Chapter 5
Air Pollution and Chronic Obstructive
Airway Disease

Imre Redai and Angela Haczku

5.1 Introduction

Reigning in fire is regarded as one of the essential steps in the emergence of humans
as the dominant species on Earth. Fire provides us with cooked, thus more easily
digestible food. It is the source of heating that allowed us to spread to and continue
to live at latitudes and altitudes with unfavorable climates. Until the invention of the
light bulb, fire was the source of all light between sunset and dawn. Fire based
energy fuelled the Industrial Revolution from the eighteen century onwards and
allowed us to leave our planet and explore space. Inhaled fire-born pollutants
affected and continue to affect the respiratory health of a large portion of humans.
Preparing food with the use of open flames producing large quantities of environ-
mental pollutants (lots of smoke that is) remains highly popular: think about
backyard barbecues, a platter of smoked meats and cheeses, well roasted coffee
beans, or just single malt whisky. On a different scale, industrial mining, chemical
processing, emergence of mega-cities with continuously increasing needs in trans-
portation resulted in permanent presence of pollutants like exhaust fumes and
ground level ozone in the urban environment. Employees in a wide variety of pro-
fessions are exposed to inhaled pollutants potentially damaging their lungs. All in
all, development of civilization, as we define it, has been presenting a continuous
non-physiological challenge for our respiratory tract.

Chronic obstructive airway disease (COPD), the focus of this chapter, is a
chronic, progressive, irreversible condition characterized by exacerbations and
remissions ultimately leading to respiratory failure and death. Exposure to air
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pollutants not only aggravates pre-existing airway disease, but also increases the
number of new cases, even in rural areas. Globally, air pollutants now rival tobacco
smoke as the leading risk factor for COPD (Arbex et al. 2012). In this review, we
discuss emerging epidemiologic evidence of the role of air pollution on COPD and
will review the potential cellular-molecular basis of the pollutant-caused pathologi-
cal changes.

5.2 Pollution and COPD: Historical Perspectives

While a vast body of COPD research has been focusing on the effects of cigarette
smoke on the respiratory tract, data are also emerging on the pathogenic function of
air pollution in this disease with the hope for prevention and treatment. These stud-
ies (initiated by catastrophic events in which a sudden deterioration of air quality
resulted in dramatic respiratory effects) have been the driving force behind environ-
mental plans for air quality monitoring and improvement. The lethal industrial haze
that occurred in October 1948 in Donora, PA and the 5-day smog that enveloped
London and killed close to 12,000 people within 3 months in December 1952 were
two environmental disasters that were widely publicized and regarded as the major
promoter for the study of air pollution epidemiology (Hunt et al. 2003; Davis et al.
2002; Bell and Davis 2001; Bates 2000). As a result, the US Congress passed the
Clean Air Act Amendments in 1970, leading to the establishment of air quality
standards.

The earliest study looking into the association of chronic environmental pollut-
ants and morbidity and mortality related to COPD utilized sickness, retirement, and
death statistics in the British Civil Service in the 1950s. Postmen delivering mail in
areas with higher air pollution (increased incidence of urban fog) have had a signifi-
cantly greater incidence of absence from work due to chronic bronchitis and were
more likely to retire from the service early or die prematurely because of respiratory
ailments. Prolonged repeated exposure with longer daily periods was associated
with worse outcome on respiratory health: susceptible postmen (working outdoors
delivering mail twice a day) on average developed COPD about 20 years earlier in
their life than the civil servants who were confined indoors for most of their working
hours. Even among civil servants working indoors the incidence of COPD related
absence correlated with the air pollution rate of their area of residence (Fairbairn
and Reid 1958).

The recognition of the effect of air pollutants on development of COPD took on
a new dimension starting in the 1960s with research conducted among non-smokers
using biomass fuel for cooking and heating in India, Papua-New Guinea, Central
America and Sub-Saharan Africa. An estimated three billion people are today
exposed to sustained daily indoor air pollution. Most of these people live either in
low-income countries or form the low-income strata of wealthy nations and over
80 % of exposure to air pollutants in this population happens in their own homes
(Ezzati and Kammen 2002).
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In addition to the detrimental effects of chronic exposure to air pollutants, some
of the most devastating outcomes of acute exposure to air pollution were observed
in patients with preexisting obstructive airway disease (Zanobetti et al. 2008). In
December 1991 Londoners experienced an air pollution episode with mortality
sharply increasing for all causes (excluding accidents). In the elderly over 65, but
not in children (0-14), the relative risk of hospital admission during this episode
was increased for all respiratory diseases (1.19), but it was significantly greater for
documented exacerbations of chronic obstructive lung diseases (1.43) (Anderson
et al. 1995). In a different study, the effects of traffic related pollution on respiratory
symptoms were delayed in children, but were more immediate in the elderly
(Halonen et al. 2008). These studies suggested that the acute effects of air pollution
are more severe in the elderly who are suffering from COPD. Indeed acute exposure
to air pollution is now considered a main contributor to mortality in COPD patients
(Cazzola et al. 2007).

5.3 The Role of Outdoor Air Pollutants in COPD

The major pollutants that are significantly associated with respiratory failure include
NOXx, SO,, particulate matter (PM) and CO (Stieb et al. 2002). All of these are listed
in the six criteria pollutants (nitrogen oxides, sulfur oxides, particulate matter,
ozone, carbon monoxide, and lead) for which the US EPA established the National
Air Quality Standards.

Nitrogen dioxide (NO,) is a toxic gas that can be produced by fossil fuel combus-
tion or industrial activities. The December 1991 air pollution incident in London
came with record high nitrogen dioxide levels associated with black smoke. Elderly
patients suffering from COPD showed a significantly increased sensitivity to this
pollutant manifested in increased hospital admission (Anderson et al. 1995).

Particulate matter contains particles with size less than 10 pm in aerodynamic
diameter (PM,,). These particles contain a mixture of inhalable material from dust,
smoke, soot, and combustion, are small enough to reach the lower airways and
induce/maintain chronic inflammation. Halonen et al. studied the effects of urban
PM in air pollution on asthma and COPD. They found that traffic related PM, 5
(<£2.5 pm in aerodynamic diameter) caused delayed respiratory effects (hospital
emergency room visits for asthma) in children <15 years of age. Meanwhile, PM, s
accumulation was associated with acute respiratory effects (hospital emergency
room visits for a combination of asthma and COPD) in adults (15-65) and the
elderly (=65 years of age) (Halonen et al. 2008). That elderly, COPD patients might
have a heightened sensitivity to traffic related fine particles (PM, ) in comparison
with healthy individuals has been confirmed by additional investigations (Zanobetti
et al. 2008).

It is interesting to note that a single cigarette exposes COPD patients (the major-
ity of whom have been smokers) to ~15,000—40,000 pg of PM of similar size and
composition to what is found in traffic related pollution. Given that during an



122 I. Redai and A. Haczku

average exposure the inhaled PM amount does not exceed 720 pg, the underlying
mechanism of such sensitivity of the COPD patients to traffic related air pollution
remains obscure and somewhat baffling. Nonetheless, to provide a greater aware-
ness of the PM levels, the U.S. Environmental Protection Agency now includes lev-
els of air pollution particles in an air quality index (Sint et al. 2008).

The role of outdoor, generally urban or traffic-related air pollution in triggering
acute exacerbations and worsening symptoms in patients suffering from various
degrees of COPD is well established (Sunyer 2001). In contrast, the association of
chronic, life-long exposure to the same outdoor air pollution with the risk of devel-
oping COPD is far less clear and even recent studies have remained largely incon-
clusive (Schikowski et al. 2014). No single pollutant or pollutants have been
identified as causative agents in traffic-related COPD. Measuring exposure to pol-
lutants, like nitrogen oxides (NO, in particular), ozone (O;), SO,, and PM correlated
(or not) with prevalence of COPD equally, to just measuring the distance of the
patient’s abode from a main road (Gotschi et al. 2008). Long term continuous expo-
sure to low-grade air pollution on the lungs however was shown to lead to increased
mortality of COPD patients related to both cardiovascular and respiratory causes
(Jerrett et al. 2009; Krewski 2009; Katsouyanni et al. 2009).

Whether chronic low-grade exposure (which perhaps maintains a low level acti-
vation of the inflammatory process in the airways) or intermittent high-level expo-
sure to pollutants (causing exacerbation of symptoms and flare up of the inflammatory
process) is the main contributor to the development of COPD (Arbex et al. 2009)
remains unclear. Perhaps both have a role but their relative impact in the induction
and natural progression of the disease will need to be clarified by future studies both
in the laboratory and in the field. This problem is further confounded by the possible
link of childhood exposure to environmental air pollution and delayed or incom-
plete lung development and its contribution to the emergence of COPD in later life
(Gauderman et al. 2004).

5.4 Indoor Air Pollutants and COPD

Most of the research in COPD has been focusing on the association of this disease
with chronic cigarette smoking and most of our understanding is based on clinical
experience, animal models, diagnostic test, drugs, and therapeutic interventions all
associated with cigarette smoke as a causative agent. Cigarette smoke exposes the
smoker to high concentrations of airborne noxious agents for a short period of time
in repeat intervals. On the other hand most chronic environmental airborne pollut-
ants elicit their effect on the lung by sustained, low-grade exposure; sometimes this
exposure is constant during almost the entire life of the subject. The most common
current environmental pollutant with epidemiological link to COPD is biomass fuel
smoke with about half the population of the planet being exposed to biomass fuel
smoke on a daily basis. The studies on indoor air pollution started in the 1960s with
research into household COPD in non-smokers and its relation to biomass fuel use



5 Air Pollution and COPD 123

in India, Papua-New Guinea, Central America and Sub-Saharan Africa (Ezzati and
Kammen 2002). Indoor air pollution is the result of a combination of burning bio-
mass fuel (twigs, wood, animal dung, straw, peat and coal) with poor stove design
(often open fire) and poor ventilation (lack of a chimney and often even windows).
The smoke generated by these fires contains high concentrations of CO, nitrogen
and sulfur oxides, aldehydes, and PM,,. Field studies have reported average concen-
trations of airborne particles and agents of several magnitudes above the recom-
mended 150 pg/m* with inhabitants of these homes exposed to pollutants for long
hours every day (Ezzati and Kammen 2002). Women and small children are dispro-
portionately represented in the affected population and the worldwide prevalence of
COPD in women and chronic respiratory ailments in small children is strongly asso-
ciated with exposure to biomass fuel smoke (Torres-Duque et al. 2008). The impor-
tance of biomass smoke exposure is underscored by the finding that in women
30-years exposure to either biomass smoke or cigarette-smoking results in the same
likelihood of developing COPD (Sezer et al. 2006). There are no significant differ-
ences in histopathological findings in the lungs (which include anthracosis, chronic
bronchitis, centrolobular emphysema, bronchial squamous cell metaplasia and
hypertrophic remodeling of the pulmonary vascular tree) between patients with
wood smoke-associated lung disease and those of smokers at the time of death
(Moran-Mendoza et al. 2008).

As of now, COPD and chronic bronchitis are the third highest cause of death in
the World. The contribution of widespread exposure to biomass fuel smoke to
COPD and ways to limit or eliminate it remains a significant public health issue in
times of increasing energy costs (Po et al. 2011). A large fraction of this cost will
affect the wider international community, as most of the affected inhabit low or very
low-income countries already dependent on foreign aid and other forms of help.

5.5 Occupational Exposure and COPD

COPD associated with workplace exposure is notoriously difficult to detect for two
reasons. Firstly, COPD is strongly associated with common non-occupational expo-
sures like cigarette smoking often practiced in the same environmental setting (“cig-
arette break”). Secondly, the dose-response and time exposure relations with the
disease are complex (Balmes et al. 2003). Inhalational exposure at the workplace
consists of a mixture of airborne particles, fumes, and toxic gases. Some compo-
nents like cadmium and vanadium are proven direct causative agents in emphysema
and chronic bronchitis, respectively. Similarly to cigarette smoke (that contains over
400 potentially toxic components neither of which has been identified as a single
most important causative agent in COPD), the etiological role of occupational expo-
sure in COPD has been better ascertained by epidemiological studies than labora-
tory experiments.

Observing decline in FEV, over a period of years in workers employed in indus-
tries like coal and hard-rock mining, cement and concrete manufacturing,
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construction (especially of tunnels), and agricultural activities has indicated the
causative role of dust particles in occupational COPD (Becklake 1989). It is esti-
mated that the population burden of occupational exposure for COPD is in the range
of 15 % in developed countries (Balmes et al. 2003) with the related annual health
expenditure at the beginning of this millennium in the United States alone of about
$5 billion (Leigh et al. 2002). Excess occurrence of COPD among the general US
population was further analyzed as part of the Third National Health and Nutrition
Examination Survey (NHANES III) (Hnizdo et al. 2002). This study has found that
not only workers in the ‘traditional’ COPD-related industries listed above but those
in rubber, plastics, and leather manufacturing, utilities, office building services, tex-
tile mill products manufacturing, the armed forces, food products manufacturing,
automotive repair services and gas stations, sales clerks, transportation and truck-
ing, personal services (like hairdressers and cosmetologists), health care workers,
record processing and distribution clerks, machine operators, and waitresses all
have a higher than the average population prevalence of COPD. In fact the attribut-
able portion of COPD among these workers was 19 % for the general population
and 31 % for those who have never smoked (Hnizdo et al. 2002). It appears that
workplace exposure to vapors, gas, dust, and fumes (VGDF) in common has the
potential to induce and maintain the pathological process associated with COPD in
susceptible individuals. In effect workplace exposure to VGDF more than doubled
the odds of developing COPD later in life and accounted for almost a third of all
cases in a population-based study (Blanc et al. 2009a). The interaction between
occupational exposure and cigarette smoking on the development of COPD remains
poorly understood. Studies observing a super additive increased risk (Blanc et al.
2009b) or a less than additive effect (Blanc et al. 2009a) have been published by the
same group of investigators analyzing data collected from similar populations. This
and other studies available suggest that factors beyond simple co-exposure to VGDF
and cigarette smoke have to be dissected before we will have a clear understanding
of their role in COPD.

5.6 Anatomical Considerations

COPD is a disease of the small airways and respiratory parenchyma. To better
understand the underlying mechanisms, we first review the role of these constitu-
ents of the respiratory system. Air moves between the atmosphere and the alveoli
via the upper (the nasal and oral cavity, the pharynx, the larynx) and lower (the
trachea and the bronchi) airways. The flow of air depends on a variety of factors,
most important of which is the diameter of the conductive pathway. The critical,
flow-limiting elements in COPD are the small bronchi and bronchioli, the diameter
of which are in the range of less than 1 mm to about 3.5 mm. Normal small bronchi
with the size over 1 mm contain cartilaginous rings; these rings are replaced by
smooth muscle fibers and connective tissue elements below the diameter of 1 mm
(after about 11 divisions of the tracheobronchial tree). This feature results in an
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important change in the response of the small airways to the alternating increase and
decrease in intrathoracic pressure with the respiratory cycle. During inspiration the
pressure in the thoracic cavity is reduced resulting in traction via elastic components
on the alveolar walls and the airways. While this has negligible effect on airways
containing cartilaginous rings (they are rigid in nature), those airways without car-
tilage get expanded and their diameter increases. During exhalation the reverse hap-
pens: these same airways get compressed. Under normal circumstances the air flow
throughout these small airways when breathing at rest, and even during exercise is
unrestricted. The total diameter of the airways is very large and the velocity of the
flow is such that it remains laminar (Lumb 2000). However, with the pathological
alterations present in patients with COPD this situation changes dramatically, result-
ing in critically reduced diameter and turbulent flow. There are three major underly-
ing pathological mechanisms for air flow limitation due to decreased luminal
diameter and increased airway resistance in the small airways:

1. Accumulated material within the lumen as a result of increased production and
reduced clearance of mucus.

2. Thickening of the wall of the passageway due to increased deposition of connec-
tive tissue in the walls of the small airways resulting in constrictive remodeling.

3. Increased pressure (compression) from outside because the loss of alveoli and
elastic matter causes reduced tethering of the small airways during expiration.

All three of these pathological features (the increased production and reduced
clearance of mucus, deposition of connective tissue in the walls of the small airways
and loss of alveoli and elastic matter) are simultaneously present in COPD. In the
clinical manifestation of the disease (1) and (2) are characteristics of chronic bron-
chitis while (3) is commonly known as emphysema. Patients suffering from COPD
present with a mixture of all three. Limited air flow during exhalation results in air
trapping in the lung at end-expiration and the consequential alveolar hyperinflation
further compresses the small airways (Barnes and Rennard 2009).

The limitation of air flow during exhalation can be quantified in patients by mea-
suring the forced expiratory volume in the first second of expiration (FEV,) and the
Tiffeneau index which is the ratio of FEV | to FVC (forced vital capacity). Commonly
used flow measurements are the peak expiratory flow rate and the maximum mid-
expiratory flow (MMEF) rate which is the forced expiratory flow between the 25th
and 75th percentiles of the FVC. While peak expiratory flow is effort sensitive,
MMEEF is effort independent and reflects the maximum flow rate permissible by the
small airways. Lung development continues into early adulthood thus lung function
steadily increases after birth until the third decade of life. This is important given
that outdoor pollution and traffic-related air pollution can have an adverse effect on
lung development in children aged 1018 years (Gauderman et al. 2004; Ko and Hui
2012). In adults there is a constant decline of lung function resulting in reduced
physiological reserve in the elderly. However, in a healthy individual even of very
advanced age lung function provides adequate gas exchange at rest and during mild
or moderate exercise (Sharma and Goodwin 2006). The effects of air pollution on
the age-related decline in pulmonary physiology are not well understood but gender
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differences have been reported in susceptibility. After controlling for demographic
and socioeconomic factors, cigarette smoking and background air pollution, greater
traffic density significantly correlated with reduced FEV1 and FVC in women but
not men in a cross sectional community based study of 15,792 middle aged men and
women (Ko and Hui 2012; Kan et al. 2007). The FEV1/FVC ratio however did not
correlate with traffic exposure. While traffic-related air pollution was associated
with the development of adult onset asthma among never-smokers (Kunzli et al.
2009), the relationship between air pollution and decline in lung function with sub-
sequent development of COPD needs additional clarifications (Ko and Hui 2012).

The main effect of air pollution on the clinical progress of COPD is induced as
chronic airway inflammation manifesting itself with wide variability between
affected individuals. The quality, quantity and duration of exposure, the response of
the various elements of the innate and adaptive immune systems, the still poorly
understood genetic and epigenetic determinants regulating airway remodeling in
COPD are focal points of ongoing research.

5.7 Cellular Pathways of Air Pollutant-Induced COPD

A wide variety of structural, immune and inflammatory cells have been implicated
in the pathogenesis of COPD. The significance of specific cell types in mediating
the effects of air pollution however remains the subject of intense investigations.
The effects of acute inhalation of air pollutants are manifested in activation of sig-
naling pathways and proinflammatory mediator release by resident epithelial cells
and macrophages leading to recruitment of inflammatory cells, structural damage
and exacerbations of the symptoms of COPD (Bates 2000; Barnes and Rennard
2009; Baraldo et al. 2012; Barnes 2004a, b, c; Becker et al. 2005). Chronic, pro-
longed or intermittent exposure to pollutants evokes more complex pathways
including development of “adaptation” (Jakab et al. 1995) and tissue protection and
repair (Burgel and Nadel 2004; Crosby and Waters 2010; Hogg et al. 2004; Leikauf
et al. 2001; Sunil et al. 2012).

5.7.1 Macrophages

The most commonly found immune cells in the normal lung are the alveolar macro-
phages contributing to both the innate and acquired immune response. These cells
clear inhaled particles, identify and destroy pathogens appearing in the terminal
airways. Exposure of human alveolar macrophages to ultrafine carbon particles or
diesel exhaust particles (DEP) in vitro reduced their binding and phagocytic activity
via their scavenger, mannose, and complement receptors while binding and opso-
nization via the Fc receptor remained unchanged (Lundborg et al. 2006). Macrophage
numbers in the lung may increase up to 15-fold in patients with COPD and their
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numbers appear to correlate with disease severity (Barnes 2004a; Finkelstein et al.
1995). Macrophages, activated locally or recruited during the disease process can
account for most of the known features of the disease (Barnes 2004a, b). In a healthy
lung the majority of macrophages are made up by the “alveolar” and “interstitial”
types. Under inflammatory conditions, however, these cells become highly hetero-
geneous and differentiate into several additional phenotypes classified as “migra-
tory (or proinflammatory) vs. residential” or “M1 vs. M2” (Moreira and Hogaboam
2011). During inflammation in COPD, bone marrow derived monocytes migrate
through the circulation and differentiate under the effects of macrophage colony
stimulating factor (M-CSF) and epithelial derived cytokines, chemokines and other
inflammatory mediators such as prostaglandins, leukotrienes and components of the
complement cascade. Macrophages from COPD patients have increased levels of
the transcription factor nuclear factor kB (NF-xB), that may be responsible for the
increased secretion of elastolytic enzymes and inflammatory proteins (Di Stefano
et al. 2004). Proinflammatory macrophages release a number of inflammatory medi-
ators and chemokines (CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CXCLI11,
CXCL12, TNF-a, IL-1-f, IL-6, IL-18) (Barnes 2004a, b), elastolytic enzymes
(matrix metalloproteinases (MMP) most important of which is MMP-9, cysteine
and serine proteases) (Russell et al. 2002a), and oxidative radicals. Exposure to
DEP suppressed CXCLS8 expression as well as intracellular lysosomal and mito-
chondrial activity in vitro in monocyte-derived macrophages resulting in a reduced
lifespan and impaired ability for translocation, differentiation, and cytokine response
to lipopolysaccharide and heat killed bacteria (Chaudhuri et al. 2012). Phagocytosis
of DEP by native primary alveolar macrophages induced apoptosis through genera-
tion of reactive oxygen species which triggered caspase and stress-activated protein
kinase dependent mechanisms. This process was phagocytosis-dependent as non-
phagocytic lung cells were not affected (Hiura et al. 1999). Released local factors
are also important in the priming and skewing of these cells into the “classically
activated” or “alternatively activated” subclasses. “Classically activated” M1 mac-
rophages are present in severe inflammation. In response to LPS activation and
exposure to IFN-y M1 macrophages produce IFN-y, TNF-a, IL-1f, IL-6, IL-12,
IL-23, ROS, NO, GM-CSF, MIP-1a (CCL3), TARC (CCL17) and MCP-1 (CCL2)
(Boorsma et al. 2013). The alternatively activated M2 macrophages are composed
of several subclasses. M2a (after exposure to IL-4 or IL-13), M2b (in response to
immune complexes in combination with IL-1f or LPS) and M2c (IL-10, TGFp or
glucocorticoids) has been described (Martinez et al. 2008). Depending on their dif-
ferential expression of mediators, M2 cell subclasses support allergic airway inflam-
mation; facilitate resolution of airway changes through a heightened phagocytic
capability; contribute to airway remodeling; or provide immunosuppressive activi-
ties. M2 cells express CD206 (mannose receptor, MR) and display a unique media-
tor profile, that can include IL-4, IL-5, IL-10, IL-13 and IL-33, CCL18, CCL22,
CCL24, HO-1, Arginase 1, chitinase-like Ym1, and Fizzl (found in inflammatory
zone-1) (Draijer et al. 2013; Martinez et al. 2013).

In patients with emphysema, macrophages accumulate in alveolar septae result-
ing in structural destruction and loss of breathing surface. This focal inflammation
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is dominated by accumulation of macrophages and neutrophil cells in the lung
parenchyma resulting in collagen deposition in the airways, goblet cell hyperplasia,
and emphysema-like changes as documented in humans suffering of COPD as well
as in a mouse model for NO,-induced COPD (Wegmann et al. 2005). Macrophages
derived CXCL1 and CXCL2 recruit circulating monocytes, while CXCL9, CXCL10
and CXCL11 attract T lymphocytes to the distal air spaces in COPD. Inhalation of
aerosolized PM,s_j, resulted in macrophage activation, upregulation of inflamma-
tory surface markers, increased phagocytosis and expression of TNF-a mRNA. Some
but not all of this effect was mediated by surface bound endotoxin (Alexis et al.
2006). Alveolar macrophages isolated from bronchoalveolar lavage of healthy vol-
unteers have shown proinflammatory response to coarse (PM,,) rather than fine
(PM, ) particles and minimal oxidative stress response. These effects were medi-
ated via TLR-4 (Becker et al. 2005). It is of note that alveolar macrophages, when
exposed briefly to large quantities (20 % of LD50 dose) of PM in vitro exhibited
reduced phagocytic and opsonizing capacities (Oberdorster et al. 1992; Becker and
Soukup 1998). However, this may be attributed to the experimental setting rather
than being a reflection of the physiological process in vivo where PM quantities are
substantially smaller and exposure times are longer (Miyata and van Eeden 2011).
Macrophages isolated from the lungs of patients with COPD exhibited reduced
apoptosis and increased survival compared to those found in patients with normal
lungs. This increased survival allows for sustained production of inflammatory
mediators and increased destruction of lung parenchyma. Increased expression of
Bcl-X;, an antiapoptotic protein has been implicated in the extended survival of
alveolar macrophages in COPD (Tomita et al. 2002). Macrophages from patients
with COPD show resistance to corticosteroids, the most commonly used medication
in obstructive airway diseases. This corticosteroid resistance is likely to be related
to the reduced activity of histone deacetyase-2 (HDAC-2) an enzyme responsible
the mediation of glucocorticoid effects on inflammatory gene transcription. Impaired
suppression of inflammatory genes contributes to the sustained activation of macro-
phages in COPD (Ito et al. 2005). Normal alveolar macrophages have anti-
inflammatory capacity expressed by secretion of TGF-f and inhibitors of MMPs.
Macrophages in patients with COPD exhibit a limited capacity for anti-inflammatory
activity which further shifts the inflammatory response towards tissue destruction
(Pons et al. 2005).

5.7.2 Neutrophils

Normal, healthy lung parenchyma contains few if any neutrophil cells. The life span
of neutrophils is short and these cells are capable of fast migration. A general acute
effect of inhalation of toxic material (including the major pollutants NO,, SO,, PM,,
[and more importantly PM, 5] and ozone) is the influx of neutrophils into the distal
air spaces. Although the exact mechanism of how such diverse agents can all elicit
this rapid neutrophil recruitment is not clear, a shared pathway mediated by
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oxidative stress and generation of reactive oxygen species may play an important
role (Tao et al. 2003). Recruitment and translocation from the pulmonary circula-
tion via chemotactic signaling from epithelial cells, activated macrophages and
T-cells (via CXCL8, CXCLI1, and leukotriene B,) directs migration of neutrophils
towards the airways. Adhesion molecules expressed on endothelial and epithelial
cells mediate neutrophil migration with the MAC1/ICAMI1 interactions being the
most crucial. Smoker COPD patients have increased surface expression of MACI
(CD11+/CD18+) on their neutrophils (reviewed in (Domagala-Kulawik 2008)). In
addition to air pollution, the major causal agents in COPD exacerbations are usually
considered bacterial or viral infections, or a combination of the two (Papi et al.
2006; Tsoumakidou and Siafakas 2006; Celli and Barnes 2007). Exacerbations rep-
resent an increase in the inflammation that is present in the stable state, with
increased numbers of neutrophils, cytokines, chemokines and proteases in the air-
ways, and some increased mediators in the blood with no reliable biomarkers to
predict exacerbations (Celli and Barnes 2007). How exacerbations should be defined
and graded are still debated today and the role of neutrophils in air pollutant-induced
exacerbations of COPD remains complex (Tao et al. 2003; Papi et al. 2006;
Tsoumakidou and Siafakas 2006; Celli and Barnes 2007; van Eeden et al. 2005;
White et al. 2003).

Neutrophils can secrete a variety of proteases (including MMP, serine proteases,
and cathepsin-G) and myeloperoxidase resulting in ROS formation. ROS accumula-
tion in turn facilitates further extravasation of neutrophils in the inflamed airways
(Rahman 2005). Oxidative stress also causes elevated concentration of cytokines
and growth factors capable of activating and preventing apoptosis of neutrophils.
This can lead to either increased survival or necrotic death of these cells. An impor-
tant feature of the COPD lung is an increased number of dead cells due to necrotic
cell death and a reduced ability of alveolar macrophages to perform their scavenger
function. Neutrophil elastase was shown to cleave the phosphatidyl serine receptor
on macrophages thereby disabling their apoptotic cell sensing and phagocytic capa-
bilities (Vandivier et al. 2002).

Normally epithelial mucins serve the purpose of removing inhaled foreign mate-
rials by mucociliary transport and by coughing. In COPD howeyver, excessive mucus
is produced and is inadequately cleared. Some earlier studies correlated disease
severity with sputum neutrophil numbers (Stanescu et al. 1996). It is becoming
more accepted now that the main role of neutrophils in COPD is likely limited to
goblet cell activation and increased mucus secretion rather than direct destruction of
lung parenchyma. Indeed, the increased number of neutrophils in the airways dur-
ing exacerbations of COPD manifests itself in the purulent nature of the expecto-
rated sputum. Neutrophil proteases can stimulate mucin release by goblet cells.
During oxidative stress neutrophils induce mucin production by activation of the
epidermal growth factor receptor (EGFR). At present there is no specific treatment
for mucus hypersecretion. However, the discovery that an EGFR related pathway is
involved in mucin production by a wide variety of stimuli suggests that blockade
may provide specific treatment for hypersecretory diseases (Burgel and Nadel
2004).
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5.7.3 Dendritic Cells

Similarly to macrophages, dendritic cells are constitutive elements of the lung
parenchyma and airways. In normal healthy lungs, dendritic cells are scattered
throughout the respiratory mucosal wall. In resting state their primary role is to
sample the environment and regulate immune homeostasis through communication
with other cell types of the innate and adaptive immune system. Once dendritic cells
are activated they will migrate to the regional lymph nodes and assume a T-cell—
stimulatory phenotype. In the proximal and distal air spaces these cells are respon-
sible for either initiating immune responses or maintaining immune tolerance. The
fact that the respiratory surface of the average normal adult human lungs filters
through over 11,000 1 of air every day without a perpetual inflammatory state is in
large part due to the collaborative action of dendritic cells and alveolar macro-
phages. The “hyperinflammatory” condition characterizing the COPD lung is asso-
ciated with activation of different dendritic cell subpopulations, depending on their
origins, migratory patterns, role and function (Haczku 2012; Botelho et al. 2012).
The majority of the lung resident dendritic cells under resting conditions are made
up by the tolerogenic plasmocytoid type (characterized by the cell surface marker
profile 120G8"e"/PDCA-1"eh/Gr1higl/B220Mem),  During inflammation myeloid
(CD11cMe/CD11bMe/MHC-ITe") and CD103* cells migrate rapidly to the lung.
These cells are mature and possess antigen presenting and CD4* T cell stimulatory
capabilities. Activated dendritic cell migration is propelled by the CCL19-CCR?7,
CXCLI1-CXCR2, CCL2-CCR2/4 and CCL20-CCR6 chemokine ligand-receptor
pathways (Demoor et al. 2009, 201 1; Demedsts et al. 2007). This process can amplify
the chronicity of inflammation and can lead to destruction of the normal lung paren-
chyma. In a recent study, dendritic cells stimulated by cigarette smoke in mice,
induced development of emphysema through auto-reactive CD8" T cell activation
and release of IL-17A (Shan et al. 2012). Unfortunately, there are no studies to date
that investigated the role of these cells in mediating the effects of air pollution in
COPD. There are however reports that looked at the effects of air pollutants on
dendritic cell function and indicated a general tendency of these cells to lose their
tolerogenic capabilities. For example, an association was seen between environ-
mental tobacco smoke exposure and reduced dendritic cell interleukin 10 produc-
tion during infancy (Gentile et al. 2004). Further, exposure to urban air extract, fine
and ultrafine particles or DEP all induced dendritic cell activation leading to pro-
duction of IL-1p or TNF-a (Gentile et al. 2004; Acciani et al. 2013; Bonisch et al.
2012; Kim et al. 2012; Karle et al. 2012; Myatt et al. 2011; Bezemer et al. 2011;
Yoshida et al. 2010; Williams et al. 2008; de Haar et al. 2008). A recent study in
mice demonstrated that IL-1R, TLR4, and TLR2 predominant receptors on acti-
vated dendritic cells, elicited inflammatory effects via MyD88 in response to wood
or cow dung smoke derived PM suggesting that biomass fuel exposure elicits a
persistent pulmonary inflammation largely through activation of TLR and IL-1R
pathways (Sussan et al. 2014).
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5.7.4 Lymphocytes

Lymphocyte accumulation in the pulmonary interstitium and peribronchial areas
correlate with the severity of the symptoms of COPD and are considered to be part
of the mechanism leading to exacerbation of symptoms brought on by air pollution
or infections (Papi et al. 2006). Pollutants may have selective effects on lympho-
cytes. In a recent study lymphocyte redistribution was observed in NO, exposed
volunteers (NO, levels were negatively correlated with peripheral blood lympho-
cyte count) but this effect was not seen in response to PM exposure (Steenhof et al.
2014). Lymphocytes organized in follicular structures with B lymphocyte contain-
ing germinal centers surrounded by CD4*Th1-cells have been observed in clinically
advanced cases of chronic bronchitis while increase in the numbers of CD8* cyto-
toxic Tcl lymphocytes in the alveolar wall appears to be proportional with the
severity of emphysema (Hogg et al. 2004).

Cytokine and chemokine signaling from epithelial cell injury, activated alveolar
macrophages and antigen presenting dendritic cells may all contribute to the migra-
tion of CD8* and CD4*T-lymphocytes to the lung in pollutant-induced COPD exac-
erbation. Interferon induced chemokines CXCL9, CXCL10, and CXCLI11 elicit
homing of CXCR3 positive T-cells while chemo-attractants for CCR4 positive Th2
cells (a predominant cell type in the pathogenesis of bronchial asthma) are not
expressed in COPD (Grumelli et al. 2004). This feature is the main reason for the
presence of T cells with cytotoxic characteristics in COPD with a relative lack of
eosinophilic granulocytes (a hallmark of asthma). Thl cells are CD4*T-cells that
express activated STAT-4 leading to interferon-y (IFN-y) secretion. Th1-cell help is
required for CD8" cytotoxic Tcl activation, survival (suppression of apoptosis) and
maintenance of their immunological memory (Barnes and Rennard 2009). CD8*
T-cells synthetize, store and release cytokines and cytotoxic substances like tumor
necrosis factor-o (TNF-a), granzyme B, and perforins and their numbers inversely
correlate with the FEV, of patients suffering of COPD (Freeman et al. 2010). It is of
interest that patients with severe COPD of non-smoking origin do not have a Thl
cell inflammatory bias in their lung (Grumelli et al. 2004). CD8+ T cell activation
and release of the above-mentioned cytotoxic substances however can be achieved
by induction of Toll-like receptor (TLR)2 activation (Freeman et al. 2013). Indeed
TLR2 was shown to play an important role in mediating the effects of biomass
smoke derived PM (Sussan et al. 2014). Degradation of lung parenchyma may pro-
duce antigenic peptides (auto-antigens) that in the presence of chronic inflammation
could induce a progressive self-perpetuating autoimmune inflammation (Cosio
et al. 2002). The significance of lymphocytes and autoimmune pathways in air pol-
lutant induced COPD needs clarification.
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5.7.5 Epithelial Cells

Epithelial cells in the lung are highly specialized and form the first line of defense
against inhaled air pollutants. The major role of type-1 alveolar cells is gas exchange:
facilitation of the uptake of oxygen and release of carbon dioxide. Type-2 alveolar
cells produce surfactant that reduces surface tension and allows alveoli of different
diameters to remain open even at low lung volumes. The bronchial epithelium is
composed of pseudostratified columnar cells that include basal, ciliated or secretory
(Clara or goblet) cells. Ciliated bronchial epithelial cells transport foreign matter
towards the larynx along the surface of the tracheobronchial tree. Goblet cells in the
bronchi secret mucus, which enhances expulsion via cilial activity (Lumb 2000). In
patients with COPD epithelial cells express high levels of inflammatory mediators
(CXCL-8, IL-1-B, and GM-CSF) (Hellermann et al. 2002) and adhesion molecules
(sICAM-1 (Hellermann et al. 2002) and E-selectin (Di Stefano et al. 1994)) thereby
facilitating recruitment and translocation of inflammatory cells.

Cultured bronchial epithelial cells when exposed to airborne particulate matter
respond with increased expression of CXCL8 and to a lesser and irritant specific
extent by upregulation of a variety of chemokines (CXCL1, 3, 10, 11, CCL20) and
proinflammatory factors (TNF-a, IL-6, LTp) (@vrevik et al. 2009). It is of note that
expression of CXCL38, a chemokine mostly associated with neutrophilic granulocyte
recruitment is associated with pollutants as diverse as fine carbon particles, 1-nitro-
pyrene, aerosolized bacterial lipopolysaccharide and ZnCl, (@vrevik et al. 2009).
This common feature perhaps explains the epidemiological finding that exposure to
a wide variety of inhaled airborne pollutants results in common clinical outcomes
and disease progression (Schwarze et al. 2006). On the other hand, relatively similar
chemical substances like various nitro-polycyclic aromatic hydrocarbons (nitro-
PAHs) may elicit either increased cytokine and chemokine expression or epithelial
cell apoptosis (@vrevik et al. 2010). Furthermore, seasonal variability in particulate
matter composition produces distinct effects as shown from samples taken in Milan,
Italy. The winter PM had higher levels of PAHs while in the summer, mineral dust
elements have dominated. When cultured human epithelial cells were exposed to
these PM samples the winter samples were more cytotoxic while the summer sam-
ples exhibited a higher proinflammatory potential (Gualtieri et al. 2010).

The mechanisms of interaction between airborne pollutants and epithelial cells,
inflammatory cells and mesenchymal cells in the development of COPD are com-
plex and remain to be fully elucidated. This complexity is increased by the fact that
in addition to its pro-inflammatory function, the airway epithelium is also respon-
sible for maintaining immune homeostasis and protecting against chronic inflam-
matory changes in the lung. The protective function of airway epithelial cells has
been attributed to a constitutive production of the immune modulators, lung col-
lectins: surfactant protein A and D. The majority of these molecules are produced
by type II alveolar epithelial cells in the distal air spaces but Clara cells and goblet
cells can also release collectins. SP-A and SP-D belong to a small family of struc-
turally related Ca** dependent lectins that share collagen-like and lectin domains.
Collectins are involved in pathogen binding (opsonization) and direct inhibition of
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immune and inflammatory cell function (Rosseau et al. 1997). Collectin-specific
interactions with lung cells can be mediated through CD14 (Sano et al. 2000),
TLR2 (Ohya et al. 2006) and TLR4 (Ohya et al. 2006; Guillot et al. 2002) as well
as through the signal inhibitory regulatory protein (SIRPa) (Gardai et al. 2003).
This signal regulatory membrane protein uniquely carries an ITIM containing intra-
cellular domain which is responsible for inhibiting functions of myeloid derived
cells, particularly, macrophages and dendritic cells (Matozaki et al. 2009). Lung
collectins regulate antigen presentation, T-cell stimulation (Brinker et al. 2003;
Brinker et al. 2001; Hansen et al. 2007) and TNFa expression by antigen presenting
cells (Hortobagyi et al. 2008).

Under normal conditions SP-A—/— mice display no overt pathological features.
SP-D—/- mice on the other hand showed serious constitutive inflammatory altera-
tions (Botas et al. 1998; Hawgood et al. 2002) resembling pathological characteris-
tics of COPD indicating special importance of this molecule in regulating immune
homeostasis and function of the innate immune cells (Crouch et al. 2000; Crouch
2000; Wright 2005; Haczku 2006, 2008). Studies on airway responses to allergen
(Takeda et al. 2001) or O; (Kierstein et al. 2006) exposure showed that C57BL/6
mice were significantly more protected against developing inflammation than
Balb/c mice and this protection was associated with a greater amount of SP-D in
their airways (Kierstein et al. 2006; Atochina et al. 2003). Mice lacking this mole-
cule due to genetic deletion were highly susceptible to allergen or O;-induced air-
way inflammation and showed a prolonged recovery period (Haczku 2006; Kierstein
etal. 2006). O;-induced changes in sputum dendritic cell phenotype were associated
with changes in serum SP-D levels in healthy volunteers (Alexis et al. 2008).
Further, low SP-D levels in the lung correlated with disease severity in COPD
patients (Sims et al. 2008).

Mouse models of low or no SP-D expression in different mouse strains and gene-
manipulated mice mimic patients who have low SP-D levels in the lung due to
genetic reasons or as a consequence of chronic inflammation. Locally administered
SP-D has been protective in mouse models of airway inflammation. It is possible
therefore that it will work in patients, too. SP-D is not only an anti-inflammatory
agent but also an important opsonin that binds a wide range of common respiratory
pathogens. Thus, unlike the traditional immunosuppressive therapies, an SP-D-
based anti-inflammatory approach could have an advantage of a preserved host
defense function.

5.8 Molecular Mechanisms of Air Pollutant-Induced
Lung Damage in COPD

COPD is characterized by a progressive destruction of the alveolar structure of the
lung parenchyma with associated fibrotic narrowing of small airways by the under-
lying inflammatory processes. In addition to cytokines and chemokines many
inflammatory mediators were described and characterized in this process. The major
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players include arachidonic acid derivatives, molecular products of oxidative stress,
players of cell death, extracellular matrix destruction and repair (Barnes 2004c).

5.8.1 Arachidonic Acid Metabolites

Ozone exposure of human nasal mucosa in vitro induced heightened eicosanoid
metabolism with the release of cyclooxygenase and lipoxygenase products into the
culture supernatant including prostaglandin (PG)F,a, thromboxane B2 and leukot-
riene B4 (LTB4) (Schierhorn et al. 1997). In COPD however arachidonic acid
metabolism follows a typical pattern in the lungs: There is an increase in prostaglan-
dins PGE,, PGF,a, and LTB, but not of thromboxane or cysteinyl leukotrienes
(increase of which is characteristic for bronchial asthma) (Barnes and Rennard
2009). Increased expression of cyclooxygenase-2 (COX2) is responsible for
increased production of these prostanoids.

Urban air collected in different zones in Mexico City, containing PM,, induced
PGE, in cultured rat fibroblasts in a dose-dependent manner in vitro (Alfaro-Moreno
et al. 2002). Further, nickel (Ni), a common component of urban PM enhanced IL-8
production by fibroblasts in the presence of PGE,, suggesting a synergistic action
(Brant and Fabisiak 2013).

Alveolar macrophages in patients with COPD express pro-inflammatory BLT-
receptors and LTB, inactivating PPAR-a receptors. LTB, also recruits circulating
CDS8* T-cells and neutrophils to the lung parenchyma through high affinity BLT;-
receptors expressed on these cells (Marian et al. 2006). Investigation of exhaled
breath condensate from ozone-exposed subjects (in comparison with air exposed
ones) revealed elevated levels of 8-isoprostane and LTB4. These levels were signifi-
cantly greater in subjects sensitive to ozone suggesting that sensitive subjects have
elevated arachidonic acid metabolites in their exhaled breath condensates (Alfaro
et al. 2007).

5.8.2 Role of Oxidative Stress

Reactive oxygen species (ROS) are generated in the pulmonary parenchyma as part
of the first line defense mechanism by the innate immune system. Exogenous irri-
tants and inflammatory mediators induce ROS production by epithelial cells, alveo-
lar macrophages, and neutrophil cells in the lungs (Yao and Rahman 2011). These
ROS overwhelm and destroy invading bacteria, fungi, and viruses in a non-specific
manner. ROS are also produced, in smaller quantities, as by-products of signaling
and energy generating intracellular processes. ROS also have a role in inducing and
maintaining local inflammation (Rahman 2005). The enzyme NADPH oxidase gen-
erates superoxide anions (O,”) from molecular oxygen. This superoxide anion is
relatively unstable and highly reactive and is converted by superoxide dismutase
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(SOD) to hydrogen peroxide (H,0,). H,O, can diffuse to farther distances than
superoxide anion allowing for a larger radius of effect. In the extracellular space
reaction of O,~ with free iron or nitric oxide (NO) produces highly reactive hydroxyl
radicals (OH") and peroxynitrite (ONOQO"), respectively. ROS interacting with lipids
generate lipid radicals (lipid peroxides) leading to a redox chain reaction in lipid
bilayers damaging cellular membranes or oxidize arachidonic acid leading to the
formation of isoprostanes, a class of prostanoids; mediators implicated in broncho-
constriction and increased alveolar and capillary permeability. Both isoprostane
levels (Garcia-Rio et al. 2011) and lipid peroxidation markers (Rahman et al. 2002)
positively correlate with disease severity in patients with COPD. There is increased
synthesis of NO in lung parenchyma and small airways due to chronic inflammation-
induced increase in the expression of inducible NO synthase in epithelial cells and
macrophages in COPD (Ricciardolo et al. 2005). Peroxynitrite reacts with tyrosine
residues in proteins producing 3-nitrotyrosine. As tyrosine moieties often have a
significant role in protein activation or inhibition these changes may result in sig-
nificant alterations in the function of the given proteins. Reactive aldehydes or car-
bonylate proteins form aldehyde-protein adducts that alter or suspend protein
function. Aldehyde-protein adducts may also induce immunogenicity and serve as
targets for the adaptive immune system (Yao and Rahman 2011). ROS when reach-
ing the cell nucleus may inflict direct damage on the DNA or interact with regula-
tory enzymes like histone deacetylase (HDAC and sirtuins) or histone methylation
(HMT)/demethylation (HDM) enzymes leading to alterations in inflammatory gene
expression (Sundar et al. 2013).

Inhalation of nitro-PAHs (a component of diesel exhaust particles) can lead to
the generation of electrophilic metabolites including epoxides (Yamazaki et al.
2000; Andersson et al. 2009) or nitro-reductions [this later is catalyzed by enzymes
like NOS, xanthine oxidase, aldehyde oxidase (Arlt et al. 2003) or NADPH:quinone
oxidoreductase (Arlt et al. 2005)] resulting in generation of ROS (@vrevik et al.
2010). On the other hand, sulfate conjugation or acetylation generates reactive nitre-
nium ions which then create protein and DNA adducts (Arlt et al. 2005). DNA dam-
aging potential of various nitro-PAHs appears to be specific to their chemical
structure. The most abundant 1-nitropyrene appears to have very mild DNA toxicity
while 3-nitrobenzanthrone has considerable DNA damaging potential resulting in
accumulation of cells in S-phase and marked increase in apoptosis in cultured bron-
chial epithelial cells (@vrevik et al. 2010). Furthermore, the generation of ROS by
nitro-PAHs is paralleled by a decrease in intracellular GSH suggesting depletion of
protective antioxidant mechanisms (Park and Park 2009).

Bronchial epithelial cells obtained from airway mucosal biopsies of healthy vol-
unteers show significant increase in hemoxygenase-1 expression, a marker of oxida-
tive stress when exposed to coarse or fine PM. This response involves the TLR-2
signaling pathway (Becker et al. 2005). The body counters the effects of ROS on the
self by producing antioxidants. These substances (glutathione, ascorbic acid [vita-
min C], tocopherol [vitamin E], lactoferrin, and uric acid) protect the self against
the action of ROS. Enzyme systems geared towards removing reactive aldehydes
including aldehyde dehydrogenase and aldo-keto reductase are present in the lung
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parenchyma in COPD (Pastor et al. 2013). When these antioxidant mechanisms are
exhausted, cellular damage ensues (Repine et al. 1997). In the lung parenchyma the
majority of antioxidants are found in the extracellular matrix while intracellular
antioxidants are expressed at a low level (Rahman 2005). While oxidative stress has
little effect on intracellular antioxidant levels extracellular antioxidant enzymes like
glutathione peroxidase, glutathione-S-transferase M;, and SOD3 markedly increase.
Activation of the transcription factor Nrf2 (nuclear erythroid-related factor 2) has a
key role in gene activation and transcription of protective antioxidant enzymes in
lungs when exposed to oxidative stress (Ishii et al. 2005). Nrf2 levels are decreased
in lungs of patients with emphysema and COPD (Goven et al. 2008). Posttranslational
modification of Nrf2 results in decreased activity and limited nuclear translocation.
A stabilizer of Nrf2, DJ-1 has been found to be downregulated in patients with
COPD but not in unaffected smokers (Malhotra et al. 2008). Activation of Nrf2 and
stabilizing DJ-1 can open potential protective pathways in patients susceptible to
airborne-inhalant induced COPD (Sundar et al. 2013). The Nrf2 pathway is also one
of the outlets of the UPR (unfolded protein response) an intracellular mechanism
protective among others against oxidative stress (Kelsen et al. 2008).

Increased oxidative stress in the lung epithelium and parenchyma may play a
significant role in disease progression in COPD by amplifying and perpetuating the
inflammatory response and increasing tissue destruction. ROS upregulate transcrip-
tion factors NF-kB and AP-1 in alveolar macrophages and structural cells inducing
inflammatory mediator and cytokine production as described above. Oxidative
stress also decreases corticosteroid responsiveness in patients with COPD. This is
attributed to reduced activity and expression of histone deacetylase (HDAC).
Histone acetylation by histone acetyltransferase leads to transcription of pro-
inflammatory genes encoding IL-8 and TNF-a through NF-xB. HDAC?2 activated
by corticosteroid activated-glucocorticoid receptor inhibits this process in normal
lungs. However, in COPD increased peroxynitrite production inactivates HDAC2
leading to glucocorticoid resistance (Ito et al. 2005). ROS also directly impair pro-
tease inhibitors like a;-antitrypsine and SLPI contributing to the destruction of elas-
tic elements of the lung parenchyma in COPD. Ozone-induced NF-kB activation
correlated with expression of monocyte chemotactic protein-1, inducible NO
synthase and cyclooxygenase-2 in alveolar macrophages (Sunil et al. 2012).
Similarly, oxidative stress secondary to free radicals generated by PM,, exposure
resulted in calcium mediated nuclear translocation and activation of NF-«xB leading
to decreased expression of HDAC2 (MacNee and Donaldson 2003). The ensuing
increase in acetylation of histone residues could then allow for increased transcrip-
tion factor binding and expression of proinflammatory genes (Gilmour et al. 2003).

5.8.3 Mechanisms and Mediators of Apoptosis and Autophagy

Mounting evidence suggests an imbalance between apoptotic cell loss and cell pro-
liferation in lung tissue of patients suffering of COPD as well as in animal models
of emphysema (Demedts et al. 2006). This imbalance affects alveolar epithelial
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cells (Imai et al. 2005), alveolar endothelial cells (Segura-Valdez et al. 2000), and
lung T-cells (Hodge et al. 2005) suggesting a complex interaction between vascular
growth regulation (Kasahara et al. 2000; Kanazawa and Yoshikawa 2005), inflam-
mation, oxidative stress (Aoshiba and Nagai 2003) and epithelial cell wellbeing
(Calabrese et al. 2005) in the lungs of patients with COPD. It is also of note that
increased apoptosis continues after cessation of exposure to noxious inhalants
(Hodge et al. 2005). Disturbance in the regulation of cell proliferation and pro-
grammed cell loss extends beyond the lungs in patients with advanced emphysema
and examples of this are found in skeletal muscle atrophy resulting in peripheral
muscle weakness (Agusti et al. 2002) and loss of peripheral T-cells resulting in
inability to mount an adequate defensive response to infections (Hodge et al. 2003a).
Suggested mechanisms of increased apoptosis include depletion or inhibition of
VEGEF (Kasahara et al. 2000), elevated levels of IFN-y (Ma et al. 2005), activation
of caspase-3 (Aoshiba et al. 2003) and accumulation of ceramide in the lung paren-
chyma (Scarpa et al. 2013). Inflammatory cells (Saetta et al. 1999) and mediators
present in COPD have also been associated with pulmonary epithelial and endothe-
lial cell apoptosis (Hodge et al. 2003b). On the other hand the decreased ability of
alveolar macrophages in eliminating apoptotic cells contributes to the sustained
inflammation (Vandivier et al. 2002). Elastolytic activity resulting in loss of struc-
tural basal membrane depletes alveolar epithelial cells of vital cell-matrix contacts
for survival signaling and promotes apoptosis (Aoshiba et al. 1997).

Cellular organelles, old and damaged mitochondria, structural cellular proteins
are removed and recycled in a dynamic process called autophagy (Ryter et al. 2012).
This is an inducible mechanism originally developed to recycle cellular material thus
reducing need for nutrients in starvation. Oxidative stress accelerates autophagy as
there is increased number of damaged cellular components to recycle. However,
excessive autophagy is harmful and may lead to death of the cell. Lung tissue from
patients with COPD show accelerated autophagy, which is attributed to reduction of
SIRT1, a sirtuin class histone deacetylase. Decrease in SIRT1 levels allows transcrip-
tion of the early growth response protein-1 (Egr-1) gene, an important transcription
factor in autophagy (Chen et al. 2008). Increased extracellular levels of superoxide
dismutase (SOD) attenuate intracellular Egr-1 levels (Nozik-Grayck et al. 2008) fur-
ther illustrating the complex interaction between oxidative stress and cell organelle
recycling. Ozone exposure increased levels of biomarkers representative of apoptosis
and autophagy like cleaved capsase-9 and beclin-1 in alveolar macrophages. This air
pollutant effect was associated with presence of matrix metalloproteinases (MMP)-2,
MMP-9 and cellular debris in the bronchoalveolar lavage fluid (Sunil et al. 2012).

5.8.4 Proteinases and Extracellular Matrix (ECM)
Interactions

Proteinases released from macrophages, cytotoxic T-cells and to a lesser extent,
neutrophilic granulocytes contribute to degrading of pulmonary parenchymal con-
nective tissue (Segura-Valdez et al. 2000). MMPs especially MMP-9 released from
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alveolar macrophages have been implicated in elastin destruction and development
of emphysema (Russell et al. 2002b). Macrophages isolated from patients with
COPD contain higher amounts of MMP-9 and are resistant to suppression by gluco-
corticoids (Chana et al. 2014). Alveolar macrophages also synthetize and secrete
proteinase inhibitors (tissue inhibitors of MP, TIMP). However, the amount and
activity of these inhibitors is reduced in patients with COPD and is insufficient to
neutralize the MMP activity (Russell et al. 2002b).

MMPs have also been implicated in regulation of programmed cell death in
COPD. MMP-7 sheds and activates Fas ligand, an apoptosis signaling molecule,
from alveolar epithelial cells (Powell et al. 1999). Chronic exposure of mice to
ozone mimicked the inflammatory and pathological changes of COPD and increased
caspase-3 mediated apoptosis and activity of MMPs (Triantaphyllopoulos et al.
2011). The imbalance between levels and activity of MMPs and proteinase inhibi-
tors has been associated with histone deacetylation and deficiency of sirtuin 1
(SIRT1, a member of class III histone deacetylases). The protective role of SIRT1
was also supported in a study using exposure to ambient PM and gene deficient
mice in which lack of SIRT1 resulted in aggravated lung vascular leakage and
inflammation after PM exposure, which was correlated with increased NF-xB acet-
ylation and activation (Wu et al. 2012). Pertinent to air pollution induced COPD,
increasing expression of SIRT1 was shown to reestablish the balance between pro-
teinases and inhibitors. This strategy may become a pharmacological approach
against inhaled irritant induced COPD (Yao et al. 2013).

5.8.5 Repair Mechanisms

Post inflammatory repair markers (arginase-1, galectin-3, Ym-1) representing
alveolar macrophage contribution to wound healing were expressed in the lung
24-72 h after exposure to ozone (Sunil et al. 2012). Transforming growth factor-o
(TGF-a) is secreted by alveolar macrophages and is a potent stimulator alveolar
epithelial cell proliferation and repair (Crosby and Waters 2010). In goblet cells,
TGF-a increases mucus production thereby worsening the disease (Burgel and
Nadel 2004). Interestingly, transgenic mice expressing TGF-a were rescued from
NiSO, injury (they had diminished SP-B loss and increased survival time) (Leikauf
et al. 2001).

TGF-p is a potent anti-inflammatory molecule in the lung (Yang et al. 2012)
expressed in both airway epithelial cells and alveolar macrophages. TGF-p is a key
factor in the development of peribronchial fibrosis in COPD. A complex interaction
between mediators regulating production and destruction of the ECM is highlighted
by the fact that the action of MMP-9 is necessary to activate TGF-p contributing to
fibrotic remodeling of lung parenchyma in COPD (Chung 2005). Exposure to vari-
ous dust particles was shown to increase gene expression of procollagen, TGF-p,
and platelet-derived growth factor, and increased hydroxyproline in lung explants.
Addition of TNF-a increased dust adhesion to, and ozone exposure increased dust
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uptake by tracheal epithelial cells (Churg and Wright 2002). Further, Katre and
colleagues demonstrated in a mouse model that O; exposure increased TGF-f
expression and activated TGF-p signaling pathways leading to Os-induced lung
fibrotic responses in vivo (Katre et al. 2011).

5.9 Summary and Future Projections

The evidence for epidemiological association between occupational and environ-
mental (outdoor and indoor) exposure to air pollutants and COPD is well estab-
lished but it is also clear, that individuals respond differently to the same noxious
stimuli. Although various inflammatory pathways have been implicated, the mecha-
nisms by which air pollution affects development of COPD in susceptible individu-
als are not well understood. Recent investigations on subjects participating in the
Normative Aging Study (a prospective cohort of aging established in 1963, enrolling
men from the Greater Boston area), applied a novel genetic approach to investigate
interactions between pathways relevant to chronic inflammation and air pollution.
The authors found that among participants with higher genetic scores (i.e. a higher
allelic risk profile) within the oxidative stress and metal processing pathways, there
were significant associations between pollutant particle number and variants of the
fibrinogen, C-reactive protein and ICAM-1 genes (Bind et al. 2014a). These data
supported that in addition to the extent of exposure, disease development in exposed
subjects is related to genetic predisposition affecting specific, inflammatory genes.

Further investigations by Lepeule et al. (2014) showed that sub-chronic (3-to
28-days, cumulated) but not acute exposure to black carbon, total and non-traffic
PM,;5, CO and NO, was associated with a 1-5 % decrease in FVC and FEV, in
elderly, Normative Aging Study participants. These data suggested the importance
of duration of exposure to air pollutants. Interestingly, in participants with a greater
exposure (28-days cumulated), low methylation in the TLR2 and high methylation
in the glucocorticoid receptor genes were observed. Thus, prolonged exposure to air
pollution may lead to epigenetic alterations of genes related to inflammatory and
immune regulatory pathways.

Indeed in another well characterized cohort of subjects from the Normative
Aging Study (1999-2009) (Bind et al. 2014b) increase in air pollutant (ozone and
components of fine particle mass) concentrations was significantly associated with
hypomethylation of tissue factor-3, ICAM-1, and TLR-2 genes and hypermethyl-
ation of the IFN-y and IL-6 genes. While these studies suggested that altered DNA
methylation could reflect biological impact of air pollution, the significance and
mechanisms of such epigenetic pathways need further clarifications.

In summary, today we have epidemiological evidence that supports a pathoge-
netic role of air pollutants in the development and course of COPD. We also under-
stand that there is a great degree of heterogeneity in the air pollution effects: disease
development involves only a lesser but significant proportion of the population
where in addition to genetic factors, the extent and duration of exposure also play a
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deterministic role. Thus, the physician and policy maker are both in quandary when
the question is asked: who are the vulnerable and who are those not affected by the
pollutants. Protecting all including those who are not affected would consume large
financial resources, oftentimes not available for the individual or the society. Further
research is needed to determine the most vulnerable populations and what actions
might be successful in preventing or slowing the progress of disease. Emerging
work in genetics (Bind et al. 2014a; Zhou et al. 2013) and epigenetics (Lepeule
et al. 2014; Bind et al. 2014b; Sakao and Tatsumi 2011) of COPD provides hope in
this direction of prevention and cure.
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