement of neutrophils from the blood
against the concentration gradient of CXCL8 towards the site of production (Parham, 2015b).
The production and release of CXCL8 may be triggered by many factors, including bacteria,
viruses, and other pro-inflammatory cytokines (Baggiolini et al., 1989; Park & Park, 2009).

1.4. Cell signaling pathways

Cellular signaling pathways describe how extracellular signals translate into intracellular
processes. Extracellular first messengers, such as cytokines, bind and activate extracellular
receptors. They further induce the formation of second messengers, including calcium ions
(Ca?") (Gomperts, Kramer, & Tatham, 2009a). This may initiate a signaling pathway that results

in the activation of genes and the production of corresponding proteins.

Many sensory cells and epithelial cells express pattern recognition receptors (PRRs) (Proud &
Leigh, 2011). These receptors recognize inflammatory mediators of many microorganisms,
such as pathogen-associated molecular patterns (PAMPs), where PRR activation initiates the
innate immune response (Murphy & Weaver, 2017a). Notably, in epithelial cells, PRR
activation leads to the release of inducible antimicrobial products that work synergistically to
kill bacteria, and the CXCLS8 response recruits leukocytes releasing additional antimicrobial

molecules (Proud & Leigh, 2011). Notably, respiratory epithelial cells are equipped with



toll-like receptors (TLRs), essential PRRs, which has a critical role in driving mucosal immune

responses (Whitsett & Alenghat, 2015).

1.4.1. Toll-like receptors (TLRs)

TLRs consist of 10 intra- and extracellular receptors that can recognize the presence of
infections from viruses, fungi, parasites, and other pathogens (Parham, 2015b). The activation
of TLRs results in a production of pro-inflammatory cytokines, which may initiate an
inflammatory response (Lafferty, Qureshi, & Schnare, 2010). The TLR4 is activated by
bacterial components, including lipopolysaccharide (LPS) (Parham, 2015b), whereas TLR3
recognizes double-stranded RNA (dsRNA), which characterizes many viral infections
(Alexopoulou, Holt, Medzhitov, & Flavell, 2001). Furthermore, activation of TLR3 mediates
host-defense responses to respiratory viral pathogens (Whitsett & Alenghat, 2015). Notably,
studies have suggested that activating TLR3 with an agonist, alters the cytokine response after

PAH exposure (OQvrevik, Refsnes, Holme, Schwarze, & Lag, 2013)

1.4.2. The aryl hydrocarbon receptor (AhR)

The aryl hydrocarbon receptor (AhR) is an intracellular protein that can bind to different
molecules such as PAHs and dioxins, causing an up-regulation of CYP-enzymes. It is involved
in the metabolization of many xenobiotics and the formation of ROS. However, other
implications of AhR-binding may be of importance for the mutagenic and carcinogenic effects

caused by DPM (Bach et al., 2015; Whitlock Jr, 1999).

There are three different signaling pathways of AhR (Figure 4); (1) the classical genomic
pathway, (2) the non-classical genomic pathway, and (3) the non-genomic pathway (Holme,

Brinchmann, Le Ferrec, Lagadic-Gossmann, & @vrevik, 2019).

The classical genomic pathway of AhR is activated when an inducer, for instance,
2,3,7,8-tetrachlorodibenzodioxin (TCDD), an AhR ligand, enters the cell and binds to the
receptor. The inducer-receptor complex enters the nucleus and attaches to the AhR nuclear
translocator (ARNT), making an AhR-ARNT complex. This complex binds to xenobiotic
response elements (XREs) in the promotor region of the gene of interest (Brinchmann et al.,
2018; Timbrell, 2009). Moreover, it leads to the transcription of CYP-enzyme messenger RNAs
(mRNAs), such as CYP1A41, and further upregulates CYP1A1 enzymes (Timbrell, 2009).
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The non-classical genomic pathway of AhR also leads to the translocation into the nucleus
where it may associate with other transcriptional factors, including nuclear factor kB (NF-«B).
NF-«B is a crucial transcription factor for innate and adaptive immune responses, having roles
in cell death and proliferation (Donaldson et al., 2003; Parham, 2015b). Furthermore, it initiates
the transcription of genes, such as genes for cytokines, adhesion molecules, and other proteins
necessary for inflammatory responses (Parham, 2015b). Notably, the interaction between AhR

and NF-xB impacts each other’s activity (Tian, Rabson, & Gallo, 2002).

The non-genomic pathway of AhR does not require the binding to ARNT (Matsumura, 2009).
In this pathway, the receptor functions as a signaling molecule, and the responses involve
activation of protein kinases and mediation of the intracellular Ca** concentration ([Ca®'];)
responses. Furthermore, this seems to proceed with secondary activation of genes (Brinchmann

etal., 2018).

AhR non-genomic signaling: / I
Protein phosphorylation via kinases (SrC)
] Membrane order/caveola / M
Lisbbsssnsst [Ca?*], increase via SOCE/ROCE W

Non-classical hsp90
Genomic
Classical
Genomic
Cross talk with other >
transcription factors, ne‘YAVA AYA

NF-xB subunits
Estrogen receptor

ARNT

N/N/N/TN/N
— ARE

Figure 4 Binding of AhR leads to the upregulation of CYP-enzymes. Three different signaling pathways
are activating AhR. (1) the classical genomic pathway involves the binding of an AhR inducer, such as
TCDD, to the receptor. The complex translocates into the nucleus and binds to ARNT, causing the
transcription of CYP enzyme mRNA, which further upregulates CYP proteins and enzymes. (2) the
non-classical genomic pathway involves the translocation of AhR to the nucleus where it associates with
other transcription factors, such as NF-kB, where they modulate each other’s activity. (3) the non-genomic
pathway is modulated by the receptor working as a signaling molecule and causing activation of protein
kinases and the mediation of calcium responses, which further proceeds with the genomic activation of
target genes. Figure adapted from (Holme et al., 2019).
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1.4.3. Calcium signaling

Ca?" performs many tasks in cells and is important for the signalization needed to regulate
cellular homeostasis. In the lungs, [Ca?"]; is important for the regulation of cell proliferation,
ciliary beat frequency, and mucus and surfactant release (Clapham, 2007). Ca*" also regulates
mitochondrial function, motility, and viability. More specifically, an increase in [Ca®']; may
cause a higher production of adenosine triphosphate (ATP). This reaction may, however, also
result in the leakage of free electrons as more oxygen is reduced to water, thereby causing the
formation of Oz  (Clapham, 2007). If too high, this increased production of oxygen radical
molecules may induce cell death, which is often found to be a mixture of necrosis and apoptosis

(Simon et al., 2000).

1.4.4. Cell death

The different cell deaths are distinguished from each other by morphology. Apoptosis is a form
of controlled cell death, mediated by proteolytic enzymes. The morphology includes cell
shrinkage, nuclear DNA fragmentation, and membrane blebbing (Tekpli, Holme, Sergent, &
Lagadic-Gossmann, 2013). Necrosis, a passive mode of cell death, occurs when there are acute
injuries to the cells or extreme physicochemical injuries, such as heat and irradiation (Tekpli et
al., 2013). Other types of necrosis also occur in normal cell physiology and development. The
symptoms of necrosis consist of damage to the plasma membrane, loss of intracellular

homeostasis (Tekpli et al., 2013), and swelling of organelles (Kroemer et al., 2009).
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2. Aims of Study

It has been hypothesized that the inflammatory response in cells activated by PM is modulated
by the PAHs. Therefore, the overall aim of the project was to explore interactions between

various PAHs regarding gene expression with a specific focus on inflammatory responses.

In the present study, we first hypothesized that various PAHs could modify the AhR classical
genomic pathway as measured by the expression of CYP/A1 alone and in combination with the
AhR agonist B[a]P. Next, we hypothesized that exposure to the PAHs alone or in combination
with the TLR3 ligand polyinosinic:polycytidylic acid (Poly I:C) could modify inflammatory

responses via AhR. We formulated several working hypotheses:

First, different PAHs might either work as antagonists or agonists towards the classical genomic

pathway of AhR.

e The different PAHs alone may modify CYPIA1 expression
e The PAHs will modify B[a]P-induced CYPIAI expression

Secondly, various PAHs may modify the release of pro-inflammatory cytokine responses

e PAH exposure may modify IL-6 and CXCLS release in unprimed cells
e PAH exposure will modify IL-6 and CXCLS release in Poly I:C primed cells

Thirdly, pyrene may modulate the release of pro-inflammatory cytokine responses via AhR

e (CH223191 will reduce the IL-6 and CXCLS release in unprimed cells
e (CH223191 will reduce the IL-6 and CXCLS release in Poly I:C primed cells

Fourthly, the effects of the PAHs may modify the release of cytokines by changing their gene

expression

e Pyrene will increase /L-6 and CXCLS expression in unprimed cells

e Pyrene will increase /L-6 and CXCLS expression in Poly I:C primed cells

e (CH223191 will inhibit the expression of /L-6 and CXCLS induced by pyrene in both
unprimed and primed cells

Finally, we hypothesized that B[a]P and pyrene will activate AhR through the non-genomic
pathway.

e B[a]P and pyrene will increase the level of intracellular Ca?*

13



3. Materials and Methods
3.1. Materials

3.1.1. Materials and solutions

The materials and solutions used in the current study are shown in Appendix C and Appendix

D.
3.2. Methods

3.2.1. Cell line treatment

In the present study, we used the SV-40 transformed bronchial epithelial cell line, BEAS-2B,
derived from healthy human lungs. The BEAS-2B cells (ATCC) were grown at 37°C with 5%
CO; atmosphere and passaged twice per week. The cells were cultured in serum-free LHC-9
medium on collagen-coated culture flasks. The experiments were executed on near confluent
cells in LHC-9 medium for cytokine release and gene expression, and in HHBS (Hank’s buffer

with Hepes) buffer for Ca?* release measuring.

Priming with the immunostimulant Poly I:C

The synthetic analog of double-stranded viral RNA, Poly I:C, is a TLR3 agonist used to
determine if a viral infection can be a confounding factor to the cell’s response after exposure
to toxic agents and chemicals (Alexopoulou et al., 2001). Poly I:C was purchased from
Sigma-Aldrich, and cells were primed with Poly I:C 30 min before exposure to selected

compounds.

AhR inhibitor treatment (CH223191)

The well-known AhR antagonist, CH223191, is the first reported ligand-selective antagonist of
the AhR having no affinity towards other receptors (“CH223191”, n.d.). CH223191 was
purchased from Sigma-Aldrich, and the cells were treated with CH223191 for 30 min before

exposure to selected compounds.
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PAH exposure

BEAS-2B cells were exposed to eight different PAHs known to be abundant in DPM and has
different properties and sizes ranging from three to five benzene rings (Figure 5). The PAHs
used in this study; phenanthrene, 1-methylphenanthrene (1-MP), fluoranthene, pyrene,
I-nitropyrene (1-NP), B-naphthoflavone (B-NF), benzo[a]pyrene (B[a]P), and benzo[e]pyrene
(B[e]P). They were purchased at different manufactures (see Appendix C) and dissolved in
dimethyl sulfoxide (DMSO), having a DMSO concentration below 1% for all treatments. Also,

all the experiments had a negative vehicle control treated with DMSO only.

1. Phenanthrene 2. 1-Methylphenanthrene 3. Fluoranthene 4. Pyrene
O\N /O
5. 1-Nitropyrene 6. B-Naphthoflavone 7. Benzo[a]pyrene 8. Benzo[e]pyrene

Figure 5 Structures of the PAHs tested. The PAHs used in this study consisted of three to five fused
benzene rings. These were chosen because of their abundancy in diesel exhaust and by having different
properties, giving a broader understanding of how different structures modulate different responses.
Structures were found at (“SciFinder”, n.d.).

3.2.2. Cytotoxicity (LDH assay)

Cytotoxicity was calculated by measuring lactate dehydrogenase (LDH) activity in the cell
culture supernatant. LDH is a cytosolic enzyme present in the cytoplasm of almost all cells of
the body. Damage to the plasma membrane results in the release of LDH into the surroundings,
making the LDH concentration in cell-free supernatant proportional to the number of

dead/damaged cells (“Cytotoxicity Detection Kit (LDH)”, n.d.).

LDH is measured using a reaction mixture containing 98% dye solution and a 2% catalyst. The
dye solution is composed of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium
(INT) and sodium lactate. The catalyst contains diaphorases (dehydrogenase enzymes) and an

NAD" mixture. The LDH release is quantified by a coupled enzymatic reaction, where LDH
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transfers hydrogen when catalyzing the oxidation of L-lactate to pyruvate via reduction of
NAD* to NADH and H* (Tietz, 1985). Diaphorases uses NADH to reduce INT to a red
formazan product, where the amount is proportional to the amount of released LDH. Lastly, the
maximum leakage of LDH is quantified by making a max LDH control by inducing lysis to the
cells by adding 2% Triton-X to non-treated cells, making all the produced LDH to leak out.

The LDH assay (Roche) was conducted by diluting an LDH concentrate solution (10 000
mU/mL) twice in medium, ending up with a primary stock of 1000 mU/mL. The primary stock
was series diluted, forming the standard curve concentrations (mU/mL): 1000, 500, 250, 125,
62.5,31.3, 15.8, and 0. Next, 50 pL of standard dilution and samples were added to a 96-well
maxisorb plate. The max LDH control was diluted (1:2, 1:4, and 1:8) and added on the 96-well
maxisorb plate together with samples and a negative control containing medium. The color
reaction was started by adding 50 uL of the reaction mixture to each well. Afterward, the plate
was incubated in a dark place at room temperature for approximately 15 min. Absorbance was

measured at 490 nm using TECAN Sunrise Remote Microplate Reader.

3.2.3. Viability (AlamarBlue assay)

Cell viability was measured using the AlamarBlue assay, a method using fluorescence to detect
the metabolic activity of cells. It is based on the reduction of the blue poorly fluorescent
compound resazurin (oxidized form: 7-hydroxy-3H-phenoxazin-3-1-10-oxide) to the red highly
fluorescent colored compound resorufin (reduced form: 7-Hydroxy-3 H-phenoxazin-3-one) by

mitochondrial enzymes carrying diaphorase activity (Zachari et al., 2014).

In short, the AlamarBlue solution (Invitrogen) was diluted 1:10 in HHBS buffer, and 100 pL
was added to each well containing cells, including a well without cells (negative control/blank).

Afterward, the plate was incubated at 37 °C with 5% CO2 for 90 min. Fluorescence was

measured at Ex/Em = 530/590 nm

RFUsample - RFUblank
o ‘ .
Viability (%) RFUCOnm,l—RFUblank*100 using ClarioStar plus. Lastly, the

viability (%) was calculated, as
Equation 1 shows how to calculate the viability (%) by

using the fluorescence measured by the AlamarBlue | shown in Equation 1.
assay.
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3.2.4. Cytokine release (sandwich ELISA)

ELISA is an immunological assay used to quantify a specific protein in a complex mixture
using specific antibodies towards the antigen of interest. In a sandwich ELISA, antigens are
quantified between two layers of primary antibodies, each detecting a different epitope

(antigenic determinant) of the antigen; the capture and detection antibody.

In this study, streptavidin-HRP (horseradish peroxidase) was used as an enzyme label together
with a secondary antibody to detect proteins through a color development. HRP, with H,O»
(catalysator), oxidizes the chromogenic substrate tetramethylbenzidine (TMB) from a colorless
to a blue substrate. Lastly, by adding a stop solution of sulphuric acid (H2SO4), the color

changes from blue to yellow (Figure 6).

In short, sandwich ELISA

(Invitrogen) was used for

detecting the release of IL-6 otnLavess Streptaviain \A

and CXCLS8 after exposing o
cells in coated 6-well culture

l N
dishes for 20 h to selected

DA A S
compounds. First, the wells \\{/ \J\\{/ \\(/ ﬁ(/ A (/

of a 96-well maxisorb plate

Figure 6 The steps of a sandwich ELISA. The well is first coated with
the capture antibody and afterward incubated with the samples and
: detection antibody. The cytokine measured will bind to the capture
antibody. After 12 h, the antibody, and the detection antibody with the linked enzyme (HRP) will
plate was washed and bind to the antigen. Afterward, the substrate for the linked enzyme is
added and causes a measurable color change. The figure is adapted

incubated 1 h with blocking from (“Sandwich ELISA protocol”, 2019).

buffer. A dilution series made the standard curves for IL-6 and CXCLS (Table 1), and 100 uL

were coated with the capture

of the standard concentrations and diluted samples were added to the maxisorb plate in two
parallels before 2 h incubation with 50 pL detection antibody. Afterward, the plate was washed,
and HRP was added before 30 min incubation in a dark place. Next, the unbound enzyme was
removed by washing before adding the TMB solution. The reaction was stopped with H>SO4
after approximately 20 min, and absorbance was measured at reference wavelength 620 nm and

absorbance wavelength 450 nm using TECAN Sunrise Remote Microplate Reader.
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Table 1 Standard dilution concentrations of IL-6 and CXCLS used to form the standard curves for the

sandwich ELISA assay.

IL-6 (pg/mL) 1000 | 500 | 250

125

62.25 | 31.13 | 15.56 0

CXCLS8 (pg/mL) | 800 400 200

100 50 25

12.50 0

3.2.5. Gene expression (Cell-to-Cr)

Cell-to-Cr is a quantitative reverse transcription polymerase chain reaction (RT-qPCR), used

to run reverse transcription and qPCR (real-time) directly on the lysate of seeded cells, without

any RNA-isolation step. The targeted mRNA is reverse-transcribed to a complementary DNA

(cDNA) molecule by reverse transcriptase, an RNA-dependent DNA polymerase enzyme. The

newly transcribed cDNA is used as a template for the PCR process and is amplified to the gene

of interest. The conventional PCR process consists of cycles of three steps:

1. Denaturation: increasing temperature separates the strands

2. Annealing: Decreasing temperature attaches primers to their complementary strand of

the DNA sequence

3. DNA synthesis: Increasing temperature activates the DNA polymerase to synthesize

the DNA sequence

The amount of amplified PCR product for each
cycle is represented in a graph (Figure 7). The
DNA synthesis has a linear phase below the
threshold (a level above background fluorescence),
before reaching the threshold and going into an
exponential phase (Oswald, 2019). The
intersection between the threshold and the sample
graph is called the cycle threshold value (Cy) and
represents the PCR cycle number at which the
sample’s reaction curve intersects the threshold
line (Oswald, 2019). Low C; values indicate high
amounts of the target sequence, and high C; values

indicate lower numbers (Oswald, 2019).
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Figure 7 Real-time PCR graph of a sample. The
amplification of PCR products is quantified for
each cycle using a fluorogenic mastermix. The
quantification can be shown as a graph. The
sample graph is linear underneath the threshold
value before intersecting with the threshold
going into an exponential phase. The threshold
value represents the background level of
fluorescence, and the intersection with the
sample graph (the C: value) is defined as the
number of PCR cycles it takes to detect a real
signal from the sample. The picture is taken from
(Oswald, 2019).



Next, the AAC; method is used to normalize the C; values by comparing them with a reference
gene (18S), such as glyceraldehyde-3-phosphate dehydrogenase (GADPH) (Oswald, 2019).

Furthermore, the AAC; method can be used to calculate fold change, as shown in Equation 2.

Cell-to-Ct (Thermofisher Scientific) was used to

measure gene expression of CYPIAI, CXCLS, ACy = Ctigene of interest] ~ Ct[18s]

and IL-6. Cell cultures were seeded two days AAC = Alyrreatea) — Alticontron

— 2[-AAC]
before and exposed for 5 h to selected compounds Fold change = 2
in uncoated 96-well culture dishes. After | gouation 2 shows the equations used to

cold calculate fold change in gene expression

exposure, they were washed with measured by Cell-to-CT.

phosphate-buffered saline (PBS), aspirated, and
stored at —80°C. Next, plates were thawed in room temperature, and 50 puL lysis solution
containing 1% DNase were added to the plate, breaking the cells open to access proteins, RNA
and DNA, and inactivating endogenous RNases. The plate was incubated for 5 min before
adding a stop solution to inactivate the lysis reagents. Lastly, the plate containing the cDNA
template was kept on ice, and samples were diluted 1:4. A mastermix (see Appendix D)
containing primers (forward and reverse), buffer, DNA polymerase, dNTPs, and water was
distributed into a PCR plate before adding the cDNA template. The ANTP mix is fluorogenic,
making it possible to detect the specific PCR-product of interest as it accumulates at each PCR
cycle. Diluted samples were added to the PCR plate and analyzed with a Bio-Rad CFX96 PCR
machine, using the PCR-run shown in Table 2. The expression of the gene of interest was

normalized against GADPH and quantified as fold change compared to vehicle control.
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Table 2 Steps of the PCR-run

Step No. of cycles Temp. Time (min)
Reverse Transcription 1 48°C 30:00
Polymerase chain reaction 1 95°C 10:00
Amplification 40 95°C 0:15
60°C 1:00

Plateread between each cycle

1 65°C 0:31
65°C(+
Melt curve 61 0.5°C/cycle, 0:05

Ramp 0.5°C/s)

Plateread between each cycle

3.2.6. Calcium measuring

Cal-520 AM (Abcam) is a fluorogenic calcium-sensitive dye used for detecting intracellular
calcium mobilization. It can cross cell membranes, and once inside the cell, the lipophilic
blocking groups of Cal-520 AM are cleaved so that it does not escape. The fluorescence is
greatly enhanced when binding to intracellular Ca**, which, upon release, can be detected by

measuring the fluorescence (“Cal-520® AM”, 2017).

[Ca®*]; was measured according to the protocol (see Appendix B). In short, 20 000 cells/well
were seeded in a black-wall clear-bottom 96-well plate two days before the measurement. On
the day of the experiment, the medium was changed, and the cells were incubated for 30 min
at 37°C and 5% CO> with a dye solution containing 5 uM Cal-520 AM, 0.04% pluronic, and
2.5 mM probenecid in HHBS buffer. After 30 minutes of incubation, the dye solution was
removed and replaced with the PAH exposure stocks made in HHBS buffer containing 2.5 mM
probenecid. The fluorescence was measured every other minute for 142 min at Ex/Em =

492/514 nm using ClarioStar Plus with 37°C incubation.
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3.2.7. Statistical analysis

Mean and standard deviation (SD) are reported for at least three independent experiments and
between technical replicates for one-time experiments. Statistical analyzes were conducted for
experiments having at least three biological replicates using GraphPad Prism v.8. Data were
checked for normality using the Shapiro-Wilk normality test (p < 0.05) (Whitlock & Schluter,
2015a). The normally distributed data were analyzed using One-way or Two-way ANOVA.
Data that did not follow a normal distribution were analyzed using the non-parametric test
Kruskal-Wallis (for one-way ANOVA), or they were log-transformed (X = log(X)) to meet the
criteria of normality (Whitlock & Schluter, 2015a). Furthermore, the data were analyzed using
repeated measures to exclude interexperimental variations. The multiple comparisons test
Bonferroni’s, Tukey’s, or Dunnett’s were used. Bonferroni was used when comparing a set of
means (Whitlock & Schluter, 2015b), Tukey, when comparing every mean with every other
mean (Tukey, 1949), and Dunnett when comparing the means with the control-mean (Dunnett,

1955). Values of p < 0.05 were considered statistically significant.
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3.3. Methodological testing

3.3.1. Cell density

Before conducting the cytokine release experiments, we tested the impact of different cell
densities (see Appendix A). In short, cells were seeded at 200 000 cells/well and 400 000
cells/well and primed with 3 pg/mL Poly I:C for 30 min before exposure to 3, 10, and 30 uM
pyrene one day or two days after seeding. After 20 h exposure, the CXCLS8 release was
measured by sandwich ELISA. Although just preliminary experiments, not done in sufficient
repeat, the results indicate that too high or too low cell density may cause variable results.
Notably, it seemed that waiting two days after seeding caused less variability compared to
exposure one day after seeding. Therefore, we decided to do the cytokine release experiments
seeding out 220 000 cells/well and wait two days before exposing the cells towards the selected

compounds.

3.3.2. Calcium measuring

A few pilot studies were also conducted for measuring Ca®* release using Cal-520 AM (see
Appendix A). In short, the pilot studies illustrated that extracellular Ca?" is essential for the
intracellular Ca?* release. Thus, as recommended, Ca?" was kept available in the HHBS buffer
and dye solution during the experiments. Based on these preliminary studies, we decided to use

a 30 min loading time with the dye solution and 2.5 mM probenecid in the exposure buffer.
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3.4. Methodological considerations

3.4.1. Use of an in vitro model

Using in vitro cell models is useful for gaining a rapid screening of toxic effects of many
chemicals and possible mechanisms involved. In general, in vitro methods are cheap and have
few ethical difficulties. The methods are reproducible and can be efficiently conducted multiple
times to achieve a considerable amount of data in a short time frame. The disadvantage of an
in vitro method is the low biological and ecological relevance of looking at one or multiple cell

lines separately, not showing how the different cells work together.

Most inhaled particles deposits in the bronchial branches, making bronchial epithelial cells a
natural target for inhaled air pollution and can be used as a relevant modeling system for air
pollution toxicity in humans (Schlesinger & Lippmann, 1978). Earlier studies demonstrate that
the immortalized cell line BEAS-2B has a high homology in gene expression when compared
to primary cells, and can be used as a surrogate to investigate the metabolism of toxicants in
bronchial epithelium (Courcot et al., 2012). In the current study, BEAS-2B was chosen by being
robust and easily cultured and maintained when compared to primary cell lines (“Primary Cell
Culture Basics”, n.d.). However, because immortalized cell lines may have altered standard
physiological properties (“Primary Cell Culture Basics”, n.d.), it should be considered to

supplement the current study using a primary cell line.

3.4.2. Experimental methods

In the current study, the LDH assay was used to measure cytotoxicity. This is a time-efficient
assay where it is easy to handle more samples simultaneously, and it is reliable for more
extensive experiments. As the LDH assay only measures the amount of leaked LDH, the results
can be affected by skewed cell numbers due to reduced cell proliferation. The AlamarBlue
assay was used after Ca?" measuring to assess the viability, and by measuring the amount of
metabolic activity in the cell population, the results can be affected by the individual cell
reducing ability and by agents affecting mitochondrial activity. Thus, it would be ideal to use

these two methods in combination, measuring both cell death and metabolic activity.
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Cytokine release in vitro can be measured using different methods, including Western blotting
and various types of ELISAs. In the current study, we decided to use the reliable and highly
quantitative method sandwich ELISA (Leng et al., 2008). This method is less time-consuming
compared to Western blotting and more reliable than the other ELISAs by quantifying the

antigen between two layers of antibodies, giving less background noise.

Gene expression in vitro is usually quantified by various PCR methods or Northern blotting.
Northern blotting is time-consuming, and we, therefore, decided to use a qRT-PCR method,
which measures gene amplification in real-time and quantifies the amount of non-specific and
primer-dimers formed during the PCR reaction. Also, this method has high sensitivity,
specificity, and is time-efficient, making it possible to analyze many samples at once. However,
it is an expensive method prone to DNA contamination, and it is only possible to analyze the
expression of one gene at the time. In the current study, only technical replicates of exposure
were conducted. Ideally, technical replicates of the PCR-run would be included, thus excluding

inaccurate measurements, and also to confirm that the PCR-run is successful.

In general, measuring of Ca®* release in vitro is accomplished by using fluorescence dyes and
further examination through calcium single-cell microscopic imaging. However, in the current
study, a fluorescence dye, Cal-520 AM, was used, and Ca®* release was analyzed by directly
measuring fluorescence. The Cal-520 AM dye is relatively new, and the knowledge of using
this dye and by only measuring fluorescence is limited. However, it appeared to have worked
well in earlier studies (Lock, Parker, & Smith, 2015), which is why this method was chosen. In
general, it was a secure method for loading the cells with dye, and measurement was efficiently
conducted using a fluorescence microplate reader. Nevertheless, the calcium single-cell
microscopic imaging is a more sensitive method, which probably would have been a better
choice according to earlier knowledge. Also, positive control should have been included to

calculate the actual amount of Ca?* release and not only the changes in fluorescence.
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4. Results
4.1. The PAHs modulates CYP1A1 expression

We tested if the various PAHs could activate the classical genomic pathway of AhR by inducing
CYPIAI expression alone or modulate B[a]P-induced CYP1A41 expression. Notably, because

B-NF is a well-known AhR agonist, it was excluded from these experiments.

We first checked for cytotoxicity by measuring the cell leakage of LDH (mU/mL) determined
by the LDH assay. The cells were treated with the selected PAHs (0.1, 1, and 10 uM) alone and
in combination with 0.1 uM BJ[a]P for 5 h and 24 h before the LDH measurement. Neither of
the PAHs alone or given in combination with B[a]P seemed to cause any marked changes in
morphology, as judged by microscopic examination (data not presented). Furthermore, as seen

from the results shown in

Figure 8, none of the various exposures seemed to cause any marked changes in cell leakage of

LDH after 5 h or 24 h exposure when compared to control (DMSO).
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Figure 8 Cell leakage of LDH (mU/mL) after exposing BEAS-2B cells to selected PAHs. The cells were
exposed to 0.1, 1, and 10 uM of the selected PAHs, alone and in combination with 0.1 uM B[a]P. The
LDH leakage was determined by the LDH assay. The data are represented as the mean value = SD of one
biological experiment with three technical replicates. The results are shown as the concentration of LDH
(mU/mL), where the dotted line represents the max LDH leakage = 196.56 and 291.73 mU/mL for the 5 h
and 24 h exposure, respectively. Abbreviations, ctrl = control (DMSO), phen = phenanthrene, 1-MP =
1-methylphenanthrene, fluo = fluoranthene, pyr = pyrene, 1-NP = [-nitropyrene, B[a]P = benzo[a]pyrene,
B[e]P = benzo[e]pyrene.

26



First, we examined the effect of B[a]P and pyrene alone and in combination, to assess which
concentrations would be preferable to use for the other PAHs. The cells were exposed for 5 h
to B[a]P (0.03, 0.1, 0.3, and 1 uM), and pyrene (0.1, 1, 3, and 10 uM). The CYP1A41 expression
was measured using Cell-to-Ct. As this experiment was a pilot study, we conducted one
experiment with three technical replicates. Thus, these results represent the intraexperimental
variation. As seen in the results presented in Figure 9, there was a trend of
concentration-dependent increase in the CYPIA1 expression starting already at 0.1 uM B[a]P.
In contrast, a reduction of CYPIAI synthesis appeared after exposure to 1 uM and higher
concentrations of pyrene. We further decided to test pyrene (0.1, 1, 3, and 10 pM) in
combination with 0.1 uM B[a]P. Accordingly, pyrene seemed to reduce the B[a]P-induced

CYPIAI expression in a concentration-dependent manner, starting already at 0.1 uM.

B[a]P Pyrene B[a]P (0.1 uM) + Pyrene
5 54 5+
4 44 4
3 34 3

CYP1A1 expression (fold)
N
i:)
N

-
> -
1
-

Figure 9 CYPIAI expression after exposing BEAS-2B cells to Bla]P and pyrene. The cells were exposed
for 5 hto B[a]P (0.03, 0.1, 0.3 and 1 uM) and pyrene (0.1, 1, 3 and 10 uM) alone, and 0.1 uM B[a]P in
combination with pyrene (0.1, 1, 3 and 10 uM). The CYP1AI expression was determined by Cell-to-Cr.
The data are represented as the mean value = SD of one biological experiment with three technical
replicates of exposure, and the results are shown as fold change compared to the control (DMSO).

As B[a]P seemed to increase the CYPIAI expression already at a concentration of 0.1 pM, we
decided to use 0.1 uM B[a]P in combination with the selected PAHs. Furthermore, we decided
to use the concentrations 0.1, 1, and 10 uM for the other PAHs, thus covering a relatively wide
concentration range. We measured the CYPI/A41 synthesis after 5 h exposure, as presented in
Figure 10. Three biological replicates were conducted for the concentrations 0.1 uM and 1 pM,

but for the highest concentration (10 uM), only two biological replicates were performed.

Therefore, only statistics for 0.1 uM and 1 pM are reported.
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Figure 10 CYP1A1 expression after exposing BEAS-2B cells to the PAHs. The cells were exposed for 5
h to the selected PAHs (0.1, 1, and 10 uM) alone and in combination with 0.1 uM B[a]P. The CYPIAI
expression was determined by Cell-to-Cr. The data are represented as the mean value + SD of three
biologically independent replicates for 0.1 uM and 1 uM, and two for 10 uM, all with three technical
replicates of exposure. The results are shown as fold increase of the control. * is a significant difference
relative to control, p < 0.05 for Two-way ANOVA with Dunnett’s multiple comparison test. The statistics
were calculated with repeated measures using the AACt values.
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Phenanthrene appeared to cause a non-significant concentration-dependent increase in CYPI1A1
expression at 0.1 uM and 1 pM, while 10 uM instead caused a trend of reduction (Figure 10A).
No changes appeared in the B[a]|P-induced CYPIA! synthesis following 0.1 uM and 1 uM
phenanthrene. Whereas, phenanthrene at the highest concentration (10 pM) seemed to cause a

reduction in the B[a]P-induced CYPIAI expression.

Neither of the concentrations of 1-MP (0.1, 1, and 10 uM) alone indicated any trend of change
in the expression of CYP1A41 (Figure 10B). When the cells were exposed to B[a]P, 0.1 uM and
1 uM 1-MP did not make any change in B[a]P-induced synthesis. In contrast, the highest
concentration of 1-MP (10 uM) appeared to decrease the CYPI A1 expression induced by B[a]P.
Notably, none of the treatments had a statistically significant effect on the CYP1A1 synthesis

when compared to the control.

As shown in Figure 10C, no marked changes in CYPIAIl synthesis were observed after
exposure to 0.1 uM and 1 uM fluoranthene. In contrast, 10 uM seemed to cause a trend of
reduction in CYPIAI expression. No changes in the B[a]P-induced CYPIAI synthesis was
observed after exposure to 0.1 pM and 1 uM fluoranthene, whereas the highest concentration
(10 uM) seemed to cause a reduction. Notably, none of the treatments had a statistically

significant effect on the synthesis of CYP/A when compared to control.

As seen in the results presented in Figure 10D, pyrene appeared to cause a non-significant
concentration-dependent decrease in CYPIAI expression. When the cells were exposed to
B[a]P, pyrene seemed to induce a concentration-dependent reduction in the B[a]P-induced

CYPI1A1I synthesis, although not statistically significant.

Exposure to 0.1 uM 1-NP, as shown in Figure 10E, did not markedly change the CYPIAl
synthesis. In contrast, 1 pM 1-NP induced a 2-fold and statistically significant reduction in
CYPIAI expression when compared to control (Dunnett, p = 0.0008). Furthermore, 10 uM
I-NP indicated a reduction in the expression of CYPIA1. After the exposure to B[a]P, 0.1 uM
I-NP did not indicate any change, whereas 1 pM 1-NP significantly decreased the
B[a]P-induced CYPIAI synthesis with a 4-fold (Dunnett, p < 0.0001). Also, 10 uM 1-NP
appeared to reduce the B[a]P-induced CYPI1A1 expression slightly.
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As shown in Figure 10F, after exposure to 0.1 uM and 1 uM B[e]P, there was a 3-fold and a

statistically significant increase in CYPIAI expression (Dunnett, p = 0.0009 and 0.0006,

respectively). Furthermore, 10 uM BJ[e]P appeared to increase the synthesis slightly. When the

cells were exposed to B[a]P, no marked changes in the B[a]P-induced CYPIAI synthesis

following any of the concentrations of B[e]P were observed.

4.2. The induced cytokine release by the PAHs

Cytokine release after exposure to the PAHs was measured in unprimed and in Poly I:C primed

cells. In the current study, we decided to use 3 pg/mL Poly I:C since higher concentrations were

found to have slightly cytotoxic effects as judged by microscopic examination (data not

presented).

We first wanted to evaluate what
concentration of the PAHs would be
preferable to use by making a concentration
curve of pyrene in both unprimed and Poly
I:C primed cells. Thus, we primed the cells
with Poly I:C (3 pg/mL) for 30 min before
20 h exposure to pyrene (3, 10, and 30 uM).
The results presented in Figure 11 shows the
cell leakage of LDH (mU/mL) after the
treatments, as measured by the LDH assay.
had a

in LDH

The primed cells statistically

significant increase leakage

compared to unprimed cells (Bonferroni, p
< 0.004). Nevertheless, neither of the
concentrations of pyrene in unprimed or
primed cells caused any statistically
significant change in LDH leakage when
compared to their respective controls. The
LDH to

leakage corresponded
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Figure 11 Cell leakage of LDH (mU/mL) after
exposing unprimed and primed BEAS-2B cells to
pyrene. The cells were primed with Poly I:C (3 ug/mlL)
for 30 min and exposed to pyrene (3, 10, and 30 uM)
for 20 h. The LDH leakage was determined by the LDH
assay. The data are represented as the mean value =+
SD of four biological independent replicates with two
technical replicates. The results are shown as the
concentration of LDH (mU/mL), where the dotted line
represents the average max LDH leakage = 728.44
mU/mL. No significant difference relative to control, p
< 0.05 for Two-way ANOVA with Dunnett’s multiple
comparison test. # is a significant difference relative
to the unprimed group, p < 0.05 for Two-way ANOVA
with Bonferroni’s multiple comparison test. The
statistics were calculated with repeated measures on
log-transformed data.

approximately 3-5% cytotoxicity in unprimed cells and 7-9% in primed cells.
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Next, we measured IL-6 and CXCLS release (pg/mL) by sandwich ELISA for the concentration
curve of pyrene (Figure 12). Primed cells had a statistically significant increase in release
compared to unprimed cells, both for IL-6 and CXCLS8 (Bonferroni, p < 0.0001, p = 0.0004,

respectively).

For the unprimed cells, pyrene significantly increased IL-6 release for 10 pM and 30 uM
compared to control (Dunnett, p = 0.008 and p < 0.0001, respectively). For the CXCLS release,
3 uM pyrene caused a significant reduction (Dunnett, p = 0.0159), whereas the higher
concentrations of pyrene (10 uM and 30 uM) did not cause any observable change in the
CXCLS8 response. Pyrene exposure in primed cells appeared to increase IL-6 and CXCLS8
release in a concentration-dependent manner. However, only the highest concentration of
pyrene (30 uM) caused a statistically significant increase in IL-6 and CXCLS8 release when
compared to Poly I:C control (Dunnett, p = 0.0013, and p = 0.0159, respectively).
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Figure 12 IL-6 and CXCLS release (pg/mL) after exposing unprimed and primed BEAS-2B cells to
pyrene. The cells were primed with Poly I:C (3 ug/mL) for 30 min and exposed to pyrene (3, 10, and 30
uM) for 20 h. The cytokine release was determined by sandwich ELISA. The data are represented as the
mean value + SD of five biological independent replicates with two technical replicates. The results are
shown as IL-6 and CXCLS release (pg/mL). * is a significant difference relative to control, p < 0.05 for
Two-way ANOVA with Dunnett’s multiple comparison test. # is a significant difference relative to the
unprimed group, p < 0.05 for Two-way ANOVA with Bonferroni’s multiple comparison test. The statistics
are calculated with repeated measures and on log-transformed data.
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According to the results presented in Figure 12, we decided to examine the different PAHs
further using 10 uM. The cells were unprimed and primed with Poly I:C (3 pg/mL) for 30 min
before a 20 h exposure to the PAHs. However, we first checked for cytotoxicity using the LDH
assay. The results, shown in Figure 13, represent the measured cell leakage of LDH after 20 h
PAH exposure. Primed cells had a statistically significant increase compared to unprimed cells
(Bonferroni, p = 0.0155). As for the unprimed cells, neither of the PAHs caused a statistically
significant difference in LDH leakage when compared to control, and the leakage corresponded
to 3-5% cytotoxicity. In the primed cells, fluoranthene induced a 1.3-fold and statistically
significant increase in LDH leakage compared to control (Dunnett, p=0.0481). The other PAHs
(phenanthrene, 1-MP, pyrene, 1-NP, 3-NF, B[a]P, and B[e]P) appeared not to change the LDH
leakage. Notably, the LDH leakage after exposure to the PAHs in primed cells corresponded to
approximately 7-9% cytotoxicity.
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Figure 13 Cell leakage of LDH (mU/mL) after exposing unprimed and primed BEAS-2B cells to various
PAHSs. The cells were primed with Poly I:C (3 ug/mL) for 30 min and exposed to the PAHs (10 uM) for 20
h. The LDH leakage was determined by the LDH assay. The data are represented as the mean value + SD of
four biological independent replicates with two technical replicates. The results are shown as the
concentration of LDH (mU/mL), where the dotted line represents the average max LDH leakage = 927.39
mU/mL. * is a significant difference relative to control, p < 0.05 for Two-way ANOVA with Dunnett’s multiple
comparison test. # is a significant difference relative to the unprimed group, p < 0.05 for Two-way ANOVA
with Bonferroni’s multiple comparison test. The statistics were calculated with repeated measures on
log-transformed data. Abbreviations; ctrl = control (DMSO), phen = phenanthrene, [-MP =
1-methylphenanthrene, fluo = fluoranthene, pyr = pyrene, 1-NP = [-nitropyrene, Bfa]P = benzo[a]pyrene,
B[e]P = benzo[e]pyrene.
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The IL-6 and CXCLS release (pg/mL) after exposure to the PAHs are shown in Figure 14.
Accordingly, primed cells significantly increased the IL-6 and CXCLS release when compared
to the unprimed cells (Bonferroni, p < 0.0001, and p < 0.0001, respectively).

In the unprimed cells, B[a]P and B-NF induced a less than 2-fold, but statistically significant
increase in IL-6 release (Dunnett, p = 0.0424 and p = 0.0097, respectively). In contrast, 1-NP
appeared to cause a non-significant reduction. A slight non-significant increase in IL-6 also
appeared after exposure to B[e]P. As for the CXCLS release, 1-NP caused a 1.5-fold decrease,
and B-NF induced a 1.2-fold increase, both statistically significant compared to control
(Dunnett, p <0.0001 and p = 0.0442, respectively). In contrast, none of the other PAHs seemed

to change the CXCLS release, nor were they statistically significant when compared to control.

For the primed cells, pyrene appeared to induce an increase in IL-6 release, whereas the other
PAHs caused no marked changes. Importantly, it should be noted that none of the treatments
had a statistically significant effect on the release when compared to control. For the CXCL8
release, both pyrene and fluoranthene induced a less than 2-fold, but statistically significant
increase compared to control (Dunnett, p < 0.0001 and p = 0.0218, respectively). In contrast,

the other PAHs appeared not to affect the CXCLS release, nor were they statistically significant.
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Figure 14 Il-6 and CXCLS8 release (pg/mL) after exposing unprimed and primed BEAS-2B cells to
various PAHs. The cells were primed with Poly I:C (3 ug/mL) for 30 min and exposed for 20 h to the
PAHs (10 uM). The cytokine release was determined by sandwich ELISA. The data are represented as the
mean value = SD of four biological independent replicates with two technical replicates. The results are
shown as an increase in IL-6 and CXCLS release (pg/mL). * is a significant difference relative to control,
p < 0.05 for Two-way ANOVA with Dunnett’s multiple comparison test. #is a significant difference relative
to the unprimed group, p < 0.05 for Two-way ANOVA with Bonferroni’s multiple comparison test. The
statistics were calculated with repeated measures on log-transformed data. Abbreviations, ctrl = control
(DMSO), phen = phenanthrene, 1-MP = 1-methylphenanthrene, fluo = fluoranthene, pyr = pyrene, 1-NP
= [-nitropyrene, B[a]P = benzo[a]pyrene, B[e]P = benzo[e]pyrene.

4.3. The signaling pathway of cytokine release

Next, we examined if AhR activity could modulate the IL-6 and CXCLS release in unprimed
and Poly I:C primed cells by treating the cells with the AhR antagonist CH223191. The cells
were primed with Poly I:C (3 pg/mL) and treated with CH223191 (10 uM) for 30 min before
20 h exposure to pyrene (10 uM). Four different treatment groups were conducted; (1) unprimed
cells were exposed to pyrene, (2) unprimed cells were treated with CH223191 and exposed to
pyrene, (3) primed cells were exposed to pyrene, and (4) cells were primed and treated with

CH223191 before exposure to pyrene.
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We first measured cell leakage of LDH (mU/mL) using the LDH assay (Figure 15). Pyrene

appeared to have approximately the same level of LDH leakage compared to control, and it

corresponded to roughly 3-5%
cytotoxicity. Treating the cells
with CH223191 before exposure to
DMSO and pyrene seemed to
increase the LDH leakage slightly.
However, only pyrene caused a
significant increase when
compared to control (Dunnett, p =
0.0005). Primed cells exposed to
both DMSO and pyrene caused a
statistically significant increase in

LDH leakage when compared to
control (Dunnett, p=0.0013, and p
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Figure 15 Cell leakage of LDH (mU/mL) after exposing
unprimed and primed BEAS-2B cells to pyrene and using
the AhR antagonist CH223191. The cells were primed with
Poly I:C (3 ug/mL) alone and in combination with
CH223191 (10 uM) for 30 min and exposed to pyrene (10

= 0.0011, respectively), which uM) for 20 h. The LDH concentration was determined by

the LDH assay. The data are represented as the mean value
+ SD of four biological independent replicates with two
technical replicates. The results are shown as the
concentration of LDH (mU/mL), where the dotted line
represents the average max LDH leakage = 559.08 mU/mL.
*is a significant difference relative to control (DMSO), p <
0.05 for Two-way ANOVA with Dunnett’s multiple
comparison test. The statistics were calculated with
repeated measures.

corresponded to approximately
7-9% cytotoxicity. Lastly, treating
the primed cells with CH223191
caused a statistically significant
increase in LDH leakage for both
DMSO and pyrene exposure when

compared to control (Dunnett, p < 0.0001), and corresponded to roughly 15-20% cytotoxicity.

Figure 16 presents the results of the IL-6 and CXCLS8 release (pg/mL) for the four treatment
groups. For the IL-6 release, CH223191 caused a 4.7-fold significant reduction, whereas
priming the cells caused a 13.9-fold significant increase when compared to control (Tukey, p <
0.0001, p < 0.0001, respectively). Pyrene induced a 1.5-fold increase in IL-6 release when
compared to the control (Tukey, p = 0.0153). Also, CH223191 caused a 5.2-fold significant
reduction in the pyrene-induced IL-6 release (Tukey, p <0.0001). In contrast, priming the cells
significantly increased the pyrene-induced IL-6 release with a 10.7-fold (Tukey, p < 0.0001),
and CH223191 significantly reduced IL-6 release with a 12.8-fold in primed cells (Tukey, p <
0.0001). CH223191 also had a reducing effect on the primed cells exposed to pyrene, and
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significantly decreased the IL-6 release with 8.3-fold (Tukey, p < 0.0001). There was also a
significant increase in primed cells treated with CH223191 and exposed to pyrene compared to

primed cells only treated with CH223191 (Tukey, p = 0.0016).

For the CXCLS8 release, CH223191 caused a 1.8-fold significant reduction when compared to
control (Tukey, p=0.0036). Furthermore, CH223191 significantly reduced the pyrene-induced
release with a 1.8-fold (Tukey, p = 0.0127). In contrast, primed cells induced a 4.4-fold
significant increase in CXCLS release compared to control (Tukey, p = 0.0032). Also, priming
the cells significantly increased the pyrene-induced CXCLS release by a 4.8-fold (Tukey, p =
0.0021), and CH223191 significantly reduced the release by a 3.8-fold compared to primed
cells (Tukey, p = 0.0124). For the primed cells exposed to pyrene, CH223191 significantly
reduced the CXCLS release with a 3.7-fold (Tukey, p = 0.0021).
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Figure 16 IL-6 and CXCLS release (pg/mL) after exposing unprimed and primed BEAS-2B cells to
pyrene and using the AhR antagonist CH223191. The cells were primed with Poly 1:C (3 ug/mL) and
pre-treated with CH223191 (10 uM) for 30 min before 20 h exposure to pyrene (10 uM). The cytokine
release was determined by sandwich ELISA. The data are represented as the mean value £ SD of four
biological independent replicates with two technical replicates. The results are presented as an increase
in IL-6 and CXCLS release (pg/mL). * is a significant difference between groups (marked with brackets)
for Two-way ANOVA with Tukey’s multiple comparison test. The statistics were calculated with repeated
measures on log-transformed data.
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Next, we examined if the AhR antagonist CH223191 could inhibit the /L-6 and CXCLS
expression in unprimed and primed cells. The cells were primed with Poly I:C (3 pg/mL) and
treated with CH223191 (10 uM) for 30 min before 5 h exposure to pyrene (1 uM and 10 uM).
Four different treatment groups were conducted, as described earlier. Notably, only one
experiment with three technical replicates was conducted, and the results only represent the

intraexperimental variation (Figure 17).

There was a trend of increasing expression of /L-6 and CXCLS after exposure to 1 uM and 10
uM pyrene. Treating the unprimed cells with CH223191 appeared not to cause a change in IL-6
and CXCLS synthesis when compared to DMSO and pyrene alone. Priming the cells seemed to
increase both /L-6 and CXCLS synthesis. Furthermore, pyrene appeared to increase the
synthesis in primed cells, whereas exposure to CH223191 in the primed cells seemed to reduce

IL-6 and CXCLS expression.
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Figure 17 IL-6 and CXCLS8 expression after exposing unprimed and primed BEAS-2B cells with pyrene
and using the AhR antagonist CH223191. The cells were primed with Poly I:C (3 ug/mL) and treated
with CH223191 (10 uM) for 30 min before 5 h exposure to pyrene (1 uM and 10 uM). The IL-6 and CXCLS
expression was determined by Cell-to-Cr. The data are represented as the mean value £+ SD of one
experiment with three technical replicates of exposure, and results are shown as fold change of the control.
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4.4. Activation of AhR through Ca?*-signaling

Next, we investigated if B[a]P and pyrene could activate the non-genomic pathway of AhR by
increasing [Ca®];. The cells were loaded with a Cal-520 AM dye solution, and fluorescence
(RFU) was measured instantly after exposure to the different concentrations (1, 3, and 10 uM)
of B[a]P and pyrene. Also, two negative controls were conducted, one negative DMSO control

and a negative control only containing HHBS buffer.

As seen in the results presented in Figure 18, a minor trend of increase in fluorescence could
be observed after exposure to DMSO and all the concentrations of pyrene after 100 min.
Similarly, B[a]P appeared to slightly increase fluorescence, starting at 100 min. However, as
judged from the AUC values (Figure 19), there were no marked changes, nor statistically
significant differences between DMSO, pyrene, and B[a]P when compared to cells added just
HHBS buffer.
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Figure 18 Ca*" release as fluorescence (RFU) levels after exposing BEAS-2B cells to B[a]P and pyrene.
The cells were exposed to B[a]P (1, 3, and 10 uM), and pyrene (1, 3, and 10 uM). The Ca’" levels were
determined by measuring fluorescence using Cal-520 AM. The data are represented as the mean value of

three biologically independent replicates with four technical replicates. The results are shown as
fluorescence (RFU) levels.
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Figure 19 AUC values (RFU*min) of the results presented in Figure 18. The AUC values were calculated
using GraphPad Prism v.8. The results are represented as the mean value + SD of three biological
independent replicates with four technical replicates. The — 0 represents a double negative control
(HHBS), and + 0 represents the negative control (DMSO). No significant difference relative to — 0
(HHBS) for One-way ANOVA with Dunnett’s multiple comparison test. The statistics were calculated with
repeated measures.

After the Cal-520 AM measurement, the AlamarBlue assay was conducted to determine the
viability after measurement. Fluorescence was measured after 90 min, and the viability (%) was
calculated using HHBS as the negative control (blank). As shown in Figure 20, none of the

treatments reduced the cells’ viability.
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Figure 20 Viability (%) after exposing BEAS-2B cells to pyrene and Bfa]P in HHBS buffer. The cells
were exposed to pyrene (1, 3, and 10 uM) and B[a]P (1, 3, and 10 uM) for 142 minutes while measuring
Ca’* release. The viability (%) was quantified by using the AlamarBlue assay, using — 0 (HHBS) as blank
control. The data are represented as the mean value = SD of three biologically independent replicates with
four technical replicates. No significant difference relative to — 0 (HHBS) for One-way ANOVA with the
multiple comparisons Kruskal Wallis test.
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5. Discussion

PAHs are an important part of DPM and have been reported to be an essential driver of
pulmonary diseases through inflammatory responses (Totlandsdal, Cassee, Schwarze, Refsnes,
& Lag, 2010). In the present thesis, we hypothesized that the various tested PAHs would modify
the AhR classical genomic pathway and that AhR activity is essential for the pro-inflammatory
responses modulated by the PAHs alone and in combination with the TLR3 ligand Poly I:C.
Here we report that the PAHs modulates AhR activity, as measured by increased expression of
CYPIAI. The antagonistic/agonistic properties towards AhR seemed to be partly dependent on
the specific PAH compound and partly the exposure concentration. The various PAHs had none
or only marginal effects on IL-6 and no effects on the CXCLS release in unprimed cells. As for
the primed cells, the PAHs impact on cytokine release was somewhat variable, where solely
pyrene seemed to have some minor effects on the response. Interestingly, pyrene appeared to
increase the synthesis of /L-6 and CXCLS in unprimed and primed cells, which was more
marked than the effect seen on cytokine release. When inhibiting AhR activity using the
inhibitor CH223191, cytokine release in both unprimed and primed cells, control cells, as well
as after exposure to pyrene, were reduced. In contrast, CH223191 did not reduce the synthesis
of IL-6 and CXCLS in unprimed cells. Thus, suggesting that the cytokine release is dependent

on AhR activity, whereas synthesis in unprimed cells seemed to be independent.
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5.1. The PAHs modulates the classical genomic pathway
of AhR by modifying CYP1A1 expression

To exclude the possibility that the modulations in CYP1A41 expression by the PAHs, was due
to a toxic effect, we first checked if any of the compounds alone or in combination had effects
on cell death. As judged by both microscopic examination and LDH leakage, none of the PAH
exposures at the tested concentrations caused any significant increase in cell death. Notably,
the measured max LDH leakage was markedly lower when compared to the other sets of
experiments. Thus, indicating that the cell lysis may not have been correctly executed, and our
judgment of cytotoxicity is based on the amount of cell leakage of LDH. Thus, the concentration
of leaked LDH was not higher compared to the other experiments. These results reassure us
that the observed variations in CYP1A1 expressions, in particular reductions, were not results

of cytotoxicity, but more likely effects on the classical genomic pathway of AhR.

To find relevant concentrations for further studies, we decided to make concentration curves of
B[a]P, a well-known agonist (“Benzo[a]pyrene B01760”, n.d.), and pyrene, a possible
antagonist of the classical genomic pathway of AhR (Brinchmann et al., 2018). The
concentrations used were based on previous findings in our laboratory (Brinchmann et al.,
2018). We observed that B[a]P seemed to cause a concentration-dependent increase, whereas

pyrene appeared to cause a reduction in the CYPIA1 expression.

Next, we further examined the other PAHs. According to our results, B[e]P and phenanthrene
seemed to have the highest agonistic effect on AhR. However, 10 pM phenanthrene appeared
to cause a slight reduction in expression, indicating possible weak antagonistic properties at
higher concentrations. As for the other PAHs (1-MP, fluoranthene, pyrene, 1-NP), a slight,
non-significant agonistic effect could be observed at the lowest concentration (0.1 pM). More
interesting, non-significant antagonistic effects appeared at higher concentrations (1 uM and

10 pM).

The possible agonistic/antagonistic potential of the various PAHs on the AhR classical genomic
pathway was further examined following simultaneous exposure to 0.1 uM B[a]P. Importantly,
this concentration of B[a]P was chosen by being able to give a marked but not fully CYPIA1

response, as judged by our results. Thus, by using this concentration, it was possible to elucidate
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if the PAHs had agonistic or antagonistic effects on the classical genomic pathway of AhR by

examining the impact on B[a]P-induced CYPIAI expression.

Pyrene (0.1 uM and 1 uM) and 1-NP (1 uM) appeared to reduce B[a]P-induced CYPIAI
synthesis; however, only 1 uM 1-NP was statistically significant. These results could indicate
that pyrene and 1-NP may mostly have antagonistic properties. In contrast, the other PAHs
(phenanthrene, 1-MP, fluoranthene, and B[e]P) seemed not to modulate any observable changes
in the B[a]P-induced CYPIAI expression. A trend of reduction in B[a]P-induced CYPIA41
synthesis could be observed after exposure to all the PAHs at the highest concentration
(although not significant as tested only twice). Notably, B[e]P (10 uM) seemed to cause the
smallest reduction in B[a]P-induced expression of CYP1A1. This could indicate that B[e]P is a
weak AhR agonist, with lower affinity compared to B[«a]P, as the latter compound gives effects
at lower concentrations and results in a higher response. Overall, these results further indicate
that the tested PAHs, except for B[e]P, are weak agonists at lower concentrations. Thus, they
are not able to reduce B[a]P-induced expression but have antagonistic properties at higher
concentrations, as observed by a slight, non-significant reduction in B[a]|P-induced CYP1A41

synthesis at 10 uM of the PAHs.

The findings presented here are in line with other published results by several other groups.
Accordingly, B[e]P has been reported to increase Cyplal expression and EROD activity in rat
hepatoma cells (H4IIE) (Houser, Raha, & Vickers, 1992). Also, phenanthrene has been found
to activate AhR in a yeast model (YCM3) (Sun, Miller III, Wiese, & Blake, 2014), which may
indicate that these two compounds have agonistic properties towards AhR by possibly
increasing CYPIAI synthesis. In contrast, pyrene has been reported not to alter Cyplal
synthesis nor EROD activity in rat hepatocytes (Till, Riebniger, Schmitz, & Schrenk, 1999; van
Meteren et al., 2019). Likewise, Iwanari and coworkers found that pyrene, as well as 1-NP, did
not increase CYPIAI expression in human lung adenocarcinoma cells (A549) (Iwanari,
Nakajima, Kizu, Hayakawa, & Yokoi, 2002). This is in line with our results, suggesting that
both pyrene and 1-NP have antagonistic properties towards AhR. Others have reported that
fluoranthene does not change the expression of CYPIA1 in A549 cells and mouse macrophages
(RAW264.7) (Iwanari et al., 2002; Wang et al., 2017), nor increase EROD activity in human
liver slices (Pushparajah et al., 2008). These results suggest possible antagonistic properties

towards AhR by decreasing CYPIAI synthesis. However, these findings are only partly
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supported by our results, since a slight agonistic effect could be observed at the lowest

concentration.

A few other studies have examined AhR activity induced by B[a]P in combination with other
PAHs. Accordingly, pyrene has been reported to decrease B[a]P-induced EROD activity in rats
(SIc:SD) (Kang, Jeong, Cho, & Cho, 2007), and 1-NP has been found to reduce B[a]P-induced
Cyplal expression in mouse liver cells (Hepa-1clc7) (Chu et al., 2009). These findings are
supported by our results, indicating that 1-NP and pyrene have antagonistic properties towards

AhR.

Other groups have, in contrast, published other findings that are not supported by our results.
For instance, it has been reported that 1-MP activates the classical genomic pathway of AhR in
a yeast model (YCM3) (Sun et al., 2014), and increases CYP1AI expression in human liver
slices (Pushparajah et al., 2008). This, in contrast to our study, indicates that 1-MP acquire
agonistic properties towards AhR. Others have reported that 1-NP increases CYPIAI
expression and protein production in Hepa-1clc7 cells (Chu et al., 2009), implying agonistic
properties. In contrast, our results instead indicated antagonistic properties towards AhR. Other
studies have found that phenanthrene has a low binding affinity to AhR in H4IIE cells
(Piskorska-Pliszczynska, Keys, Safe, & Newman, 1986) and does not induce CYPIAI
expression nor protein production in monocytes (U937) (Ranjit et al., 2016). These findings
may imply that phenanthrene has antagonistic properties, which is only partly supported by our
results, as the lower concentrations tested seemed to have slight agonistic properties towards

AhR.

It is often reported that the larger PAHs, consisting of five benzene rings, have the highest
binding potency towards AhR, and may increase CYP1A41 expression and induce corresponding
EROD activity. In contrast, PAHs composed of 2 — 4 benzene rings have lower binding potency
and seem to fail (Bosveld, de Bie, Van den Brink, Jongepier, & Klomp, 2002). Our results
appear to support these findings partly since phenanthrene, a three-ringed PAH, slightly
increased CYPIA1 expression. Thus, elucidating that there are also other properties of the PAHs
important for how strongly they bind to AhR and modulate the expression of genes. Notably, it
has previously been found that fluoranthene, pyrene, and B[e]P have a weak binding affinity to

AhR in HII4E cells (Machala, Vondracek, Bldha, Ciganek, & Neca, 2001), which could indicate
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weak agonistic or possibly antagonistic effects or both towards AhR. As seen from our results,
it seems like the concentration could be of importance for activating the classical genomic
pathway of AhR. Also, it has been reported that the molecular weight may be of importance
(Murahashi, Watanabe, Kanayama, Kubo, & Hirayama, 2007).

Various studies seem to report mixed results for the CYPIAI expression after exposure to the
tested PAHs. Observed disparities could be due to organ/species-specific differences. The
experimental setup or differences in exposure times between studies may also explain the
observed discrepancy. Notably, the technique used in the current study only measures the
amount of mRNA at one specific time point, which does not exclude that changes in the

expression could be lower or higher at other exposure durations.

In conclusion, B[a]P is a potent AhR agonist, and B[e]P and phenanthrene are weak agonists,
where the latter compound is an antagonist at higher concentrations. In contrast, 1-MP,
fluoranthene, pyrene, and 1-NP are possibly weak agonists at low concentrations, but
importantly antagonists at higher concentrations, where the latter two compounds seem to have
the highest antagonistic potential. Notably, our results do not exclude the possibility of these

PAHs being weak agonists at lower concentrations, which has not been tested.

5.2. The PAHSs regulates the cytokine release

Pyrene has been tested the most in our laboratory (Qvrevik et al., 2013); therefore, we decided
to do a concentration curve of pyrene alone and in combination with Poly I:C to assess which

concentration should be further tested for the other PAHs.

We first checked if any of the concentrations of pyrene had effects on cell death, both in
unprimed and primed cells. As judged by both LDH leakage and microscopic examination,
there seemed to be no notable increase in cytotoxicity. The primed cells, with or without pyrene,
only caused slightly higher cytotoxicity (7-9%) when compared to the unprimed cells (3-5%).

These results suggest that cytotoxicity likely had an insignificant effect on the cytokine release.

For the IL-6 release, our results indicate that pyrene induced a concentration-dependent increase
in both primed and unprimed cells. However, significant effects were only seen at the higher

concentration(s), and the observed increase was minor. For the release of CXCLS8, pyrene did
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not affect the response in unprimed cells. In contrast, a concentration-dependent increase was

observed in primed cells, where 30 pM pyrene caused a significant increase in the release.

Nonetheless, because of higher biological relevance, we decided to examine 10 pM of the other
PAHs. Thus, we also checked if 10 uM of the PAHs in unprimed and primed cells caused toxic
effects. As seen earlier, a slight significant increase after PAH exposure was seen in the primed
cells when compared to the unprimed cells. However, all treatments appeared to cause less than
10% cytotoxicity, indicating that toxic effects should not influence the observed outcome in

cytokine release.

For the unprimed cells, we here found that both B[a]P and B-NF significantly increased IL-6
release, whereas the other PAHs caused minor or non-observable changes. Notably, pyrene,
which caused a small, but significant increase in the first series of experiments, did not
significantly increase IL-6 release in this series of experiments, suggesting that the observed
effects on IL-6 release are variable. As for the CXCLS8 release, B-NF induced a significant
increase in the unprimed cells. In contrast, 1-NP marginally but significantly decreased the
CXCLS8 release. Whereas, the other PAHs did not markedly change the CXCLS levels. Overall,
our results suggest that the PAHs have minimal effects on the IL-6 and CXCLS response in
BEAS-2B cells.

Several groups have tested and published the effects of PAHs on cytokine responses, and the
BEAS-2B cells have mostly been used. Accordingly, pyrene has been found to increase the
IL-6 response (Koike, Yanagisawa, & Takano, 2014), but not the CXCLS release (Dvrevik et
al., 2013). Our results support these findings since we observed that pyrene was able to induce
an increase in the IL-6 response, but in contrast, did not cause any observable change in the
CXCLS release. Interestingly, 1-NP has been reported to decrease the CXCLS response (Koike
et al., 2014), as supported by our results, since a slight significant reduction was observed. As
seen in the present study, B[a]P has also previously been found not to change the CXCLS8
release (Dvrevik et al., 2013). Other studies have used other cell lines; for instance, Ueng and
coworkers reported that B[a]P increased IL-6 release in human lung adenocarcinoma cells
(CL5) (Ueng et al., 2005). Our results support these findings since B[a]P was observed to
increase IL-6 and not CXCLS release.
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Other groups have published other findings, which are in disagreement with our results. Also,
many of these studies have used BEAS-2B cells. For instance, exposure to 1-NP has been
reported to increase IL-6 release (Koike et al., 2014), and CXCLS responses (Qvrevik et al.,
2010). In contrast, 1-NP in our results instead caused a marginal reduction in IL-6 and a
significant decrease in the CXCLS8 release. B[a]P has been found not to modify IL-6 responses
(Ueng et al., 2005), whereas we observed a significant increase. Qvrevik and coworkers
reported that B-NF did not change the CXCLS release (@Qvrevik et al., 2013); in contrast, a
significant increase was observed in our results. Other studies have used different experimental
models and cell lines. As examples of such studies, fluoranthene has recently been found to
increase IL-6 release in RAW264.7 macrophages (Wang et al., 2017). Also, phenanthrene has
been reported to increase IL-6 expression and protein production in female rats (Ma et al.,
2020). These findings are in contrast to our study, where both fluoranthene and phenanthrene

caused no observable change in IL-6 release.

Next, we primed the cells with Poly I:C to assess if pre-existing inflammation would affect the
cells’ cytokine response towards PAH exposure. As expected, we found that primed cells had
a significant increase in IL-6 and CXCLS release compared to unprimed cells. This illustrates

that the presence of viral infection will increase the pro-inflammatory response.

According to earlier findings in our laboratory, both 1-NP and pyrene can increase the CXCLS8
release in Poly I:C primed BEAS-2B cells (Ovrevik et al., 2013). Notably, we only observed a
slight increase after pyrene exposure, whereas 1-NP caused no observable change. We also
observed a significant but marginal increase after exposure to fluoranthene. It also appeared
like the cytokine response after PAH exposure in Poly I:C primed cells varied markedly
between experiments, and the effects were hard to reproduce. Thus, pyrene exposure caused
high variations in the release of IL-6 between experiments, where one set of experiments had
an observable effect, but others did not. Also, 10 uM pyrene did not significantly increase the
CXCLS8 response in the first set of experiments, whereas, in the next series of experiments, a
significant increase was observed. These results suggest that pyrene only have marginal effects

on the IL-6 and CXCLS release in primed cells.
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Other studies have reported mixed results for the PAH-induced release of IL-6 and CXCLS8 in
unprimed cells. The disparities between studies could be explained by organ/species-specific
differences. Still, discrepancies could also be observed in the same cell line, which may suggest
that differences in the experimental setup, cell number, and sensitivity variations between cell
batches may modulate the observed disparities. As for the experiments with Poly I:C primed
cells, the amount of conducted research is low. Because of the observed variable results, we
tried to investigate if the experimental setup was the cause of the observed variance. Therefore,
we changed different factors of the experimental system, such as seeding number, cell
confluency, and time at exposure. However, we could not find any clear answer to the observed
discrepancies. This may indicate that some other factors are causing the observed disparity.
Notably, a known problem for in vitro experiments using lipid-soluble compounds, such as
PAHs, is precipitation and crystallization in the medium. This may imply that the exposure
concentration could, in some instances, not be constant, and may cause discrepancies in

observed effects, further modulating interexperimental variations.

Interestingly, we also found disparities in the unprimed and primed cells between our results
and experiments accomplished earlier in our laboratory. These discrepancies could be caused
by using a lower concentration of the PAHs, where higher concentrations have been used
earlier. Also, in the current study, we used 6-well culture dishes, while it has earlier been used
12-well culture dishes. This may modulate different responses because of disparities in cell
numbers and the amount of medium in the wells at exposure. It is also worth mentioning that
the DMSO concentration used in the current study overall was higher (< 1%), compared to the
earlier experiments in our laboratory (< 0.5%). Notably, we did not observe any increased
cytotoxicity with higher DMSO concentration. However, this does not exclude the possibility
that the well-known anti-oxidative properties of DMSO may modify some of the signaling
pathways in the study and further modulate discrepancies between other findings (Sanmartin-

Suarez, Soto-Otero, Sanchez-Sellero, & Méndez-Alvarez, 2011).

In conclusion, it seems like the PAHs only modulate IL-6 responses in unprimed cells, whereas
the CXCLS release is kept unchanged; however, observed changes in IL-6 release was minor.
It further appears that pyrene can cause an increase in cytokine release in primed cells, but
observed effects were minor and variable between experiments. In contrast, the other tested

PAHs seem not to change the cytokine response notably.

48



5.3. The importance of AhR for the cytokine release

We further decided to examine the impact of inhibiting AhR activity by CH223191 on the
release of IL-6 and CXCLS in unprimed and primed cells following exposure to pyrene. Thus,
we first examined if the various treatments had effects on cell death. As judged by microscopic
examination and LDH leakage, a slight statistically significant increase in LDH leakage was
seen after all treatments, except for pyrene exposure alone. Treating unprimed cells with
CH223191 or only priming the cells with or without pyrene did not exceed 10% cytotoxicity.
These results indicate that toxicity probably does not explain the observed variations in cytokine
release and gene expression. For the primed cells treated with CH223191 alone or in
combination with pyrene, markedly high toxicity was observed (15-20%), suggesting that we
cannot exclude that effects further seen on cytokine release and gene expression for these
treatments are not the result of cytotoxicity. Thus, interpreting the results should be made with
caution. The high observed toxic effect could be the cause of a high DMSO concentration or

because of the complex exposure, which may have induced cellular stress ending in cell death.

Here we found that pyrene increased IL-6, but not CXCLS release in unprimed cells. CH223191
significantly decreased IL-6 and CXCLS8 responses after pyrene exposure, suggesting the
importance of AhR-dependent activity for the release of cytokines. Notably, CH223191 also
markedly reduced the cytokine response in the negative control treated with DMSO, indicating
that AhR activity also is essential for the basal level of cytokine release. As for the primed cells,
CH223191 significantly reduced IL-6 and CXCL8 release, both with and without pyrene. This
could indicate that the observed cytokine responses induced by Poly I:C may also be dependent

on AhR activity. However, this reduction may also be the cause of the observed high toxicity.

We further examined if the AhR-induced gene expression was the cause of the specific
variations on cytokine release. In unprimed cells, pyrene appeared to increase gene expression
of IL-6 and CXCLS, which seemed not to be reduced in the presence of CH223191, indicating
that the synthesis may not be dependent on AhR activity. For the primed cells, it appeared as
expression increased, and pyrene caused a marginal increase in the synthesis of /L-6 and
CXCLS, whereas CH223191 seemed to cause a reduction in the expression. These results could
imply that synthesis induced by Poly I:C priming may be partly dependent on AhR activity.

However, the observed high toxicity could also explain the apparent reduction.
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Notably, from our results, it seems like CH223191 inhibits IL-6 release more thoroughly than
the CXCLS8 release. The observed disparity could indicate that these cytokines are at least partly
released through different mechanisms, and it could be speculated that IL-6 release is slightly
more dependent on AhR activity. As recently found in our laboratory, pyrene gave an
AhR-dependent increase in [Ca?"]; (Brinchmann et al., 2018), indicating the importance of
AhR-linked Ca?" responses in the release of cytokines. In line with these findings, available
Ca?" is reported to be essential in the CXCLS release (Longhin, Holme, Gualtieri, Camatini, &
Ovrevik, 2018; Ovrevik et al.,, 2011). Furthermore, the release of IL-6 happens through
exocytosis, which also is dependent on Ca®* release (Clapham, 2007). Notably, these findings
could also explain the observed reduction of IL-6 and CXCLS8 levels in the negative control

treated with CH223191.

Interestingly, the observed effect of pyrene in unprimed and primed cells is more apparent in
the cytokine expression compared to the release. This could suggest that there are disparities
between how much is synthesized and the amount released in response to pyrene exposure.
Thus, implying that pyrene may have some inhibitory effect on the cytokine response. Also, it
seems like the cytokine release, and not the gene expression is dependent on AhR-linked Ca?*
release. Furthermore, our results suggest that pyrene may induce the synthesis of /L-6 and

CXCLS through another pathway independent of AhR activity.

In conclusion, it seems like AhR-linked Ca®* release could be essential for the regulation of
IL-6 and CXCL8 release in unprimed and primed cells. It further appears like the
pyrene-induced expression of /L-6 and CXCLS in unprimed cells is independent of AhR-linked
Ca®* release. In the primed cells, it seems like expression and release induced by Poly I:C could
be dependent on AhR-linked Ca®* response, but the observed reduction could also be due to
toxicity. These findings imply that AhR-linked Ca*" release may not be necessary for the

cytokine gene expression but may be important for the cytokine release.
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5.4. The role of Ca?* in the non-genomic pathway of AhR

As mentioned, it appears that AhR-dependent Ca* release could be an essential factor in the
cytokine responses modulated by PAH exposure. Thus, we also wanted to examine how pyrene
and B[a]P may modulate Ca®* release. We examined the metabolic activity of the cells after the
measurement to exclude that reduced viability caused the observed variations. Notably, the
viability appeared not to be altered, indicating that the cells for a short period are not necessarily
affected by the lack of CO,. However, these results do not exclude the possibility of metabolic
activity being reduced during measurement. However, these results indicate that the observed

variations are not caused by decreased viability.

Both pyrene and B[a]P did not markedly increase Ca®" levels. Our results imply that the
measured variations in the Ca*" release could be because of the presence of DMSO and not
directly effects by the PAH exposures. Accordingly, as judged by the AUC values, there were
no observable variations in Ca?* responses, nor significant differences when compared to
HHBS control. Thus, our results do not support earlier findings from our laboratory

(Brinchmann et al., 2018), where pyrene has been reported to increase Ca®* release.

Our lack of significant effect may just be due to our experimental method, which only measures
fluorescence levels. In contrast, other studies have measured Ca?" release by calcium single-cell
microscopic imaging (Brinchmann et al., 2018). The disparities could suggest that the approach
in the present study is not sensitive enough for measuring Ca?* release in bronchial epithelial
cells. Also, since the HHBS control also seemed to increase fluorescence, this could imply that
the lack of CO» during measurement may have some effect on the cells’ response. Notably, the
exposures were accomplished in HHBS buffer not containing protein, which also could cause
higher precipitation of the PAHs. Thus, indicating that the exposure might not have been
continuous during the entire measurement, and the specific treatments may not have caused the

observed increase in fluorescence.

In conclusion, our results suggest that pyrene and B[a]P does not increase Ca*' release as
measured by fluorescence. However, our results do not exclude that Ca** release may be of

importance for the cells’ response to PAHs.
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5.5. Limitations and future studies

Our results could indicate that the present experimental system may not be sensitive enough for
testing possible pro-inflammatory responses after exposure to the tested PAHs. It would thus
have been interesting to examine the PAHs effect on inflammatory responses further using other
cell lines, including primary cells, and growing the cells in 3D cultures or by using inserts,
which may enhance their sensitivity. Also, it could be interesting to measure CYPIAI
expression using lower concentrations of the PAHs to assess at which concentrations they have
agonistic properties towards AhR. Furthermore, investigating different exposure periods for the
gene expression to elucidate which time point has the most effect would be of interest. As for
the cytokine release, the variable effects of the PAHs and Poly I:C induced release should be
further investigated by altering different experimental factors to assess the mechanism behind

the observed variations.

The most exciting result presented in the current study is the apparent difference seen between
synthesis and cytokine release after pyrene exposure. These results imply that the release could
be somewhat inhibited by pyrene. Thus, the mechanism and signaling pathway behind gene
expression induced by PAHs, and the possible inhibitory effects on cytokine release should be
further examined. Also, the importance of AhR in these processes and the importance of Ca?*
release after PAH exposure using calcium single-cell microscopic imaging, and how this affects
cytokine release modulated by the PAHs with or without other various activators of TLR,

including Poly I:C, should also be further examined.
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6. Conclusion

The results reported in the present study suggest that exposure to the tested PAHs modifies the
classical genomic pathway of AhR by altering CYPIAI expression. B[a]P, B[e]P, and
phenanthrene have agonistic potential, but the latter compound has antagonistic properties at
higher concentrations. We cannot exclude the possibility that the other PAHs tested (1-MP,
fluoranthene, pyrene, and 1-NP) may have agonistic potential at lower concentrations; we more
clearly demonstrate antagonistic properties towards AhR. In general, the tested PAHs cause
none or only marginal effects on IL-6 responses in unprimed cells, whereas the CXCLS release
is unchanged. This is in line with other studies suggesting that different mechanisms may partly
modulate the release of these cytokines. In the primed cells, pyrene caused a marginal increase
in cytokine release, whereas the other PAHs did not change the response. Pyrene appeared to
increase the /L-6 and CXCLS expression, while the release varied in both unprimed and primed
cells, suggesting that pyrene stimulates the synthesis but, at the same time, partly inhibits the
process of cytokine release. Notably, it seemed like the release but not the synthesis of these
cytokines is dependent on an AhR-linked process as judged by the inhibition of AhR using the
AhR antagonist CH223191. Pyrene and B[a]P did not increase Ca?" release based on measuring
fluorescence; however, our lack of effects may be due to using a method with low sensitivity.
Overall, we found that the various PAHs, to a certain degree, modulates the AhR activity, but

they seem to have marginal effects on pro-inflammatory responses in bronchial epithelial cells.
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8. Appendices
8.1. Appendix A: Results

8.1.1. Cell density differences

The importance of cell density at exposure was analyzed by looking at the CXCLS8 release after
20 h exposure to pyrene as measured with sandwich ELISA. The cells were seeded at 200 000
cells/well and 400 000 cells/well and were exposed to pyrene (3, 10, and 30 uM) 20 h or 48 h
after seeding, as seen in Figure 21. One experiment was conducted at each variable having two

technical replicates.

Notably, exposing the cells to pyrene 20 h after seeding (Figure 21A and C) seemed to cause a
more variable result compared to exposure 48 h after seeding (Figure 21B and D). The results
suggest that too high of a cell density (100% confluency) may cause a variable result. Exposing
two days after seeding 200 000 cells/well seemed to have the lowest variability (Figure 21B).
However, these experiments are only conducted with one biological replicate, which only gives

the intraexperimental variation.
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Figure 21 CXCLS release after exposing unprimed and primed BEAS-2B cells to pyrene. The cells were
seeded with 200 000 cells/well (A and B) or 400 000 cells/well (C and D) and primed with Poly I:C (3
ug/mlL) for 30 min and exposed for 20 h to pyrene (3, 10, and 30 uM), one day (A and C) or two days (B
and D) after seeding. The CXCLS release was measured using sandwich ELISA. The data are represented
as the mean value + SD of one biological replicate with two technical replicates. The results are shown as
the increase in cytokine release (pg/mlL).
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8.1.2. Cal-520 AM measuring pilot studies

The first experiment was conducted according to the manufacturer of Cal-520 AM (Abcam), as
presented in Figure 22. In short, 20 000 cells/well were seeded in a black-wall clear-bottom
96-well plate two days before the experiment. On the day of the experiment, the medium was
replaced with a new medium and a dye solution containing 5 pM Cal-520 AM, 0.04% pluronic,
and 1 mM probenecid in HHBS buffer without calcium (containing (g/L): 2.0 glucose, 0.141
magnesium sulfate, 0.16 potassium phosphate monobasic, 0.35 potassium chloride, 6.9 sodium
chloride). The plate was incubated with a dye solution for 90 min at 37°C and 5% CO- and after
for 30 min at room temperature. After incubation, the dye solution was removed and replaced
with an HHBS buffer containing 1 mM probenecid and the exposure stocks. Absorbance was
measured at Ex/Em = 492/514 nm from time of exposure and every other minute for 120 min

using Clariostar plus with 37°C incubation.
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Figure 22 Fluorescence (RFU) levels after Cal-520 AM dye and exposing BEAS-2B cells to Bla]P and
pyrene. The cells were exposed to Bla]P (1 uM), and pyrene (1 uM). The Ca’" levels were measured
directly using Cal-520 AM. The data are represented as the mean value of one experiment with four
technical replicates. The results are shown as fluorescence (RFU) increases.
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According to the first experiment (Figure 22), we hypothesized that the release of intracellular
Ca®' is dependent on having extracellular Ca?* available. Therefore, for the second experiment
(Figure 23), the HHBS buffer was changed to containing calcium (now containing (g/L): 2.0
glucose, 0.141 magnesium sulfate, 0.16 potassium phosphate monobasic, 0.35 potassium
chloride, 6.9 sodium chloride, 0.373 calcium chloride, 2.1 sodium bicarbonate) and the pH was

regulated to 7.2 pH before being sterilized.

The incubation time with the dye solution was reduced to 30 min at 37°C and 5% CO». After
incubation, the dye solution was replaced with an HHBS buffer containing 2.5 mM probenecid

and the exposure stocks. Measurement was conducted as described earlier.
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Figure 23 Fluorescence (RFU) increases after Cal-520 AM dye and exposing BEAS-2B cells to Bla]P
and pyrene. The cells were exposed to B[a]P (1 uM), and pyrene (1 uM). The Ca’" levels were measured
directly using Cal-520 AM. The data are represented as the mean value of one experiment with four
technical replicates. The results are shown as fluorescence (RFU) increases.

As seen in Figure 23, an increase in measured fluorescence for all exposures was seen after the
second experiment, suggesting that the extracellular Ca?" is essential for the intracellular
release. Therefore, for the further experiments conducted, we used the same HHBS buffer and

dye solution according to the second experiment.
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8.2. Appendix B: Cal-520 AM Protocol

Calcium measuring using Cal-520 AM

1. 20000 cells/well are seeded in black wall clear bottom 96 well plates

2. Cells are grown for two days without changing medium

The day of exposure:
3. Medium is removed and replaced with 100 pL new medium
4. Cells are loaded with the dye solution (see Appendix D)
5. 30 min incubation with dye solution at 37 °C and 5% CO:
6. Dye solution are removed before adding 100 uL. of HHBS buffer and 100 pL of

exposure stocks
7. Measurement starts right after exposure stocks are added to the plate.

8. Calcium is measured using ClarioStar Plus with 37 °C incubation for 142 minutes

Fluorescence is measured at ExX/Em = 492/514 nm
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8.3. Appendix C: Chemicals, Reagents, and Equipment

Cell-line Producer

BEAS-2B ATCC, Virginia, USA
PAHs Producer
Pyrene Sigma-Aldrich Norway AS

1-Nitropyrene

Sigma-Aldrich Norway AS

Phenanthrene

Sigma-Aldrich Norway AS

1-Methylphenanthrene

Santa Crus Biotechnology, Inc. Texas,
USA

Fluoranthene

Sigma-Aldrich Norway AS

Benzo[a]pyrene

Sigma-Aldrich Norway AS

Benzo[e]pyrene

Sigma-Aldrich Norway AS

B-naphthoflavone

Sigma-Aldrich Norway AS

Reagents and chemicals

Producer

LHC-9 medium

Gibco, Life Technologies Corporation,
California USA Grand Island, NY 14072,
USA

Pure-Col coating agent

Gibco, Life Technologies Corporation,
California USA Grand Island, NY 14072,
USA

Pyrogen free water

Fresenius Kabi Ltd, UK

Dulbecco’s Phosphate-Buffered Saline

Invitrogen, Life Technologies Ltd, UK

AlamarBlue

Invitrogen, Life Technologies Ltd, UK
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BSA (albumin, bovine)

Sigma-Aldrich Norway AS

3,3°,5,5’-tetramethylbenzidine (TMB)

Merck Group, Darmstadt, Germany

H20:2 Merck Group, Darmstadt, Germany
Tween 20 Sigma-Aldrich Norway AS
Triton-X Sigma-Aldrich Norway AS
H2SO4 Merck Group, Darmstadt, Germany
NaCl Merck Group, Darmstadt, Germany
Glucose Sigma-Aldrich Norway AS
KCI Merck Group, Darmstadt, Germany
Na2POg4 Merck Group, Darmstadt, Germany
Hepes Sigma-Aldrich Norway AS
Trypsin Sigma-Aldrich Norway AS
EDTA Merck Group, Darmstadt, Germany

Sodium acetate trihydrate

Merck Group, Darmstadt, Germany

Calcium chloride dihydrate

Merck Group, Darmstadt, Germany

Sodium Bicarbonate

Merck Group, Darmstadt, Germany

1M NaOH

Merck Group, Darmstadt, Germany

Kits

Producer

Cytotoxicity Detection Kit (LDH) + LDH

Roche Diagnostics Deutschland,
Mannheim, Germany

Cells-to-Ct 1-Step Power SYBR® Green
Kit

Thermofisher Scientific, Massachusetts,
USA
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Inhibitors

Producer

CH223191

Sigma-Aldrich Norway AS

Antibodies

Producer

CXCL8 Human Antibody Pair Duoset

Invitrogen, Life Technologies Ltd, UK

IL-6 Human Antibody Pair Duoset

Invitrogen, Life Technologies Ltd, UK

Primers and reagents for Cell-to-Crt

Producer

RNase and DNase free water

Gibco, Life Technologies Corporation,
California USA

Universal PCR master mix

Applied Biosystems, Life Technologies
Corporation, California, USA

Lysis buffer

Applied Biosystems, Life Technologies
Corporation, California, USA

DNAse and stop solution

Applied Biosystems, Life Technologies
Corporation, California, USA

CYP1A1 primer

Bio-Rad Laboratories, Inc., California,
USA

IL-6 primer Integrated DNA Technologies, Inc,
lowa, USA

CXCLS8 primer Bio-Rad Laboratories, Inc., California,
USA

GADPH primer Bio-Rad Laboratories, Inc., California,

USA

Immunostimulant

Producer

Poly I:C

Sigma-Aldrich Norway AS
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Reagents and chemicals for Cal-520
AM

Producer

Cal-520 AM fluorophore

Abcam, Cambridge, UK

Pluronic 10%

Sigma-Aldrich Norway AS

Probenecid

Sigma-Aldrich Norway AS

Krebs-Henseleit Buffer

Sigma-Aldrich Norway AS

Equipment

Producer

TECAN Sunrise Plate Reader

TECAN Austria GmbH

7500 Fast Real-time PCR machine

Applied Biosystems, Life Technologies
Corporation, California USA

ClarioStar Plus

BMG Labtech, Ramcon, Sweden

Bio-Rad CFX96 PCR machine

Bio-Rad Laboratories, Inc., California,
USA

LUNA-II Automated Cell Counter

Logos Biosystems, USA

Programs

GraphPad Prism v.8

GraphPad Software, San Diego, USA

CXF Maestro

Bio-Rad Laboratories, Inc., California,
USA

Magellan 4

TECAN, Mannedorf, Switzerland

MARS data analysis software V3

BMG Labtech, Ortenberg, Germany
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General lab equipment

Producer

Nunc Maxisorb plate

Nunc A/S, Roskilde Denmark

Cell culture bottles

Nunc A/S, Roskilde Denmark

6-well plates

Corning, Lowell, Massachusetts, USA

96-well plates

Sarstedt A/S, Norway

Black-wall clear-bottom 96-well plates

Corning, Lowell, Massachusetts, USA

70




8.4. Appendix D: Solutions and buffers

Cell culturing Coating solution

Trypsin HBS 49.5 mL
Trypsin 0.025 g Pure Col 555 L
EDTA 0.1g Bottles and plates are incubated with the

coating solution for 2 h, washed with
Dul 's PB 1 L

ulbecco’s PBS 00 m PBS, dried, and frozen.
Trypan blue
Solutions for sandwich ELISA

Trypan blue 049 Blocking buffer
NaCl 0.81¢g

BSA 25¢g
KH2PO4 0.06 g

Dulbecco’s PBS 500 mL
Distilled water 100 mL

Diluent buffer
The solution is heated to the boiling

point, cooled down, and pH adjusted to

BSA 25¢g
7.2

Tween 20 500 pL
HBS

Dulbecco’s PBS 500 mL
Hepes 2449 Citrate buffer
NaCl 3.5¢9 _ _

Sodium acetate trihydrate 39
KCI 019

Distilled water 200 mL
Glucose 0.85¢g ] ] o ]

pH is adjusted to 5.5 with citrate acid
NazPO4 097¢
Distilled water 500 mL

pH is adjusted to 7.2
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TMB solution

Citrate buffer 11 mL
TMB 6 mg/mL 200 pL
H202 2.2 uL
Stop solution

H2SOq4 50 mL
Distilled water 1000 mL

Solutions for Cell-to-Ct

Mastermix solution

Component In each
Power SYBR green g-PCR 10 L
Power SYBR green g-RT 0.16 pL
Primer (5 pM-finalt 200 nM) 1L
Nuclease-free water 3.84 uL
Total 15 uL

Solutions for Ca?* measuring

HHBS buffer (Krebs)

Krebs-Henseleit buffer (1 pc.)

Calcium chloride dihydrate 0.373 g
Sodium bicarbonate 219
Distilled water 1000

pH is adjusted to 7.2 by using 1M NaOH

25 mM Probenecid

Probenecid 72 mg
1M NaOH 300 pL
HHBS buffer 9.7 mL
Dye-solution/well

Cal-520 AM 0.50 L
10 % pluronic 0.80 uL
25 mM probenecid 8.00 uL
HHBS buffer 90.70 pL
Total 100 pL
Exposure buffer

HHBS buffer 9mL
25 mM probenecid 1 mL
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