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ABSTRACT

TOXICOLOGY OF URBAN PARTICULATE
MATTER: IN VITRO AND IN VIVO BIOASSAYS

by Dalibor Breznan

Exposure to air particulate matter (PM) is epidemiologically associated with increased incidence
of respiratory and cardiovascular disease in humans. Although inflammation, oxidative stress and
toxicity have been implicated in the pathophysiological response to air pollution, the
physicochemical properties of the particles responsible for the adverse effects are yet to be
elucidated. [ utro assays are widely used to study the toxicity of particles, however, they have not
been comprehensively validated # ww. This work aimed to evaluate # uiro cytotoxicity and
inflammatory cytokine assays as screening tools for relative toxicity of PM, validate their capacity
to predict toxicity of PM in BALB/c mice, develop a cell-interaction model for the study of the
biological effects of PM, and evaluate its performance in relation to PM effects in animals. Results
show that i v assays conducted in macrophage (J774A.1) and alveolar epithelial (A549) cell
lines can discriminate between PM, based on their cytotoxic and inflammatory potency. SRM-
and EHG type particles were more potent than DWR1 (PM, ;) and mineral particles both i witro
and & ww, although PM rankings varied considerably between assays. PM with different
compositions had different toxic potencies. Combinations of 2 to 4 i ut assays showed a
predictive potential for PM-induced effects i 1w, represented by bronchoalveolar lavage (BAL)
neutrophilia in mice. In a co-culture, epithelial (A549) and macrophage (THP-1) cells
synergistically modulate their production of pro-inflammatory cytokines (IL-1p, IL-6, IL-8, MCP-
1 and TNF-o), ICAM-1 and VEGEF in response to PM exposure. Cellular mediators from PM-
exposed co-cultures can activate endothelial cells (HPAE) to produce cytokines (IL-6, IL-8, GM-
CSF, MCP-1) and adhesion factors (ICAM-1, VCAM-1 and E-selectin). Exposure of mice to
EHC 6802, DWR1 and SRM-1650 particles led to BAL neutrophilia and elevated cytokines (IL-6,
KGC MIP-1a, TNF-ar), with a stronger inflammatory response at 2 hrs then 24 hrs. Statistical
comparison of the cell interaction model responses with PM-induced BAL neutrophilia # ww
shows that the co-culture model correlates well with biological effects of particles in mice. Along
with its ability to simulate physiologically relevant cell-cell interactions, it is a good model for

studying mechanisms of PM toxicity, and for relative toxicity screening of particles.
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Main Research Aim

Much research has been done linking exposure to particulate materials in air pollution with adverse
respiratory and cardiovascular outcomes, although many unknowns remain about the mechanisms
behind the epidemiological observations. With increasing evidence of acute and chronic effects of
air pollution particles on the cellular and organ-levels, there is a need for more extensive
evaluations of the relative toxicities of the various particles in relation to their physicochemical
properties and for a comprehensive i ww validation of their cellular effects. As current air
pollution control efforts are solely based on ambient particle mass standards, studies linking
adverse effects with specific emissions could provide a body of evidence for adopting a source

apportionment-based regulatory approach to protect public health.

Thus, the main aim of the thesis is to examine and compare the biologic effects of air pollution
particles from different sources in cellular (mono-, co-culture) and animal models, and to assess
the ability of the # utro screening assays to predict particle toxicity # uw. See Figure 1.1 for the
outline of the PM potency analysis and assay validation.

Main Hypothesis

Initro cytotoxicity and inflammation assays can be utilized for screening of the toxic potency of

respirable particulate matter with different physico-chemical characteristics.
Sub Hypothesis # 1(Study # 1)
In itvo screening assays are good predictors of biological effects of particulate matter # vivo.

Sub Hypothesis # 2 (Study # 2)

Cell interactions can modulate the effects of particulate matter # wio and 2 ww.



Specific Aims of Study # 1

e Evaluate the cytotoxic and pro-inflammatory effects of air pollution particle preparations in

cell lines and establish particle potency based on the observed effects i wo.

e Evaluate the toxicity of selected air pollution particles in BALB/c mice and establish particle

potency based on the observed adverse effects i ww.
e Compare potency i utro with changes in critical # ww endpoints of toxicity.
Specific Aims of Study # 2

e Develop an # utro human pulmonary co-culture model, which enables the evaluation of the
effects of cellular interactions on the release of cytotoxic and pro-inflammatory mediators by

the cells challenged with air pollution particles.

e Evaluate the toxicity of a subset of PM, ;, PM,, urban emissions and diesel exhaust particles in
BALB/cmice.

e Evaluate the association of a critical # uw endpoint of the biological impact of air pollution

particles with the in o assay measurements obtained from the co-culture model.



Outline of PM potency analysis and assay validation
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Figre 1.1. Outline of PM potency analysis and assay validation. Toxicity screening of PM is
conducted using a panel of # wtro cytotoxicity and inflammation assays to rank the particles based
on their biological effect potency. A subset of particles with a range of i utro potencies is
intratracheally instilled into mice. Multivariate and bivariate statistical analyses are utilized to
develop and validate a model for the prediction of a critical # ww endpoint from in utro assays.



GENERAL INTRODUCTION

9.1 Health Effects of PM: Epidemiology, Lung Effects

9.1.1 Morbidity and Mortality

The Clean Air Act of 1956 was passed in response to the London Fog of December 1952, with
the legislative aim to reduce pollution from coal burning-derived particulates. Over four days, the
smog episode claimed at least 4,000 lives. Despite the lessons learned from the past, urban
atmospheric pollution remains a major problem of environmental health (Brunekreef and Holgate,
2002).

In the present day, the urban air pollutants are primarily derived from fossil fuel combustion. The
air pollution consists mostly of primary emissions including particulate matter (PM) and gases such
as carbon monoxide (CO), sulphur dioxide (SO,), nitrogen oxides (INO,) emitted directly from
vehicle exhausts and industrial stacks, and secondary pollutants formed from atmospheric
reactions of primary emissions with sunlight and moisture, including nitrogen dioxide (INO,),

ozone, or acid rain (ammonium nitrate, NH,NO;; sulphuric acid, H,SO,; nitric acid, HNO,).

Epidemiological studies indicate that gaseous and particulate pollutants are associated with
increased respiratory and cardiovascular morbidity and mortality (Burnett & @, 2000; Goldberg e
al., 2001). Of all these pollutants, airborne particles have been consistently shown to be associated
with the observed adverse health effects (Routledge and Ayres, 2005).

The “Harvard Six Cities Study” followed a cohort of 8,000 adults living in six US cities with
various levels of pollution from 1974 to 1989 and found that each 10 pg/m’ elevation in PM,
(urban particulate matter with an aerodynamic diameter of less than 2.5 pm) was associated with a
14, 19, and 21 % increased risk of all-cause, cardiopulmonary, and lung cancer mortality,
respectively (Dockery e al., 1993; Krewski e al., 2000). The American Cancer Society Study which
followed 500,000 individuals living in more than 100 US cities between 1982 and 1989 found an
association of 6, 9, and 14 % increased risk of all-cause, cardiopulmonary, and lung cancer

mortality, respectively, with 10 ug/m’ increase in ambient PM, ; levels (Pope et al., 1995; Pope ¢ 4.,



2002). A reanalysis of the studies conducted by Krewski and colleagues (2000) confirmed these
findings.

A cohort study from the Netherlands which followed-up 5,000 adults aged 55 - 69 years over 8
years, highlighted the importance of including local sources of air pollution in the modeling of the
relative risk estimates. The study found nearly a doubling of the relative risk of cardiopulmonary
mortality for 10 ug/m’ increase in traffic-related black smoke when local source-levels were
compared to average background concentrations (Hoek et 4, 2001). The public health benefits of
intervention that led to substantial reduction in air pollution levels were highlighted by a study
from Clancy and colleagues (2002). The study showed 103 % and 15.5 % reductions in
cardiovascular and respiratory mortality, respectively, after a ban on coal sales in Dublin, which

resulted in a 70 % reduction in coal-burning related black smoke.

The respiratory health effects of PM from an epidemiological standpoint can be of acute or
chronic nature and include increased hospitalizations due to exacerbations of diseases such as
asthma (von Klot e al,, 2002) and chronic obstructive pulmonary disease (Schikowsk e al., 2005),
reduced lung function (Kulkarni & al,, 2006), as well as increased risk of lung cancer (Beeson & .,
1998).

9.1.2 Pulmonary Inflammation

Inflammation appears to be an important determinant in the observed respiratory health effects.
Alveolar macrophages (AM) and airway epithelial cells play a central role in the defense from
inhaled foreign materials, by generating vigorous, localized inflammatory responses in the
respiratory tract. The responses involve the production and release of a range of signaling
molecules, including cytokines, chemokines, prostaglandins and adhesion molecules. The
magnitude of the inflammatory response is tightly controlled by these host-derived factors, which
mediate pulmonary inflammation in a network involving locally resident cells, as well as recruited

blood-borne leukocytes such as neutrophils and lymphocytes (Standiford et 4L, 1999).

Depending on the specific profiles of these signaling molecules, different classes of immune cells

can be recruited, ranging from eosinophils or mast cells in allergic asthma to predominantly

neutrophils in non-allergic-type of inflammatory responses (Sutherland and Martin, 2003). In turn,
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the recruited cells release more mediator molecules including proteases and reactive oxygen
species (ROS), to aid in the elimination of the initial pulmonary insult. Excessive amount of
inflammation, however, may cause localized tissue damage through apoptosis and necrosis of cells,
or induce progression to disease, if sustained. This process may occur alongside tissue remodeling
brought about by proliferating fibroblasts and myofibroblasts, which is of importance in the
development of disease (Holgate e al., 2003).

9.1.3 Airway Remodeling

A number of studies provide evidence for associations of PM exposures with airway remodeling.
Lungs of individuals living in high-PM regions including S3o Paolo, Mexico City, or Fresno
(California) evaluated from forensic death cases show great levels of airway abnormalities such as
increased airway wall thickness and inflammation, or increased fibrosis and muscle in respiratory
bronchioles in comparison to low-PM regions (Souza e al, 1998; Pinkerton et 4l, 2000, Churg et
al, 2003). Evidence for PM exposure-associated airway remodeling also comes from animal
models. An investigation of the interaction of EHG-93 (Ottawa urban air particles, Environmental
Health Centre, Health Canada) with ozone, in rats exposed by inhalation to the pollutants alone or
in combination for 4 hrs, found evidence of acute reparative epithelial cell proliferation in the
terminal bronchioles and alveolar ducts in the lungs of the animals, 32 hrs after the exposure to

ozone, particles plus ozone, but not with particles alone (Vincent et al., 1997a2).

Airway wall remodeling, as observed in the above-described studies has been shown to be
associated with chronic airflow obstruction in cigarette smokers and individuals with asthma (Pare
¢ al., 1991). The mechanisms that could be responsible for associations of exposures to high levels
of PM and potential development of chronic airflow obstruction, however, remain unknown. A
study utilizing an organ culture of rat tracheal explants exposed to EHCG93 particles, or diesel
exhaust particles (DEP) for 7 days, provided evidence that the two types of PM directly induced
expression of genes involved in fibrogenesis and actual airway wall fibrosis through nuclear factor
kappa B- (NFxB) and transforming growth factor-3-mediated mechanisms (Dai e 4/, 2003).

As evidenced by the “Harvard Six Cities”, American Cancer Society Study and other studies,

significant associations between air pollution and risk of lung cancer have also been observed
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(Dockery e al., 1993; Pope & dl., 1995; Beeson & al, 1998). In relation to lung cancer, animal
studies have supported the observed human epidemiological findings that PM, in particular, DEP
can induce cancer, DEP are coated with polycyclic aromatic hydrocarbons (PAH) and nitro-
aromatic hydrocarbons (nitro-PAHs), which are known DNA-adduct-forming genotoxic
combustion by-products (Rosenkranz, 1995). As such, DEP are listed by the International Agency
for Research on Cancer as probubly caranogeriic to bumars, as group 2A carcinogens (IARC, 1989).

9.2 Health Effects of PM: Cardiovascular Mechanisms
9.2.1 Endothelial Dysfunction

The endothelial monolayer is a physical and biological barrier that forms an interface between
circulating blood in the lumen and the rest of the vascular wall. Among other functions, the

endothelium regulates vascular hemodynamic homeostasis by producing vasoactive mediators

such as nitric oxide (NO), endothelin-1 (ET-1), or prostacyclins (Bai e 4/, 2007).

The notion that air pollutants may exert their effects through perturbations of vascular
homeostasis was investigated in animal models. This work, pioneered by our laboratory has
shown elevations of ET-1, a potent vasoconstrictor peptide in the plasma of rats exposed to
EHGC 93 urban air particles, or urban particles plus ozone, for 4 hrs by inhalation, followed by
20 h recovery in clean air. Alongside the augmented levels of circulating ET-1, decreased
production of NO, a potent endothelium-derived vasodilator, and elevated secretion of
macrophage inflammatory protein-2, a leukocyte chemoattractant protein from lung lavage cells
were also observed in response to EHG93 exposure. The co-exposure with ozone did not alter
the observed ET-1 response, although it did increase the septal thickness in alveolar ducts and
induced alveolar type II cell hyperplasia/hypertrophy, both signs of acute effects of pulmonary
toxicants. Moreover, the lack of pronounced acute inflammation in lungs of the particle-only
exposed animals suggested a potential impact of the distally distributed particles on capillary
endothelial production or filtration of this vasoconstrictor peptide (Bouthillier e «l., 1998).

ET-1 has been associated with vascular endothelial dysfunction and adverse cardiovascular
prognosis (Levin, 1995). It has been shown to play important roles in cardiovascular disorders

including atherosclerosis, congestive heart failure, ischemic heart disease, as well as other
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vascular disorders such as pulmonary hypertension, or stroke. A 25 % elevation of plasma ET-1
is highly predictive of congestive heart failure (Galatius-Jensen et al, 1996). Moreover, ET-1 is
chemotactic to monocytes, activates neutrophils and stimulates production of cytokines and

growth factors, among other functions (Liischer and Barton, 2000).

Similarly, our laboratory has shown additional evidence for plasma elevations of ET-1 in rats, 32
hrs after their exposure for 4 hrs to EHC93 particles by nose-only inhalation, in the absence of
acute lung injury. Water-leached EHC-93 particles induced increased ET-1 plasma levels 2 hrs
upon exposure, with a return to basal levels 30 hrs afterwards, indicating a difference in
hemodynamic effects of the urban particle when polar organic compounds and soluble elements
were removed. Elevations of systemic blood pressure of the animals on day 2 after exposure to
EHGC 93 were also observed. The observed increase in blood pressure thus coincided with the

plasma elevation of ET-1 (Vincent et 4l, 2001).

In line with these observations, a randomized crossover trial with 25 healthy adults compared
the vascular response to a 2 h inhalation of concentrated ambient fine particles (CAP) plus
ozone versus the response to the inhalation of filtered air. The study found evidence of acute
arterial vasoconstriction in subjects exposed to CAP (Brook er 4, 2002). Association between
plasma ET-1 and urban air pollution was also observed in 81 children living in Mexico City,
which in comparison to children from a city with low PM,; displayed elevated plasma ET-1
levels and mean pulmonary arterial pressure after 7-day cumulative levels of high PM,;
(Calderdn-Garciduefias et al., 2007).

Although mechanisms involved in the elevations of this potent vasoconstrictor associated with
inhalation of air pollution particles still remain unknown, work from our laboratory has
provided evidence for extensive regulation of the expression of lung endothelin system genes by
PM. The observed rapid and transient transcriptional regulation is consistent with the acute
plasma elevations of ET-1 (Thomson et 4l, 2004). In line with this observation, a follow-up
study by Thomson and colleagues (2005) provides further mechanistic evidence suggesting that
the reported plasma elevations of ET-1 in rats exposed to PM by inhalation may result from a
pulmonary spill-over of the ET-1 peptide into systemic circulation. Furthermore, the study also

shows evidence for differential regulation of ET-1 in an ozone-PM co-exposure scenario in
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comparison to PM-only exposure, suggestive of alternative processing of the peptide in the
lungs by a potential candidate enzyme matrix metalloproteinase-2. An additional study from our
laboratory examined the expression of the endothelin system in A549 human alveolar epithelial
cells exposed to urban particle EHG-93 and minerals for 24 hrs. The study showed decreased
expression of preproET-1 and matrix metalloproteinase-2 mRINA, as well as decreased secretion
of ET-1 peptide and dysregulation of endothelin system genes involved in production and
clearance of the ET-1 peptide. The findings suggested that alveolar epithelial cells (a critical
target for PM,rinduced effects), may not be a likely source of higher pulmonary ET-1 spill-over
in the circulation measured # ww in response to EHG93. A549 cells, however, released I1-8
and VEGF 1n response to particles, which could potentially up-regulate ET-1 production in

adjacent endothelial or smooth muscle cells, in accordance with the elevated circulating levels of

ET-1 (Chauhan e 4l 2005).

Two additional endothelin isoforms, ET-2 and ET-3, encoded by independent genes have been
identified. The peptides also exert similar vasoconstrictor responses to ET-1, but show different
affinities to the ET-receptor subtypes (Inoue e 4k, 1989). Not much is known about their
pulmonary regulation, however, some studies suggest alterations in circulating levels of ET-2 in
aged rats exposed to highway air pollution, and of ET-3 in young, healthy rats exposed to EHG
93 urban particles by inhalation (Vincent et 4/, 2001; Elder et al, 2004).

A more recent study, examined the pulmonary gene expression levels of the three ET
isopeptides in healthy rats exposed to EHG93, ozone, or EHG 93 plus ozone. The study did
not show changes in ET-2 mRNA and peptide levels, but found evidence for differential
regulation of ET-1 and ET-3. The results showed a downregulation of preproET-3 in the lungs
of EHG-93-0zone exposed animals, in contrast to the upregulation of preproET-1, implying
that the extra-pulmonary regulation may be responsible for the sustained (>48 hrs) elevated
circulating levels of ET-3 detected immediately after exposure (Thomson e 4L, 2006).

In line with evidence of endothelin synthesis in the pituitary, rats exposed to EHG-93 particles
and ozone for 4 hrs, by nose-only inhalation showed significantly increased preproET-1 and
preproET-3 mRNA in the pituitary and preproET-1 in the cerebral hemispheres of the exposed
animals, immediately after exposure, and 24 hrs post-exposure, although the data suggest that

9



the responses are more related to ozone than particles (Thomson et 4, 2007). The data show

that ambient air pollutants may exert adverse effects on the brain.
9.2.2 Cardiovascular Disease

Several hypotheses have been proposed to explain PM-induced cardiovascular disease. Seaton
and colleagues (1995) proposed that particles present in the lungs upon inhalation induced a
low-grade alveolar inflammation, with release of mediators capable of increasing blood

coagulability, associated with cardiovascular conditions exacerbation in susceptible individuals.

Peters and colleagues have tested this hypothesis in a cross-sectional study, by comparing
measurements of plasma viscosity of individuals during an air pollution episode in Augsburg,
Germany, to those made on low pollution days. They have shown odds ratios of 3.6 (95 %
Confidence Interval, CI 1.6-8.1) in men and 2.3 (95 % CI 1.0-5.3) in women during the high-
pollution episode in comparison to non-episode measurements, showing evidence for increased

plasma viscosity in individuals in response to air pollution (Peters et 4l., 1997).

Subsequent studies have shown PM,, (urban particulate matter with an aerodynamic diameter of
less than 10 pm) associations with changes in additional factors involved in the coagulation
pathways, such as elevated plasma levels of the acute phase protein fibrinogen, detected in
myocardial infarction survivors living in six European urban areas, five days after cumulative
exposure (Riickerl er 4, 2007). Similarly, increased plasma fibrinogen levels were detected in
animal models, such as in rats with ozone-induced pulmonary inflammation, subsequently
exposed to EHG93 urban air particles, 2 days upon exposure (Ulrich e al, 2002), as well as
platelet activation in hamsters, 1 h after their exposure to ultrafine particles (UFP) (Nemmar e
al., 2003).

9.2.3 Systemic Inflammatory Response

Systemic inflammatory effects associated with episode of high air pollution have been previously
documented. A comparison of white blood cell profiles in individuals that experienced an acute
air pollution episode caused by forest fires in Southeast Asia during 1997 to controls showed a

marked association of PM,, and SO, atmospheric pollution with elevated counts of
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polymorphonuclear leukocytes for up to a few days after the episode (Tan e 4L, 2000). Acute
bone marrow stimulation with an increase in circulating polymorphonuclear leukocytes and
shortened monocyte bone marrow transit time has been shown in rabbits exposed by
intratracheal instillation to EHG-93 ambient particulate matter, or supernatants from AM which
had been incubated in the presence of EHG 93 (Goto e 4., 2004).

In addition, repeated intratracheal instillation to EHG93 caused the progression of
atherosclerosis in heritable hyperlipidemic rabbits, accompanied by increased circulating
polymorphornuclear leukocyte count and accelerated release of monocytes from bone marrow
(Suwa et al., 2002). Monocytes play a key role in the pathogenesis of atherosclerotic lesions by
adhering to the arterial endothelium, migrating into the subendothelial space, and differentiating

into macrophages that scavenge lipids to become foam cells (Ross, 1986).

The normal endothelium does not generally support binding of white blood cells. Activated
endothelial cells, however, express adhesion molecules such as ICAM-1 or VCAM-1, which
bind to various classes of leukocytes. Selectins mediate a rolling interaction of the leukocytes
with the inflamed luminal endothelium, strengthened by integrin cell surface receptors.
Proinflammatory cytokines expressed locally provide a chemotactic stimulus to the adherent
leukocytes, directing their migration into the intima, MCP-1 appears responsible for the entry of
monocytes into the intima. Once resident in the sites of inflammation, the blood-derived
inflammatory cells participate and perpetuate the local inflaimmatory response (Libby e 4.,
2002). Evidence has shown that primary human AM can produce inflammatory
cytokines/chemokines (van Eeden e 4k, 2001), and human endothelial cells can express
adhesion factors (Yamawaki and Iwai, 2006) in response to PM, or ultrafine carbon black

exposures in culture.
9.2.4 Acute Phase Reactants

The hepatic release of acute phase reactants is part of an early rapid response of the innate
immune system to infection or injury. The response is mediated by a number of effector
molecules including cytokines IL-1f, IL-6 and TNF-o (Standiford et 4k, 1999). Like fibrinogen,

c-reactive protein is an acute phase reactant synthesized in the liver by hepatocytes. It is an
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important predictor of cardiovascular disease (Albert ef 4l, 2002). A number of studies have
shown associations of high PM,, and increased levels of plasma c-reactive protein in healthy
adults and children (Peters e 4, 2001; Shima, 2007), although conflicting findings in healthy
adults and myocardial infarction survivors have also been recently reported (Steinvil e 4l., 2007;
Riicker e al, 2007).

9.2.5 Changes in Cardiac Function

Along with changes in the systemic inflammatory profile and the clotting abilities of the blood,
cardiovascular adverse outcomes may arise from alterations of autonomic function in the
regulation of heart rate. Heart rate and rhythm disturbances were observed in ~3,000 subjects
admitted to hospital for cardiovascular problems, during an air pollution episode in 1985 in
West Germany (Wichmann et 4., 1989), as well as in elderly subjects in Utah Valley, that showed
cardiac thythm changes manifested as increases in their pulse rate, which were associated with

elevated PM,; on the previous days (Pope et 4., 1999).

Increases in resting heart rate are an indicator of autonomic function alterations, which are a
known risk factor for cardiovascular mortality and sudden death (Dyer et al., 1980). In addition,
heart rate variability (beat-to-beat interval) is controlled by the sympathetic and parasympathetic
systems. Reductions in heart rate variability are reflective of increased influence of sympathetic
stimuli, or decreased vagal parasympathetic tone, both of which increase the risk of
cardiovascular morbidity and mortality (Tsuji et al., 1996).

Associations between reduced heart rate variability and air pollution were shown by a number of
studies. Increased levels of particulate air pollution from a steel mill were negatively associated
with heart rate variability in 7 elderly subjects that underwent ambulatory electrocardiogram
monitoring during the pollution episode (Pope e 4l., 1999), as well as in elderly Boston, USA
residents that showed associations of decreased heart rate variability with elevated PM, ;, as well

as ozone, suggesting a potential mechanism for the epidemiologic observations of cardiovascular

morbidity and mortality (Gold e L, 2000).

The observed cardiac effects have thus suggested that along with the elderly, individuals with

pre-existing cardiovascular conditions are also at high risk from elevated air pollution levels. As
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such, patients with myocardial infarction were found to be at greater risk of myocardial
infarction onset within a few hrs, and 1 day after exposure to elevated ambient concentrations of
fine particles, with odds ratios of 1.48 (95 % CI 1.09 - 2.02) for 25 ug/m’ increase in PM, ; and
1.69 (95 % CI 1.13 - 2.34) associated with an increase of 20 ug/m’ PM,;, before the onset,
respectively (Peters et al, 2001). A mortality time series study conducted using data on elderly
individuals diagnosed with congestive heart failure, 1 year before death, found a positive
association between daily mortality for congestive heart failure, and daily concentrations of
particles and gaseous pollutants in the ambient air of Montreal, Quebec, during the period 1984-
1993 (Goldberg et 4l., 2001).

9.3 Health Effects of PM: ROS, Cell Signaling, PM Translocation

9.3.1 The Role of Oxidative Stress

Experimental evidence suggests, that oxidative stress mechanisms play a role in PM-associated
health effects. Direct evidence for oxidative stress-based mechanisms come from studies
showing inductions of oxidative stress via activation of cytochrome P450 in AM or epithelial
cells by the organic fraction of DEP (Bonvallot et 4., 2001; Yin ez al., 2004), reduced glutathione
synthesis in lung lavage cells from rats exposed to PM,, as well 'as mitochondrial damage in
macrophage and epithelial cell lines treated with fine particles or UFP (Li e 4l 1996). Work in
our laboratory has provided # uw evidence for the key role of oxidative stress in cardiovascular
effects of urban particles. TNF-a knockout mice exposed to EHG93 and ozone by 90-day
repeated inhalation exhibited chronic lung inflammation and increased rate of pulmonary
protein nitration, which stemmed from increased rate of free radical generation in comparison
to wild-type mice exposed to the air pollutants (Kumarathasan e 4., 2005). Furthermore,
oxidative stress-induced cardiovascular effects, including increased expression of prepro ET-1
and ECE-1 mRNA and plasma E'T-1 levels are abrogated in Fisher 344 rats upon a two-hour
treatment with superoxide dismutase mimetic drug, AEOL 10150 prior or post-exposure to
EHGC-93 and ozone by inhalation (Ganesh, 2006).

Particle-induced ROS production may originate from the particles themselves, chemicals

adhered to their surface, or the interactions of the particles with cellular enzymes and organelles.
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Some potential pathways of PM-induced ROS production from subcellular sources include
conversion of PAH to quinones by cytochrome P450, mitochondrial damage with electron
leakage in the inner membrane, quinone redox cycling by NADPH P450 reductase and
NADPH oxidase, and inducible nitric oxide synthase activities in macrophages (Xia e al., 2007).

Redox cycling organic chemicals and soluble transition metals have been shown to generate
ROS in epithelial cells, macrophages and endothelial cells (Sagai e @, 1993; Li et al., 2002). The
redox potential of transition metals such as copper, iron, nickel, vanadium and zinc (Gilmour &
al, 1996; Costa and Dreher, 1997), and their ROS-associated toxic activities have been
demonstrated # ww and i utro (Vincent et al., 1997a; Adamson e 4., 2000; Gurgueira e 4.,
2002).

9.3.2 Activation of Signaling Mechanisms

Evidence further points to activation of redox-sensitive transcription factors such as NFxB, in
cells exposed to particles (Baeza-Squiban et 4, 1999). NFxB activates the transcription of genes
that regulate cytokines/chemokines and adhesion molecules leading to their increased production.
Kennedy e @l (1998) demonstrated that PM,, elevated IL-6 and IL-8 production, and increased
ICAM-1 gene expression in bronchial epithelial cells by a copper-dependent, NFyB-mediated

mechanism. The cytokine secretion was reduced by treatment of the cells with antioxidants.

Some studies have pointed out that the soluble transition metal content may not be the only
pathogenic factor behind the PM-induced adverse effects and thus sole measurements of
transition metals would not completely describe the potential toxicities of particles. Ultrafine
carbon black particles instilled into rats were proinflammatory, as evidenced by augmented counts
of polymorphonuclear leukocytes in lung lavage, irrespective of the presence of a metal chelator.
The response was accompanied by alterations of intracellular Ca** concentration (Brown et 4,
2000). Further support for a potential Ca®*-mediated mechanism for particle-associated ROS
generation was provided by a study showing that ultrafine-sized carbon black particles increased
intracellular Ca®* concentration, associated with increased IL-1o. gene expression and TNF-o

release. The cytokine responses were attenuated following treatments with calcium antagonists.

(Brown et 4l, 2004).
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Mitogen-activated protein kinases are involved in signal transduction through phosphorylation of
a number of proteins and transcription factors, thus regulating cell growth, differentiation,
inflammation and apoptosis. P38 mitogen-activated protein kinase is induced by stress stimuli
such as cytokines, heat shock, UV. P38 kinase also appears to be involved in the DEP-activated
signaling and subsequent IL-8 and RANTES chemokine production in bronchial epithelial cells.
The pathway appeared to be ROS-dependent, as the production of the cytokines was inhibited
with an antioxidant (Hashimoto e 4, 2000).

9.3.3 Extrapulmonary Translocation of PM

Plausability of mechanisms for systemic impact of air ambient particle exposure is further
substantiated by observations of extra-pulmonary translocation of inhaled UFP and their
accumulation in organs including heart, spleen, liver and the olfactory bulb of the brain
(Nemmar et al., 2001; Kreyling et al., 2002; Oberdorster et al., 2002), although the latter appears
to be related to particle-associated deterioration of the nasal mucosa and the olfactory barrier
(Calder6n-Garciduetias e al., 2003).

9.4 Summary

Substantial number of epidemiological and experimental studies provide evidence for the role of
PM in the development and exacerbations of pulmonary and cardiovascular disease. Given the
variety of multiple health effects due to PM exposure, and the complexity of PM composition,
the elucidation of the exact mechanisms responsible for the adverse effects of particles remains

a topic of intense ongoing research.
9.5 Air Pollution Particles: Sources, Fate in the Body

9.5.1 Sources of Particles

Particulate matter is a mixture of air-suspended solid and liquid particles of variable size, that
originate from both natural and anthropogenic sources. “Thoracic” particles with an aerodynamic
diameter of less than 10 pum are able to reach the lower respiratory tract. “Respirable” PM,

particles (<2.5 um) can penetrate into gas exchange regions of the lungs. Ultrafine/nano particles
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(<100 nm) have been shown to translocate into the systemic circulation and deposit in major
extra-pulmonary organs (Kreyling et al., 2002; Oberdorster et al., 2002). Moreover, particles smaller
in size have a larger surface area, which would enable an increased potential for interactions with i

1w targets, leading to more significant adverse biological effects (Oberdorster e al., 1996).

The coarse fraction particles (2.5 - 10 um) are generated by mechanical abrasion of surfaces such
as tires and roads, mining, and also include natural sources such as evaporation of sea water or
windblown dust and pollen (Wilson and Suh, 1997, Bai e &, 2007).

Fine particles (0.1 - 2.5 pm) are mainly formed from gases generated by fossil fuel combustion
from transportation, manufacturing and power generation, and include sulphates, nitrate, organic
compounds and trace elements. Solid-phase secondary pollutants such as NH,NO, also represent

fine particles,

The smallest, ultrafine particles are formed by nucleation resulting from condensation, or specific
chemical reactions by which new particle types may be generated. Other sources of fine and
ultrafine particles include forest fires, agricultural activity, wood stoves or cooking, among others.
While coarse particles can settle quickly, fine and ultrafine particles can remain suspended in the

air for long periods of time and be carried over long distances (Lippmann and Schlesinger, 2000).

The variability in the particle sources and their modifications within the environment are therefore
determinant factors for the composition of the particle mixtures and may also play a significant

role in the observed adverse health effects.
9.5.2 Clearance and Deposition

Particle deposition is dependent on the physical characteristics of the particles such as their shape,
size, or density, or hygroscopy. Large, poorly soluble particles (> 10 um) mostly deposit in the
nasal passages and are cleared via mucociliary transport towards the nasopharynx. Particles that
deposit in the oral passages are cleared by coughing, or by swallowing into the gastrointestinal
tract. Particles, generally 5 - 10 um in size deposit in the tracheobronchial region and are cleared
by mucocilliary transport towards the oropharynx, followed by swallowing. In addition, the

particles may also traverse the epithelium by endocytosis and enter the peribronchial region, where
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they may be engulfed by airway macrophages, which may be removed by the mucociliary escalator,

or enter the airway lumen from the bronchial or bronchiolar mucosa (Schlesinger et 4/, 1997).

Fine particles and UFP are able to enter the alveolar region and are mostly removed by AM,
interspersed on the epithelium. The particle-laden AM may be cleared via the mucocilliary system,
interstitial movement to the lymphatic system, or may potentially traverse the alveolar-capillary
endothelium to enter the bloodstream. Particles which are not ingested by macrophages can
become trapped in perivenous, peribronchial or subpleural regions, increasing particle burden.
Soluble material deposited in the nasal passages, tracheobronchial region, or alveolar region is
accessible to underlying cells, and thus may be translocated by intracellular dissolution into the

bloodstream via the supporting vasculature (Schlesinger et al, 1995).

Studies have shown that the retention of particles in lung parenchyma was dependent on their
size. An examination of lung autopsy tissues from non-smokers living in Vancouver, BC has
shown that 96 % of retained PM was <2.5 um in diameter, with UFP representing less than 5 %
of the total retained PM. Accordingly, the clearance of carbon particles 100 nm in size in healthy
human subjects, asthmatics or smokers was negligible, within the 24 and 72 hrs, with no
significant systemic translocation (Wiebert et al, 2006). Evidence shows that the translocation
pathways are likely dependent on particle chemistry and surface characteristics, along with
particle size. TiO, UFP uningested by macrophages, with low intrinsic toxicity but greater
overall surface area show an increased access into the interstitium and greater lymphatic uptake
than larger TiO, particles (Oberddrster er al., 1994).

The kinetics of particle clearance in the tracheobronchial region appears to depend on a fast and
slow component. The initial uptake of particles by AM is rapid (within 24 hrs of deposition),
with most particles removed from the large ciliated airways (bronchi) by mucociliary clearance.
The subsequent slow-phase clearance from the small airways can have half-time of several weeks
to months as shown in animal models, as well as human subjects (Lay et 4/, 1998). The
mucociliary clearance of the particle-laden AM depends on the distance of the site of uptake
from the distal bronchiolar terminus, as well as particle size. Uptake of particles below 0.02 um
in diameter is less effective in comparison to larger UFP, as they are not phagocytosed by AM,

and may only be partially taken up with extracellular fluids by pinocytosis (Green e 4., 1998).
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9.6 Air Pollution Particles: Size and Composition

The toxicity of PM may stem from their physical presence on the surface of the cells, or from their
chemical constituents, including the adsorbed surface components, or most likely the combination
of both. There is also ample evidence suggesting the importance of chemical properties of PM
with respect to their biological effects. Toxicological studies have examined the PM characteristics
with respect to their potential links to adverse biological health effects, providing evidence for the
involvement of metals, carbon content, adsorbed organic materials, secondary inorganic and

crustal constituents, as well as biogenic components in the PM.
9.6.1 Size of the Particles

PM size has been shown to be one of the key determinants of the kinetics of inhalation,
deposition and elimination of the particles. The # 4w particle kinetics also suggest that the size
distribution of the aerosol may have an impact on the type of health effects elicited. Numerous
studies have shown the importance of the size metric in the evaluation of PM-associated adverse
biological effects by using defined model particles, such as TiO, or carbon black. In general, these
show that particles of smaller size have a higher pulmonary immunogenic capacity in contrast to
particles of larger size, but same chemical composition and mass, and that this property correlated
best with the overall greater surface area of the smaller particles available for adsorption of toxic
chemicals (Oberdorster et al., 1992; Li et al., 1996).

Moreover, a study of fine and coarse stone particles from different rock samples showed that
differences in surface area could only account for differences in biological activity (cytokine release
by airway epithelial cells) of particles of the same species, but not for differences between rock
species, emphasizing the importance of both surface area and surface reactivity as factors capable
of inducing biological effects (Ovrevik et 4, 2005).

Epidemiologic studies indicate that fine particles show a greater association with mortality than
larger, coarse particles (Dockery e al, 1993; Burnett et 4k, 2000; Pope et al, 2002). There is,
however, a good correlation between PM,, and PM,;, because PM, ; is a large proportion of PM,,

In contrast, the correlation between coarse particle fraction (2.5 - 10 um) and PM,; is lower. Thus,
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although the association of PM,; with mortality is stronger, PM,, correlate just as strongly with
short-term health outcomes such as asthma, chronic obstructive pulmonary disease and

respiratory admissions (Brunekreef and Forsberg, 2005).

Together these studies indicate that since the size of ambient particulate matter is not independent
of their chemical composition, its toxicological evaluation is difficult. Different size fractions of air
ambient PM may contain different constituents, in comparison to more homogeneous mineral
particles or pure model particles, and this feature may be more important for their biological

effects than the size of the particles.
9.6.2 Transition Metals

As previously discussed, soluble transition metals exert their toxic potency mainly through
generation of oxidative stress via reaction such as the Fenton reaction (iron-catalyzed generation
of hydroxide ion and hydroxyl free radical from hydrogen peroxide) and thus are potent chemical
effectors of inflammation. As shown first in our laboratory, induction of stress genes under the
transcriptional regulation from human heat shock protein 70 (HSP-70) and metallothionein IIa
promoters in HepG2-derived cell lines was observed upon the exposure of cells for 18-24 hr to
aqueous suspensions of urban dusts (SRM-1648, SRM-1649, EHG93) or PM,; particles. The
observed effects closely correlated with amount of soluble copper in particulate preparations
(Vincent er al., 1997b).

A study with aquaeous extracts of PM,, filters collected from Utah Valley before, during and after
closure of a local steel mill showed evidence of significant inductions of oxidant production (DNA
damage), cytotoxicity (LDH) and inflammatory mediators (IL-6, IL-8) in bronchial epithelial cells
by extracts with high metal content, specifically copper, iron and zinc in contrast to low oxidant
generation and cytokine production by extracts with low metal content (Frampton e al, 1999). As
such, zinc in EHG93 particles, or oil combustion emission PM were suggested to be the toxic
factor responsible for pulmonary effects such as inflimmation and focal fibrosis in rodents
exposed to particles by intratracheal instillation (Adamson e ., 2000; Kodavanti et al, 2002).
Studies with residual oil fly ash particles (sulphate- and transition metal-rich o1l shale combustion

particles) characterized by high content of zinc were also associated with higher airway
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hyperreactivity and lung inflammation in rats exposed to residual oil fly ash when compared to

residual oil fly ash particles with higher iron, nickel and vanadium content (Gavett e 4l 1997).

Nevertheless, it is clear that no one specific fraction or component of the complex mixture of
particles may adequately explain all observed health effects from epidemiological studies, but the
interactions of the various particle constituents alongside their physical properties may play a more
important role. As previously described, fractionation of EHG93 particles resulted in a differential
hemodynamic response in rats upon inhalation of the particle, showing an acute elevation of
plasma ET-1 in response to the water-leached insoluble fraction of EHG93, and a delayed
elevation of the ET-1 plasma levels 32 hrs after exposure to the un-fractionated EHG93
containing the insoluble components along with the water-soluble elements and polar organic
constituents (Vincent e a4l, 2001) Similarly, as further observed in our laboratory, although the
soluble fraction of EHG-93 was not a potent inducer of expression of endothelinergic genes in
A549 cells, while the insoluble fraction and the total EHG-93 particle were, the same pattern of
effects was not seen for other genes. The mRINA levels of the stress response gene HSP-70 were
upregulated by EHG 93 particle, but downregulated by the insoluble fraction of the particle, and
unaffected by its soluble fraction. Thus fractionation of particles may not be the ideal approach for
determining the effects of particle composition on toxic potency, as the effects of the whole
particle cannot be simply explained as additive effects from its subfractions (Chauhan e 4/, 2005).
Use of whole particles for evaluations of their toxic potencies, combined with multivariate
statistical approaches to link them with the particle composition may represent a better approach
(Vincent et al, 1997b).

9.6.3 Biogenic Components

Biological components of particles include pollens, molds, spores and bacteria-derived endotoxins
(eg. lipopolysaccharide). Exposure to endotoxin has long been associated with respiratory tract

illnesses associated with occupational risks, for example in animal handlers (Simpson et 4L, 1999).

Endotoxins are lipo-oligo-saccharides found in the outer membrane of Gram negative bacteria. In
serum, endotoxins bind to lipopolysaccharide (LPS)-binding protein, which in turn binds the

soluble or membrane bound CD14 protein present on cell membranes of monocytes/
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macrophages, among other cells (Su et al, 1995). The interaction of CD14 with Toll-like receptor
proteins activates signal transduction pathways resulting in transcription factor activation and
cytokine production (Means et 4., 2000).

Generally higher endotoxin levels are found in larger, coarse mode PM in comparison to smaller
mode PM, which may drve their involvement with inflimmation (Becker e 4l, 2002).
Accordingly, size-fractioned coarse PM induced higher levels of cytokine production by AM,
compared to ultrafine or fine mode PM. The response was inhibited using antibody to CD14. In
addition, AM phagocytosis of opsonized yeast and generation of yeast-induced oxidative burst by
the cells was also inhibited by coarse PM more than fine PM, suggesting an association of
decreased pulmonary defenses with exposure to PM (Becker ez al, 2003).

Similarly, a cell culture study with 774 murine macrophages exposed to PMy, and PM,; collected
from Mexico Gity showed that the PM,-induced production of IL-6 and TNF-a cytokines by the
cells was attenuated ~50-75 % using endotoxin-neutralizing protein, while PM, ;-induced cytokine

production was unaffected, likely due to higher transition metal content (Osornio-Vargas e 4,
2003).

In addition, some PM may act as adjuvants, with specific PM components enhancing the
antigenicity of other inhaled materials, an issue relevant to allergic diseases. As such, DEP exhibit
high adjuvant activity for the antigen-specific production of IgG and IgE, and enhance T helper
(Th)-2 cytokine production in mice with ovalbumin-induced airway inflammation, characterized
by infiltration of eosinophils and lymphocytes and increase in goblet cells in bronchial epithelium
(Takano et 4l, 1997) Thus interactions of PM with other inhaled materials may also produce

adverse health outcomes.
9.6.4 Crustal Components

Crustal components of PM mostly represent inorganic elements such as aluminium, calcium,
silicon, magnesium or potassium in the form of oxides and, as previously described, can form via
mechanical generation and by biomass burning (Harrison and Yin, 2000). Some studies conducted
with crustal materials have pointed to potential toxic effects, such as increased neutrophils in lung

lavage from dogs exposed to fine particles from Boston, or bronchoconstriction in mice induced
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by PM, associated with aluminium and silicon. The fine particles were concentrated using the
Harvard ambient particle concentrator (Clarke et 4., 2000; Kobzik et 4/, 2001). Since the elements
are not present as a large fraction in PM,, the researchers could not delineate with certainty a causal
relationship for these elements. Thus currently there is litle evidence for a significant contribution

of crustal materials to the adverse health outcomes observed by epidemiology.
9.6.5 Secondary Inorganic Constituents

Sulfates and nitrates comprise the major inorganic fraction of PM. Although these chemical
species have been related to adverse health outcomes from PM by epidemiology, toxicological
studies are not strongly conclusive, because the ambient concentrations of sulfates were in general
lower compared to exposures in controlled studies which were showing health effects (Schlesinger,
2007). While acidity of secondary inorganic sulfates may be responsible for effects associated with
some adverse health outcomes related to PM, the property is unlikely to be alone responsible for
the observed health effects (Dreher, 2000).

9.6.6 Carbon Content

A significant mass portion of PM is derived from combustion, and thus is enriched in elemental
and organic carbon. Despite this, there has been little examination of health effects associated with
carbon content of PM, although some studies provide evidence for associations of carbon content
of PM with health effects. Urch and colleagues (2004) have shown negative association of
elemental and organic carbon content of PM,; with brachial artery diameter in adult subjects, a
measure which strongly correlates with coronary vascular reactivity. Ostro et al (2007) showed
epidemiological associations of elemental and organic carbon content of PM, s with cardiovascular

mortality data from six California counties.

Studies with carbon black, low-solubility particles produced industrially from incomplete thermal
decomposition of hydrocarbons showed effects similar to other insoluble particles. Namely,
reduction in lung function and development of chronic bronchitis were associated with long-term
occupational exposure, although they could not conclusively implicate carbon black as the causal
agent behind the effects, thus a possibility that the health effects could be attributed to non-

specific irritant effect of heavy dust exposure was also suggested (Gardiner e al., 1993).
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Experimental studies with DEP, PM,; and PM,, increasingly indicate that the induction of
oxidative stress, inflammogenicity and cellular injury may stem from the organic fraction adsorbed
to the surface of the PM, enriched in organic chemicals such as PAH or quinones (Li et 4l., 2002;
Xia et al., 2004; Xia & al., 2007). For example, coarse and fine PM from the city of Rome are
equally inflammogenic in RAW264.7 murine macrophage cell line, and their potency was
consistently higher than that of carbon black particles at the same concentration, suggesting that
the chemicals adsorbed to the particle surface were likely responsible for the observed effects
(Pozzi et al., 2003). Thus, these studies suggest that the toxic effects from DEP and some types of
PM are likely due to the chemicals adsorbed to the particle’s surface rather than the particle carbon

core.

In contrast, a study by Yanagisawa and colleagues (2003) showed that DEP-enhanced lung injury
in mice exposed to LPS was due to the carbon core of the particles, and not the organic extract
fraction obtained from the washed particle. DEP are composed of carbonaceous particles, with
adsorbed and condensed hydrocarbons and sulfur. The organic fraction may represent ~60 % of
the DEP mass and contains PAH. Although, DEP also have the potential to form soot aggregates,
with spherical cores composed of thermodynamically unstable carbon networks, with chemicals
such as volatile organic compounds, sulphur and transition metals interspersed in the intranetwork
spaces (Bérubé er al., 2007).

9.7 Summary & Conclusion

In the present day, the associations between airborne PM pollution and adverse health effects,
even at low non-episodic particle concentrations have been firmly established. The relationship
between specific physicochemical properties of PM and the observed effects, however, remains
unclear. Although, PM mass and size have been shown to be important factors influencing health
outcomes, chemical composition appears to play an increasingly important role in the observed
PM-specific increase in morbidity and mortality. Furthermore, the comparison of the biological
effects between studies carries some uncertainty as to whether the observed responses can be
generalized, or whether they are intrinsic to the specific model-system used. Clearly, more

experimental studies are needed to elucidate the toxicological mechanisms that link specific
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physicochemical characteristics of PM with biological responses # utro and i ww, and to examine

the validity of the currently used experimental approaches.

This thesis focuses on the biological effects of particles with different composition in cell cultures
and in an animal model. Both approaches are widely utilized for the study of the adverse effects of
PM by employing individual endpoint assays to examine specific biological mechanisms of
interest, or to examine the effects of specific particulate materials. Few attempts have been made
to conduct comprehensive evaluations of multiple types of particles at various concentrations,
employing a large panel of endpoints to assess various cellular functions. Such an approach can
also aid in overcoming a limitation of smaller-scale studies: the difficulty in comparing with
certainty observations between studies, due to questions about differences between the

experimental systems used.

Furthermore, the over-reliance on either cell-based or animal-based approaches for evaluations of
adverse effects of particles brings about the questions of the validity of extrapolations of biological
responses between the models. This most importantly increases the uncertainty of the relevance of
a specific approach to epidemiologic observations of adverse effects of air pollutants. Therefore,
the thesis further focuses on a validation of the cell-based approach in a mouse model by
examining the predictive ability of the # uw classic endpoints of cytotoxicity and inflammation

for inww biological effects of particles.

Finally, one limitation of the widely used cell-based approaches is that they examine the behaviour
of cells separately. Cell-cell interactions are inherent to complex i ww systems and are thus likely
to play a significant role in the modulation of biological responses to inhaled particles, an aspect
that remains largely unexplored. Therefore, one part of the thesis examines the role of cell-cell
interactions in the particle-associated biological effects in a human co-culture model. Furthermore,
the human co-culture model is validated by a comparison to an i ww particle exposure of mice,

and contrasted with a study of the cell types in isolation, to determine whether it provides a more

accurate model of the #2 six milieu.
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Chapter 1

CORRELATION OF IN VITRO AND IN VIVO BIOASSAY RESPONSES
TO PARTICULATE MATTER EXPOSURE: AMULTIVARIATE
ANALYSIS



INTRODUCTION

10.1.1 In Vitro Studies

The vast numbers of particle properties that may be associated with their adverse health effects
present a challenge for experimental investigation. Therefore exposure studies in cell systems
aimed at the elucidation of physicochemical properties associated with PM toxicity mechanisms
that may underlie the health outcomes observed by epidemiology represent a valuable investigative
approach. The studies can evaluate the influence of specific factors without the difficulties with
confounding variables inherent to epidemiological studies. By enabling a control of variables such
as particle size, concentration, or exposure duration, they can be used to develop dose response
profiles for specific materials, and provide mechanistic support/validation of epidemiological

conclusions (Schlesinger et al., 2006).

In utro studies which utilize cultured mammalian cells exposed to PM or laboratory surrogates to
PM, represent an important tool for investigations of the mechanisms of particle toxicity at the
cellular, biochemical and molecular levels (Fubini et 4., 1998). Combined with new molecular tools
and “omics” approaches they make possible investigations of cellular pathways and biochemical
processes resulting from cell’s exposure to toxic substances. In addition, based on their relatively
low cost in comparison to # 1w studies, they also enable rapid, high throughput screening of
pollutants (Devlin et al, 2005). Immortalized cell lines such as A549, BEAS-2B or ]J774A.1, and
freshly harvested lung cells such as AM are the most commonly used cell types in these studies.

10.1.2 A549 and J774A.1 Cell Lines

A549 cells are a human immortalized cell line derived from an explanted tumor of a 58-year-old
Caucasian male with a pulmonary adenocarcinoma (Giard & 4/, 1973). The cells are presumed to
be of type II alveolar epithelial origin, as they carry a number of hallmarks of the cell type, such as
the presence of multilamellar cytoplasmic inclusion bodies and the ability to synthesize, store and
secrete lecithin with a phospholipid composition found in cells involved in pulmonary surfactant
synthesis (Lieber et al, 1976; Shapiro et al, 1978; Nardone and Andrews, 1979). J774A.1 cells are
an immortalized cell line established from a tumor of a female BALB/c mouse. The cells are of
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monocyte/ macrophage origin. They are adherent, synthesize large amounts of lysozyme, a
macrophage differentiation marker and exhibit cytolysis and antibody-dependent phagocytosis
(Ralph and Nakoinz, 1975; Ralph e 4, 1976) In addition, the cell proliferation of J774A.1 cells is
inhibited by dextran sulphate or bacterial LPS (Ralph and Nakoinz, 1977). J774A.1 cells produce a
free radical nitric oxide, when activated with interferon-y and low concentration of LPS, a process
which is inhibited by a pre-treatment with IL- 10, but unaffected if IL-10 is added after interferon-y
activation (Cunha e 4l, 1992).

10.1.3 Cells of the Airways & Particles

Type II alveolar pneumocytes play an important role in the pulmonary response to injury by
secreting surfactant, cytokines and acting as stem cells for replacement of type I epithelial cells
(Chevalier and Collet, 1972; Adamson and Bowden, 1974; Fehrenbach, 2001). Airway epithelial
cells are often the first cellular layer to encounter and respond to inhaled toxicants or airborne
pathogens and thus actively contribute to innate immune responses of the airways (Bals and
Hiemstra, 2004). AM populate the external surface of the lung cavity and represent ~90 % of the
hematopoietic cellular content of the alveolar space in the steady state (Martin and Frevert, 2005).
Like their blood-borne counterparts, AM are bone marrow-derived mononuclear phagocytes
(Thomas e al, 1976). They play a key role in the uptake and clearance of inhaled pathogens and
foreign particles, as well as dying cells (MacLean et al, 1996). Together, lung epithelial cells and
AM play a major role in host response to inhaled foreign particles resulting in the production and
release of numerous immuno-modulatory and signaling molecules. Inflammatory mediators
including chemokines and cytokines are released by AM and alveolar epithelial cells in response to
pulmonary deposition of PM. The production of these molecules accompanies the concurrent
uptake and clearance of the particles by the cells (Terashima e al, 1997; Fujii et al, 2001). The
mediators are critical in the control of the local and systemic inflammatory response and their
interplay influences the magnitude of the mounted response, which, if in excess, may result in
excessive tissue injury and spill-over of cytokine effects into the systemic circulation (Standiford e
dl., 1999).

Numerous # uto studies of the biological effects of air pollution particles have been conducted
utilizing A549 or J774A.1 cells. Although not of alveolar origin, J774A.1 cells