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Abstract

It is a challenge to assess the toxicity of environmental air particulate matter (PM)
because PM composition is complex and variable, due to source contribution and
atmospheric transformation. The goal of this study is to establish an in vitro model that can
fingerprint the cytotoxic effects of airborne PM and their associated toxicity mechanisms.
For this purpose, the cytotoxic effects of different reference and environmental particles on
A549 human lung epithelial cells were characterized using multiple endpoint assays
(cytokine release, LDH release, BrdU incorporation, cellular ATP and resazurin reduction)
and proteomic analyses (2D-GE and MALDI-TOF-TOF-MS/MS). The results of this study
demonstrated that proteomic analyses can distinguish the influences of different (carbon
black and titanium dioxide) and similar (cristobalite and a-quartz) particles on various
pathways in A549 cells (e.g., cell death and cell proliferation); and the cytotoxicity assays
were capable of differentiating the phenotypic outcomes of the particles, which were
complementary and supportive to pathway analyses. The ability of in vitro toxicoproteomics
to differentiate the toxicity of environmental particles was tested on Ottawa urban dust
(EHC-93) and its water-insoluble and soluble fractions. Findings from both cytotoxicity
assays and proteomic analyses consistently indicated that the insoluble materials explained
most of the toxic effects of the total PM. Interestingly, the toxic potency of EHC-93 total was
not equal to the sum of its insoluble and soluble fractions, implying inter-component
interactions between insoluble and soluble materials that may be reflected through
synergistic or antagonistic in vitro responses. The insoluble and soluble fractions uniquely
altered the expression patterns of the proteins involved in pathways such as cell death, cell

proliferation and inflammation. For example, the insoluble and soluble fractions oppositely
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altered the expression of the proteins (e.g., TREM1, PDIA3, PKM and ENOI1) involved in an
inflammatory response pathway in A549 cells, and the insoluble fraction was more potent
than the soluble fraction in increasing secretion of pro-inflammatory cytokines MCP-1 and
IL-8 from A549 cells. In essence, in Vitro toxicoproteomics is a valuable tool in relating the
physicochemical characteristics of ambient air particles to their biological reactivity through

understanding their mechanisms of toxicity.
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Chapter 1. Introduction

Environmental air particulate matter (PM) is a complex mixture of particles that
consist of a wide range of sizes and physicochemical properties. Episodic rises in the level of
airborne PM are known to cause adverse health effects, where the effects of the PM are
associated with the physicochemical properties of its constituents. Thus, it is essential to
identify the toxic components in ambient air PM and determine their mechanisms of effects
in order to develop regulatory measures to reduce the negative health effects of air pollution.
However, it is a challenge to fulfill this need because the particle composition in different
geographical locations varies, depending on the local sources of release. Furthermore, it is
also difficult to collect a sufficient quantity of PM that can be used for various in vivo, in
vitro and physicochemical assessments. Thus, it is rare to find a study that can identify the
toxic components of air particles and elucidate their pathways of effects. The goal of this
Ph.D. research project is to establish an in vitro toxicoproteomic approach that can
disentangle the toxic effects of airborne PM. In this study, a human lung epithelial cell line
(A549) was used as a model to assess the cytotoxic effects of occupational health relevant
particles such as titanium dioxide, carbon black, cristobalite and Min-U-Sil 5, and Ottawa
urban air particles (EHC-93) and its fractionated water-soluble and insoluble components.
The cytotoxic effects of these particles were assessed via multiple cytotoxicity assays (i.e.,
LDH release, BrdU incorporation, cellular ATP and resazurin reduction) and proteomic
analyses (i.e., two-dimensional gel electrophoresis and MALDI-TOF-TOF-MS/MS). The
results of this study demonstrate that in vitro toxicoproteomics is a valuable approach that is
useful to investigate the molecular mechanisms that delineate the cytotoxic effects of

airborne PM.



I.1. London Fog.

A classic example of air pollution is the London smog of December 1952. At the
time, coal was heavily used as a heating source. The combustion of coal released black soot,
tar and sulphur dioxide (SO,) in the air, which created a thick layer of smog that spread
through the city and persisted over a period of four days (December 5 to 8, 1952) (Scott,
1953). During this period, the levels of smoke and SO, were measured at 4.46 mg/m’ and
1.339 parts per million, respectively, which were about 40 and 20 times higher than normal
(Scott, 1953). These increases in the levels of smoke and SO, were correlated with a drastic
increase of deaths in the city (Scott, 1953). The death toll in the aftermath of this event rose
above 12000, and the reported causes of death were almost exclusively due to respiratory and
cardiovascular complications such as lung cancer, bronchitis, pneumonia, pulmonary
tuberculosis and heart diseases (Bell and Davis, 2001; Scott, 1953). This tragic event
provided unequivocal evidence that air pollution is toxic and a serious health concern. Since
then, the London Fog has been the cornerstone of air pollution research and development of

regulatory guidelines on ambient air particulate matter.

I1.2. Categorization of airborne particles based on physicochemical properties.

The environmental air contains a mixture of gases and particles with a wide range of
origins, sizes and physicochemical properties. This study focused mainly on the toxic effects
of environmental air particles. The level and composition of particles vary in an environment
depending on the time of day, season and geographical location. These particles originate
either from nature or human occurrences. The natural sources of ambient air particles include

microorganisms, animals, plants, trees and stones (due to erosion), and occasional natural



disasters such as forest fires and volcanic eruptions. Most of the naturally occurring PM are
endotoxins from bacteria (e.g., lipopolysaccharides), allergens from trees (e.g., pollens), and
eroded mineral (e.g., silica) and metal (e.g., iron) particles from stones and rocks. Most man-
made airborne pollutants are derived from farming, mining, construction, automobile
exhausts and industrial releases, and domestic combustion of wood, gas, coal and oil. The
three main types of anthropogenic airborne particles that are associated with adverse health
outcomes are metals (e.g., zinc, iron and copper), minerals (e.g., asbestos and silica) and
carbonaceous materials (e.g., pesticides, elemental carbon and polycyclic aromatic
hydrocarbons) (see section 1.4.).

Epidemiological and toxicological studies generally categorize ambient air particles
into several groups based on their physical sizes: >PM10 are coarse particles that have
aecrodynamic diameter > 10 pm, PMI10 and PM2.5 are small particles with cut-off
aerodynamic diameters < 10 and 2.5 pum, and ultrafine particles are those particles with at
least one dimension < 100 nm (also known as nano- or ultrafine particles). The reason to
categorize the particles based on size is because physical size is an important parameter that
dictates the deposition behavior and the potency of PM. The levels of PM10 and PM2.5 have
been found to associate with adverse health outcomes in humans. For example, the levels of
PM10 correlate positively with morbidity or mortality due to respiratory illnesses and lung
cancer (Hales et al., 2012; Pope, 1989), and the levels of PM2.5 associated with morbidity
and mortality due to cardiovascular diseases and/or lung cancer (Burnett et al., 2000;
Dockery et al., 1993; Pope et al., 2011). According to World Health Organization (WHO) air
quality guidelines in 2005, the annual mean levels of PM10 and PM2.5 should not exceed 20
and 10 pg/m’ to meet healthy standard, and the 24-hour mean levels of PM10 and PM2.5

should not exceed 50 and 25 pg/m’. The Canadian Ambient Air Quality Standards (CAAQS)
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are more stringent than WHO, and are mainly focused on PM2.5. The new 2015 standard of
CAAQS under section of 54 and 55 of the Canadian Environmental Protection Act 1999 is

to keep the level of outdoor PM2.5 below 10 and 28 pg/m’® on annual and 24-hour bases,

respectively(http://www.ec.gc.ca/default.asp?lang=En&n=56D4043B-1&news=A4B2C28 A-

2DFB-4BF4-8777-ADF29B4360BD).

Size is an important determinant of particle toxicity owed mainly to the basis of
physics. First, physical size dictates the probability of distribution and penetration of
particles in the respiratory tract (Raabe et al., 1988). Generally, most coarse particles are
filtered out by the nose and nasal cavity (Landahl and Black, 1947; Landahl and Tracewell,
1949), while smaller particles are capable of penetrating deeper in the respiratory tract
(Raabe et al., 1988). Second, smaller particles are present in greater number per mass unit as
compared to larger particles. Third, smaller particles have greater surface area per mass unit,
which permits greater surface interaction with the cells (see Figure 1 for a schematic
illustration). For instance, inhalation of ultrafine carbon black (CB) particles (14 nm
diameter) induced significantly greater pulmonary inflammatory and toxicity responses in
rats as compared to its larger counterpart (260 nm diameter), based on mass (Sager and
Castranova, 2009). However, when the doses were equalized based on surface area, the
effects of the smaller CB particles were only slightly greater than the larger CB particles
(non-significant difference) (Sager and Castranova, 2009). Similar observations were also
found with other particles such as titanium dioxide (Oberdorster et al., 1994) and metallic
nickel (Serita et al., 1999). The results of these studies suggest that surface area is a better
dose metric to evaluate the toxic potency of a particle, especially a nano-particle, as

compared to the conventional mass dose metric. In addition, these studies challenge the
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Figure [ — 1. A schematic diagram that demonstrates the relationship between size and
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conventional mass dose metric that has been used to establish the threshold limit value
(TLV) of a particle or substance.

It should be noted that size is not the only property that dictates the toxic potency of a
particle. The shape, surface charge or surface coating can also contribute to its overall
toxicity (Johnston et al., 2009; Oberdorster et al., 2005; Sun et al., 2015a; Zhang et al.,
2012). Furthermore, the chemical properties of particles also play an important role in
determining toxicity. The toxicity of particles with different chemical properties will be
discussed later in Section 1.4. In essence, the physicochemical properties of a particle

contribute to its overall toxic potency.

1.3. Destinations of inhaled particles in a body.

Epidemiological studies indicate that exposure to environmental air pollution causes
non-accidental morbidity and mortality (Burnett et al., 2000; Goldberg et al., 2013; Hales et
al., 2012; Scott, 1953). Early studies focused on investigating the adverse health effects of air
pollution in the respiratory and cardiovascular system, because the respiratory tract is the
main route of entry of airborne PM into an organism. However, more recent data indicates
that environmental air particles can also affect extra-pulmonary organs, such as brain, liver,

spleen and kidney (see section 1.3.3. below).

1.3.1. General entry, deposition and clearance of inhaled particles.

Upon nosal inhalation, the majority of the coarse particles greater than 1 pm can be
filtered out by the nose and nasal cavity (Landahl and Black, 1947; Landahl and Tracewell,
1949). Most of the deposited particles in the nasal cavity can be quickly cleared from the
nose by the action of nasal mucociliary clearance (Merkus et al., 1998; Proctor et al., 1973),
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which allows the trapped particles to be sent to the gastrointestinal (GI) tract for excretion or
directly expelled from the nose. Thus, inhaling through the nose helps to filter out a
significant amount of particles that would not have been filtered out by mouth inhalation.
Those inhaled particles that were not captured or filtered out by the nose can then enter the
lower respiratory tract (tracheobronchial airways and lungs). There, deposited particles are
cleared by the action of the mucociliary escalator, which sends the particles to the GI tract
(Clarke and Pavia, 1980; Ferin, 1972). The deposited particles can also trigger inflammatory
responses in the local tissue that recruit leukocytes such as neutrophils (Harmsen et al., 1987)
and macrophages (Harmsen et al., 1985) to uptake the particles and move to the mucociliary
escalator or local lymphatic nodes for clearance (Ferin, 1972). Although the clearance
mechanisms of the respiratory tract are efficient, there is a limit to their clearance capacity.
Therefore, exposures to high levels of environmental air PM can cause negative health

effects (see sections 1.3.2. and 1.3.3. below).

1.3.2. Adverse effects of PM in the respiratory pulmonary system.

Exposure to air pollution is known to associate with the development or exacerbation
of respiratory illnesses, such as bronchitis (Liu et al., 2014; Scott, 1953; Stocks, 1959),
asthma (Canova et al., 2012; Maclntyre et al., 2014; Su et al., 2013), pulmonary fibrosis
(Johannson et al., 2014) and lung cancer (Liu et al., 2014; Merlo et al., 1991; Pope et al.,
2011; Siemiatycki et al., 1989; Stocks, 1959). The development or exacerbation of these
respiratory illnesses can be explained by the toxic effects of the particles retained in the
respiratory tract (see Section I.4. for more detail). As the respiratory tract is directly linked to
the circulatory system, it is not a surprise that air pollution is also associated with adverse

cardiopulmonary functions, such as hypertension, palpitation, atherosclerosis, myocardial



infarction and stroke (Chen et al., 2013). A plausible pathway that can explain how airborne
particles can affect the cardiopulmonary system is the spill-over of the respiratory system to
the circulation (Kumarathasan et al., 2015; Sun et al., 2008). For instance, Kumarathasan and
colleagues recently reported that exposing rats to EHC-93 Ottawa urban dust via nose-only
inhalation can induce inflammatory responses in the respiratory tract and can elevate the
levels of plasma carboxyhemoglobin, endothelin-1, reactive oxygen species (ROS) and
reactive nitrogen species (RNS) (Kumarathasan et al., 2015). Thus, exposures to airborne

PM have been linked to the development or exacerbation of cardiopulmonary diseases.

1.3.3. Effects of air particles in extra-pulmonary organs.

More recent data indicates that the toxic effects of environmental air particles can
extend beyond the cardiopulmonary system. For example, exposures to air pollution have
also been associated with non-pulmonary complications, such as declined cognitive function
(Ailshire and Crimmins, 2014; Jedrychowski et al., 2014; Julvez et al., 2007; Tonne et al.,
2014) and increased risk of diabetes mellitus (Brook et al., 2013; Rao et al., 2015; Vora et
al., 2014). A possible pathway to explain such systemic effects of environmental air PM is
the translocation of the deposited particles away from the respiratory tract. For example,
Oberdorster and colleagues demonstrated that inhalation of ultrafine TiO, particles leads to
the accumulation of TiO; in the lymph nodes of rats (Oberdorster et al., 1994). Similarly,
Kreyling et al., showed that inhaled 15 and 80 nm iridium particles (insoluble) translocate
from the respiratory tract to the liver, spleen, heart and brain of rats (Kreyling et al., 2002).
In addition, a recent study from our laboratory demonstrated that exposing rats to EHC-93
Ottawa urban dust and/or ozone (nose-only inhalation) can alter the expression of genes in

various organs, including lung, heart, liver, kidney, spleen, pituitary and cerebral hemisphere



(Thomson et al., 2013). These findings support epidemiological data that the effects of

environmental air particles indeed extend beyond the respiratory tract.

I.4. Toxic effects of different airborne particles.

Identifying the drivers of toxic potency and determining the mechanisms of their
effects in airborne PM is important and useful in the development of regulatory measures to
reduce the negative health effects of air pollution. Most of the anthropogenic particles fall
into three main categories, namely, metal, mineral and carbonaceous material. This section
will briefly review the impacts of some particles in these categories and some of their

underpinning mechanisms of toxicity.

1.4.1. Metals.

Epidemiological studies from U.S. and Canadian cities showed that there is a strong
correlation between the levels of metals in environmental air PM and negative health effects
in humans (Burnett et al., 2000; Laden et al., 2000). Examples of the respirable metal
particles that can be found in environmental air are Zn, Ni, Fe, Cu, Al, Mn, Pb, Co and Cd,
and the levels of these metals vary depending on the local sources of emission (Thomson et
al., 2015; Thomson et al., 2016; Vincent et al., 2001; Zhang et al., 2016). Some of these
metals, such as Pb and Cd, are non-essential metals and they are known to be toxic to human.
For example, Cd is classified as a human carcinogen by the International Agency for
Research on Cancer (IARC) (IARC monographs volume 58, 1993). Inhalation of Cd causes
lung cancer, as this metal can cause oxidative damage to DNA (e.g., single strand DNA
breaks) (Hassoun and Stohs, 1996). Interestingly, essential metals such as Zn, Cu and Fe that

act as cofactors for proper folding and/or activity of a broad number of proteins can also



cause adverse health effects at high levels. Since these metals can be found in ambient air
particles collected from Ottawa (Vincent et al., 1997) and other locations in Canada
(Thomson et al., 2016), they pose a potential health risk to the public. For example, human
exposure to Zn dust or fumes can lead to pneumonitis or metal fume fever (Cooper, 2008).
Our laboratory has identified that Zn is a water-soluble component in Ottawa urban dust
(EHC-93) that can induce inflammation and lung injury in rats (Adamson et al., 2000). Each
metal may possess specific mechanisms that lead to toxicity or carcinogenicity. However, the
most common mechanism of toxicity for most metals is their ability to generate ROS or RNS
through the Fenton reaction (Li et al., 2008; Trachootham et al., 2008). The Fenton reaction
is the generation of hydroxyl radical from hydrogen peroxide in the presence of a metal (e.g.,
Fe*' + H,O, — Fe*" + HO- + HO") (Fenton 1894). Increases in the level of ROS or RNS in
cells can ultimately lead to oxidative modification of lipids (Esterbauer et al., 1991), proteins

(Kobayashi et al., 2006) and DNA (Valko et al., 2006).

1.4.2. Minerals.

Minerals are abundantly present in the environment, and many minerals have been
used in a broad range of applications worldwide. Unfortunately, excessive exposures to a
number of mineral particles via inhalation are known to cause serious adverse health effects.
For example, silica (Si0O;) is a known occupationally hazardous respirable particle. Chronic
exposure to silica is primarily an occupational hazard for sand blasters, miners, brick workers
and construction workers. However, silica (sand) is a common component in ambient air;
hence, excessive exposure to silica particle is a general public health concern. According to
IARC, silica is a group 1 human carcinogen (IARC, 1997), and the American Conference for

Governmental Industrial Hygienists (ACGIH) indicated that silica has a low threshold limit
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value (TLV) of 0.025 mg/m’ (ACGIH, 2001). Exposure to silica is known to cause formation
of scar tissue in the lungs, a condition known as silicosis (Cassel et al., 2008; Lee et al.,
2013). The cytotoxicity of silica is likely due to its ability to activate the NLRP3
inflammasome (Cassel et al., 2008; Dostert et al., 2008; Hornung et al., 2008), stimulate the
production of ROS (Cassel et al., 2008; Dostert et al., 2008), as well as trigger apoptotic and
necrotic cell death (Cassel et al., 2008; Chao et al., 2001; Iyer et al., 1996; Joshi and Knecht,
2013).

Titanium dioxide (TiO;) is a naturally occurring oxidized mineral form of titanium.
Historically, TiO, was loosely used as a “negative control” for many toxicological studies
because it was found to be relatively inert and was not considered as an occupational
hazardous material (TLV = 10 mg/m’) (ACGIH, 2001). However, the vastly increased
application of TiO, in a number of products, including cosmetics, foods and medicines
warranted more rigorous investigations of the safety of this mineral, especially nano-sized
TiO, particles. Recent studies found that the toxicity of TiO, depends on various
physicochemical parameters of the particles, including size, aggregation state, crystal phase

and surface modification (Johnston et al., 2009).

1.4.3.Carbonaceous materials.

Soot or black carbon is an undesirable product of uncontrolled and incomplete
combustion of organic materials such as wood, coal, diesel and cigarettes that results in the
generation of varying amounts of elemental and organic carbon. These carbonaceous
materials can cause adverse health effects in humans and animals. The toxic effects of
organic carbon pollutants known as polycyclic aromatic hydrocarbons (PAHs) have been

heavily investigated due to their presence in cigarette smoke and several well recognized
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historic events. For example, Percivall Pott, an English surgeon, was the first to notice the
high incident of scrotum cancer in chimney sweepers in London all the way back in mid
1700, and suggested a positive relationship between occupational cancer and environmental
carcinogen (Brown and Thornton, 1957). The Seveso disaster in July 1976 in Italy was an
accident from the Industrie Chimiche Meda Societa Azionaria that dispersed kilogram
quantities of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and TCDD-like substances in the
air (Bertazzi et al., 1998; Walsh, 1977). It resulted in the death of thousands of animals, the
sacrifice of thousands more suspected exposed-animals (to prevent food chain
contamination), and several hundred people suffered from skin lesions or chloracne (a
painful and skin disfiguring condition due to chronic inflammation) (Bertazzi et al., 1998).
Another incident is the use of TCDD in an attempted assassination of Viktor Yushchenko in
2004, who was campaigning for a Ukrainian presidential election. Although the dioxin
poisoning did not kill him, he suffered severe inflammation in the liver, pancreas and
intestines (Sterling and Hanke, 2005). He also suffered excruciating back pain over a month
and developed chloracne that permanently disfigured him (Sterling and Hanke, 2005).

PAHs and TCDD are known to bind to the aryl hydrocarbon receptor (AHR) in the
cytosol of cells. Upon ligand binding, the AHR undergo conformational changes to expose
its nuclear localization sequence and translocate to the nucleus (Ikuta et al., 1998). There, the
AHR dissociates from its inhibitory chaperones (Hsp90, P23 and ARA9) (Perdew, 1988;
Kazlauskas et al., 1999; Ikuta et al., 1998; Carver et al., 1998; Seok et al., 2017) and binds to
its transcription partner (ARNT) (Reyes et al., 1992; Seok et al., 2017). The ligand-
AHR/ARNT complex activate various genes through binding to their promoter regions such
as the xenobiotic response element (XRE) (Reyes et al., 1992) of xenobiotic metabolizing

enzymes including cytochrome P450 1A1 (CYP1Al) and CYP1BI1. The activated AHR
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(ligand-AHR/ARNT complex) also binds directly to the promoter region of the antioxidant
response element (ARE) of nuclear factor erythroid 2 p45-related factors (NRF2) (Beischlag
et al., 2008), which can activate various antioxidant enzymes. Interestingly, the activation of
NF-xB can also be induced by activated AHR or overexpression of AHR (Tsay et al., 2013).
Finally, the activated AHR regulates itself by stimulating the expression of the AHR
repressor (AHRR) (Gradin et al., 1999; Hankinson et al., 1985), where the AHRR competes
with AHR to dimerize with ARNT (Gradin et al., 1999; Mimura et al., 1999). In summary,
activation of the AHR can stimulate a large set of genes that have diverse functions in the
cell. An earlier study from our laboratory showed that ambient air PM from various
environments contain PAHs, and the particles from these environments can stimulate the
expression of CYP1A1, as measured by the CAT-Tox [L] assay in HepG2 cell line (Vincent
et al., 1997).

Accumulated data over the years suggest that the AHR plays an important role in
carcinogenicity. Chronic exposure of animals to a low level of TCDD has is known to cause
neoplasm (Kociba et al., 1979; Kociba et al., 1978; Van Miller et al., 1977). An organic
extract of airborne particulate matter from Sapporo, Japan induced the expression of
CYPI1AIl and tumour development in AHR™" mice upon dermal application; the extract
neither induced the expression of CYP1A1 nor caused the development of dermal carcinoma
in AHR”" mice (Matsumoto et al., 2007). The levels of CYP1AI1 protein in human lung
tissues in smokers and ex-smokers are 2.6 and 3.2 times higher than never-smokers,
respectively (Lin et al., 2003b). Similarly, the protein and mRNA levels of AHR (Lin et al.,
2003b), CYP1A1 and CYPIBI (Lin et al., 2003a) are higher in lung carcinoma cells as
compared to normal cells. A few possible mechanisms have been proposed as to how the

AHR mediates PAH-induced carcinogenicity. One of the mechanisms is that the activation of
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AHR can increase the production of DNA adducts through up-regulation of CYP1A1 and
CYPIBI. These enzymes convert PAHs into reactive intermediates (such as dihydrodiol
epoxides) that can bind covalently to DNA and cause subsequent gene mutation (Denissenko
et al., 1996; Puisieux et al., 1991).

AHR-independent mechanisms can also generate DNA adducts from PAHs
(Kondraganti et al., 2003). Another possible mechanism for AHR to promote tumourigenesis
is its ability to regulate NF-kB, a key protein that modulates the inflammatory response.
However, the role of AHR in mediating pro-inflammatory responses is not clear. For
example, transgenic mice that express the constitutively active form of AHR in keratinocytes
were found to develop inflammatory skin lesions (Tauchi et al., 2005). On the other hand,
AHR knockout mice were observed to have heightened lung inflammatory response to
cigarette smoke (Thatcher et al., 2007). Thus, more investigation is required to clarify the
role of AHR in the inflammatory response. Regardless of whether AHR can mediate PAH-
induced pro-inflammatory response, ample evidence has shown that exposure to PAHs can
stimulate pro-inflammatory responses. For example, it has been reported that benzo[a]pyrene
(BAP) or diesel exhaust particles (which also contain BAP) can stimulate the expression
(mRNA) and secretion (peptide) of the pro-inflammatory interleukin-8 (IL8) in cells in the
respiratory system, such as macrophages (Podechard et al., 2008), bronchial epithelial cells
(Kawasaki et al., 2001) and lung epithelial cells (Pei et al., 2002). In short, PAHs are air
pollutants that have carcinogenic properties.

While the toxic and carcinogenic effects of PAHs in humans and animals have been
well documented, information on the health effect of elemental carbon (EC) is much less
clear. Aside from a few reports showing that there is a positive correlation between the level

of EC in ambient air and cardiovascular health risk in humans (Bell, 2012; Levy et al., 2012;
14



Schneider et al., 2010) or animals (Wagner et al., 2014), there is very little data on the
toxicology of EC. However, the toxicity of man-made EC powder known as carbon black
(CB) has been used as a surrogate for EC in previous studies (Donaldson and Stone, 2003).
Carbon black is an industrial product generated from controlled pyrolysis of hydrocarbons
that produces mainly elemental carbon, where only trace amounts of PAHs and inorganic
materials could be found (MJ et al., 2003; Watson and Valberg, 2001). Carbon black should
not be confused with black carbon (soot), which is an undesired by-product of uncontrolled
combustion that contains varying amounts of EC, organic materials and metals (Long et al.,
2013; Watson and Valberg, 2001). Carbon black is commonly used as a black pigment in
automobile tires, rubbers, paint, coating and printing inks. Exposure to CB is known to
aggravate pulmonary inflammation in humans (Zhang et al., 2014) and mice following
inhalation (Saputra et al., 2014; Zhang et al., 2014), and it causes toxicity to cells in vitro

(Lee et al., 2011; Mroz et al., 2007; Sahu et al., 2014; Yamawaki and Iwai, 2006).

L.5. Factors that influence the final toxicological outcomes of ambient air particles.
Examining and comparing the adverse health effects of ambient air particles from
different environments is complicated and requires careful interpretation. For example, the
combined toxic effect of two particles in a cell or animal is often not equal to the sum of the
effects of two individual particles. Moreover, a particle can be modified in the atmosphere by
pressure, heat, UV light or the presence of other particles. Finally, the susceptibility in a
population can vary depending on the age, genetic makeup and health state of the individuals
in question. This section will briefly review the notable factors that can contribute to the final

adverse health outcomes of exposure to urban air particles.
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1.5.1. Interaction effect.

When two or more particles are acting in an organism, which represents a more
realistic exposure scenario outside of a laboratory, their effects as a whole are often
unpredictable because the particles themselves can interact with each other or the biological
effects can interact in the organism to antagonize or synergize the final effect. Antagonism
occurs when the total toxic effect of two or more particles is less than the sum toxic effects
the individual particles. An example of an antagonistic effect is arsenic and selenium, where
the combined poisonous doses of As and Se together can neutralize the toxic effects of the
individual agents (Kenyon et al., 1997; Levander, 1977; Moxon, 1938). Synergism occurs
when the combined toxic effect of two or more particles is greater than the sum toxicities of
the individual particles. An example of a synergistic effect is that the use of paraquat (a
herbicide) and maneb (a fungicide) together, but not alone, increases the risk of developing
Parkinson’s disease in humans (Costello et al., 2009; Wang et al., 2011). In addition, treating
mice with these two agents together enhances the development of Parkinson’s disease
(Desplats et al., 2012; Gupta et al., 2010). In our laboratory, we demonstrated that ozone (O5)
or Ottawa urban dust (EHC-93) caused only mild or no injury to rat lungs, respectively; co-
exposure of rats to these two pollutants caused significantly greater lung injury than either to
O; or EHC-93 alone (Adamson et al., 1999; Bouthillier et al., 1998; Vincent et al., 1997a).

Therefore, the toxic effect of a complex mixture of airborne PM cannot be predicted.

1.5.2. Atmospheric transformation.
When a particle is emitted into the air, its physical and chemical properties can be
modified by light, temperature, pressure, humidity and/or interactions with gases and with

other PMs in the atmosphere. For example, Zielinska and colleagues have shown that there is
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a difference in toxicity in animals that were exposed to diesel emission particles (DEPs) in
their pristine form versus atmospheric-transformed DEPs, where the aged DEPs were found
more toxic than their pristine counterparts (Zielinska et al., 2010). Another example came
directly from the results in the present study, which show that the cytotoxic potency of EHC-
93 Ottawa urban dust as a whole is less than its water-insoluble components, where the
water-soluble materials have been stripped off (see Figure V — 2 in Chapter 5). In addition,
Sun et al. demonstrated that the inflammatory effects of amorphous nanosilica particles can
be reduced through calcination and metal doping (Sun et al., 2015). Thus, the toxic effects of
ambient particles can be modified in the atmosphere, which has the capacity to alter the

physicochemical properties of the particles.

1.5.3. Biological susceptibilities.

It has been established that the effects of environmental air pollution within a
population are not homogeneous due to a number of biological factors, which include age,
health state and genetic makeup. For example, Pope reported that the levels of PM10 near a
steel mill in Utah Valley were more strongly correlated with hospital admissions due to
bronchitis and asthma in children than in adults (Pope, III, 1989). On the other hand,
increased concentration of ambient particles was found to increase mortality in elderly
individuals suffering from chronic coronary artery diseases (Goldberg et al., 2001). These
observations suggested that the susceptibility of humans to air pollutants can depend on their
age and/or developmental state. Furthermore, individuals with pre-existing health
complications, such as asthma, lung cancer, heart disease or diabetes are at greater risk than
their healthy counterparts (Bell and Davis, 2001; Brook et al., 2013; Brook et al., 2010;

Goldberg et al., 2000; Goldberg et al., 2001; Goldberg et al., 2013; Hales et al., 2012; Pope
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et al., 2009; Pope et al., 2011). All these observations demonstrate that biological factors
such as age, health state, lifestyle and genetic makeup are important determinants in PM

susceptibility.

I.6. Clean Air Regulatory Agenda.

The federal government of Canada has recognized that emissions from industrial and
transportation-based sources are associated with adverse impacts on health and environment.
In 2006, they launched a Clean Air Regulatory Agenda (CARA) project that committed to
protect the health and environment of Canadians. The main role of our group in this program
was to obtain and characterize PM of different sizes from various industrial sites in Canada
associated with defined sources of emission (e.g., steel mill in Hamilton, petrochemical
refinery in Montreal, and aluminum smelter in Shawinigan), and then characterize their in
Vitro cytotoxic potencies. However, ambient air PM is a complex mixture of particles with a
wide range of sizes and physicochemical properties. The composition of the suspended
ambient air particles varies in different geographical locations, depending on the local
sources of release (Burnett et al., 2000; Thomson et al., 2015; Thomson et al., 2016). Due to
such variation in particle composition, it is difficult to disentangle the drivers of toxic
potency in ambient air PM and investigate their mechanisms of adverse health effects. The
goal of my Ph.D. work was to test the feasibility of an in vitro toxicoproteomic platform for
profiling the cellular responses to conventional particulate matter of occupational health
relevance (e.g., carbon black, titanium dioxide, silica) and to an urban dust that has been

used worldwide for toxicological studies (e.g., EHC-93 Ottawa urban dust). This platform
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will eventually be applied to assess the toxic effects of environmental air PM sampled from

different locations in Canada.

L.7. In vitro toxicology: Assessment of the cytotoxic potency of particulate matter

The toxic effects of airborne particulate matter are best examined in humans and
animals, as the results provide a direct answer to particle toxicity. Unfortunately, in vivo
toxicological assessments can be complicated or difficult to perform for various reasons,
such as ethics, cost, susceptibility variation among individuals (as mentioned above) and
availability of material. Thus, a vast amount of studies have used in vitro approaches to
evaluate the toxicity of environmental air particles. It is understood that the in vitro results
may not be directly correlated to the physiological responses of humans and animals to PM.
However, in vitro models are still embraced across different fields of study as they can
provide mechanistic details on cellular responses to the substance(s) in question. Moreover,
in vitro methods pose few or no ethical problems, are relatively inexpensive to perform,
require smaller amounts of test material/substance and they could be conducted in an
automated and/or high-throughput manner, enabling the screening of many different particles
simultaneously. The goal of this study is to establish an in vitro approach that can
differentiate the potency and pathways of effects of environmental air particles that would be

useful for the purpose of regulatory toxicology.

1.7.1. Cellular models used in toxicological studies.

The cytotoxic effects of respirable particles have been examined using various cell
lines and primary cells from the respiratory or cardiovascular system, such as monocytes,
macrophages, and bronchial and alveolar epithelial cells. The A549 human lung epithelial
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cell line is one of the frequently used cell lines to examine the cytotoxic effect of
environmental air particles. The A549 cells are derived from a solid lung tumor in a 58 year
old Caucasian male that was explanted in 1972 (Giard et al., 1973). They possess the
characteristics of type II alveolar epithelial lung cells that can produce, store in lamellar
bodies, and secrete lung surfactant (Lieber et al., 1976). Type II alveolar epithelial cells are
cuboidal cells that take up about 5 % of the total alveolar surface, but comprise 60 % of
alveolar epithelial cells (Crapo et al., 1982). Type II cells are responsible for replacing
injured type I cells via proliferation and differentiation (Barkauskas et al., 2013; Evans et al.,
1973). Thus, A549 cells are a useful in vitro model to examine the toxic effects of air
pollution. In this study, A549 cells were used to investigate the cytotoxic effects of various

airborne particles.

1.7.2. Cytotoxicity assays.

The cytotoxic potencies of respirable particles have been traditionally assessed using
various endpoint assays, such as lactate dehydrogenase (LDH) release, 5-bromo-2'-
deoxyuridine (BrdU) incorporation, cellular ATP content and resazurin reduction assays. The
LDH release assay quantifies the loss of LDH from the cytosol of the cells, which reflects the
level of cell membrane damage or cell lysis by dead or dying cells (i.e., apoptosis or
necrosis). The BrdU incorporation assay measures the rate of BrdU (an analog of thymidine)
incorporated into the DNA of proliferating cells. The ATP assay assesses the level of cellular
ATP that reflects the extent of mitochondrial injury, plasma membrane damage and/or loss
of metabolic energy in the cells. In the resazurin reduction assay, viable cells reduce a non-
fluorescent redox dye, resazurin (dark blue in color), to a fluorescent reaction product,

resorufin (pink in color), and nonviable cells lose metabolic capacity to convert the indicator
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Figure I — 2. Schematic diagram of the integrated cytotoxicity bioassay.
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dye. Mitochondrial, cytosolic and microsomal enzymes have been implicated in the
reduction of resazurin (Gonzalez and Tarloff, 2001). These assays are attractive to
researchers because they can be applied in a high through-put manner to assess the cellular
phenotypic outcomes of particle toxicity. However, the majority of the toxicological studies
in the literature used only one or two of these assays. Our laboratory recently adopted the use
of all four of these assays to better understand the toxic effects of particles in vitro (Breznan
et al., 2013; Breznan et al., 2016; Kumarathasan et al., 2014; Thomson et al., 2015; Thomson
et al., 2016), where three assays were integrated into a sequential cytotoxicity bioassay that

allowed the same particle-exposed cells to be examined directly (Figure I — 2).

1.7.3. Genomics.

Physiological changes in the cells can be controlled at the transcriptional level. Thus,
assessing changes in the expression of genes in cells can provide a molecular basis to PM
toxicity (Vincent et al., 1997b). It is known that exposure to airborne particles can alter the
expression of genes in cells, animals and humans. The rapid development of genomic
methods such as real-time polymerase chain reaction (RT-PCR), microarrays and next
generation sequencing (NGS) has enabled toxicologists to characterize the toxic effects of
airborne PM in great detail. For example, Kovats et al. recently used NGS to assess the
presence of pathogenic particles that can be found in the resuspended ambient air particles in
a Hungarian horse stable. The results of their study revealed that as many as 384 species of
pathogen can be found (Kovats et al., 2016). Sellamuthu and colleagues have used a
microarray approach to assess the cytotoxicity mechanisms of a-quartz (Min-U-Sil 5) in
A549 cells, and their results showed that the particle perturbed the expression of genes that

are involved in cellular growth and proliferation, cell death, inflammatory response and cell
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cycle (Sellamuthu et al., 2011). Our laboratory is equipped with a robotic platform that can
conduct RT-PCR in a high-throughput manner. We have used this platform to show that
inhalation of ozone and/or EHC-93 provoked a similar pattern of gene expression in
pathways such as anti-oxidant response, xenobiotic metabolism and inflammation in various
tissues in rats such as lung, heart, liver, kidney, spleen, pituitary and cerebral hemispheres
(Thomson et al., 2013). Therefore, different genomic methods can be used to examine
various impacts of airborne particles in the environment, as well as to obtain detailed
mechanisms of particle toxicity. The caveat in interpreting genomic data is that gene
expression does not always translate into protein expression, which dictates cellular

functions.

1.7.4. Proteomics.

Proteins are the functional products of the genome, and their expression is tightly
regulated to serve different biological processes. Investigating changes in the cell proteome
can provide clues to the molecular basis of cellular toxicity. There are different methods to
assess the expression of proteins, depending on the purpose of the study. Immuno-based
assays such as western blot, enzyme-linked immunosorbent assay (ELISA) or multiplex
immunoassays are useful to determine the production of specific peptides/biomarkers. For
example, our laboratory has utilized Bio-plex immunoassays to assess the release of various
peptides/cytokines, such as IL-1, IL-8, IL-6, VEGF, TNF and EDN-1, from macrophages or
A549 cells in response to respirable particles (Breznan et al., 2016; Chauhan et al., 2004;
Chauhan et al., 2005; Thomson et al., 2015; Thomson et al., 2016). Such assays are sensitive

and can be applied in a high-throughput manner, but they require prior knowledge about the
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peptide sequence for the production of antibodies. These assays are expensive and only have
a limited capacity.

Protein separation by two dimensional gel electrophoresis (2D-GE) followed by mass
spectrometry (MS) is a basic method used in quantification and identification of proteins in
complex biological matrices, and shot-gun proteomic analyses are common alternatives to
gel-based proteomic procedures. Some of the shot-gun proteomic analysis methods include
direct analysis of digests of cell lysates using MALDI TOF-MS or LC-MS, which can
provide detailed proteomic information. The advantage of 2D-GE is that it is a relatively

inexpensive approach that provides high content data.

1.7.5. Two-dimensional gel electrophoresis (2D-GE).

2D-GE is a basic proteomic method that can capture the levels of protein expression
in cells by separating proteins based on their isoelectric point (pI) and molecular weight
(MW). The concept of 2D gel electrophoresis has been around since 1950s (Poulik and
Smithies, 1958; Smithies and Poulik, 1956), where the proteins in a sample were separated
by starch gel and filter paper electrophoresis. However, such 2D electrophoresis method was
rarely applied until the technique was improved by introducing the isoelectric focusing step
to separate the proteins in a sample according to their pl on an immobile pH gradient,
followed by their MW in an polyacrylamide gel (Kenrick and Margolis, 1970). Since most
proteins have a unique pl and MW, each spot in such a 2D gel generally corresponds to an
individual protein form, although overlays are expected. Later in 1970, it was possible to
determine that there are 20 and 30 — 35 proteins in the S30 and S50 ribosomal subunits,
respectively, of E. coli (Kaltschmidt and Wittmann, 1970), and since these early

experiments, the use of 2D gel electrophoresis began to spread rapidly. With the recent
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advancement in mass spectrometry (MS), researchers can characterize a small amount of
protein, such as a sample from a spot in a 2D gel, and such a protein can be identified by
comparing its MS spectrum to an existing library of proteins’ spectra that have been
previously identified. Furthermore, the increase and/or decrease in protein expression in cells
following a treatment can also be examined by 2D-GE. For example, 2D-GE and MS
analyses have been used to assess changes to the proteome of cells that were exposed to
various materials, such as silica (Yang et al., 2010), polystyrene (Morbt et al., 2009),
chlorinated benzenes (Morbt et al., 2011) and uranium (Malard et al., 2005). Our laboratory
has previously analyzed the proteins expressed in A549 cells by 2D-GE, where protein spots
from 2D gels were picked and then identified by MALDI-TOF-MS (Kumarathasan et al.,
2005). Thus, 2D-GE can be used to investigate the mechanisms by which particulate matter

affect cellular pathways.

1.7.6. Mass spectrometry (MS).

Mass spectrometry is an analytical method that separates ionized molecules based on
mass to charge ratio (m/z), which is useful to identify organic and biological molecules. The
fundamental principle of MS is based on the pioneering works of Eugen Goldstein, Wilhelm
Wien and Joseph John Thomson in separate studies in the late 1800s and early 1900s. In
1886, when Goldstein examined the properties of the cathode rays (later known as electrons),
which move from the cathode (negatively charged) to the anode (positively charged) in a
discharge tube under low pressure, he noticed that there are also positively charged rays that
move from the anode to and through a perforated cathode (Goldstein, 1886). Thereby, he
called these positively charged anode rays “Kanalstrahlen” or canal rays, since they can pass

through the canals in the cathode plate. It was later identified that these canal rays are
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positively charged molecules that were generated by the cathode rays (electrons) that knock
off an electron from the gas molecules in the discharge tube. In 1898, Wilhelm Wien used a
magnetic or electric field to deflect the canal rays that came through the holes in the cathode
plate; such deflection was useful to separate these canal rays (positively charged ions) based
on their charge to mass ratio (Q/m). Wien’s work was latter refined by Sir Joseph John
Thomson, who developed the first mass spectrometer and recorded the first mass
spectrograph, showing that neon gas consisted of more than one isotope, which identified the
existence of *’Ne and *Ne (Thomson, 1913). In 1918 and 1919, Arthur Jeffrey Dempster and
Francis William Aston (a student of Thomson), respectively, were the first to independently
construct the mass spectrometers that today’s instruments were built upon (Borman et al.,
2003).

Nowadays, various MS instruments have been developed for different purposes. All
MS instruments consist of three principal components: ionizer, analyzer and detector. The
ionizer causes ionization of molecules in a sample, the analyzer separates the ionized
molecules, and the detector detects ionized molecules that come out of the analyzer. The
ionizer is a chamber where the sample is placed or injected. The sample molecules can be
ionized in this chamber with various techniques, such as matrix-assisted laser
desorption/ionization (MALDI), electrospray ionization (ESI), electron impact (EI), fast
atom bombardment (FAB), atmospheric-pressure chemical ionization (APCI) or inductively
coupled plasma (ICP) ionization. The goal of all these techniques is common, that is to strip
an electron from each sample molecule to generate a positively charged ion. Most ionized
molecules carry a 1+ charge because it is more difficult (i.e., requires more energy) to
remove a second electron in a particle. Once the ions are generated, the positively charged

plates present in the ionization chamber propel the positively charged ions through a narrow
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slit to generate a beam of ions that is directed into the analyzer. The ionized molecules can
then be separated in an analyzer based on a technique such as time-of-flight (TOF), Orbitrap,
quadrupole, linear quadrupole ion trap (LTQ), or a combination of the techniques above
(e.g., LTQ Orbitrap and Q-TOF). The detector does not vary significantly from one
instrument to another, as its function is to detect the separated ionized molecules and to
record their levels of abundance. The outputs from the detector are then computerized into a
mass spectrum that shows the m/z and intensity values of different particles in a sample. In
the case that an ionized molecule carries a 2+ charge, it can be easily identified, because it
produces a peak that is half of the m/z value of the peak that corresponds to the same
molecule that carries a 1+ charge. However, the 2+ peak is much smaller than the 1+ peak.
The use of MS has gained significant momentum in various biological science fields
such as proteomics and lipidomics in recent years due to the rapid development in MS
technology and bioinformatics. To determine the identity of a protein by MS, the protein is
typically digested by a protease such as trypsin into a predictable set of peptides based on the
known cleavage sites of the enzyme, which are arginine and lysine for trypsin. The digested
peptides are then subjected to ionization in a mass spectrometer to generate a set of ions with
specific m/z and intensity that can be recorded as a mass spectrum, a peptide mass
fingerprint (PMF) spectrum. The accuracy of protein identification took a leap forward when
tandem mass spectrometry (MS/MS) was introduced into protein sequencing (Cody et al.,
1985; Hunt et al., 1986). This technique is based on the inducible and predictable
fragmentation of the parent ions into a unique set of daughter ions with specific m/z and
intensity values. Since a number of “unique” peptide segments in a protein can produce a
very specific MS/MS spectrum, such a spectrum can be used to fingerprint the identity of a

protein. There have been various techniques developed to cause fragmentation of ionized

27



peptides for MS/MS analysis. Examples of some of these techniques are voltage lift (Suckau
et al., 2003), collision-induced dissociation (CID) (Hunt et al., 1986), electron-transfer
dissociation (ETD) (Syka et al., 2004) and electron-capture dissociation (ECD) (Zubarev et
al., 1998). The identity of an unknown peptide can be determined by comparing its MS/MS
spectrum to that of the MS/MS spectra of known peptides in databases such as SwissProt and
RefSeq, using Mascot search engine.

Our laboratory has demonstrated that MALDI-TOF-MS is a useful tool to determine
the identities of protein spots that can be visualized from 2D gels (Kumarathasan et al.,
2005). MALDI is a soft ionization technique that uses a laser beam to ionize a sample that
has been co-crystallized with a matrix molecule (e.g., a-cyano-4-hydroxy-cinnamic acid) on
a metal plate. The function of the matrix is to absorb the energy from the laser beam and
transfer it to the peptides in the sample to assist the ionization process. Upon ionization, the
peptides are desorbed from the surface and they can be sent to an analyzer using a positively
charged anode plate. A MALDI is typically coupled to a time of flight (TOF) analyzer that
separates the sample molecules based on the time it takes for different molecules to travel in
the analyzer to reach the detector. As the smaller peptides travel faster than the larger
peptides, the time of flight is inversely proportional to the mass of the peptide. The MALDI-
TOF-TOF-MS/MS instrument in our laboratory has the full capacity to perform tandem mass
spectrometry (using voltage lift technique), which was utilized in this study to determine the

identities of protein spots in 2D gels.
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Objective
The objective of this study is to establish an in vitro toxicoproteomic model that can

distinguish the effects of airborne particles with various physicochemical properties.

Hypothesis

Previous studies demonstrated that exposure of cells, animals or humans to environmental air
PM typically generates a distinct pattern of mRNA and protein expression that is dictated by
the physicochemical composition of the particles. Thus, I hypothesized that proteomic and/or

genomic analyses would be useful to determine the characteristic effects of particle toxicity.

Specific aims

The main goal of this study was to develop an in vitro toxicoproteomic approach that
is sensitive enough to discriminate the cellular responses to respirable particles that are
similar or different in physicochemical properties. This approach is outlined in Figure I — 3,
where the cytotoxic effects of PM in the A549 human lung epithelial cells are examined by
multiple cytotoxicity assays (LDH release, BrdU incorporation, cellular ATP and resazurin
reduction assays) and proteomic analyses (e.g., 2D-GE and MALDI-TOF-TOF-MS/MS).
Initially, the responses of AS549 cells will be characterized against several occupational
health-relevant particles with low complexity (i.e., carbon black, titanium dioxide and silica).
Upon success, the same experimental approach will be used to examine a more complex
sample of urban air particles (i.e., EHC-93 Ottawa urban dust). To meet the objective of my

study, I propose to carry out the following specific aims:
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Aim #1: To establish a proteomic platform that uses 2D-GE and MALDI-TOF-TOF-MS/MS
to assess changes in the proteome of A549 cells following carbon black and titanium dioxide
exposures. The purpose of this aim is to assess whether 2D-GE and MALDI-TOF-TOF-
MS/MS can distinguish cellular responses to two occupational health-relevant particles that
are different in cytotoxic potencies and physicochemical properties, and identify their
mechanisms of particle toxicity. This work is documented in two manuscripts published in
Journal of Proteomics and Data in Brief, which can be found in Chapter Ila: “Proteomic
changes in human lung epithelial cells (A549) in response to carbon black and titanium
dioxide exposures” and Chapter IIb: “Human lung epithelial cell A549 proteome data after

treatment with titanium dioxide and carbon black™.

Aim #2: To examine changes in the proteome of A549 cells following exposures to two
crystalline silica particles (o-quartz and cristobalite) using the 2D-GE and MALDI-TOF-
TOF-MS/MS. The purpose of this aim is to test if the developed in vitro toxicoproteomic
platform is capable of differentiating cellular responses to two occupational health-relevant
particles that are similar in cytotoxic potencies and physicochemical properties at the
molecular level. This work is documented in a manuscript that has been published in Journal
of Applied Toxicology, which can be found in Chapter III: “Responses of A549 human lung
epithelial cells to cristobalite and a-quartz exposures assessed by toxicoproteomics and gene

expression analysis”.
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Figure I — 3. A graphical abstract of an in vitro toxicoproteomic approach.
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Aim #3: To use the established in vitro toxicoproteomic model to examine changes in the
proteome of A549 cells following exposures to Ottawa urban dust (EHC-93) and its water-
soluble and -insoluble fractions. The purpose of this aim is to test if toxicoproteomics can
distinguish the pathways of cellular toxicity in response to complex mixtures of urban air
particles (i.e., total, insoluble and soluble fractions) that are different in cytotoxic potencies
and physicochemical characteristics. This work is documented in a manuscript that has been
submitted to Particle and Fibre Toxicology, which can be found in Chapter IV: “In vitro
toxicoproteomic analysis of A549 human lung epithelial cells exposed to urban air

particulate matter and its water-soluble and insoluble fractions”.
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