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Preface

In order to perform its function in gas exchange, the lungs and all components of the respi-
ratory system are constantly exposed to pathogens, toxins, pollutants, irritants, and aller-
gens in the environment. Lung inflammation involves an array of mechanisms to defend the
lung against these extrinsic agents and to repair injured tissue. Additionally, the lungs are a
frequent target at risk to conditions associated with systemic inflammation that cause multi-
organ damage. The inflammatory reaction in the lung is a complex and dynamic process,
and our understanding in this field is rapidly progressing. Further elucidation of the com-
plexity of inflammation will likely improve the clinician’s approach to as well as the treat-
ment of a myriad of lung disorders. The chapters in this book are selected topics of current
interest in lung inflammation.

Dr. Kian Chung Ong

KC Ong Chest & Medical Clinic
Mount Elizabeth Medical Centre
Singapore






Chapter 1

Lung Inflammation, Oxidative Stress and Air Pollution

Elisa Couto Gomes and Geraint Florida-James

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58252

1. Introduction

This is a very relevant chapter in the context of “Lung Inflammation” because it details and
discussesanimportant themein this area: air pollution. The analyses of epidemiological studies,
conducted in various urban centres, have provided coherent evidence that elevated levels of
air pollution are associated with an increased risk of respiratory disease and mortality. The
whole populationis affected, but the active and athletic population is of special concern because
of the amount of time they spend training and/or competing outdoors, eliciting high ventila-
tion rates that result in higher pollutants delivery to the lungs.

This chapter addresses the systemic effects that inhaled pollutants have as well as the local
pulmonary inflammatory processes and oxidative stress. The consequences that these process-
es may impose to the health and performance of the active population will also be described.
The use of antioxidants to counteract the deleterious oxidative stress of exercise when per-
formed in a polluted environment is discussed here too.

2. Air pollution

Air pollution can be composed by a cocktail of different substances that in large amounts can
be harmful to the ecosystem. The industrial revolution marks the beginning of an accelerated
global urbanization process. As a result, large urbanized areas suffer from, amongst other
problems, a high concentration of air pollutants. The most evident form of air pollutionis a dark
layer of gas — also known as smog — present above big cities. Nevertheless, there are different
kinds of air pollution that are not as visible. Sources include natural processes, such as volcano
emissions, and also industrialized sources found in urban centres linked to human activities.
The latter includes power plants, factories, burning of fossil fuel and transportation.

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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2.1. Classification of air pollutants

Air pollutants can be found in different forms and sizes. They can be solid particles, liquid
molecules or gases. According to the way they are generated these pollutants can be consid-
ered as primary (directly produced) or secondary (formed by the interaction of primary
pollutants). Some pollutants can be both produced directly as well as formed by the reaction of
other pollutants. In addition, there are indoor and outdoor pollutants, all of which can be
detrimental to human health. Although indoor pollution is generally low, its levels can be
augmented by the use of several chemical products (e.g. cleaning products, paints), heaters,
stoves and indoor smoking. Fortunately, various countries have already adopted policies that
ban smoking in closed public spaces. Description and classification of the main pollutants
resulting from human activity are listed in table 1 below.

Air Pollutant Characteristics Source

Ammonia (NH;) * Gas Produced industrially. Mostly used as fertiliser to agricultural crops (over
¢ No colour 80%). Also used, for example, in the fermentation and textile industry, as
e Strong pungent smell cleaning product, and as antimicrobial agent for food products.

Carbon monoxide (CO)  * Gas A major source of this poisonous gas is vehicular exhaust. It is also a
e No colour product of incomplete combustion of carbon-containing fuels.
e No smell

Nitrogen dioxides (NO,) e Gas Released by internal combustion engines and power-plants. Indoor
e Brownish-red colour sources of this pollutant include gas and kerosene heaters. It is also
e Strong smell released by electric discharge during storms. NO, is also a precursor for

the formation of O; pollution.

Ozone (05) * Gas This highly oxidant pollutant is formed by the reaction of nitrogen oxides
or Tropospheric O or e No colour and volatile organic compounds in the presence of sunlight. As it is easily
ground level O e Strong smell transported by the wind it can be found in high concentrations not only

in large urban areas but also in rural areas.

Particulate Matter (PM) e Solid or liquid This pollutant can vary in size, form and composition being made up by a
particles mixture of extremely small particles (metals, soil, dust) and liquid droplets
(acids, organic compounds). The smaller the PM size the deeper it can
penetrate into the lungs and might even be able to pass to the systemic

circulation and affect other organs.

Sulfur oxides (SOx) * Gas Amongst the highly reactive gases of this group is the sulphur dioxide
e No colour (SO,) that is produced by the burning of fuels such as petrol, diesel, and
e Strong smell coal. Itis naturally released into the atmosphere by activated volcanoes.
Volatile Organic e Gases emitted from solids VOCs are mainly indoor pollutants because they can be released by a
Compounds (VOCs) and liquids variety of materials and products which are used in the households and
e Strong smell offices such as paints, disinfectant, air-fresheners and photocopy

machines. VOCs are also released by fuels. As mentioned previously they

are precursors of O;.

Table 1. Main primary pollutants resulting from human activity
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3. General health consequences of exposure to air pollution

The analyses of recent epidemiological studies, conducted in various urban centres, have
provided coherent evidence that elevated levels of air pollution are associated with an
increased risk of respiratory diseases, chronic obstructive lung diseases (COPD), cancers,
cerebrovascular-strokes, cardiovascular diseases and mortality. These occur due to the
nature of the pollutants and via their impacts on the respiratory and cardiovascular systems
[1-7]. Air pollution does not only affect individuals that are directly exposed to it, but it
also has a deleterious effect on foetal development and preterm birth. Various studies have
shown that decreases in neonate birth weight are associated with exposure to air pollu-
tion [8-10]. Children are also very susceptible to the harmful effects of pollution expo-
sure. This is reflected by an increase in the number of young children admitted to hospitals
for acute lower respiratory infection: pneumonia and bronchiolitis. These respiratory
infections are the largest causes of mortality among young children worldwide, especially
in developing countries. Within these countries a low socioeconomic status potentiates the
consequences of air pollution exposure [5, 11, 12].

These adverse effects on health, caused by air pollution, have been shown to occur in both
developed and developing countries. However, its health-related burden falls most heavily
on developing countries [3, 6, 13-15]. According to the World Health Organisation [16], air
pollution is responsible for over 800, 000 premature deaths each year, with more than 6
million years of life lost annually. Asia alone would account for approximately two thirds
of these numbers [2]. It goes without saying that this air pollution disease-burden is a great
economic issue to countries affected [14].

The World Health Organisation, together with governments of various countries, have
proposed guidelines for maximum concentrations of the different pollutants (see table 2).
Nevertheless, this does not always translate into national policies and various cities are
unable to maintain pollution levels within the suggested guidelines. The implementation
of anti-pollution measures is not always straight forward. At times, for example, it means
there is a need to change energy sources and invest in green technology. As a conse-
quence, some countries are more reluctant than other to execute such measures [3, 17].

In relation to indoor air pollutants, on March 2004, the Republic of Ireland became the first
country to completely ban smoking from workplaces. More and more countries gradually
adopted this public-space smoking ban. Nowadays, most countries in the world have some
kind of law pertaining to the issue. There is a growing body of evidence on the positive health
outcomes and the economic benefits related to the adoption of smoke-free laws. Improvements
in lung function, airway and systemic inflammation, and adverse respiratory symptoms were
observed in individuals working in bars [18, 19]. Hospital admissions of children and adults
presenting asthma and other pulmonary illnesses also decreased as a result of reduced
exposure to environmental tobacco smoke [20-22]. Smoking bans also positively impacted
individuals with heart diseases which include myocardial infarction, unstable angina and
stroke [20, 22-24].
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Pollutant Averaging time Air quality guideline values (ug/m?3)
PM2.5 Tyear 10
24 h (99" percentile) 25
PM10 Tyear 20
24 h (99" percentile) 50
O, 8 h, daily maximum 100
NO, Tyear 40
1h 200
SO, 24h 20
10 min 500

Source: (WHO 2012)

Table 2. Updated WHO air guideline values
4. Oxidative stress and air pollution

The mechanism responsible for the adverse effect of oxidant pollutants — ozone, PM — in the
lungs, which might possibly also lead to a systemic outcome, would be its direct and indirect
oxidative reaction with molecules and cells present in the airways [25, 26]. This might result
in oxidative stress in the airway tissues [27]. But what is oxidative stress?

4.1. Oxidative stress

Oxidative stress can be defined as damage that might occur in cell components, such as
membranes, RNAs and DNA, as a result from an imbalance in the body’s ability to neutralize
certain molecules or to repair the resulting damage. Free radicals and reactive species (reactive
oxygen species and reactive nitrogen species) are molecules that easily react with other
molecules to become more stable. This is an oxidation reaction, because there is transfer of
electrons from a substance to the free radicals/reactive species (oxidaizing agents). When in
our organism these reactions occur with cell components, which could have detrimental effects
such as cell function impairment and cell death. Nevertheless, the body has an elaborate
antioxidant defence system that neutralizes the reactive species and free radicals so as to
maintain a redox homeostasis. This balance, however, can be disturbed if the concentration of
pro-oxidants (reactive species and free radicals) overwhelms the available antioxidants or if
the antioxidants are depleted due to disease or poor diet. This associated with reduced
repairing process, can result in oxidative stress, and impaired cellular function may occur. In
humans, oxidative stress has been shown to be the cause and consequence of various diseases
(Fig 1). These include, but are not limited to, cancers, atherosclerosis, Alzheimer’s disease,
Parkinson’s disease, dementia, heart diseases and pulmonary disorders [28-30].
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On the other hand, free radicals and reactive species are essential to our well-being. This
happens because these molecules are necessary for a variety of reactions to occur. For example,
they are used by the immune system to attack and kill pathogens in a process called respiratory
burst. They are also used for gene stimulation, cell signalling, vasoregulation and inflamma-
tory processes [31, 32].
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Figure 1. Redox balance

4.2. Antioxidants

Antioxidants are often reducing agents capable of being promptly oxidized by free radicals
and reactive species, eliminating their pro-oxidant nature before they react with cell compo-
nents. There is a wide range of antioxidants in body fluids, tissues and organs. They are present
both intracellular and extracellular, working synergistically in a network to balance the free
radicals and reactive species. Therefore, the action of one antioxidant may depend on the
correct function of other antioxidants in the system.

Antioxidants are both synthesized in vivo and absorbed through the diet and they can be
divided into two groups: enzymatic and non-enzymatic. Enzymatic antioxidants include
superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase (CAT). Each of these
enzymes is responsible for the reduction of different pro-oxidants and they are located in
different cellular compartments. Glutathione, vitamin C, vitamin E, carotenoids, and uric acid
are some examples of non-enzymatic antioxidants. Similarly to the enzymatic antioxidant,
these are present in different cellular compartments and elicit distinct antioxidant properties
which maximize their effectiveness [29]. Antioxidants can also be classified according to their
soluble nature: hydrophilic (water soluble) or lipophilic (lipid soluble). It is this characteristic
that allows them to be present in different parts of the cells.
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Antioxidant Solubility Concentration in human serum (pM)
Glutathione Hydrophilic 4
Lipoic acid Hydrophilic 0.1-0.7
Melatonin Hydrophilic and lipophilic Varies throughout the day
Ubiquinol (coenzyme Q) Lipophilic 5
Uric acid Hydrophilic 200-400
Vitamin A (retinol) Lipophilic 1-3
Vitamin C (ascorbic acid) Hydrophilic 50-60
Vitamin E (a-tocopherol) Lipophilic 10-40
B-carotene Lipophilic 0.5-1

Table 3. Important antioxidants

Most antioxidants undergo redox cycling. This means that once oxidized they can be reduced
to their former state and act again as an antioxidant. Nevertheless, this redox cycling allows
the antioxidant to act as pro-oxidant promoting free radical formation. This would happen if
there is an unbalance in the antioxidant network system. Vitamin C and vitamin E are examples
of antioxidants with this characteristic, while melatonin is considered a terminal antioxidant
because it cannot be recycled.

Vit E Vit. E

Unbalanced T
Low

Oxidation Oxidation
[Vit. C]

reactions

Vit. ©

network reactions

Oxidized Vit E Oridized Vit. E = act as pro-oxidant = TDxidati'.'l:' stress

Figure 2. Redox cycling of vitamin E (vit E) by vitamin C (Vit. C)

4.3. Lung oxidative stress

Oxidant air pollutants such as ozone, particulate matter and nitrogen dioxide have been shown
to induce lung inflammation through stimulation of the oxidative stress process. Little is
known, however, about their effects as oxidant compounds in the lungs or about the role and
the effectiveness of the antioxidants present in the respiratory tract lining fluid (RTLF) in
scavenging and protecting against their harmful effects. A great variety of antioxidants can be
found in human RTLF. Their concentration and distribution throughout the airways, however,
is not homogeneous, with high levels of GSH in the alveolar epithelial regions and uric acid
predominating in the upper airways [33, 34].
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Numerous studies have investigated the effects by which O, affects the human lungs. Never-
theless, the mechanisms responsible for such adverse effects, such as an increase in the airway
inflammation and impairment in lung function, are only partly understood. It is known that
when O, or indeed any gas, is inhaled, it first comes into contact with the RTLF. Indeed, ozone
is not able to infiltrate further than the RTLF and the membranes of cells from the lung-air
interface, yet it is still known to cause damage beyond the lungs. Once O, comes into contact
with the RTLF, it induces oxidative stress by two different mechanisms. The first would be by
reacting directly with the constituents of the RTLF and the underlying epithelium [26]. It has
been suggested that antioxidants present in the RTLF, such as glutathione, uric acid and
ascorbic acid have an important role in neutralizing part of the radical generation, hence
reducing the ozone induced oxidative stress [35]. Studies analysing the effect of ozone
inhalation and airway antioxidant consumption have indeed shown significant alterations in
airway antioxidants, such as uric acid, ascorbic acid and GSH [36-38].

The second mechanism by which ozone can increase the oxidation process is indirectly
because, even though O, does not react directly with the epithelial cells, these cells do react in
response to the oxidation products produced in the RTLF. As a consequence they release a
variety of pro-inflammatory mediators and more reactive species [25, 26]. These processes
combined could overwhelm the local and systemic antioxidant network leading to an increase
in the oxidative process, the intensity of which varies depending on the O; inhaled dose and
also on the antioxidants present in the lining fluid. If the oxidative stress is sufficient, the
activation of an inflammatory response occurs and is characterized by the intense arrival and
activation of neutrophils. These neutrophils produce further ROS through the respiratory burst
process. Hence, the overproduction of ROS might result in oxidative stress in the airway
tissues. The hypothesis is that the antioxidants present in the epithelial lining fluid of the lungs
would neutralize the excess production of free radicals and ROS, consequently reducing lung
injury induced by air pollution [27, 35]. This will be discussed in the following sections.

5. Lung inflammation and air pollution

Airway inflammation and any other inflamed tissue can be characterized by an increase in
inflammatory cells, such as neutrophils and macrophages, as well as inflammatory mediators:
interleukin-6 (IL-6), interleukin-8 (IL-8), and prostaglandins. An increase in neutrophil
numbers and percentage is a good indicator of the beginning of an inflammatory response
because these cells account for 50-60% of the total white blood cells in the circulation and are
the first cell type to migrate to sites of injury and inflammation. When a tissue is inflamed, an
increase in the expression of adhesion molecules of the selectin family (E-and P-selectin
molecules) occurs in the local endothelium. This process is mediated by cytokines and other
inflammatory mediators. Neutrophils present in the blood recognise the site of inflammation
because of these adhesion molecules which bind to the other molecules (mucin-like cell-
adhesion molecules, CAM) on the neutrophil surface. This step is referred to as rolling: the
first step to the attachment of neutrophils onto the endothelium. In order for them to adhere
firmly and be able to migrate through the endothelial to the inflamed site, the neutrophils are

7
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activated by various chemoattractants derived from epithelial cells exposed to a foreign body,
IL-8 being an important one. Once the adhesion processes is successful the neutrophils can
initiate their transendothelium migration. Upon arrival at the inflamed tissue, neutrophils
release a number of chemoattractants to amplify the inflammatory response by recruiting other
cells.

The cytokine IL-8 is a mediator of the immune function and helps regulate the immune
response. It is secreted by a variety of cells, including neutrophils, macrophages and endo-
thelial cells, and is a chemotactic for cells such as neutrophils and T cells. In addition, it has
been linked to a wide variety of pathologic conditions characterized by an increase in neutro-
phil count. Thus, an increase in IL-8 levels is linked to an increase in neutrophils [39]. IL-6 is
another important mediator in the development of an inflammatory process. It is produced
mainly by T-cells and macrophages; and, together with IL-1 and TNF-a, stimulate both local
and systemic changes of an inflammatory response. This cytokine — IL-6 — has been thoroughly
studied in immunological responses to exercise [40-41].

Inhalation of air pollution has been shown to stimulate airway inflammation due to its
oxidative nature. Airway inflammation can be detected by both a local increase in inflamma-
tory cells as well as inflammatory mediators. The depletion of antioxidants found in the
airways, characterizes the oxidative process that triggers an inflammatory response due to
epithelial damage [42, 43]. Both the inflammatory mediators and the antioxidants can be
measured using different techniques, each with its own advantages and disadvantages.
Bronchial biopsies and brochoalveolar lavage (BAL) are quite invasive procedures that require
local anesthesia and need to be performed in a medical environment [44]. These two techniques
have the advantages of sampling the more distal regions of the airway and the biopsies
retrieves tissue samples which can give further information about the local inflammatory
process. The sputum induction procedure and the nasal lavage (NL) procedure, on the other
hand, are less invasive and less technically difficult procedures than the previously-mentioned
bronchial techniques and can be repeated at multiple time points [37, 45]. Sputum induction
and NL are techniques that sample the upper respiratory airways.

There has been a variety of studies analysing airway inflammation of individuals exposed to
O; pollution. Due to the similar oxidative nature of O, in relation to other pollutants, the results
of these studies can be, in a certain way, generalized to include them too. Nevertheless, when
analysing the literature, it is always essential to take into account the total volume of pollutants
inspired by the participants, as well as the techniques used to sample the airway compart-
ments. Ideally it would also be relevant to take into account the antioxidant concentrations in
the RTLF, which has been shown to vary between individuals. In order to increase the amount
of air — and consequently air pollution — inspired in a shorter amount of time, most studies use
exercise protocols in association with the exposure.

Airway inflammation can lead to the destruction of the cilia of the epithelial cells that line the
respiratory tract. The cilia have an important immune function because they constantly move
the mucus up from the lungs to the back of the throat where it is eliminated or swallowed and
digested. The mucus serves as a “trap” to infectious agents and small particles, such as
pollutants and allergens, preventing them to enter deep into the airways. Gas pollutants are
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not trapped in the mucus, though they can exacerbate its production and destroy the cilia
making the airways more susceptible to the invasion of other foreign agents. Another conse-
quence of airway inflammation is lung epithelial injury which leads to an open interface
between the lung and the blood. This facilitates the dispersion of microbes to the rest of the
body, initiating a systemic inflammatory response. If the lung epithelial injury is chronic and
the tissue is recurrently going through a repairing process, this can lead to fibrosis with
consequential decrease in lung function, chest discomfort, fatigue and weakness.

Injury and toxicity involving the respiratory epithelium can be assessed by a simple and
noninvasive way by measuring the concentration of Clara cell protein, also known as CC16,
CC10or Uteroglobin. This protein is secreted, as the name indicates, by Clara cells. The function
of these cells is mainly the protection of the respiratory tract. They present a high content of
xenobiotic metabolizing enzymes which protect our system against inhaled particles includ-
ing pollutants [46, 47]. CC16 is a small protein with an important role in decreasing the
inflammation of the respiratory tract and protecting it against the harmful effects of oxidative
stress [48]. This protein can be measured by the methods used to assess the respiratory airways,
including the NL procedure. Inaddition, CC16 canalso be found in theblood, whereitis derived
almost exclusively from the airways [46]. Innormal healthy individuals, the serum level of CC16
ranges, on average, from 10 to 15 ug-1" [49]. Yet, the concentration of this protein in the blood
has been shown to rise as a result of pulmonary inflammation and increases in the permeabili-
ty of the lung epithelial barrier. The lung-blood barrier offers some resistance to the bi-
directional movement of large proteins such as albumin. Nevertheless, the high concentration
of CC16 in the respiratory tract secretions and its small size permit its diffusion into the blood
[50, 51] where it can easily be detected by conventional enzyme immunoassays [52].

The bi-directional exchange of proteins between lung and blood is regulated by several factors,
such as the size of the proteins, the epithelium permeability and the driving force of the
transepithelial concentration gradient. The concentration gradient allows the movement of
proteins from an area of high concentration to an area of low concentration. In the case of CC16,
this if from the lung to the blood; but albumin, for example, moves in the opposite direction.
The large difference between the concentration gradients can be related to the difference in the
compartment sizes in which the proteins are diluted. The concentration gradient is also
influenced by the removal of the protein from the compartment into which it is leaking-
proteins that enter the lung interstitium are rapidly cleared by lymphatic drainage [51].

The changes that occur in serum concentrations of CC16 may result from three different
mechanisms. The first mechanism would result from the increase in the permeability of the
lung epithelial barrier, and this has as a consequence a higher diffusion of CC16 into the blood.
This can happen following exposure to ozone, which causes epithelial lung injury, or more
specifically, damage to the tight junctions of the cells (fig. 4) [51, 53]. A second possibility is
the decrease or increase in the production or secretion of CC16 from the Clara cells present in
the respiratory tract. A reduction in the number of Clara cells has been shown to occur
following chronic exposure to lung toxicants such as silica particles [54]. The third mechanism
that would lead to an enhancement in the levels of serum CC16 would result from a reduction
in the clearance of this protein by the kidney. Serum CC16 has a half-life of approximately 2-3
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Figure 3. Respiratory bronchiole before (A) and after (B) air pollution exposure.

h due to its rapid clearance through the kidney [46]. Hence, the variation in CC16 serum levels
can only be used as a specific biomarker of the airway epithelium integrity if the individual
does not present renal dysfunction.
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Figure 4. Movement of CC16 from the airways to the blood. (A) Under normal conditions, (B) after exposure to ozone.
The thickness of the arrows is used to illustrate the relative permeability of the different barriers and the increase in
the CC16 flux after ozone exposure. Abbreviations: Ep — epithelium; In-interstitium; En — endothelium (adapted from
Broeckaert et al. 2000b).

Both acute and chronic exposure to toxicants has been shown to elicit changes in serum CC16
levels. This supports the theory that this protein is a sensitive and suitable biomarker of lung
injury [46, 54]. A study conducted with firefighters [55] showed that acute smoke inhalation
significantly increased serum CC16 levels. In addition to smoke inhalation, the firefighters also
had to perform physically demanding tasks. Serum CC16 concentration was measured
immediately after exposure and was three times higher than that of control participants. The
change in serum CC16 concentration was attributed to a transient increase in the lung epithelial
permeability, but with no sign of lung function impairment. Ten days after exposure, the CC16
concentration had returned to baseline levels.

When two groups of individuals were compared, a chronic toxic effect on Clara cells was
observed in workers inhaling silica-rich dust for an average of 15 months [54]. One group was
composed of workers exposed to silica and the other was a control group, matched for age,
body mass index and proportion of smokers. After 15 months, the mineworkers showed a
significant reduction in serum CC16, even though they did not present any lung function
impairment or abnormalities in their chest X-ray. The decrease was reported for both the
nonsmokers and the smokers, but an additional and significant effect of tobacco smoking was
found. The authors associated this decrease with a reduction in the release of CC16 from the
Clara cells probably due to their damage from the toxic action of silica. Pertaining literature
suggests that the toxic metabolites of tobacco smoke not only increase the permeability of the
lung epithelium, but also cause a progressive destruction of Clara cells [47].

5.1. Studies investigating the effect of air pollution on performance, lung inflammation and
injury

Exercise leads to various physiological changes that can aggravate the effects of air pollutants.
Atresting conditions our breathing is predominantly nasal. This has various advantages which

"1
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includes not only humidifying and heating the inspired air but also filtering it. Once exercise
starts becoming more intense, individuals automatically switch the nasal breathing to oral
breathing in an attempt to increase the amount inhaled. Nevertheless avoiding the nasal
filtration system potentially enhances the pollutant concentration that reaches the lungs.

With the beginning of exercise, the ventilatory exchange rate (VE) starts to increase and,
depending on the exercise intensity and the size of the individual, the VE can be higher than
160 1/min which also leads to an increase in air pollution inhaled. For example, it has been
shown that, with the start of an exercise bout, there is an increase in the proportion of ultrafine
particles (nanosized particulate matter) inhaled and deposited in the airways but not elimi-
nated [56, 57]. This could be due to impaired nasal mucociliary clearance and reduced cilia
beat frequency which can occur with strenuous exercise [58, 59]. This impairment of respira-
tory defences together with a higher VE and deeper breathing makes the active and athletic
population of large cities more vulnerable to the harmful effect of air pollution on health and
on performance, especially with long-duration high-intensity exercise. Most of the major
sports events (e.g. Summer Olympic Games, Football World Cup) take place within or near
large cities, e.g. polluted Olympic Games venues Barcelona 1992; Atlanta 1996; Athens 2004;
Beijing 2008; London 2012 [60, 61]. Rio de Janeiro, Brazil's second biggest city (population
density of 5346 hab/km?) and host of the 2016 Olympic Games, also presents high levels of air
pollution [5].

Studies that have investigated the deleterious effects of air pollution on performance do indeed
report that athletes have an impaired performance [62-64]. This can be further exacerbated
depending on other environmental conditions, such as elevated temperature and humidity
[65]. This impairment can be attributed not only to an increase in lung inflammation, which
can decrease its function, but also to the increase in respiratory symptoms that the athletes
experience, including cough, nausea, pain on deep inspiration and wheezing, amongst others.
This would lead to a decrease in maximal inspiration volume via neural stimulation of sensory
fibers present in the lungs, affecting. In more reactive individuals, the ozone could activate
“irritant” receptors leading to contraction of alveolar smooth muscles and as a result changes
in respiratory muscle force and mechanic properties of the lungs would occur [66, 67].
Endurance exercise alone has also been shown to decrease lung function because hyperven-
tilation affects the airway smooth muscles [68].

Table 4 presents a summary of studies that have investigated the effect of O; air pollution on
lung inflammation, injury and function. It is interesting to see the different markers that were
analysed, as well as the protocols used. More details of some studies are described below.

Devlin et al. [72] analyzed the concentration of a broad range of inflammatory mediators in
BAL fluid 1 h after ozone exposure. In this study, volunteers performed intermittent heavy
treadmill exercise (66 1 min™) for 2 h in a chamber where the ozone concentration was 0.4 ppm.
An increase was observed in mediators of inflammation such as neutrophils, IL-6 and lactate
dehydrogenase (LDH), which is an indicator of cell damage. Similarly Holz and colleagues
[39] observed a significant increase in neutrophil count and percentage in induced sputum 1
h after participants completed 3 h of light intermittent exercise-14 1 min"' m? of body surface
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Study Subjects

Exercise andOzone levels

Results

Adams & Schelegle,  Endurance runners

1983 [69]

1 h training or competition
simulation

0;0.2; 0.35 ppm

4 lung funtion at 0.2 and 0.35 ppm
1 Respiratory symptoms with higher Oy

concentration, impairment in performance

Schelegle & Adams,  Cyclists

1h 1 h competitive cycling

¥ lung funtion at 0.18 and 0.24ppm

1986 [70] simulation protocol 1 Respiratory symptoms with higher Oy
0;0.12;0.18; and 0.24ppm concentration, impairment in performance

Brunekreefetal., Field study with 75 min cycling Small ¢ in lung function

1994 [71] cyclists 0.04-0.1 ppm+ 17,9 °C Correlation between the O3 exposure and

the impairement in lung function

Devlin et al., 1996 Healthy male 2 h heavy intermittent cycling 1 h post-exposure = 1 neutrophil, IL-6 and

[72] individuals 0.4 ppm LDH in BAL

Krishnaetal, 1998  *Healthy individuals 2 h intermittent cycling 6 h post-exposure = 1 neutrophil, IL-8 in BAL

[73] 0.12 ppm No effect on lung function

Blomberg et al, 1999 *Healthy individuals 2 h intermittent cycling 1.5 h post-exposure: no effect on neutrophil

[38] 0.2 ppm count or percentage in BAL, but 1 in

inflammatory mediators

¥ Lung function

Holz etal., 1999 [39] *Mild asthmatics +

nonasthmatics

3 hintermittent cycling
0.12 ppm
0.25 ppm

4 neutrophil percentage and count in
sputum (0.25 ppm O-)
PL-8 in sputum (0.25 ppm O3)

No effect on lung function

Broeckaert et al, Field study, trained Average 35 km cycling Post-exercise = 1 in serum CC16

2000 [51] cyclists Average 0.076 ppm

Blomberg et al., 2003 Healthy individuals 2 hiintermittent cycling 2 hand 4 h post-exposure =+ in serum CC16
[76] 0.2 ppm

Lagerkvist et al. 2004 Children (10-11 years 2 h of outdoor exercise No effect on serum CC16 or lung function
[77] of age) 0.059 ppm

Gomes etal. 2010 Elite runners

[64] and 2011 [65]

8 km time trial

0.1ppm 31°C+70% rh

Immediately post-exercise: + CC16in NLand
no difference on neutrophil counts
No effect on lung function

Decrease in performance

M Increase Vv decrease. *Non-smokers, male and female, the study does not report their physical fitness level.

Table 4. Studies investigating the effect of O; after exercise

area-exposed to 0.25 ppm of O;. Nevertheless, when the participants performed the same
exercise bout exposed to a lower O; concentration (0.12 ppm), no changes in neutrophils were
observed. Furthermore, sputum IL-8 concentration was reported to be elevated only after the

0.25 ppm exposure.

Contrasting some of the previous findings, Blomberg ef al. [38] were unable to find either
mucosal and airway neutrophilia or LDH increase at 1.5 h after a 2 h exposure to 0.2 ppm O;
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in subjects performing intermittent moderate cycling exercise producing an average minute

ventilation of 20 1 min? m? of body surface area. This difference might be explained by the
lower exercise and Oj; levels in the latter study which would have as consequence the lowering
of the inhaled O; dose. Nevertheless, in tissue obtained from bronchial mucosal biopsies,
Blomberg et al. [38] were able to detect increases in the expression of vascular endothelium P-
selectin and ICAM-1 after the ozone exposure. These molecules mediate adhesion and rolling
of leukocytes on the vessel walls. Hence, it was suggested that although there was an increase
in the expression of vascular adhesion molecules in the vascular endothelium, this had not yet
resulted in an increase in neutrophil numbers at the analyzed sites. Stenfors et al. [74] using
the same study design as the previously-mentioned researchers, demonstrated a significant
increase in BAL neutrophil number and percentage 6 h after the exercise trial. In addition,
vascular endothelium P-selectin and ICAM-1 were also elevated. This reinforces the impor-
tance of these adhesion molecules in the inflammatory response since they recruit inflamma-
tory cells into the airways of healthy individuals.

Gomes and colleagues [64, 65] investigated well trained runners performing an intense exercise
bout (8 km time trial) in an environment that, in addition to ozone pollution, was warm and
humid. This kind of environment is relevant because the formation of ozone is intensified
during the summer when there is a high incidence of sun light. Even though they did not report
any changes in lung function, there were signs of lung inflammation and lung injury, the latter
observed by an increase in NL CC16 concentration. In addition, there was a positive correlation
between lung antioxidant concentrations and performance, that is, the athletes who presented
lower concentrations of lung antioxidants were the ones who had a higher impairment in their
performance in that extreme environment.

Other studies have also looked into changes in CC16 with exercise associated with ozone
pollution. Broeckaert ef al. [75] investigated 24 non-smoking cyclists, performing a 2 h of
moderate intensity cycling during episodes of photochemical smog. The average concentration
of ozone was 0.076 ppm. Immediately before and after each ride, the participants provided
blood samples and also performed lung function tests. Significant correlations were found
between the O; concentration and the cyclists’ serum levels of CC16 both pre and post-exercise.
By contrast, when comparing pre and post rides, no decrease on lung function parameters
were found-these are usually impaired by O; exposure. Thus, this study showed that short-
term exposures to ambient-levels of O, induced an early increase in serum CC16 which took
place before other manifestations of lung toxicity. However, there was no control group to
verify if this increase was due to the exercise, the ozone or a combination of both. The authors
suggested that the increase seen in the serum CC16 was due to an increase in the pulmonary
epithelium permeability and not to an increase in the production of this protein. As this study
was conducted in the field, it is difficult to attribute these results directly to O, exposure, as
there may have been other pollutants that could also have influenced the epithelial leakage.
In addition, the levels of serum CC16 pre-ride were also correlated with the levels of ambient
O;, indicating that the cyclists initiated the exercise with an increased lung epithelium
permeability.
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Blomberg et al. [76] conducted a lab study where 22 subjects performed 2 h of moderate
intermittent exercise. They were exposed to two different environment conditions: 0.2 ppm of
O; and filtered air. The participants’ lung function was assessed and peripheral blood samples
were obtained 2 h pre, immediately pre, immediately post, 2 and 4 h post-exercise. Significant
decreases in the lung function parameters, FEV, and FVC, were observed immediately post
O; exposure. However, at 2 and 4 h post-exercise this decrease was no longer observed.
Moreover, a significant increase in CC16 serum levels was seen around 2 and 4 h post O,
exposure. No relationship was noted between CC16 and lung function at any of the analyzed
points. Serum CC16 concentrations were shown to have returned to baseline 18 h post-
exposure. Other epithelial permeability markers, albumin and total protein concentration,
which were also assessed, did not show a significant increase. The data from this study
supports the theory that serum CC16 is a more sensitive marker of altered lung epithelial
permeability when compared to traditional markers.

Contrary to the above-mentioned studies, Lagerkvist et al. [77] did not find any significant
changes in serum levels of CC16 in children (10-11 years of age). They performed 2 h of outdoor
exercise, where the maximal O; value reached 0.059 ppm. Blood samples and lung function
performance were analyzed pre and post-exercise. Yet no decrease in lung function or changes
in CC16 were observed. In relation to CC16 concentration, the authors reported that children
who regularly visited chlorinated indoor swimming pools presented significantly lower levels
of serum CC16 both before and after the outdoor exercise when compared to the non-
swimming children. In this study, it is important to observe that the maximum level of O,
reported is lower than in the previous studies discussed above. Furthermore, the authors
mentioned that the children performed light exercise; though, they did not report the type of
exercise nor how the exercise intensity was controlled. More investigation is needed to
establish the effect of ozone and exercise on airway permeability of different populations, as
there are still contradictions in the literature using CC16 as a marker of lung injury.

Acute exposure to ozone, as investigated in the studies above, is very relevant and can also be
related to some real-life situations when cities experience intense pollution episodes or when
individuals travel to more polluted areas. Nevertheless, chronic exposure to air pollution also
needs further investigation. Unfortunately, several challenges are present for the development
of research on chronic exposure to air pollution on a human exercising population. Christian
et al. [53] showed an attenuation of the inflammatory response in BAL after four consecutive
days of exposure to ozone. Nevertheless, it seems that, although neutrophil recruitment and
IL-6 concentration in the respiratory tract is attenuated with multiday short-term exposures,
airway epithelial injury may continue to occur. The data from Jorres et al. [44] support the
previous finding, with them additionally reporting that, after four consecutive exposures, an
increase in airway mucosa inflammation as well as the neutrophil count was observed in
bronchial mucosal biopsies. These data, thus, demonstrate that airway inflammation persists
despite the attenuation of some inflammatory markers in BAL. It is important to point out that
such persistent injury could lead to airway remodeling, which has been observed in several
animal studies, but needs further investigation in humans [53].
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Using a different technique, sputum induction, to assess airway inflammation, Ratto et al. [45]
found an increase in the percentage of neutrophils after 4 h of 0.2 ppm O, exposure during 4
consecutive days. This finding is in contrast to the afore-mentioned studies using BAL where
it was observed an attenuation of the inflammatory response. Nevertheless, the increased
recruitment of neutrophils to proximal airway tissue, showed by the analysis of induced
sputum, was consistent with the examination of endobronchial biopsies samples taken by
Jorres et al. [44]. Once more, it shows that different techniques sample different airway
compartments producing differing results. In addition, the exposure and exercise protocol is
also essential for the outcome of the inflammatory process. An important additional factor that
appears to affect results in these studies is individual responsiveness due to differences in
ozone sensitivity of individuals [39, 78].

6. Air pollution, exercise and antioxidant supplementation

The respiratory tract lining fluid is the first barrier encountered by inspired gases and,
therefore, it has a network of antioxidants, such as ascorbic acid, GSH, a-tocopherol and uric
acid to provide protection against oxidative stress [42, 78, 79]. For this reason, antioxidant
supplementation has been suggested as a benefit for people exercising in an air-polluted
environment. The rationale behind such hypothesis is that increasing the availability of
antioxidants in the respiratory-tract lining fluid will provide additional sacrificial substrates
for the oxidant-be it PM, O, or any other oxidant gas. These additional sacrificial substrates
will, in turn, decrease oxidation reactions occurring within this fluid and within the under-
lining epithelial cells. In addition, an excess in antioxidants concentration might also confer
protection by neutralizing free radical species, derived from these initial reactions or inflam-
matory cells [26, 78]. As a result, the toxicity of the pollutant would be decreased limiting the
inflammation response of the cells from the epithelium tract [80], consequently, lung injury
would be minimized and lung function would be maintained.

Some studies have investigated this proposed benefit of increasing antioxidant availability in
individuals exposed to ozone-pollution by supplementing the participants with a mix of
antioxidants, mostly vitamins C and E. These two antioxidants are present in the RTLF, they
both have strong antioxidant properties and together have been shown to present a synergistic
effect in the protection against oxidative stress [78, 81]. Vitamin E is the major lipophilic
antioxidant in human tissues, whether in the airways or otherwise; and vitamin C has been
linked to maintenance of lung health, as for example, by improving lung function, having a
positive effect on exercise-induced bronchoconstriction in asthmatic individuals and decreas-
ing the adverse respiratory symptoms experienced during exercise [82-84]. As will be further
elucidated, supplementation with these two vitamins has been shown to provide some
protection in humans exposed to ozone-pollution [35, 85-88]. Little is known in relation to the
benefits of antioxidants when it comes to exposure to other kinds of air pollutants other than
O;. Nevertheless, the benefits would be expected to be similar for all the oxidant air pollutants.

Romieu ef al. [85] have shown the existence of some protective effect when participants are
supplemented with a mix of antioxidants. These researchers conducted a field study in which
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34 workers (shoe-cleaners), who were constantly exposed to pollution (Mexico City), partici-
pated in a double blind supplementation/placebo crossover design study. The supplementa-
tion consisted of a mix of different antioxidants (650 mg vitamin C+100 IU vitamin E+15 mg
b-carotene) ingested during a 10-week period. The washout period was 2 weeks. The average
daily ozone concentration was 0.07 ppm, and on 55% of the days the concentration exceeded
the Mexican standard of 0.11 ppm. As reported, antioxidant supplementation resulted in a
protective effect on the lung function against the ozone exposure. The authors, however, do
mention that individuals who consumed antioxidants first presented less lung function
impairment after consuming placebo than subjects that initially ingested placebo. The authors
attributed this result to the short washout period, especially in relation to vitamin E, which
accumulates in the tissues; but they did not investigate this issue. Field studies, such as this
one, have some limitations, as for instance, the interference of other pollutants and the change
in concentration of the analyzed pollutant throughout the long period in which the study was
conducted. In addition, the participants of this study were not exercising while being exposed
to the pollution.

Two subsequent field studies, conducted with amateur and recreational cyclists [86, 87],
reached similar results in relation to antioxidant supplementation providing some protection
against the acute effects of ozone on lung function. Grievink et al. [86] observed two groups of
cyclists, during a 3-month period. One group was supplemented with vitamin C (650 mg
day™), vitamin E (100 IU day) and p-carotene (15 mg day); while the other group ingested
placebo. This study was conducted during the summer months, and the lung function of the
cyclists was measured before and after training or competition on 4 to 14 occasions. Of note,
the supplementation started 1 week before the first measurement and was maintained during
the study period, and this could have influenced the result as the participants were not all
tested on the same occasions. The mean temperature throughout the study period was 23°C
and the ozone concentration averaged 0.05 ppm. In the subsequent study by these researchers
[87], the same protocol was followed in relation to the exercise and measurements during the
summer; however, the supplementation protocol varied slightly (3 months of daily vitamin C
500 mg and vitamin E 150 IU). In this later study, even though it was reported that the
supplementation was able to partly counteract the decreases of lung function, the authors also
mentioned that, when participants who had not complied fully with the supplementation were
excluded from the analysis, the effects of ozone on lung function were no longer observed. The
average temperature and ozone concentration in this study were lower than in the previous
study: 17°C and 0.04 ppm respectively. Both studies presented some disadvantages. Firstly,
they analysed two different groups of individuals, making comparison challenging as the
effects of ozone have been shown to vary a lot from one individual to another. Secondly, the
placebo group and the vitamin group were not balanced in relation to individuals presenting
respiratory allergies or asthma. In addition, in the latter study [87], the placebo group, acting
as the control, was not taking any pills, therefore, it was not blinded. Thirdly, some individuals
in the supplemented group were already taking antioxidants prior to the start of the study.
Lastly, it was reported that the adjustment for environmental temperature as a possible
confounder was difficult due to the high correlation with ozone. All in all, it is important to
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view these results with caution because this array of uncontrolled variables could have
influenced the outcome.

In the study of Samet et al. [35], participants were divided into two groups and all underwent
a 1-week period of vitamin C-restricted diet. After this, one of the groups received supple-
mentation (250 mg vitamin C+50 IU vitamin E+12 oz of carrot and tomato juice), while the
other group received placebo and continued on the restricted diet. The supplementation period
consisted of a 2-week period after which the subjects underwent a 2 h low-intensity exercise
protocol in a high ozone-polluted chamber (0.4 ppm). After exposure, the subjects completed
a respiratory symptom questionnaire, performed lung function tests and underwent a
bronchoalveolar lavage. There were no differences between the supplemented group and the
placebo group in respect to answers given in the respiratory symptom questionnaire. This
suggests that dietary antioxidants do not minimize the perceived harmful effects of ozone. In
addition, there were no differences in neutrophil counts or other inflammatory markers in the
bronchoalveolar lavage fluid. Nevertheless, the authors did report attenuation in lung function
impairment in relation to the subjects who ingested the antioxidant mixture.

Contrary to this finding, Mudway et al. (89) did not report any changes in lung function when
they conducted a double-blind crossover study. The supplementation (500 mg vitamin C+150
IU vitamin E daily) period in this study was smaller than most supplementation protocols: just
1 week, with a 2-week washout period. The exposure protocol consisted of 2 h of intermittent
cycling in a chamber with 0.2 ppm of ozone. Besides the lack of changes in lung function, there
were no differences in airway inflammation, which was assessed 6 h post-exposure. It is
important to point out that, after the supplementation protocol, the subjects did present an
increased concentration of plasma ascorbic acid and a-tocopherol. This increased concentra-
tion, however, was not observed in the respiratory airways when it was accessed 6 h after the
ozone exposure. Nevertheless, the authors did report movement of a-tocopherol from the
plasma into the RTLF following the ozone challenge.

In a 2011 study, Gomes et al [90] reported that there was a positive effect of a 2-week supple-
mentation period of vitamin E and vitamin C on the pre-exercise levels of the total antioxidant
concentration in the RTLF. In addition, after the 8 km time trial run the participants, when on
the vitamins, presented decreased lung injury (higher CC16 levels in both the plasma and NL)
compared to when they took the placebos. Participants also ran on average 49sec faster when
taking the vitamins. The environment where the exercise took place had, besides the ozone
pollution (0.1ppm), also heat and humidity. This study was also conducted in a double-blinded
randomized and crossover way, which minimizes biases. A summary of the studies presented
above is provided in Table 5.

The inconclusiveness of the literature can possibly be attributed to divergences in the meth-
odologies used in the research, such as different supplementation protocols, exercise modes
and participants’ fitness levels. Additionally, only one study looked at the effect of antioxidant
supplementation on performance in a polluted environment, with more information being
necessary in relation to the antioxidant and inflammatory response. Due to the high antioxi-
dant consumption by the physically active community and by a large portion of the general
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Study Subjects Design Supplement Exercise and Results

ozone levels

Romieu et al., 1998 Shoe-cleaners  Field study 10 wks: vit C650 mg + vitE  Daily work Attenuation of lung
[85] Crossover 100 IU + b-carotene + 15 Average of 0.07 function impairment
(n=34) mg daily ppm O, with supplementation
Grievink et al.,, Amateurand  Field study Started 1 wk before 1 Training Supplementation
1998 [86] recreational Placebo (n=18) measurement, total of 3 sessions provided some
cyclists Supplemented  months: vit C650mg +vitE  Average of 0.05 protection on lung
(n=20) 100 IU and b-carotene ppm O; function
15mg daily
Grievink et al,, Amateur Field study Started 1 wk before first Training No effect on lung
1999 [87] cyclists Placebo (n=9) measurement, total of 3 sessions and function

Supplemented  months: vit C500 mg + VvitE competitive
(n=11) 150 IU daily races
Average of 0.04

ppm O3
Sametetal, 2001  Male and Placebo (n=16) Placebo: 3 wks vitamin 2 h low- Attenuation of lung
[35] female, physical Supplemented restriction intensity function decrements
fitness not (n=15) Supplemented: 1 wk intermittent with supplementation
specified vitamin restriction + 2 weeks exercise on No differences in
of 250 mg vitamin C + treadmill or respiratory symptoms
vitamin E 50 IU + 12 oz of cycling or lung inflammation
carrot and tomato juice 0.4 ppm O,
daily
Mudway et al.,, Male and Crossover 1 week: vit C500mg +vitE 2 hintermittent No effect on lung
2006 [89] female, physical (n=14) 150 IU daily cycling function
fitness not 0.2 ppm O, No effect on lung
specified inflammation
Gomes etal. 2011 Male elite Crossover 2 weeks: vit C500mg + vitE  8kmtimetrial ~ Attenuation of lung
[90] runners (n=10) 100 IU daily run injury with

supplementation
49 secimprovement

in performance

Table 5. Studies investigating vitamin C and E supplementation in ozone exposure

population, this is an important topic for research, particularly when coupled with the fact
that large urbanized areas might provide an additional reason, in the form of air pollutants,

to increase the antioxidant intake.



20

Lung Inflammation

7. Chapter summary

The main points of this chapter are:

Air pollution can be found both indoor and outdoor. Sources of air pollution are mainly
found in urban areas linked to human activities, such as power plants, and locations where
there are high concentration of vehicles and burning of fossil fuel. Some pollutants are also
generated by natural processes.

Air pollutants can be found in different forms and sizes and they can exist as solid particles,
liquid molecules or gases. Some examples include: Ozone, particulate matter, carbon
monoxide, and nitrogen dioxide.

High levels of air pollutants have been shown to cause and exacerbate various pulmonary
and cardiovascular diseases, as well as increase mortality. Low birth weight and baby
development have also been shown to occur in areas with high levels of air pollution.

The active population that exercise and compete outdoors are a susceptible group. This is
the case because exercise leads to an increase in the amount and depth of air that is inhaled,
which results in higher doses of air pollutants reaching deeper places in the lungs. This also
facilitates the passage of the smaller sized PM into the systemic circulation.

Some air pollutants can trigger an oxidative stress process in the lungs which can lead to
cell death, inflammation, injury and loss of function.

Antioxidants are sacrificial molecules that promptly react with free radicals and reactive
species neutralizing them. There is a wide range of antioxidants in body fluids, tissues and
organs, working synergistically in a network

CC16 is a small-sized protein which changes in concentrations can indicate lung injury and
toxicity. It can be measured in the upper and lower respiratory tract, as well as in the blood.

Performance could be affected when individuals exercise in an ozone polluted environment.
This, however, depends on the exercise type, intensity, duration, individual susceptibility
and other environmental factors, such as heat and humidity.

Although more studies are necessary, antioxidant supplementation might help to mitigate
the adverse effect of ozone pollution on health and performance.
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1. Introduction

Lung is a major site of continuous immune reactions as it encounters various foreign particles
and antigens entering the respiratory system. It is the main internal organ constantly exposed
to the external environment that contains an array of microbes and particulate matter.
Typically an adult exchanges 4.2 liters of air per minute amounting to almost 6000 liters per
day [1In fact ventilation and respiration generates an environment where both inflammatory
and anti-inflammatory response takes place continuously. However, a delicate balance is
maintained between eliciting an immune response followed by resolution and repression of
further immune reactions. Uncontrolled responses may result in injury or collateral damage
to the lung whereas a subdued immune reaction may lead to unchecked infection. Hence, an
efficient inflammatory reaction followed by precisely controlled resolution and fine-tuned
remodeling process has evolved to minimize the effects of such challenges. The immune
system of the lung is well developed to encounter this continuous challenge and disparate
demands. Both innate and adaptive immune responses contribute to the surveillance of overall
immune function in the lung. The respective immunological effector cells, T-lymphocytes,
mast cells, dendritic cells (DCs) and macrophages are present within the lung interstitium, as
early as from the pseudoglandular stage of development [2].

Macrophages are strategically distributed all over the body, present virtually in all tissues.
They represent an important part of the immune system as tissue resident cells. Macrophages
can differentiate from circulating peripheral blood mononuclear cells which migrate into tissue
in the steady state or in response to inflammation. As the most plastic cell of the hemapoetic
system, macrophages are classified depending on the milieu and specialization. Macrophages
are of various types such as alveolar (lungs), microglia (brain), kupffer cells (hepatic), splenic,
intestinal, intraocular (eyes) and bone marrow. Macrophages represent a spectrum of activated
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phenotypes rather than defined stable subpopulations. During homeostatic conditions, the
tissue resident macrophages remain in a quiescent state. Upon requirement, monocytes get
recruited and differentiated into macrophages and DCs at the site of inflammation. Mature
macrophages can further get polarized into either M1 macrophages (classical activation) or
M2 macrophages (alternative activation) and attain their respective phenotypes. They are
characterized based on their surface markers, secreted cytokines, nitric oxide enzymes,
transcription and epigenetic factors.

Macrophages serve as an effective component of innate immunity for their ability to recognize,
engulf and kill potential pathogens. Macrophages are commonly derived from monocytes and
play a crucial role in both innate and adaptive immunity [3]. They contribute to the activation
of these immune responses by synthesis and secretion of a range of pro-and anti-inflammatory
mediators thereby establishing protective immunity. Macrophages also play an important role
in the defense system as antimicrobial warriors against invading microbes such as bacteria.
Uncontrolled macrophage activity in the host is however noxious and has been linked to
various pathogenic conditions such as artherosclerosis, granulomatous disease and macro-
phage activation syndrome [4-9]. The pivotal role of macrophages during the initiation,
regulation and termination of inflammation makes them a major target for the prevention,
control and resolution of inflammatory processes in various chronic lung diseases such as
chronic obstructive pulmonary disease (COPD) [10-13], asthma [14-16] and idiopathic
pulmonary fibrosis (IPF) [17-20].

The alveolar macrophages (AMs) are the predominant leukocyte phenotype in the lung among
all age groups (> 89%). Bronchoalveolar lavage (BAL) from healthy adults contains an average
of 91% of alveolar macrophages, 7% of lymphocytes, 1% neutrophils and 1% of mast cells [21].
In the lungs, cells of lymphoid origin are sparse when compared to cells derived from the
myeloid lineage during an acute immune response. Macrophages initiate phagocytosis and
subsequently release cytokines along with other products which orchestrate host cellular
defence. Understanding the molecular basis of macrophage polarization is an important aspect
to deal with inflammation. The microenvironment plays an important role in the phenotypic
polarization of macrophages. This polarization is driven by various factors, signals and
diseased conditions. However, the molecular basis of macrophage polarization has not been
fully explored. A major question that remains to be answered is about the function of the
different macrophage types under various conditions such as steady state, diseased and tissue-
repair. The need to understand the polarization of macrophages becomes mandatory in order
to improve the therapeutic strategies for different chronic respiratory diseases. In this chapter,
the heterogeneity of macrophages, its classification under different conditions, and the status
of its polarization in chronic respiratory diseases along with their respective functions are
discussed.

2. Monocyte heterogeneity

The mononuclear phagocyte system represents a subgroup of leukocytes described as a
population of bone marrow derived CD4+(cluster of differentiation 4) myeloid progenitor cells
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that circulate in the blood as monocytes [22]. They act as immune effector cells, equipped with
chemokine receptors and pathogen recognition receptors on its surface that mediate migration
from blood to tissues. These cells do not proliferate in a steady state condition but circulate in
blood stream, bone marrow and spleen [23, 24]. They enter the peripheral tissues during
inflammation and mature into either macrophages or inflammatory DCs which are significant
mediators of inflammatory reaction in the lung tissue. The differentiation of recruited blood
monocytes into macrophages depends on the characteristics of inflammation and is also
governed by the pulmonary microenvironment. Newly differentiated macrophages can also
activate resident macrophages or epithelial cells to secrete more inflammatory cytokines,
chemokines and other inflammatory factors which in turn result in more monocyte recruitment
to the site of inflammation.

Peripheral-blood monocytes show morphological heterogeneity, such as variability of size,
granularity and nuclear morphology [25]. In human blood, monocytes are divided into two
subsets depending upon the differential expression of cell surface markers CD14 and CD16,
commonly detected by means of cytometry. Monocytes which are CD14"(High) and CD16"
(negative) represent the classical subset whereas monocytes with CD14" and CD16"(positive)
expression represent the other type characterized by higher expression of major histocompat-
ability complex class II (MHCII) and CD32 antigen [26]. The monocyte heterogeneity in mice
is differentiated with the expression of chemokine (C-C motif) receptor 2 (CCR2) and lym-
phocyte antigen 6 complex (Ly6C). Monocytes which express CCR2, CD62, CX3CR""
(chemokine [C-X3-C motif] receptor 1), Ly6C correspond to CD14"CD16 (classic) human
monocytes [27]. Although monocyte heterogeneity is not completely understood, one theory
suggests that monocytes continue to develop and mature in the blood and can be recruited
into the tissues at various points during maturation continuum [28].

Plasticity is the hallmark of monocytes and it responds to various microenvironmental signals
and mount specific phenotypic functional programs. Monocytes in response to the pro-
inflammatory signals migrate to the inflamed tissue and differentiate into inflammatory
macrophages and DCs. Also in the absence of inflammation, monocytes have been thought to
enter the tissues and replenish the pool of tissue resident macrophages and DC populations
[29]. However, recent evidences suggest that tissue resident macrophages proliferate and
maintain their pool locally, independent of the circulating blood monocytes [30]. However,
the precise mechanism for this switch in the role of monocytes from one type to another is not
clear. Granulocyte macrophage-colony stimulating factor (GM-CSF) and interleukin 4 (IL4)
are able to induce the differentiation of human and mouse monocytes into DCs, irrespective
of their subsets [31, 32]. These striking similarities in the characteristic features of mouse and
human monocyte subsets establish the conserved mechanisms among the two species.
However, since most of our understanding about macrophage biology relies on in vitro studies
or severe pathological conditions of animal experimental disease models, one needs to
overcome the difficulties in establishing the in vitro and in vivo studies to have a clear
mechanistic understanding of the phenotype switching in monocytes under homeostatic
conditions. In this context, significant progress has recently been achieved in mice thereby
improving our understanding of the weak connection between circulating blood monocytes

31



32

Lung Inflammation

and resident tissue macrophages. For example it has been shown that AMs originate from fetal
monocytes, thus establishing a locally independent, self-maintained pool of highly specialized
resident tissue phagocytes. The pool is maintained by local proliferation, mainly triggered by
GM-CSF stimulation and under steady state conditions exist independent of replenishment
by blood monocytes [30, 33, 34].

3. Populations of macrophages

Macrophages can be derived from circulating monocytes and exhibit a high degree of heter-
ogeneity like their precursors [35, 36]. However, it is still not clear whether in this way
differentiated cell will be able to functionally replace resident tissue macrophage. Heteroge-
neity refers to the ability of macrophages to embark on different phenotypic functional
specialization depending upon the anatomical location and its microenvironment. For
example, the AMs express high pattern recognition receptors to counter the environmental
microbial challenge in the lungs. Likewise, each tissue resident macrophage has its typical
functional characterization. It is clear that macrophages represent a spectrum of activated
phenotypes rather than discrete stable subpopulation. The main function of immune surveil-
lance remains the same for all the macrophages irrespective of its location. Macrophages play
a central role in inflammation and host defence [3] and are characterized by considerable
diversity and plasticity [37, 38].

In the lung, distinct macrophage subpopulations have been characterized primarily in
infectious disease and asthma models [39-43]. The local conditions present in the lung dictate
the differentiation and activation of monocytes and macrophages in addition to the specific
developmental pathways [25]. Two unique populations of monocytes are present in circula-
tion. The monocytes enter lungs under steady state conditions and develop into resident tissue
interstitial macrophages and AMs [44, 45]. Inflammatory monocytes are recruited in a CCR2-
dependent manner at the time of inflammation, and develop into either an activated macro-
phage population, known as exudative macrophages (ExMacs) or into monocyte-derived
dendritic cells (moDCs) [46]. Resident macrophages differ markedly from inflammatory
monocyte-derived macrophages in terms of morphology, phenotype, and effector functions
[42].

Resident lung interstitial macrophages and AMs express relatively lower MHCII and costi-
mulatory molecules [47]. After activation, they produce low levels of inflammatory cytokines
and do not promote T-cell activation. In contrast, ExMacs are a major source of inflammatory
cytokines and chemokines, expressing high levels of MHCII and costimulatory molecules.
Further, they also stimulate T cell activation [46]. It is hypothesized that ExMacs are recruited
to the lung early after noninfectious lung injury and have effector functions distinct from
resident macrophages [46]. AMs in the lung provide the first line of defense against inhaled
organism and irritants [16, 44]. In addition to their phagocytic role, AMs are known to be a
critical modulator of the lung inflammatory response through the production of various pro-
inflammatory and anti-inflammatory modulators.
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4. Activation and recruitment of macrophages

The presence and evolution of distinct macrophage subsets in the lung serve specific niches in
regulating the inflammatory response and its resolution. Based on the patterns of gene
expression, protein secretion and roles in host defense mechanisms, macrophages are classified
into classically activated macrophages (CAM) and alternatively activated macrophages
(AAM). The two main macrophage subsets namely CAM (also termed as M1) and AAM
(termed as M2) have been described in analogy to T helper (Th)1 and Th2 lymphocyte
archetype activation [3]. In response to various signals, macrophages may undergo M1
classical activation [by toll like receptor (TLR) ligands and interferon gamma (IFNy)] or M2
alternative activation [by IL4 and IL13]. M1 and M2 activation phenotypes represent two ends
of the functional spectrum of macrophage polarization [48] (Figure 1). In addition to these
stimulants, various other cytokines and interferons have also been documented in the
polarization of macrophages. Addition of transforming growth factor beta 1 (TGFp1) to
monocytes confers the phenotype of leukocytes during in vitro condition [49], whereas
exposure to macrophage colony stimulating factors (M-CSF) induces monocytes to differen-
tiate into macrophages under the same condition. Addition of IFNYy [or lipopolysaccharide
(LPS)] to M-CSF induces the differentiation of M1-like macrophages whereas addition of IL4
induces the differentiation of M2-like macrophages [50, 51]. A continuum of macrophage
polarization is likely to exist beyond these discrete in vitro based classifications [38].

The immune system of alveolar blood barrier in the lungs has to be tightly regulated as
pulmonary edema and inflammation can lead to thickening of alveolar walls and thereby
compromise gas exchange efficiency [52]. Alveolar macrophages play an important role in
maintaining the immune system of the lungs. Multiple subsets of monocyte derived macro-
phages contribute to distinct stages of inflammation [23, 27]. A fully differentiated macrophage
subpopulation can change its phenotype in response to the microenvironment [48, 53, 54]. Each
signal from the microenvironment has its specific role in the process of macrophage polariza-
tion and the macrophages change their phenotype based on the duration of exposure to the
stimulus [53-57]. Macrophages which are exposed to the environment favoring alternative
activation, switches its phenotype to M1 when it encounters activation by IFNy or TNF [58-60].
Various molecules such as 7-oxo-cholesterol (7oxo-C), P50 have been recognized as stimulants
of polarization. 7oxo-C has a prominent impact on the phenotype of polarized M1 and M2
macrophages. It stimulates the expression of MHCII by M1 macrophages resulting in upre-
gulation of macrophage function as antigen presenting cells (APC) that favor activation of
adaptive immune responses [61]. 7-oxoC affects human macrophage biology by skewing the
M1/M2 macrophage balance towards a pro-inflammatory profile. P50 in nuclear factor kappa
B (NF-kB) play an essential role in the orientation of macrophage polarization both in vitro
and in vivo. This regulatory subunit may play a crucial role in the control of M1 and M2 driven
inflammation [62]. Other key transcription factors for polarization are interferon regulatory
factor 5 (IRF5), signal transducer and activator of transcription 1 (STAT1) for the M1 and IRF4,
STAT6 and peroxisome proliferator activated receptor gamma (PPARY) for the M2 pathway
[63].
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Figure 1. Schematic representation of M1 (classical) and M2 (alternative) macrophage polarization. Several cy-
tokines and chemokines are involved in the classical and alternative activation of macrophages. Monocytes gets differ-
entiated into macrophages which in turn polarize to M1 type on exposure to interferon gamma (IFNy). Various signals
define the different forms of alternative activation of macrophages. Interleukin 4 (IL4) or IL13 induces M2a subtype;
IL1B or lipopolysachharide (LPS) or immune compelxes induces M2b macrophages; and IL10 or glucocorticoids results
in M2c macrophages [38, 48, 64]. GM-CSF: granuloctye macrophage-colony stimulating factor, M-CSF: macrophage-
colony stimulating factor, MHCII: major histocompatibility complex II, iNOS: induced nitric oxide synthase, TNFa: tu-
mour necrosis factor alpha, ARG1: arginase 1, Ym1: chitinase-like 3, Relma: resistin like alpha, CXCL: chemokine (C-X-
C motif) ligand, CCL: chemokine (C-C motif) ligand, CCR: chemokine (C-C motif) receptor.

5. Classical activation of macrophages (CAM)

M1 macrophages are induced by IFNYy. Other factors which results in the activation of M1
macrophages are LPS, cytokines such as TNFa and GM-CSEF. IL12 and IL23 are upregulated
while IL10 is down-regulated during M1 macrophage activation [65]. IL13 and TNF«x act as
inducers as well as effector molecules during this process. It is also observed that Th1 response
is involved in classical macrophage activation. M1 macrophage development results in
elevated expression of the enzyme induced nitric oxide synthase (iNOS/NOS2) [66] thereby
causing production of an excess amount of nitrogen and oxygen intermediates. These cells
mediate the resistance against microbes, intracellular parasites and tumours by eliciting tissue
disruptive reactions. M1 macrophages, whose prototypical activating stimuli are IFNy and
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LPS, exhibit potent microbicidal properties and promote strong IL12-mediated Th1 responses.
M1 macrophages express reduced levels of mannose receptor and Fc receptor for IgG (FcaR)II
[67]. Classical polarization of macrophages by cytokines affects lymphocyte proliferation. It
also determines the cytokines to be produced by activated macrophages. Pro-inflammatory
M1 macrophages release higher amounts of active matrix metalloproteinases (MMPs) such as
MMP1 and MMP9 compared to anti-inflammatory M2 cells.

6. Alternate activation of macrophages (AAM)

Macrophages activated in the presence of IL4 are known as alternatively activated macro-
phages. IL4 along with IL13 are the major cytokines of Th2 immune responses. Macrophages
treated with IL4 and IL13 fail to present antigens to T cells and produce low levels of cytokines
in vitro [68, 69]. These macrophages are also termed as wound healing and tissue regeneration
macrophages because of their ability to produce growth factors contributing to the develop-
ment of extracellular matrix (ECM). The main properties of M2 like macrophages are expres-
sion of higher levels of surface scavenger, mannose and galactose type receptors that are
involved in debris clearance. It is worthy to note that although murine M1-and M2-polarized
macrophage subsets are relatively easy to distinguish based on combinatorial gene expression
profiles, the identification of equivalent subsets in humans is a more challenging task [61].
There are various forms of AAM [70]. Immune complexes along with IL10, glucocorticoids
activate M2 macrophages besides IL4 and IL13. Contrary to the M1 macrophages, during
polarization IL12 and IL23 are released at lower levels whereas scavenger, mannose and
galactose-type receptors are expressed at higher levels. IL4 was initially believed to act as anti-
inflammatory for its ability to suppress TNFa and IL6 production in macrophages. AAMs also
downregulate host protection against selected pathogens, but promote parasite encapsulation.

There are three distinct subtypes of AAMs namely M2a, M2b and M2c (Figure 1). This
classification is mainly based upon the interaction between the specific ligands and receptors
of the macrophages. The subtypes of AAMs are characterized based on the cell surface markers
and specialization. Low amounts of IL4 promote a Th2 cell response. If the stimulus persists,
it results in sufficient production of IL13, which is a dominant Th2 effector cell cytokine. IL13
in turn induces responses in both hemapoietic and non-hemapoietic cells. The diversity of
macrophage function is indicated by their polarized states, distinct subpopulations and
localization in the lung. Signals inducing M2 polarization downregulate the activities of NEF-
kB and STAT1. IL4 and IL13 selectively induce CCL24, CCL17, CCL18 and CCL22 in M2a
macrophages with inhibition by IFNy [70]. M2b macrophages express high levels of IL10 and
low levels of IL12. M2c macrophages express high levels of CXCL13, CCL16 and CCL18 [70].
Unlike other discrete leukocyte populations, macrophages maintain their plasticity and can
alter their phenotype based on the microenvironment, including the cytokine milieu among
the other factors. Importantly, M1 cells can repolarize towards M2 after the phagocytosis of
apoptotic neutrophils [71, 72] suggesting that reprogramming of inflammatory macrophage
towards M2 phenotype may be involved in the resolution phase of acute lung injury.
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The markers of polarized macrophage were originally identified by Becker and colleagues
using membrane proteomics of macrophages [73]. AM induces high IL10 production and also
weakly express the surface receptors for M2 cells. This suggests that an early recruitment or
activation of a resident population can serve to balance the pro-inflammatory milieu. A
population of pro-inflammatory M1 cells within the interstitium is also found to be resident
cells. During the resolution phase of lung injury, this population (CD11b"* and CD45") up
regulates the M2 markers, transferrin receptor (TFRC), chitinase -like 3 (YM1) and arginase 1
(ARG1) expression representing M1 cells in transition. A similar trend of repolarization
markers is observed among these cells located in the alveolar space. CD11b" expressing
population of cells demonstrates higher iNOS, IL12 and ARG1 gene expression. This subpo-
pulation coexpressing iNos and ARGI may be regarded as representative cells which share
M1 and M2 markers [74]. The CD11b" cells also express high amounts of IL12, another factor
by which these cells can regulate T cell responses. Cu, Zn superoxide dismutase (Cu, Zn-SOD)
polarize the macrophages to M2 phenotype, and Cu, Zn-SOD-mediated H,0, levels modulates
M2 gene expression at the transcriptional level by redox regulation of a critical cysteine in
STAT6 [75].

7. Resident alveolar macrophages (AM)

The lung provides an appropriate example of macrophage heterogeneity within an organ and
effects of the microenvironment on the respective functions of macrophages located within
that particular environment. Based on the anatomical location within the lung, there are three
types of macrophages viz., alveolar, interstitial, and the intravascular macrophages. Each
macrophage performs specific functions, as for example, the primary function of alveolar
macrophage is the removal of particulates and microorganisms from the alveolar space. The
pulmonary intravascular macrophages perform the same function but in the circulation
whereas the interstitial macrophages might have a role in limiting inflammation, fibrosis, and
antigen presentation [76, 77]. However, the role of macrophage heterogeneity in development
of various macrophage population and its subsets is not clearly understood. As described
above, resident alveolar macrophages are derived from fetal monocytes but not blood
monocytes. However, it is still not clear whether the ExMacs are differentiated after inflam-
mation from recruited monocytes can actually replace those developed under steady state
conditions. Further, it remains unclear whether resident macrophages in the respective tissue
niche are terminally differentiated or remain flexible to change their phenotype from one niche
to another according to the respective signals and microenvironment.

In summary AMs are an unique type of mononuclear phagocytes that populate the surface of
the lung in steady state. It forms the first line of defence against foreign particles invading the
alveolar space. AMs get activated on pathogen recognition, thereby releasing early response
cytokines such as TNFa and IL1 3. The early response also stimulate the neighboring alveolar
cells to produce chemokines. These chemokines mediate the recruitment of neutrophils,
ExMacs and lymphoctyes [78, 79]. AMs contribute to respiratory tolerance by inducing Fox3
expression in naive T cells [80]. Noteworthy, the bone marrow with derived blood monocytes
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does not significantly contribute to the alveolar macrophage compartment during steady state
conditions. Previous alveolar macrophage half-life studies were confounded by the facts that
they did not account for the inflammatory and stimulatory effects of irradiation conditioning
regimens [79].

8. Molecular basis of macrophage polarization

Macrophage polarization is associated with significant changes at the transcriptional level,
although the two polarizing conditions are very different. M1 polarization profoundly affects
the transcriptional profile while M2 polarization results in only subtle adjustments [65]. The
investigations on the transcriptional events associated with M-CSF-dependent monocyte-to-
macrophage differentiation and subsequent M1 or M2 polarization induced by LPS and
IFNY or IL4 demonstrated the existence of a complex network of gene regulation. Modulation
of genes involved in general cellular metabolic activities is a prominent feature of macrophage
differentiation and polarization. The enzymes such as sphingosine 1 phosphate and ceramide
1 phosphate are used to distinguish the polarized forms of macrophages as sphingosine and
ceramide kinase are selectively present in M1 and M2 macrophages respectively [65].

Classically activated macrophages include prototypic M1 polarization markers, such as the
indoleamine-pyrrole 2,3 dioxygenase, the lysosomal associated membrane protein 3, IL7R and
CCR?7 [81]. Classically activated macrophages are characterized by increased expression of the
solute carrier family member SLC21A15 and SLC31A2, while alternatively activated macro-
phages exhibit increased SLC4A7, SLC38A6 expression. In case of humans, membrane
expression of the markers CD80 and CD200R are specific for M1 and M2 polarized macro-
phages respectively whereas mannose receptor (CD206) expression does not vary between M1
and M2. Transcript analysis further identified six markers of M1 polarization [IL-12p35,
CXCL10, CXCL11, CCL5, CCR7 and indoleamine 2,3-dioxygenase 1 (IDO1)]; five markers of
M2 polarization [TGF{3, CCL14, CCL22, scavenger receptor class B, member 1 (SCARB1)] and
several transcription factors IRF4, IRF5, STAT1, STAT6 and PPARy] involved in macrophage
polarization. Ability of human M-CSF generated macrophage to polarize toward M1 or M2
subtype is also associated with enhanced secretion of TNFe, IL1{, IL12p40, CXCL10 and IL10
(for M1); or CCL22 (for M2). Moreover, the comparison of the expression of M1 markers in M-
CSF and GM-CSF macrophages polarized towards M1 subtype has revealed similarities [82].

Chemokine receptors are differentially expressed on polarized Th cells. Typically, CXCR3 and
CCR5 are preferentially expressed on polarized Th1 cells, whereas CCR3, CCR4 and CCRS8
have been associated with the Th2 phenotypes. Distinct chemokines are associated with M1
and the various forms of M2 macrophage activation. LPS and IFNy induce the expression of
CXCL10, CXCL9 and CCL5[83-85]. In addition, LPS mediates induction of the CXCL10, CXCL9
and CCL5 genes through the activation of the transcription factor IRF3, which results in
IFNY expression and subsequent STAT1 activation [85]. Further, LPS activation of monocytes
or macrophages results in the NF-kB dependent transcription of inflammatory chemokines
such as CXCL1,2,3,5,8,9 and 10; and CCL2, 3,4,5,11,17 and 22 [86]. Resistin like alpha (Relma),
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YML1 are also expressed in higher levels and are used as phenotypic markers for M2 polarized
macrophages. CCL13, CCL14, CCL17, CCL18 and CCL24 [87] are specifically induced in M2a
macrophages [64, 88], whereas M2b macrophages rather characterized by expression of high
levels of CCL20, CXCL1, CXCL2 and CXCL3; whereas M2c macrophages express high levels
of CXCL13, CCL16 and CCL18 [64].

9. T cells and Alveolar macrophages

T cell mediated immunity is important in the lung in order to protect the host from inhaled
pathogens and environmental antigens [89-91]. Furthermore, most of the environmental
antigens encountered by the lung are innocuous. Hence it is crucial for the resident immune
cells to distinguish such inert antigens from those derived from pathogens and respond
appropriately. The immunoregulatory mechanisms employed by the lung include the
components for surfactant lining [92], products secreted by alveolar type II epithelial cells as
well as alveolar macrophages which altogether actively suppress T cell proliferation. More-
over, AM induces anergy (immune unresponsiveness) in T cells which is reversible upon its
removal from culture [91]. T cells isolated from lungs of rodents express low levels of IL2
receptor (IL2R/CD25) [91]. The Immunoregulators associated with AM include prostaglan-
dins, leukotrienes, IL1 and nitric oxide [89]. AMs also downregulate local pulmonary immune
responses against intratracheally administered T cell dependent antigens [93].

AMs from rat, mouse and human differ markedly in its potency to inhibit mitogen-induced T
cell proliferation. However, T cells stimulated in the presence of AMs display a similar
phenotype in all species examined, i.e. CD3 downregulation, upregulation of IL2R, increased
IL2 production and inability to respond to IL2 [94]. Thus, AMs appear to allow T cell activation
and effector functions, while selectively inhibiting T cell proliferation. The suppressive activity
of AMs is restricted to the final step in the activation process, (i.e. proliferation). Through CD3
downregulation, IL2R expression and IL2 secretion appear to proceed normally [94].

T cells from humans produce less IL2 than autologous blood-derived T cells [95]. FoxP3 is a
master regulator of regulatory T cells (Treg). FoxI’3 expression is regarded as definitive marker
for cells with regulatory function in mice and humans [96, 97]. AMs obtained from BAL of
mice or humans enhance FoxP3 expression in CD4+FoxP3-T cells in vitro. Activation of naive
T cells in the presence of either AMs or AM-conditioned media prevents T cell proliferation.
This effect can be reversed by inhibiting binding of retinoic acid to its receptor or by blocking
TGFf1 signaling [80]. AMs induce intracellular FoxP3 expression in CD4+T cells. It promotes
IL10 while suppressing IFNy production by the same T cell in vitro [80]. AMs induce an
immune unresponsiveness in T cells and also affects its proliferation.

10. Role of macrophages in chronic respiratory diseases

Macrophages have the ability to elicit an immune response and resolve the inflammatory
processes. The macrophages of the respiratory system are involved in the pathogenesis of
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different respiratory diseases such as COPD, asthma and pulmonary fibrosis. Different
phenotypes of macrophages are involved in these respiratory diseases which play an impor-
tant role in either inflammation and / or resolution process.

11. Chronic obstructive pulmonary disease (COPD)

COPD is a global epidemic, mainly caused by cigarette smoke exposure (smokers disease) and
high particulate air pollution (as associated to in-house cooking) with an alarming increase in
its mortality rate [98]. COPD is characterized by an inflammatory airway obstruction and loss
of alveolar tissue thereby causing reduced respiratory surface area (emphysema). Macrophag-
es are elevated and accumulate in small airways, bronchioles and alveoli during COPD
irrespective of the disease severity. Macrophages monitor and respond to their microenvir-
onment that can define tissue remodelling and possibly control other inflammatory events.
AMs in the lung are an important source of both proteinases and antiproteinases. They secrete
a series MMPs (1,9 and 12) [10, 99-101] and tissue inhibitor of metalloproteinases (TIMPs). In
addition, they also secrete lysosomal cysteine proteinases [Cathepsin K, L, S (CTSK, CTSL and
CTSS respectively)] and their inhibitor cystatin C (CST3) [10, 102]. An imbalance between
proteinase and antiproteinase is considered to be an important event in the pathogenesis of
COPD [103].

Macrophage derived MMPs as well as cathepsins are elastinolytic [10, 102, 104] and are
important in airway inflammation and development of emphysema [9, 10, 101].Elastinolysis,
an essential event of emphysema [105] results in the destruction of lung tissues during COPD
[106, 107]. AMs have also been shown to release neutrophil elastase in vitro [102, 108]. There
is a positive association between macrophage numbers in the alveolar walls and the presence
of mild to moderate emphysema as well as the degree of small airways disease in patients with
COPD [109, 110]. Dysregulated expression of macrophage MMPs either directly or indirectly
by cigarette smoke exposure can lead to lung parenchyma destruction, characteristic of
emphysema.

The role of different subsets of AMs in the pathogensis of COPD is yet to be fully ascertained.
Increased expression of iNos in AMs is found in patients with COPD [111-113]. Smoke
exposure enhances the release of pro-inflammatory cytokines such as IL13, IL6, IL8 and
TNFa [114-118] in the lungs which are markers of M1 macrophage polarization. There is also
contradictory transcriptome based evidence that M2 polarized alveolar macrophage may
contribute to COPD pathogenesis [119]. Further, COPD exacerbation, characterized by severe
shortness of breath, is a common occurrence, which is usually caused due to an infection or
exposure to environmental pollutants. Impaired phagocytosis, a characteristic feature of M1
polarized macrophages is also considered to be an important cause for increased COPD
severity [120]. Analysis of BAL fluid of COPD patients suggests that smoking cessation partly
changes the macrophage polarization from a pro-inflammatory M1 towards an anti-inflam-
matory M2 macrophage phenotype [121]. M2 polarized alveolar macrophage have been shown
to produce MMP12 which plays an important role in cigarette smoke induced emphysema
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[122-124]. It could be considered that COPD pathogenesis is largely contributed by dysfunction
of macrophages rather than a single subset of AMs.

12. Asthma

Asthma is characterized by airway inflammation and airway hyperresponsiveness (AHR).
Macrophages also contribute significantly to the development of asthma [125]. The inflam-
matory process of asthma is dominated by Th2 inflammation, but there is also involvement of
both types M1 and M2 macrophages [14]. The balance between different phenotypes of
macrophages changes with the severity of asthma [126]. In case of acute exacerbation of chronic
asthma, AMs are found to significantly enhance the expression of AAM markers along with
pro-inflammatory cytokines (IFNy and TNFa) and cell surface proteins. Ironically, the cell
surface proteins associated with antigen presentation are M1 inducers [127, 128]. Elevated
serum IFNY correlates with the severity of airway inflammation in atopic asthma, and IFNy
has been linked to mechanisms inducing AHR [129]. It was demonstrated that IL33/ST2 plays
a significant role in the amplification of AAM polarization and chemokine production which
contribute to innate and Ag-induced airway inflammation [130].

The ability of AMs to phagocytose apoptotic cells is known as efferocytosis. Macrophage
efferocytosis is impaired in non-eosinophilic asthma to a similar degree as in COPD [131]. In
mice with less severe asthma, M1 macrophage numbers were higher and correlated negatively
with M2 macrophage counts. Lower numbers of M2-like macrophages were found in mice
exposed to house dust mites. The balance between macrophage phenotypes changes as the
severity of allergic airway inflammation increases. Influencing this imbalanced relationship
could be a novel approach to treat asthma [126]. CCL18 and YKL40 (chitinase 3-like 1) levels
and CHIT1 (chitinase 1) activity are enhanced in allergic airway inflammation and thus may
contribute to airway remodelling in asthma [132]. M2 macrophages play a role in eosinophil
and potentially other leukocyte migration patterns into asthmatic airways [133]. Dysregulation
of alveolar macrophage function results in dendritic cell-mediated mechanisms of allergic
airway inflammation [134]. AMs can also contribute to the genetic susceptibility to allergic
asthma [39].

13. Pulmonary fibrosis

Fibrosis is the result of persistent or dysregulated wound healing, usually in response to some
type of repeated injury. It is often associated with chronic inflammation, alveolar epithelial
hyperplasia and excessive deposition of ECM [135]. Lung macrophages and circulating
monocytes play an important role during pulmonary fibrosis. AMs are involved in the removal
of accumulated collagen. AAM play an important role in the development and resolution of
lung fibrosis after injury, but their growth promoting activity raise the intriguing possibility
that persistent M2 activity might contribute to the failure in resolving fibrosis in IPF patients.
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Sun and coworkers [136] reported that increased numbers of AAMs induced by over expres-
sion of IL10 results in induction of lung fibrosis in mice. Accordingly increased expression of
CD206 (another marker of AAM) and IL4 is observed in patients with IPF and systemic
sclerosis [137, 138]. Secretion of IL4 and IL13 by T cells is required for fibroblast migration and
proliferation and their subsequent differentiation into myofibroblasts. IFNy, in contrast,
attenuates the fibrotic response and induces collagen degradation [139]. Paired immunoglo-
bulin like receptor beta (PIRB) contributes to the pathogenesis of pulmonary fibrosis via the
negative regulation of macrophage effector function and fibrogenic mediator expression. PIRB
negatively regulates IL4-induced macrophage activation. Various studies have also demon-
strated the role of AAM production in pulmonary fibrosis [140]. Relma, a hallmark M2
macrophage marker is upregulated in pulmonary fibrosis which is controlled by IL4/IL13-and
STAT6-dependent pathways [141].

The Th2 cytokines IL4 and IL13, like TGFp1, directly stimulate collagen synthesis in mouse
and human fibroblasts [142]. They also promote the development of the classic myofibroblast
phenotype in human lung fibroblasts [143]. Macrophages accumulate in areas of fibrotic injury
but their role remains incompletely understood. A study using silica-induced model of lung
fibrosis found that the IL4Ra-dependent differentiation of AAM is critical for the induction
and maintenance of the CD4'Th2 response required to trigger fibrosis [144]. Chitotriosidase,
an enzyme especially expressed by M2 macrophages is also overexpressed in patients with
IPF, especially in a progressing stage suggesting that this enzyme plays a role in the patho-
genesis of diffuse lung disease-associated fibrosis [145, 146].

Polarization of macrophages to the M1 phenotype attenuates pulmonary fibrosis [65]. Fibrosis
may be independent of monocyte and lung macrophage activity during the inflammation
phase of bleomycin injury, a frequently used animal model for IPF. The depletion of lung
macrophages during the inflammatory phase of bleomycin injury has no effect on the early as
well as peak stage of lung fibrosis. However, during the progressive phase, lung macrophage
depletion reduces the degree of pulmonary fibrosis. Depletion of lung macrophages during
the resolution phase of bleomycin induced lung fibrosis slowed down the process [147].
Macrophages may promote resolution during the reversible phase of bleomycin induced
pulmonary fibrosis [148]. Overexpression of MMP9 by AMs has the capability to attenuate the
fibrosis induced by bleomycin [149]. ExMacs are recruited to the lung after noninfectious injury
by bleomycin and are the major source of macrophages derived CXCL10 [46]. ExMacs are
CD11ct, MHCII™ Gr-1 int and are separated from resident AMs by high expression of both
CD11b and CX3CR1. Everson and colleagues [147] separated AMs into 18 density defined
subpopulations. Bleomycin altered the proportions of these subpopulations and enhanced the
production of TNFa production in these specific subpopulations. Bleomycin-treated Pirb™”
mice displayed an increased expression of collagen and IL4 associated profibrogenic markers
Relma, MMP12, TIMP1, and osteopontin, which were localized to AMs. Thus, macrophages
may have a role in resolution during the reversible phase of bleomycin induced pulmonary
fibrosis [148].
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14. Environmental exposure to particle inhalation

Epidemiologic and occupational studies show that exposure to high concentrations of ambient
particulate matter cause cardiopulmonary health effects, including exacerbation of pre-
existing lung disease as well as the development of respiratory infections. Particle related
oxidative stress and inflammatory responses are considered to be key for the subsequent health
effects, but the precise mechanism how inhaled poorly soluble, sterile, endotoxin free particle
induce pulmonary inflammation is not well understood [150]. Since the size of the inhaled
material determines their penetration depth into the lungs, smaller particle (<100nm) cause
higher alveolar lung burden than bigger sized particles. Lung surface macrophages (i.e. AMs)
do not efficiently phagocytose small, sub-100nm sized, so called ultrafine particles (UFP) or
nanoparticles (NP), but take them up in a rather sporadic and unspecific way [151]. But the
evidence that UFP bypass the most important clearance mechanism for particles deposited in
the alveoli, namely phagocytic uptake by macrophages, requires further clarification as to
whether these results are specific for the material, the size or other characteristics of the
particles. A rethinking of clearance pathways for inhaled UFP is therefore considered neces-
sary [151].

Inhalation of ultrafine carbon particles triggers a biphasic pro-inflammatory process in the
lung, involving the activation of macrophages and the upregulation of immunomodulatory
proteins [152]. Higher doses cause a distinct inflammatory response characterized by the
release of pro-inflammatory cytokines and accumulation of inflammatory leukocytes [153]. A
single exposure to these carbon particles however causes only a transient inflammatory
response, which resolves within one week after treatment [154]. Black carbon laden AMs
however are observed even at much later time points when no inflammatory stimulation in
the lungs is detectable. Whether the immunological activity of these long-living tissue
macrophages gets changed remains unknown. In animal experiments, when lung inflamma-
tion for example is induced by titanium di oxide (TiO2) particles in rats, AMs induce the
production of IL-13 and IL-25 production. This in turn modulates the inflammatory response
[155]. When exposed to gold NPs, it is found that AMs efficiently internalize NPs by endocy-
tosis, and rearrangements of vesicles and of NPs within the vesicles of macrophages occurred
[156]. The uptake of gold particles by AMs is limited, though to alow degree, systemic particle
translocation is reported. To summarise, inhaled NPs or UFPs pose high burden to the integrity
of lungs as these particles penetrate into the susceptible alveolar region due to the ineffective
clearance mechanisms. Whether an activation of lung macrophages, potentially caused by
particle-cell interactions, results in a change of their immunological properties thereby
increasing the susceptibility for secondary infection warrants further investigations.

15. Conclusion

Macrophages are essential to host defense mechanism. The alveolar macrophages exhibit
unique properties, including uncharacteristic phenotypic features, remarkable plasticity and
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functionality. Various factors of the lung microenvironment define the polarization of
macrophages. The temporal changes in the polarization of macrophages during chronic
pulmonary diseases help in the regulation of tissue repair and remodeling. Thus understand-
ing of the molecular mechanisms and microenvironment biology of macrophage polarization
is a crucial step in evolving novel therapeutic strategies for treating chronic respiratory
diseases.
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1. Introduction

The alveolar extracellular matrix (ECM) and chronic lung inflammatory diseases, such as
pulmonary fibrosis and chronic obstructive pulmonary disease (COPD), are closely connected.
Pulmonary fibrosis is associated with ECM production, deposition and remodeling. In
contrast, COPD is defined by a loss of the ECM. Matrix metalloproteinases (MMPs) regulate
ECM remodeling, and therefore play an important role in the development of chronic lung
diseases. MMPs constitute a family of endopeptidases that have a common zinc-based active
site. In this chapter, the role of MMPs in pulmonary fibrosis and COPD are discussed, mainly
based on the findings in animal models. The effects of MMPs inhibitor on chronic lung disease
are also herein discussed.

2. Overview

MMPs constitute a family of endopeptidases with a zinc molecule in their active site and a
dependency on Ca* for their activity. MMPs are thought to be responsible for the turnover
and degradation of the ECM [1-3]. In the lungs, these proteinases are synthesized and secreted
by diverse cell types, including mesenchymal cells, macrophages, polymorphonuclear cells,
alveolar type II epithelial cells, fibroblasts, smooth muscle cells, the lung parenchyma and
inflammatory cells [4].

Classification

The most commonly used classifications are based partly on the historical assessment of the
substrate specificity of the MMPs, and partly on the cellular localization of the MMPs. They can
be divided into two main groups based on their domain and compartment location: basic
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secreted MMPs (collagenases, gelatinases and stromelysins) and membrane-anchored (the
membrane-type) MMPs (MT-MMPs). The collagenases are capable of degrading triple-
helical fibrillar collagens into distinct 3/4 and 1/4 fragments. These collagens are the major
components of bone, cartilage and dentin, and MMPs are the only known mammalian enzymes
capable of degrading them. The collagenases are MMP-1, -8, -13 and -18. In addition, MMP-14
has also been shown to cleave fibrillar collagen, and there is evidence that MMP-2 is capable of
collagenolysis. The main substrates of the gelatinases are type IV collagen and gelatin, and these
enzymes are distinguished by the presence of an additional domain inserted into the catalytic
domain. This gelatin-binding region is positioned immediately before the zinc-binding motif,
and forms a separate folding unit that does not disrupt the structure of the catalytic domain.
The gelatinases are MMP-2 and MMP-9. The stromelysins display a broad ability to cleave
extracellular matrix proteins, but are unable to cleave the triple-helical fibrillar collagens. The
three canonical members of this group are MMP-3, -10, and -11. All six membrane-type MMPs
(MMP14, -15, -16, -17, -24, and -25) have a furin cleavage site in the pro-peptide, which is a
feature also shared by MMP-11. There are a number of MMPs that do not fit into any of the
traditional groups, such as matrilysins (MMP-7, MMP-26). In addition, MMP-19, enamelysin
(MMP-20), MMP-21, MMP-23A and 23B, MMP-27 and epilysin (MMP-28) have recently been
reported and are still being characterized (Summarized in Table 1).

Structure

To be classified as an MMP, a protein needs to have at least the conserved pro-domain and
catalytic domain (Figure 1). The pro-domain of a typical MMP is 80 amino acids, and
contains the consensus sequence, PRCXXPD. The exception is MMP23, in which the crucial
cysteine residue is found in a distinct amino acid sequence. The catalytic domain of a typical
MMP contains a zinc ion (Zn*) in the active site that is ligated to three conserved histi-
dine residues in the sequence HEXXHXXGXXH. The glutamic acid residue (E) in this
catalytic motif provides the nucleophile that severs peptide bonds. The backbone struc-
tures of the MMP catalytic domain, include a characteristic Met turn on the carboxy side
of the zinc active site, so matrix metalloproteinases have a methionine residue that is always
conserved. This residue is part of a 1,4-B-turn that loops the polypeptide chain beneath the
catalytic zinc ion and forms a hydrophobic base for the zinc-binding site. This is caused by
a conserved methionine residue downstream of the zinc-binding site, which is similar to
those of the astacin-, reprolysin- (also known as a disintegrin and metalloproteinase
(ADAMSs)) and serralysin-family metalloproteinases.

N-Terminal C-Terminal

Signal

Catalytic Hemopexin-like
peptide domain domain (optional)

Pro-domain

Figure 1. The structure of the MMPs
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Group name Number Substrates

Collagenase-1 MMP-1 Collagen I, II, I, X, Casein

Gelatinase-A MMP-2 CCL7, CXCL12, Collagens IV, V, VII, XI, Gelatin, Fibronectin

Stromelysin-1 MMP-3 chadherih, Laminin, Latent TGF-beta, Collagens lIl, IV, VII, IX, Casein,
Fibronectin

Matrilysin MMP-7 Pro-alpha-defensins, Fas L, Latent TNF, Syndecan-1, E-cadherin, Elastin,
Collagens IV, Casein, Fibronectin

Collagenase-2 MMP-8 CXCL5, Collagens I, 11, Ill, Casein

Gelatinase- MIMP-9 Zona occludens 1, alphal-antiproteinase, Latent TGF-beta, Latent VEGF,
Fibrin, NG2 proteoglycan, Collagens IlI, IV, V, Gelatin

Stromelysin-2 MMP-10 Collagens Ill, IV, V, Casein, Fibronectin

Stromelysin-3 MMP-11 Fibronectin

Metalloelastase MMP-12 Latent TNF, Elastin, Gelatin, Casein

Collagenase-3 MMP-13 Type |, Il fibrillar collagen

MT1-MMP MMP-14 ProMMP2, Fibrillar collagens, Fibrin, Syndecan-1, laminin

MT2-MMP MMP-15 Fibrin

MT3-MMP MMP-16 Fibrin, Syndecan-1

MT4-MMP MMP-17 ND

MMP-19 MMP-19 ND

Enamelysin MMP-20 Amelogenin

MMP-21 MMP-21 ND

MMP-23A MMP-23A ND

MMP-23B MMP-23B ND

MT5-MMP MMP-24 ND

MT6-MMP MMP-25 ND

Matrilysin-2 MMP-26 ND

MMP-27 MMP-27 ND

Epilysin MMP-28 ND

ND=Not determined.

Table 1. A list of the currently known MMPs

Several MMPs have the hemopexin-like C-terminal domain, which is linked to the catalytic

domain by a flexible hinge region. The minimum domain structure is characteristic of matri-

lysins (MMP-7 and MMP-26). Stromelysin (MMP-3 and MMP-10), collagenases (MMP-1, 8,
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13), MMP-12, enamelysin (MMP-20) and MMP-27 have several hemopexin domains. A
similar domain structure is present in MMP-11, MMP-28 and MMP-21, which have a furin-
like target sequence inserted in their pro-domains. Membrane-type MMPs have membrane-
anchored modules of glycosylphophatidylinositol, which form type I or type II
transmembrane segments. MMP-23A and 23B have an immunoglobulin-like domain. MMP-2
and MMP-9 are secreted MMPs with gelatinolytic activity, and are characterized by the
presence of fibronectin type Il modules [1-3].

Regulation

The activation of MMPs can be mediated by other MMPs or proteases, and some are activated
intracellularly by furins. In addition, various chemicals, such as organomercurials, urea, some
detergents and reactive oxygen species, can act as activators of MMPs. Although the healthy
adult lung is not a major source of MMPs, parenchymal cells, such as the airway epithelium,
fibroblasts and smooth muscle have the capacity to express active MMPs following stimulation
by a variety of agents, such as infectious pathogens, environmental toxins, growth factors and
cytokines.

Since MMPs may cause significant host damage, they are tightly regulated. MMPs are
regulated at four main levels: gene transcription, proenzyme activation, activity inhibition and
compartmentalization. First, they are rarely stored, and require gene transcription before
secretion, the exception being neutrophil MMP-8 and -9. Second, MMPs are either secreted as
pro-enzymes that require proteolytic cleavage, or in the case of MT-MMPs, are activated
intracellularly by pro-protein convertases, such as furin. This processing exposes the catalytic
cleft, a mechanism known as the cysteine switch [5]. Third, specific inhibitors of MMPs, the
tissue inhibitors of metalloproteinases (TIMPs), are secreted proteins that bind MMPs in a 1:1
manner to prevent their enzymatic activity [6]. TIMPs comprise a family of four protease
inhibitors (TIMPs 1-4). The balance of MMPs to TIMPs therefore determines the matrix
turnover, where either an excess of MMPs or a deficit of TIMPs may result in excess ECM
degradation. The major endogenous MMP inhibitor in serum is a2-macroglobulin, which
binds MMPs and leads to their clearance by endocytosis. Finally, MMPs can be compartmen-
talized in close proximity to the cell.

Synthetic MMP inhibitors and clinical implications

A number of rationally-designed MMP inhibitors have shown some promise in the treatment
of pathologies in which MMPs have been implicated. Two major approaches were undertaken
to counterbalance such MMP activity: substrate peptide mimics and small synthetic molecules.

Macpherson and colleagues developed a nonpeptidic hydroxamic acid inhibitor (CGS 27023A)
of the stromelysin group of MMPs, which was orally bioactive and blocked the erosion of
cartilage matrix in an in vivo rabbit model of cartilage degradation [7]. Batimastat, a broad
spectrum MMP inhibitor, showed prolonged survival in an animal model of cancer and some
efficacy in phase I clinical trials, but its development was hindered by its low bioavailability
and limited solubility [8]. Marimastat, a low-molecular-weight substrate peptide-based
hydroximate (inhibitor of MMPs -1, -8, and -13), and prinomastat, based on a sulphonamide-
hydroximate scaffold (inhibitor of MMPs -2, -3, and -13), failed during phase III clinical trials
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for cancer treatment [9]. In addition, cipemastat (Ro 32-3555), an MMP-1-selective inhibitor,
demonstrated limited efficacy in clinical trials. The development of several other MMP
inhibitors was stopped due to their systemic toxicity, a lack of any correlation between the
activity of MMP inhibitors and the MMP levels in the plasma and poor efficacy [10].

Doxycycline, at sub-antimicrobial doses, inhibits MMP activity, and has been used in various
experimental systems for this purpose, such as for recalcitrant recurrent corneal erosions. It is
used clinically for the treatment of periodontal disease, and is the only MMP inhibitor that is
widely available clinically. Minocycline, another tetracycline antibiotic, has also been shown
to inhibit MMP activity. For example, tetracyclines, which are used in the treatment of arthritis,
have been shown to reduce the activity of MMPs -1, -2 and -9 [11].

3. The inflammatory process

The main activity of MMPs is considered to be the degradation of the ECM. However, matrix
degradation is neither the sole function, nor the main function, of these proteinases. Recent
findings indicate that MMPs play an important role in the regulation of cytokine and chemo-
kine release and activation, which are key steps in the immune response [2, 3, 12-14]. For
example, MMP-1,-2, -3, -7, -9, and -12 are able to process pro-tumor-necrosis factor (TNF)-a
into soluble active TNF-a. MMP-2, -3 and -9 also have the ability to cleave interleukin (IL)-13,
generating a more active form. MMP-9 controls the IL-2-dependent proliferation of T lym-
phocytes. MMP-8, -13 and -14 can cleave IL-8 to generate truncated forms with increased
activity. Therefore, inflammatory cytokines and MMPs are interconnected.

An essential pro-inflammatory mediator that is regulated by metalloproteinase activity is TNF,
which is produced as a 26-kDa membrane-associated protein (proTNF) that is cleaved by TNF-
converting enzyme (TACE) into a soluble 17.5-kDa cytokine. Because synthetic metallopro-
teinase inhibitors block this cleavage, it was suggested that TACE was an MMP. However,
when the convertase activity was purified and cloned, TACE was found to be identical to
ADAM17 [15, 16]. The cleavage of proTNF by ADAM17 is specific [17]. Since the release of
active TNF is reduced by 90% in cells derived from ADAM17-deficient mice, ADAM17 seems
to be the principal physiological TNF-converting enzyme in vivo. Several MMPs (including
MMP-1, -2, -3, -9 and -17) can process proINF to its active form in vitro [18, 19]. MMP-7 and
MMP-12 also activate proTNF in macrophages. The high-level release of TNF in response to
bacteria and toxic shock by MMP-7 and MMP-12 processing might elicit the constitutive release
of TNF from macrophages that is required for common functions, such as tissue resorption
and resolution, in response to injury.

Similarly, IL-1, a potent pro-inflammatory cytokine, requires proteolytic processing for
activation, a process attributed to the IL-1-converting enzyme (ICE, caspase-1). Although the
function of ICE had been well established in vitro, studies using ICE-deficient mice provided
evidence of other mechanisms of IL-1 activation [20]. It was subsequently discovered that
MMP-2, -3 and -9 can cleave and activate the IL-1 precursor [21]. Furthermore, after activating
IL-1, MMP-3 degrades the biologically active cytokine [21], which can also be inactivated in
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vitro by MMP-1, -2 and -9 [22]. These data indicate a dual role for MMPs in the biphasic
modulation of inflammatory-mediator activity. MMPs are involved in both the activation and
inactivation of these inflammatory molecules.

Moreover, several studies have indicated that MMPs can either directly or indirectly affect the
activity interferon-y [23], vascular endothelial growth factor [24], epidermal growth factors
[25], fibroblast growth factors [26] and transforming growth factor (TGF)-f. As shown using
TGF-p-deficient mice, this cytokine functions to restrain mononuclear inflammation [27-29].
In both cells and tissue-explant models, MMP-3 [30], MMP-9 [31] and MMP-14 [32] have been
shown or suggested to activate a proportion of the total TGF-f.

Lopez-Boado et al. reported a 25-fold induction of MMP-7 in lung epithelial cells following
infection with Escherichia coli [33] and Pseudomonas aeruginosa, [34] which could explain the
upregulation of this enzyme in the airway of cystic fibrosis patients who are commonly
infected with these bacteria. It has also been shown that proinflammatory cytokines, such as
IL-18 and TNF-a, upregulate the expression of MMP-9 in human airway epithelial cells
following a one-day treatment [35].

4. Pulmonary fibrosis and MMPs

Lung inflammation is deeply associated with the process of pulmonary fibrosis. MMP-9 was
observed in alveolar macrophages from idiopathic pulmonary fibrosis patients [36] and in the
bronchoalveolar lavage (BAL) fluid from patients with bleomycin-induced pulmonary fibrosis
[37, 38]. An mRNA study also supported that the activation of MMP-2 and MMP-9, both
gelatinases, is involved in pulmonary fibrosis [39]. The function of other MMPs, such as
collagenases or stromelysins, in pulmonary fibrosis is still unclear, despite their importance in
ECM deposition. Edwards and colleagues reported that mast cells harvested from the tissues
of patients with interstitial lung diseases demonstrated the expression of MMP-1. MMP-1 has
thus been reported to be important for controlling fibrogenesis in humans [40]. Although the
existence of MMP-1 is unclear in rodents [41], other collagenases, such as MMP-13, have been
detected [42]. Similarly, collagenase activity has been observed after bleomycin administration
[37]. An immunohistochemical analysis demonstrated that MMP-13 expression was present
after bleomycin administration [43]. However, other researchers have reported that the MMP-9
(gelatinase B), MMP-3 (stromelysin-1) and interstitial collagenase gene expression did not
significantly change after bleomycin administration [44].

5. Therapeutic trials for pulmonary fibrosis

As mentioned previously, doxycycline inhibits MMP activity. We demonstrated that the early
administration of doxycycline inhibited early inflammation and resulted in an inhibition of
the development of pulmonary fibrosis through the inhibition of early inflammation [45].
However, doxycycline did not affect established pulmonary fibrosis. A MMPs inhibitor,
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batimastat, was reported to attenuate pulmonary fibrosis in mice [38]. Batimastat inhibited
both MMP-2 and TIMP-1, and resulted in the attenuation of pulmonary fibrosis. In contrast, a
MMPs inhibitor, CGS27023A, blocked the anti-fibrotic MMPs and resulted in an augmentation
of the ECM [43].

MMPs play an important role in the development of pulmonary fibrosis. However, there are
conflicting hypotheses regarding whether MMPs have anti-fibrotic properties [46]. Research-
ers should focus on when and what type of MMPs inhibitor(s) should be used for pulmonary
fibrosis.

6. COPD and MMPs

Both alveolar and bronchial inflammation have been shown to be present in human COPD.
Hence, chronic inflammation contributes to the development of COPD through the destruction
of alveoli and the induction of MMPs. Recently, the role of MMPs has been given increasing
attention as a possible mechanism underlying the development of pulmonary emphysema.
Additionally, the inflammatory cells invading the lung during the course of COPD are also a
major source of different MMPs. It has been shown that neutrophils and macrophages are the
predominant inflammatory cells in the lungs of COPD patients [47, 48].

Lipopolysaccharide (LPS) is a strong proinflammatory compound present in the cell wall
of gram-negative bacteria. Acute LPS instillation induces apoptotic cell death in bronchial
epithelial cells at early time points, and neutrophil apoptosis in the lungs at later time points
[49, 50], and this is associated with the production of MMPs, mainly gelatinase [51]. LPS
leads to the recruitment of neutrophils and macrophage activation with concomitant
airspace enlargement [52, 53]. Although humans tolerate bacterial pneumonia without any
residual emphysema, the chronic instillation of LPS was found to induce COPD-like
changes. Bacterial endotoxin was demonstrated to be present in high concentrations in
tobacco (approximately 20 ug/cigarette), and bioactive LPS could be detected in both
mainstream and sidestream cigarette smoke (approximately 0.12-0.2 pg/cigarette) [54, 55].
Repetitive LPS instillation for 12 weeks led to COPD-like changes [56]. This mouse model
mimicked several important pathological changes that are observed in COPD patients. These
mice demonstrated goblet cell metaplasia in the larger airways, thickening of the airway
walls and irreversible alveolar enlargements [57]. It is well known that LPS induces TNF-
a. TNF-a overexpression in mice has been reported to have diverse effects, including the
induction of pulmonary emphysema and pulmonary fibrosis. At first, the overexpression
of TNF-a in the lungs of mice was thought to lead to pulmonary fibrosis [58, 59]. In contrast,
TNF-a overexpressing mice bred in Denver demonstrated pulmonary emphysema [60].
Chronic inflammation, a reduced elastic recoil, a huge lung size and an activation of MMPs
(mainly MMP-2 and MMP-9) were all observed in these mice, along with a progression of
pulmonary hypertension [61]. In addition, this mouse model was insensitive to fibrogene-
sis factor, bleomycin and TGF-f3 [62]. Many evidence have demonstrated that TNF-a plays
a critical role in smoking-related emphysema [63]. Taking these findings into considera-

65



66

Lung Inflammation

tion, TNF-a is considered to play a crucical role in the development of COPD and MMPs,
mainly MMP-2 and MMP-9 is associated with the COPD pathogenesis.

Several transgenic mouse strains with targeted expression of cytokines show COPD-like
lesions, such as airspace enlargement, thickening of the airway walls and subepithelial fibrosis
without any exposure to a specific agent [64, 65]. An overexpression of IL-13 in the murine
lung caused an asthma-like eosinophil- and lymphocyte-rich inflammation, goblet cell
hyperplasia, airway fibrosis and alveolar enlargement [66, 67]. The induced overexpression of
interferon (IFN)-y in the lungs of mice caused a phenotype mimicking human COPD [68]. In
these models, the overexpression of these inflammatory cytokines was associated with an
increased expression of MMPs (mainly gelatinase) and cysteine proteases, including cathe-
psins. Similarly, macrophage colony stimulating factor (M-CSF)-deficient mice, surfactant
protein D (SP-D)-deficient mice and integrin av[36-deficient mice also develop air space
enlargement [69-71]. The macrophages of SP-D-deficient mice have increased oxidant pro-
duction, which activates nuclear factor (NF)-kB and subsequently leads to MMP expression
[72]. NF-kB is also well known to be a transcription factor involved in the induction of TNF-
a. Inflammation and MMPs activation (mainly gelatinase) contribute to the development of
COPD.

Another mechanism for COPD involves macrophage elastase (MMP-12). MMP-12 is nearly
undetectable in healthy macrophages, while MMP-12 is expressed in the alveolar macrophages
of human cigarette smokers. Of note, MMP-12 knockout mice did not develop emphysema in
response to long-term cigarette smoke exposure [73, 74]. MMP-12 knockout mice also failed
to recruit macrophages into their lungs in response to cigarette smoke. Neutrophil elastase-
deficient mice were significantly protected from the development of pulmonary emphysema
after cigarette smoke exposure [75]. Mice that constitutively overexpress human MMP-1
develop spontaneous air space enlargement, showing that MMP-1 can drive pulmonary
destruction [76]. Since that report, numerous transgenic mouse models have been developed,
in which emphysema-like changes are induced. The absence of MMP inhibitors can also result
in abnormal pulmonary matrix turnover, as TIMP-3 deficient mice spontaneously develop air
space enlargement at two weeks of age [77].

The functional importance of MMP activity in these models was confirmed by crossing
emphysema-developing mice with MMP-knockout mice. For example, in the IL-13 overex-
pression model, a deficiency of MMP-9 or MMP-12 results in reduced pathological changes
and less respiratory failure [78]. Similarly, crossing integrin av{36-deficient mice with MMP-12-
deficient mice prevents the development of age-related emphysema [79].

MMPs seem to be strongly related to the development of COPD [80]. In a clinical study, there
were increases in the pulmonary expression of MMP -1 [81], MMP-2 [82], MMP-8 [83], MMP
-9 [84], MMP-12 [85] and MMP-14[82] in COPD patients. For example, Finlay and colleagues
detected collagenase activity in BAL fluid samples from 100% of emphysematous patients but
in only 10% of smoking controls; and MMP-9 was present in 60% of patients compared to 20%
in the control group [84]. Segura-Valdez and colleagues showed a significant upregulation of
MMPs -1, -2, -8, and -9 in the BAL fluid samples obtained from COPD patients [86]. In another
study, Imai and colleagues reported the detection of MMP-1 mRNA by in sifu hybridization,
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and also found protein expression and enzymatic activity in the lung samples of patients with
emphysema. However, there was no MMP-1 detected in the lungs of normal control subjects
[81]. Additionally, Ohnishi and colleagues documented a more than three-fold increase in the
level of MMP-2 protein and activation in lung samples from emphysematous patients
compared to subjects in the control group [82]. Another study reported an increase in the
MMP-9 protein level in 40% of COPD patients compared to healthy subjects. The location of
the MMP-9 expression was confirmed by an immunohistochemical analysis to be in the
bronchial epithelium and submucosal areas [87]. Furthermore, an extracellular MMP inducer,
called basigin, a member of the immunoglobulin G (IgG) superfamily, were increased in
smokers' BAL fluid samples [88]. The extracellular MMP inducer was prominent in the
bronchial glands, bronchial epithelium and alveolar macrophages. An increase in the level of
MMP-9 has also been reported in the sputum of patients with chronic bronchitis compared to
control subjects [89].

MMP-9 and MMP-12 play key roles in the development of COPD in mice. However, studies
in patients suggest that the spectrum of MMPs in human disease may differ significantly from
these models. Studies of MMP activity demonstrate divergent results at different stages of
disease evolution, and lead to controversy about which MMPs are critical in pulmonary disease
in humans. Taking the data from both clinical and animal studies into consideration, MMP-9
is the most compelling molecule related to the development of COPD. In contrast, MMP-12 is
essential for the cigarette smoke-induced pathology in the mouse, but may not be equally
critical in human disease.

7. Therapeutic trials for COPD

MMP inhibition could be a promising candidate therapy for COPD. In fact, a MMP inhibitor,
GM6001, has been reported to block the emphysematous changes associated with methyl-
prednisolone-induced emphysema in rats [90]. However, past experiences, including our own
study, have shown that a broad spectrum MMP inhibitor would be of limited benefit [91-93].
In fact, our preliminary study using CGS27023A, an MMP inhibitor, or doxycycline, did not
improve the COPD in mice with TNF-a overexpression (unpublished data). Nonselective
MMP inhibitors, such as marimastat, have major side effects. Isoenzyme-selective inhibitors
or inhaled delivery may be needed. A dual MMP9-MMP12 inhibitor (AZ11557272) was shown
to prevent emphysema, small airway fibrosis and inflammation in guinea pigs that were
exposed to cigarette smoke over a six-month period [94], but its clinical development has now
been stopped for some unknown reason. MMP-9 is potentially a good target for patients with
emphysema, but progress in the development of drugs targeting MMP-9 has been disappoint-
ing, because it has proved to be difficult to discover safe and selective MMP-9 inhibitors [93].
A more sophisticated approach is therefore required in the future.
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8. Conclusion

There is a controversy concerning the role of MMPs in the development of chronic inflamma-
tory lung diseases. There were two possible but conflicting roles of MMPs: promoting the
deposition of the ECM by facilitating fibroblast migration, or degenerating the ECM. MMPs
play important roles in the degradation of the ECM and recovery from lung damage. Similar
to inflammation, MMPs activation was observed in both pulmonary fibrosis and COPD. The
role of MMPs in inflammatory lung diseases is therefore complex. The different MMPs show
variations in terms of their effecting depending on different condition. In addition, MMP
inhibitors appear to work in different ways. More precise and specific studies of both the
proteins themselves and their specific inhibitors will be needed in the future. Moreover, there
are discrepancies between mice and humans. Novel therapeutic agents targeting MMPs for
use against chronic inflammation are currently under development, and more will likely be
developed as more is learned about the MMPs and their functions. This information is
summarized in Figure 2.
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Figure 2. A schematic drawing of the relationship between MMPs and lung injury.
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1. Introduction

Lung inflammation is the basis for the majority of acute and chronic lung conditions. Acute
lung injury (ALI) caused by either communicable (such as infection) or non-communicable
(such as acid aspiration) diseases are characterized by a rapidly induced inflammatory
response in the lung. There are numerous causes for ALI as the lung is exposed to external
factors either via the airways (infectious agents and environmental pollutants) or via the blood
stream (sepsis, endotoxin, fat) and, when severe, can lead to acute respiratory distress
syndrome (ARDS), a spectrum of lung diseases characterized by a severe inflammatory process
in the lung parenchyma causing diffuse alveolar damage and respiratory failure [1, 2]. This
acute inflammatory response in the lung is strongly associated with a systemic inflammatory
response that may lead to multiple organ dysfunction and is associated with high mortality [3].
Similarly, chronic inflammatory lung conditions such as chronic obstructive pulmonary
disease (COPD), asthma, bronchiectasis and interstitial lung diseases, especially those
associated with collagen vascular disease, have in recent years also been shown to be accom-
panied by a systemic inflammatory response, albeit different in nature [4-14]. In addition, the
systemic response induced by chronic lung inflammation is also associated with downstream
adverse effects on different organ systems. This chapter will focus on defining the nature and
features of this systemic response as a consequence of lung inflammation and will focus
predominantly on chronic inflammatory lung conditions.

2. Lung conditions associated with a systemic inflammatory response

Numerous lung conditions, especially inflammatory lung conditions, are known to be
associated with a systemic inflammatory response. Although the associations and consequen-
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ces of the systemic response in acute lung injury and inflammation have been well established
[1, 2, 15], the associations in chronic inflammatory lung conditions are less well known. This
chapter will discuss the current knowledge surrounding inflammatory lung conditions and
their associations with a systemic response.

2.1. Acute lung inflammation

The most recognized causes of acute lung inflammation are those induced either by infection
or by direct or indirect ALI: for example, infections beginning in the lungs frequently transition
into systemic events with hemodynamic effects (shock) and remote organ dysfunction such as
acute kidney injury, which, when severe, may lead to death. Traditionally, the transition of
infection from a localized event to one that is systemic in scope has been termed sepsis and is
characterized by fever, tachycardia, tachypnea and a constellation of other signs and symp-
toms indicating that the pathogen and the humoral events that accompany the infectious
process, are now systemically distributed. Furthermore, a number of publications suggest that
clinical events such as severe tissue injury and ischemia-reperfusion injury may also activate
the systemic response of the host in a similar manner to sepsis [16, 17]. The recognition of this
common pathophysiologic phenotype of the sepsis syndrome led to the term “systemic
inflammatory response syndrome” or SIRS, characterized by global activation of the inflam-
matory cascade, with an increase in circulating proinflammatory mediators leading to adverse
downstream effects on numerous organ systems (so called multi-organ dysfunction). As
mentioned, SIRS is an inflammatory response resulting from either local or systemic inflam-
matory events which may be initiated by either infectious or non-infectious insults [18, 19].

The local acute inflammatory response in the lung is complex and involves activation of the
innate immune response via binding of microbial products or cell injury-associated endoge-
nous molecules (danger-associated molecular patterns [DAMPs]) to pattern recognition
receptors such as the toll-like receptors on the lung epithelium and alveolar macrophages [20].
Complex autocrine and paracrine inter-relationships exist between cytokines and other
proinflammatory mediators such as endothelial adhesion molecules that both initiate and
amplify the inflammatory response. This is augmented further by the margination and
migration of polymorphonuclear neutrophils (PMNs) and other humoral responses, both
dependent or independent of the cells, such as lipid mediators, proteases, oxidants, growth
factors (such as transforming growth factors [TGFs]), nitric oxide and neuropeptides [21].
Increased permeability of microvascular barriers results in extravascular accumulation of
protein-rich edema fluid in airspaces, a cardinal feature of acute inflammation and a central
pathophysiologic mechanism in ALI/ARDS.

The local inflammatory insult in the lung may exceed the efficiency of the inflammatory
response to effectively contain it, resulting in inflammatory elements of either bacterial cell
products and toxins or cellular alarmins, pathogen-associated molecular patterns (PAMPs)
and other inflammatory elements of the local response to gain systemic access in sufficient
quantity to activate the systemic inflammatory response.

The magnitude of the insult is not the sole determining factor for host failure to contain the
inflammatory response: in some instances, defects in the hosts’ responses may contribute
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significantly. Host defects may be attributed to prior corticosteroid treatment, protein-calorie
malnutrition or even genetic make-up, for example. The systemic response is characterized by
activation of the coagulation cascade, complement proteins and the acute phase response.

Activation of cellular elements of blood such as platelets, granulocytes and mast cells cause
degranulation and release of potent proinflammatory contents systemically, resulting in the
systemic unleashing of otherwise beneficial local effects, leading to significant adverse effects
on multiple extra-pulmonary organs.

2.2. Chronic lung inflammation

Since the 1970’s and 1980’s, the importance and consequences of the systemic response
following acute lung inflammation have been recognized and well described, however, the
systemic inflammatory response in chronic inflammatory lung conditions has only been
recognized within the last ten years. The consequences and significance of this “lower grade”
systemic response has only recently been more clearly defined. The chronic systemic inflam-
matory response in the lung is characterized by mobilization and activation of inflammatory
cells into the circulation, the production of acute phase proteins and an increase in circulating
inflammatory mediators. Of all the chronic inflammatory lung conditions, the systemic
responses and consequences have been best characterized in COPD.

An integral component of the systemic inflammatory response is the stimulation of the
hematopoietic system, specifically the bone marrow, which results in the release of
leukocytes and platelets into the circulation. Large population-based studies have shown
that the magnitude of the leukocytic response is a predictor of total mortality, independ-
ent of smoking [22-24].

Chronic cigarette smoking increases circulating leukocyte numbers [25, 26], including imma-
ture neutrophils, and results in high levels of myeloperoxidase and a;-antitrypsin, the latter a
natural inhibitor of serine proteases and responsible for alveolar wall damage [27, 28],
suggesting that the systemic response feeds back to the lung and perpetuates the lung
inflammatory response.

The acute phase response is an early and key part of the systemic component of the innate
immune response and C-reactive protein (CRP) is a robust marker of this response. Subjects
with severe airflow obstruction are more likely to have elevated CRP-levels and, in addition,
high CRP levels have been related directly to severity of COPD and the associated systemic
inflammation, independent of cigarette smoking and coronary artery disease [29-32].

Local anti-inflammatory therapy (inhaled corticosteroids) reduces circulating CRP whereas
withdrawal of inhaled corticosteroids results in a significant increase in CRP levels [33],
suggesting that lung inflammation drives the CRP levels in the blood of subjects with COPD.
Moreover, CRP levels increase further during COPD exacerbations when lung inflammation
flares up [33]. The increased circulating levels of CRP in COPD are associated with other
mediators such as IL-6, which is the predominant cytokine regulator of CRP production by
hepatocytes.
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Lastly, subjects with COPD have higher levels of several circulating proinflammatory medi-
ators such as tumor necrosis factor (TNF)-a and its receptors (TNFR-55 and -75), which are
associated with leukocyte activation and the concomitant weight loss in these subjects [34-39].
Levels of the proinflammatory mediators IL-6 and IL-8 have also been shown to increase
systemically during acute exacerbations of COPD [40, 41] suggesting that exacerbation of lung
inflammation fuels the systemic response.

Chronic obstructive pulmonary disease is predominantly caused when the lung is exposed to
noxious particulate matter and gases from cigarette smoke. Lung inflammation induced by
inhalation of other air pollutants such as particulate matter or PM,, nitric dioxide or ozone
also causes a low grade inflammatory response in the lung. Experimental animal models
exposed to ambient air pollutants [42, 43] and studies in humans [44, 45] have both shown that
the inflammatory response in the lung induced by air pollutants is also associated with
systemic inflammation, suggesting that the systemic response is not specific for cigarette
smoke exposure (Figure 1).
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Figure 1. Cytokines in the blood of subject during the Southeast Asia forest fires of 1997. The black bars represent the
concentrations of cytokines in the serum during the haze period and the white bars after the haze cleared. Cytokine
levels were higher during haze compared with after haze. Values are mean = SEM of all samples with values within the
detection limit of the assay (n = 30 per group).

Similar to lung inflammation caused by inhalation exposure, the systemic response has also
been well documented in other inflammatory lung conditions such as asthma [4-7], suppura-
tive lung conditions such as bronchiectasis [8, 9], interstitial lung disease (ILD), in particular,
ILD associated with collagen vascular diseases such as lupus erythematosus, rheumatoid
arthritis and scleroderma [10-14]. As stated previously, these chronic inflammatory lung
conditions are associated with increased levels of acute phase proteins such as CRP, stimula-
tion of the bone marrow with altered circulating leukocyte and platelets and increased
circulating proinflammatory mediators. Extensive studies have been undertaken to identify
potential biomarkers capable of predicting disease severity and prognosis, implying that the
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systemic response to lung inflammation is an integral part of the disease and has important
implications for disease pathogenesis and prognosis.

3. Lung cells contribute to the systemic inflammatory response induced by
lung inflammation

The cells lining the airways are mainly epithelial cells but also include alveolar macrophages
and both cell types are exposed to the external environment. They are the first responders in
the lung when the lung is exposed to external factors such as cigarette smoke, air pollutants
or infectious agents. These cells are critically important in the processing and neutralization
of inhaled environmental contaminants which include airborne particulate matter (PM),
cigarette smoke, bacteria and viruses, shown in Figure 2. Alveolar macrophages are one of the
most potent producers of inflammatory mediators in the lung. It is known that human alveolar
macrophages exposed to PM,, (EHC-93) [46] are able to phagocytose these particles in vivo [43]
and in vitro [45] and produce, in a dose-dependent manner, an array of mediators such as
IL-1B, IL-6 and TNF-a that are part of the innate immune response. To test the contribution of
the mediators produced by alveolar macrophages to the systemic response, supernatants from
alveolar macrophages, incubated ex vivo with urban PM, were instilled into the lungs of rabbits.
The supernatants produced a systemic bone-marrow stimulation response similar to that
produced by direct deposition of urban PM into the rabbit lung [42, 43]. Analysis of the
supernatants showed that the proinflammatory mediators IL-18 and IL-6, the chemokine
macrophage inflammatory protein (MIP)-1a and granulocyte macrophage colony-stimulating
factor (GM-CSF) are elevated when macrophages are incubated with urban PM [45]. Studies
showing a strong relationship between the quantity of particles phagocytosed by macrophages
in lung tissue and the magnitude of the systemic response, after urban PM exposure (Figure
3), support the notion that the production of inflammatory mediators by alveolar macrophages
is important and suggests that alveolar macrophages are significant contributors to the innate
component of the systemic response following an inflammatory stimulus in the lung

Similar experiments using bronchial epithelial cells showed that, when exposed to urban PM,
cells produce excess GM-CSF, IL-1p, IL-6, TNF-a, IL-8 and leukemia inhibitory factor (LIF) in
a dose-dependent manner [47-49]. Some overlap was evident when comparing mediators
produced by alveolar macrophages with those produced by bronchial epithelial cells after
exposure to similar doses of urban PM, however, some distinct differences in the type and the
magnitude of cytokine production was observed (Figure 4). The relative contributions of
macrophages and epithelial cells in the production of mediators responsible for the systemic
inflammatory response need to be determined. Alveolar macrophages are professional
phagocytes and the magnitude of their cytokine production is significantly higher than
bronchial epithelial cells, after the same level of exposure (Figure 4). These studies suggest that
alveolar macrophages are key effector cells, responsible, at least, for generating the systemic
inflammatory response associated with exposure to air pollution. However, although the
macrophages are more potent producers of proinflammatory mediators expressed per cell
basis, the airspace epithelial cells out-number the alveolar macrophages approximately ten
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Figure 2. Photomicrographs of ambient particles phagocytosed by alveolar macrophages (A and D) and bronchial epi-
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EHC-93 [100 pg/ml) for 24 h. The bar represents 10 um [162].
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Figure 3. Relationship between the fraction of alveolar macrophages (AMs) that phagocytosed PM,, particles and the
transit time of PMNs though the bone marrow. Rabbits were exposed to 5 mg PM,, (EHC-93) twice a week for 4
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PMNs in the marrow were labeled with 5-bromo-2-deoxyuridine and the transit time of PMNs through the bone mar-
row was measured. Faster transit times of PMNs through the marrow were associated with an increased percentage
of AMs with phagocytosed particles (R?=0.46, p < 0.05) [162].
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times. Furthermore, the interaction between macrophages and epithelial cells has a synergistic
effect on the production and release of mediators involved in the systemic inflammatory
response [50], therefore alveolar macrophages and airspace epithelial cells both play central
roles in the activation of the innate immune response and the production of inflammatory
mediators involved in the systemic response to lung inflammation.
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Figure 4. Cytokines produced by human AMs and bronchial epithelial cells (HBECs) when exposed to 100 pg/mL of
PM,, (EHC-93] for 24 h. Differences between two groups were compared by Mann-Whitney U test. Alveolar macro-
phages produced significantly more IL-6, IL-18 and GM-CSF than bronchial epithelial cells when exposed to the same
amount of PM,, [162].

The roles of other lung cells such as connective tissue cells (fibroblast, smooth muscle cells),
immune cells (lymphocytes and dendritic cells) and vascular cells (endothelium) in the
systemic response to lung inflammation are less clear. Several studies have documented
increased levels of endothelial specific markers (soluble P, E and L-selectin, intercellular
adhesion molecule [I[CAM]-1, vascular cell adhesion molecule [VCAM]-1 and endothelin-1)
present in the circulation during lung inflammation [51-53] but whether these mediators come
directly from the lung or are released secondary to the initial circulating proinflammatory
mediators such as IL-1B and TNF-q, is unclear. Mediators released from connective tissue cells
and immune cells of the adaptive immune responses tend to be more localized in cellular niches
with less of a systemic consequence.

4. Mediators of the systemic inflammatory response induced by lung
inflammation

Lung inflammation has been associated with an array of different circulating cellular or non-
cellular mediators that may differ significantly depending on the type and the character of the
inflammatory response in the lung.
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4.1. Cellular components of the systemic response to lung inflammation

Increased circulating leukocyte counts, specifically granulocyte counts, have been used for
decades as biomarkers of local inflammatory or infectious processes, including lung inflam-
mation. Large population-based studies showing leukocytosis as a predictor of total mortality,
independent of other risk factors such as cigarette smoking, underline the importance of
increases in circulating leukocytes [23, 54, 55]. Therefore, an integral component of the systemic
response to lung inflammation is the stimulation of the hematopoietic system, specifically the
bone marrow, which results in an increase in circulating leukocytes. In humans, leukocyte
increases caused by bone marrow stimulation can be identified and quantified by an increase
in circulating immature granulocytes (band cells and metamyelocytes) [42], in contrast to
increases in leukocyte counts induced by exercise or other cathecholamine stress that results
largely in demargination of existing intravascular leukocytes [56]. When associated with lung
inflammation, an increase in circulating band cells signifies that signals from the lung have
activated and stimulated the bone marrow to release immature leukocytes. In humans both
acute lung inflammation such as pneumonia [57] and chronic lung inflammation such as
exposure to cigarette smoke or other air pollutants [44] have been shown to increase circulating
band cells counts, implicating a systemic response that stimulates the bone marrow. In
contrast, two separate studies of healthy subjects residing in regions with low particulate air
pollution (such as the South Pole) for prolonged periods, showed that the circulating white
blood cell (WBC) count fell below the normal range shortly after the subjects entered this
pristine environment, remained low for the entire period that they were in this environment,
and then returned to normal levels when they returned to the either the US [58] or Japan [59].
The Japanese study also showed that the fall in circulating leukocytes was associated with a
fall in the number of circulating band cells, indicating a reduction in bone marrow output [59].
These studies suggest that the reductions in circulating WBC and band cell counts are the result
of a reduction in bone marrow stimulation initiated by signals generated in the lung. To more
accurately quantify the bone marrow response to lung inflammation, one group has developed
a method to label precursor cells in the marrow with the thymidine analogue 5’bromo-2-
deoxyuridine (BrdU) [60-62], allowing accurate identification of newly released leukocytes
from the bone marrow and simplifying functional studies. Using this method they demon-
strated that acute lung inflammation caused by a focal infection [61], as well as chronic lung
inflammation induced by either cigarette smoke or urban air pollutants [27, 42, 63, 64],
stimulate the bone marrow and accelerates the transit times of granulocytes and monocytes
through the marrow, releasing them into the circulating pool of leukocytes. The ability to
follow these labeled cells in the circulation allowed study of cell behavior and functional
capability whereby this group was able to show preferential sequestration of younger PMNs
in the gravity independent lung regions of animals exposed to cigarette smoke [63] and less
efficient migration into inflammatory sites, compared to more mature cells [65, 66]. In vitro
studies support these findings, showing that younger PMNs released from the bone marrow
are less deformable and less chemotactic than mature PMNs already in the circulation [67].

Collectively, these studies have established that the circulating blood contains granulocytes
such as neutrophils of varying ages and functional capabilities and that lung inflammation-
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induced bone marrow stimulation increases the population of younger PMN with a greater
potential to damage tissue (Figure 5). This knowledge may be relevant to the pathogenesis of
acute lung inflammation-induced adverse organ dysfunction in conditions such as sepsis, or
the systemic adverse effects associated with chronic inflammatory lung conditions such as
COPD. The immature leukocytes also tend to preferentially sequester in lung capillaries [65,
67] where they may further damage the lung and fuel lung inflammation, causing a vicious
cycle of lung inflammation leading to systemic inflammation that feeds back, resulting in
further lung inflammation (Figure 5). It is possible that the bone marrow stimulation associated
with both acute and chronic inflammatory lung conditions contributes to the development of
acute lung injury such as in ARDS as well as chronic lung injury promoting centrilobular
emphysema in susceptible subjects.
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Figure 5. Lung injury induced by immature PMNs. Alveolar macrophages and epithelial cells phagocytose bacteria,
particulate matter or cigarette smoke and induce cytokine production. These cytokines spill over into the circulation
and stimulate the bone marrow to recruit leukocytes. The newly recruited immature PMNs tend to preferentially se-
quester in lung capillaries where they may be activated and degranulate, further damaging the lung. Lung damage
leads to excess cytokine production which further fuels the systemic inflammation.

4.2. Non-cellular components of systemic response to lung inflammation

Common to nearly all inflammatory lung conditions are the production and release of
mediators of the innate immune response. These circulating mediators, specifically the
“acute response” cytokines IL-1(3, IL-6 and TNF-a, activate the acute-phase response [68],
by stimulating the liver to produce acute phase proteins, such as fibrinogen, that increas-
es blood coagulability, which is a major risk factor for acute cardiovascular events in
susceptible individuals [69]. Another acute-phase protein, CRP, is strongly associated with
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inflammation in general but, in epidemiological studies, has also been correlated with the
extent of atherosclerosis and heart disease [29, 70]. C-reactive protein has become the
hallmark biomarker indicative of the extent and severity of cardiovascular disease [71-73]
as well as many other systemic inflammatory conditions, for example auto-immune collagen
vascular diseases such as rheumatoid arthritis and lupus erythematosus. The acute response
is a specific, well-orchestrated sequence of events, characterized by an early release of the
“alarm” cytokines IL-13 and TNF-a, followed by a second wave of cytokines (IL-8, IL-6,
monocyte chemotactic protein [MCP]-1 and MIP-1a ) and growth factors such as GM-
CSF and G-CSF. The second wave of cytokines produced in the lung is of particular
importance in inducing the systemic inflammatory response. Granulocyte macrophage
colony-stimulating factor is a hematopoietic growth factor that stimulates granulocyte and
monocyte differentiation and release from the bone marrow, activates circulating leuko-
cytes such as neutrophils and prolongs leukocyte survival in the circulation and tissues
[74]. In addition, GM-CSF has also recently been identified as an important granulocyte
deganulation factor that may enhance tissue damage induced by granulocytes [75]. One of
the “acute response” cytokines that induces cytokine production by many cells is IL-1p,
which is known to stimulate hematopoiesis, activate endothelial cells, induce the acute-
phase response and is pyrogenic [76]. Similarly, IL-6 stimulates hepatocytes to produce
acute phase proteins, including CRP, fibrinogen and antiproteases [77], stimulates hemato-
poiesis, specifically the production of platelets and has a broad stimulating effect on B- and
T-cells. In addition, IL-6 activates the bone marrow, accelerates the transit time of granulo-
cytes through the bone marrow promotes their release into the circulation and increases
their sequestration in microvascular beds [78]. All the acute-phase response cytokines are
proinflammatory in nature and suppress the production of anti-inflammatory cytokines
such as IL-10, in fact, low circulating levels of this cytokine have been associated with a
poor outcome in sepsis [79, 80]. Collectively, the acute response cytokines have the ability
to elicit a systemic inflammatory response in response to lung inflammation that is
characterized by an increase in circulating leukocytes, platelets and pro-inflammatory and
prothrombotic mediators. In addition, cytokines also have the ability to activate circulat-
ing leukocytes and platelets, as well as vascular endothelium, to promote leukocyte—
endothelial adhesion and migration into tissues.

Part of the lung injury or initial stress insult in the lung is the formation and release of
microparticles (MP), which are small vesicles (0.1-1 mm in diameter) containing cell
membrane, that are released by a variety of cells types following either activation or an
insult such as oxidative stress [81]. Platelets, endothelial cells, leukocytes, erythrocytes and
tumor cells are cell types prone to MP shedding. Microparticles are composed of cell
membranes, with receptors, enclosing cytosolic components, including enzymes, transcrip-
tion factors, mRNA and microRNA, all derived from the parent cell. Microparticles contain
signaling elements that may activate receptors on target cells and may also bind to target
cells and transfer part of their contents [82]. Moreover, because MPs circulate, they not only
act on their local environment but also on sites far from their origin, thereby serving as a
cell-to-cell communication network. Microparticles are known to affect inflammation,
coagulation, endothelial function, cell survival, and intercellular communication [81].
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Moreover, they have been documented at sites of inflammation [83, 84] and increased
numbers of circulating MPs have been reported in systemic diseases such as autoimmune
collagen vascular disorders, atherosclerosis, hypercoagulability states, disseminating
malignancies and infection, among others [85, 86]. Circulating endothelial MPs are
associated with activated, damaged or stressed endothelial cells and are biomarkers of
vascular injury. Microparticles may also remotely induce endothelial dysfunction by altering
the intracellular production of vasorelaxing molecules such as nitric oxide and contribu-
ting to the recruitment of leukocytes at the remote site [81, 87, 88]. Recently, MPs have been
shown to increase during inflammatory lung conditions such as COPD [89] and increase
further during acute COPD exacerbations [90]. Furthermore, subjects with autoimmune
collagen vascular disorders with lung involvement have increased levels of circulating
endothelial MPs [91], suggesting that MPs are not just useful biomarkers of lung inflamma-
tion, but may play a critically important role in the pathogenesis of the downstream adverse
effects that lung inflammation appears to have on distant organs.

5. Mechanisms of lung inflammation-induced systemic inflammation

Several mechanisms have been postulated to explain the association of lung inflammation
with the systemic inflammatory response (Figure 6). The hypothesis with the most
supporting experimental evidence postulates that inflammatory mediators generated in lung
tissue translocate into the circulation. As the lung receives substantial cardiac output, it is
reasonable to suppose that small molecules may translocate from lung tissue to the blood
stream, following a natural gradient, a process that may be augmented by increases in
capillary permeability which often accompanies the lung inflammatory process. It has been
suggested that a gradient of the acute proinflammatory mediator, elastase, and its natural
inhibitor, al-anti-trypsin, forms across the lung during acute neutrophilic lung inflamma-
tion [92] and “spills over” into the systemic circulation. Recent studies from another group
has confirmed these findings in experimental models of acute (lipopolysaccharides [LPS]-
induced) and chronic (air pollution-induced) lung inflammation [93, 94], supporting the
hypothesis that the lung per se contribute directly to the systemic inflammatory response
associated with lung inflammation.

There is also some evidence indicating that triggers of lung inflammation, such as ultrafine
particulate matter, LPS and other bacterial toxins, translocate from the airspaces to the
bloodstream [84, 95-97], either directly contributing to the systemic response or stimulating
circulating immune cells such as monocytes to produce proinflammatory mediators that
contribute to the systemic response. Collectively, there is ample evidence that small molecules
or particles have the ability to directly translocate from the lung into the blood stream,
generating a systemic inflammatory response. This is a particularly important mechanism if
vascular permeability is compromised during the lung inflammatory response because it will
accelerate the systemic inflammatory response caused by lung inflammation.
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Figure 6. Impact of pulmonary inflammation on distant organ systems. Inflammatory mediators generated in the lung
“spill over” into the circulation, activating the liver to release acute-phase proteins and the bone marrow to release
leukocytes and platelets. Together, these circulating effector proteins and cells promote vascular disease and may pre-
cipitate acute vascular events. Systemic inflammation also enhances lung inflammation by promoting the recruitment
of immune cells into lung tissues.

5.1. Feedback of downstream effects of the systemic response to acute lung inflammation

Bacterial or viral lung infections are common causes of acute lung inflammation that lead to
ALI/ARDS [1]. During the past decade, novel and highly virulent respiratory viruses such as
the Severe Acute Respiratory Syndrome Coronavirus (SARS CoV) and highly pathogenic
strains of influenza viruses have emerged as important causes of excessive lung damage in
infected humans. Acute lung injury and associated inflammation frequently have systemic
manifestations, coined the “systemic inflammatory response syndrome (SIRS)”. Many patients
with refractory ALI/ARDS succumb to multiple organ failure (MOF) rather than respiratory
failure, underlining the importance of the systemic response to lung injury. Many studies have
been undertaken to investigate the cellular or molecular mechanisms of acute lung injury-
induced systemic manifestations [1, 2, 15]. The deterioration from ALI/ARDS to MOF involves
many steps, including the activation of multiple inflammatory pathways, increased expression
of chemoattractants which results in endothelial changes and the release of proinflammatory
cytokines such as IL-1f3, IL-6 and TNF-a, margination and migration of neutrophils as well as
systemic activation of monocytes, all contributing to diffuse microvascular injury which is
thought to lead to multi-organ injury and eventual failure [98]. Currently it is thought that the
pivotal injury occurs to the vascular endothelium, leading to increased vascular permeability,
which is then followed by translocation of inflammatory mediators and activated leukocytes
into organ tissue resulting in organ inflammation and, finally, dysfunction. Organs particular
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vulnerable to microvascular dysfunction are the kidney, liver, brain and the gastrointestinal
system. Containing the lung inflammatory response is critically important in order to inhibit
progression to a systemic inflammatory response fueled by the vicious cycle of increased
cytokine production and cellular damage, underlining the importance of lung inflammation
as the primary “driver” for the downstream multiple organ dysfunction.

5.2. Chronic lung inflammation and vascular dysfunction

Circulating cytokines produced in the lung activate the vascular endothelium and this
activation is associated with increased expression of several adhesion proteins such as ICAM-1,
VCAM-1 and E-selectin. Both soluble ICAM-1 and VCAM-1 are upregulated in circulating
blood during chronic inflammation and are correlated with increased disease in coronary and
carotid arteries in humans. Support of these observations comes from animal models that have
shown instillation of atmospheric particles into the lungs of rabbits [99] and mice [100] results
in development of atherosclerosis, followed by rapid progression of the atherosclerotic process
over the surface of the aorta with concomitant destabilization of existing atherosclerotic
plaques (Figure 7). Furthermore, particulate deposition in murine lungs is associated with
upregulation of both ICAM-1 and VCAM-1 on the endothelium overlying the atherosclerotic
plaques [101]. In addition, the number of particle-phagocytosing alveolar macrophages shows
a strong positive association with the extent of atherosclerosis (Figure 8), as well as with
markers of systemic inflammation such as CRP [102]. These studies demonstrate that lung
inflammation stimulates alveolar macrophages, increases circulating markers of inflamma-
tion, increases endothelial activation and dysfunction and suggests a cause and effect rela-
tionship between lung inflammation and the development and progression of vascular
diseases such as atherosclerosis.
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Figure 7. The severity of atherosclerotic lesions in the aorta. Results shown in rabbits exposed to PM,, for four weeks
(n = 10) or saline (controls; n = 6). The classification is based on the guidelines of the American Heart Association
(AHA) [163, 164]. PM,, exposure was associated with progression to more advanced phenotypes of atherosclerosis
compared with the control group.
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Figure 8. The correlation between the percentage of alveolar macrophages that phagocytosed particles in the lung
and the vol/vol (volume fraction) of atherosclerotic lesions in the left main coronary artery (LMCA) and right coronary
artery (RCA). Results shown in rabbits exposed to PM,, for four weeks (solid circles; n = 10) or saline (controls; open
circles; n = 6). The volume fraction (vol/vol) of atherosclerosis was determined by point counting the sections. The cor-
relation between variables were examined by the Spearman rank correlation test (r=0.53, p <0.05) [99].

5.3. Systemic inflammation in COPD

Numerous studies have established that COPD is associated with a low-grade systemic
inflammatory response, which has been implicated in the pathogenesis of the majority of the
systemic effects associated with COPD, including muscle weakness, weight loss, cardiovas-
cular disease, depression, diabetes and osteoporosis [103]. Patients with stable COPD have
increased numbers of circulating leukocytes, increased levels of acute phase response proteins
(CRP and fibrinogen) and increased cytokine levels (IL-6 and TNF-a) [104] that increase further
with acute exacerbations [105, 106].

Chronic obstructive pulmonary disease is a chronic inflammatory condition of the airways
and lung parenchyma caused predominantly by the inhalation of toxic particles and noxious
gasses, with cigarette smoking contributing to the bulk of the disease burden. There is a strong
association between cardiovascular disease and COPD morbidity and mortality. Cardiovas-
cular events are the predominant reason for hospitalizations (morbidity) and a leading cause
of mortality in subjects with mild and moderate COPD [107]. Furthermore, epidemiological
studies have shown that compromised lung function (FEV1) in subjects with COPD is
associated with cardiovascular morbidity and mortality, even after controlling for smoking
history [107], suggesting that the inflammatory response in the lung which causes the reduced
lung function also impacts the vasculature. The mechanisms of COPD-induced cardiovascular
disease are still unclear, however, animals models of cigarette exposure or exposure to ambient
particulate matter suggest that the systemic response induced by these inhalation stimuli
causes vascular dysfunction that may promote the development and progression of athero-
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sclerotic vascular disease [99-102]. Activation of coronary vasculature by the systemic response
to COPD lung inflammation also impacts other vascular beds such as the cerebral vascular
bed. Circulating inflammatory mediators such as IL-1§3, IL-6, TNF-a, al-antichymotrypsin and
TNFR1 are associated with cognitive decline, either through a direct neurotoxic effect or
through cerebral atherosclerosis effects [108, 109]. Figure 9 highlights potential pathways of
blood vessel activation due to systemic inflammation in COPD that results in endothelial
dysfunction and destabilization of atherosclerotic plaques, possibly leading to vascular events
such as acute coronary syndrome and stroke.
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Figure 9. Impact of lung injury on blood vessels. Circulating mediators such as IL-6 induce the release of CRP and fibri-
nogen from the liver. In addition, IL-6 and GM-CSF stimulate the bone marrow to release leukocytes and platelets,
while TNF-a and IL-1f activate vascular endothelial cells and upregulate endothelial ICAM-1 and VCAM-1, thereby
promoting the recruitment of monocytes into blood vessel walls. Activation of endothelial cells also increases endo-
thelial permeability, promotes uptake of oxidized low-density lipoproteins (oxLDL) into vessel walls, promotes the re-
lease of endothelin-1 (ET-1) and decreases availability of nitric oxide (NO). Together, these changes in blood vessel
walls lead to endothelial dysfunction and promote vulnerability of atherosclerotic plaques to rupture, possibly leading
to acute cardiac events or strokes.

Cachexia and muscle wasting are hallmarks of COPD, especially in subjects with severe disease
and, currently, the mechanisms underlying these downstream effects of COPD are a topic of
active investigation. In COPD subjects, skeletal muscle shows increased apoptosis, increased
oxidative stress and increased inflammatory cell infiltration [110, 111], suggesting that
inflammatory processes play a role in the physiologic changes seen in skeletal muscles of
COPD subjects. Furthermore, the underlying inflammatory and oxidative processes in the
lungs, in addition to the downstream proinflammatory systemic responses, shifts the hormo-
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nal balance towards catabolism, reducing testosterone levels and increasing catecholamine
synthesis, especially in the severe stages of the disease (FEV1<30%) [112]. It is reasonable to
postulate that the systemic inflammatory response associated with COPD lung inflammation
contributes to the skeletal muscle inflammation and concomitant muscle wasting seen in
COPD.

Both diabetes mellitus type2 and osteoporosis are associated with COPD, especially in subjects
with greater disease severity [113-115]. The mechanisms underlying the former two diseases
are complex but a postulated mechanisms linking them with COPD is the presence of elevated
circulating levels of proinflammatory mediators such as IL-1f3, IL-6 and TNF-a. Therefore it
seems reasonable to postulate that the systemic response in COPD may either aggravate or
enhance the development of osteoporosis and diabetes, to a certain extent.

5.4. Systemic inflammation in other inflammatory lung conditions

Asthma is predominantly an inflammatory condition of the airways, however a systemic
inflammatory response has also been well documented, evidenced by an increase in circulating
proinflammatory cytokines such as IL-6 and TNF-a that stimulate hepatic production of acute-
phase proteins such as CRP, as well as an increase in immune cells such as neutrophils and
eosinophils [4, 116]. Circulating TNF-a and IL-6 levels are further elevated during asthma
exacerbation [117, 118]. Downstream consequences of this systemic response are less well
studied and are insufficiently understood, therefore require further investigation. Similarly,
interstitial lung disease and fibrosis are a large group of inflammatory lung conditions that
include chronic hypersensitivity pneumonitis, sarcoidosis, drug-induced lung disease, lung
disease associated with collagen vascular disease, idiopathic pulmonary fibrosis (IPF) and
more. Many of these lung conditions are associated with increased circulating levels of pro-
inflammatory mediators such as IL-1f3, IL-6, TNF-a, TGF-f3 and platelet-derived growth factor
(PDGF) [119, 120]. In conditions that exclusively involve the lung such as hypersensitivity
pneumonitis and IPF, translocation of these mediators from the lung into the circulation may
be responsible for the measured systemic response, however the effect of these mediators on
other organ systems are unclear and require further study.

5.5. Effect of the systemic inflammatory response on lung inflammation

It is well known that non-pulmonary disorders (for example sepsis, trauma, massive transfu-
sion, drug overdose, pancreatitis) cause lung injury and inflammation. “Crosstalk” between
lungs and distal organs is an emerging, interesting and clinically relevant field [121, 122]. A
complex network of cytokines, as well as proinflammatory chemokines such as CXCL1, from
distant organs can initiate and amplify the lung injury [123, 124]. Many of the mediators
involved in the systemic response have the ability to both damage lungs directly and stimulate
the bone marrow to release leukocytes into the circulation. In addition, leukocytes that may
have been sequestered in the lung could be released, potentially causing additional lung injury
[125,126]. These newly released leukocytes, specifically granulocytes such as neutrophils, have
been shown to be preferentially sequestered in the pulmonary capillary bed where, if activated,
they may contribute to further lung injury and damage [65, 66].
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Patients afflicted with lung injury more commonly than not encounter more than ‘one-hit’
modulating the immunological response to injury by increasing duration and amplitude of
the inflammatory response [127]. In animal models, the traditional “single-hit” model is no
longer considered a good approximation of human ALI/ARDS, whereas a “two-hit” model
has been shown to increase the inflammatory response in the lung [127-130]. This “priming”
phenomenon may be pivotal in subjects with chronic lung inflammation, such as COPD, where
the systemic inflammatory response induced by the chronic lung inflammation may feed-back,
aggravating the lung inflammatory response. This vicious cycle of inflammation promoting
further inflammation may be the reason why subjects with COPD still have active lung
inflammation many years after they have stopped smoking [131]. This phenomenon is also
seen in patients with asthma, where, even years after cessation of exposure, patients with
Western red cedar-initiated asthma have persistent airflow obstruction [132]. In this study,
higher impairment was associated with serum IFN-y (Figure 10), which supports the hypoth-
esis of a vicious cycle of inflammation with crosstalk between the lung and systemic inflam-
matory responses.
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Figure 10. Serum interferon-gamma, stratified by higher (2/3) versus lower (0/1) respiratory impairment (IC = impair-
ment class). The blood samples were collected from 40 non-smoking male at a mean interval of 25 years from cedar
asthma diagnosis and 17 years from last cedar exposure. The respiratory impairment class was defined by ATS guide-
lines [165]. Asthma-related respiratory impairment was associated with higher interferon-gamma levels in serum
(average 1.32 pg/ml for IC2/3 versus average 0.62 pg/ml for IC0/1; p = 0.04) [132].
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6. Therapeutic alterations of lung inflammation-induced systemic
responses

The mediators of systemic responses to lung inflammation are clinically useful tools with which
to grade the severity of lung inflammation or to use as biomarkers for following the progres-
sion of the disease. Neutralization of these mediators using effector molecules termed “immu-
noresolvents” may prove useful in attenuating the downstream consequences of the systemic
inflammatory response. Potential advantages of immunoresolvents lie in the possibilities of
both attenuatingleukocyte activation and decreasing recruitmentinto tissues, thereby reducing
organ damage. However, in a study with more than 10,000 patients with sepsis, anti-inflamma-
tory agents designed to inhibit specific host mediators, for example anti-TNF antibodies and
IL-1 receptor antagonists, failed to show benefit, despite promising preclinical testing [133].
Similarly, another multicenter, randomized, double-blind study in patients with moderate to
severe COPD showed that infliximab (anti-TNF-a monoclonal antibody) had no therapeutic
benefit in reducing acute exacerbation of COPD [134]. Although many proinflammatory
neutralizing therapies have the potential to be useful, they also evoke some unwanted effects,
for example, TNF-specific antibody therapy reduces TNF-a concentrations but is also associat-
ed with increased susceptibility to infections and malignancies [134]. Clearly, immunosuppres-
sion is a critical drawback to some treatments and new therapeutics targeting resolution of
inflammation would be required to circumvent this side effect.

The anti-inflammatory cytokine IL-10 balances the proinflammatory response and serves to
limit and terminate the cascade of proinflammatory cytokines. Research shows that treatment
with IL-10 reduces neutrophil and leukocyte recruitment and decreases proinflammatory
cytokine-production in lung inflammation [135-138], underlining the importance of balancing
the acute inflammatory response and suggesting that treatment using a combination of
different therapeutic agents to alter outcome in the systemic inflammatory milieu may be more
successful.

Recently several classes of pro-resolving mediators have been identified, including resolvins,
protectins and maresins [139]. These specialized lipid mediators are derived via enzymatic
processing from dietary omega-3 polyunsaturated fatty acids and have anti-inflammatory
activity in lung inflammation [140, 141].

Originally designed to lower cholesterol, the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA)reductase class of drugs, also called “statins”, are recognized as anti-inflammatory agents
[142]. Experimental observations suggest that these agents have pleiotropic anti-inflammatory
properties in vitro including the inhibition of isoprenoid synthesis, which leads to the inhibition
of small proinflammatory signaling GTPases such as Rho, Rac and Cdc42 [143, 144]. Animal
studies have demonstrated that statins attenuate lung injury in ischemia-reperfusion, perito-
nitis and aerosolized LPS models [145-147]. In addition, statins downregulate the PM, -
induced overactive bone marrow by attenuating systemic inflammatory responses such as the
recruitment and activation of alveolar macrophages and polymorphonuclear leukocytes, as
well as reducing local proinflammatory cytokine production and promoting the clearance of
PM,, particles from lung tissues to regional lymph nodes [148, 149].
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Several observational studies suggest that statins may represent a useful therapeutic adjunc-
tive modality for ALI/ARDS: a benefit of prior statin use was found in patients with pneumonia
[150-152]. Similarly, other studies showed a reduction in the frequency of COPD exacerbations,
hospitalization, and mortality after statin therapy, which may be a result of a direct effect on
lung inflammation, an impact on the systemic consequences of COPD, or both [153-161]. These
studies indicate that statins are effective in decreasing lung and systemic inflammation in
humans in vivo.

7. Conclusion

A systemic response is a hallmark of both acute and chronic lung inflammatory conditions.
The nature and magnitude of this systemic response differs depending on the nature and
magnitude of the inflammatory response in the lung. Mediators generated in the lung as part
of the lung inflammatory response, translocate to the systemic circulation, contributing to the
systemic response. This systemic response has significant downstream adverse consequences
on distant organs suggesting it is as an important therapeutic target. Therapeutic tools to
modify and alter the systemic response induced by lung conditions, are still lacking and need
further study.
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Edited by Kian Chung Ong

In order to perform its function in gas exchange, the lungs and all components of the
respiratory system are constantly exposed to pathogens, toxins, pollutants, irritants, and
allergens in the environment. Lung inflammation involves an array of mechanisms to
defend the lung against these extrinsic agents and to repair injured tissue. Additionally,
the lungs are a frequent target at risk to conditions associated with systemic
inflammation that cause multi-organ damage. The inflammatory reaction in the lung is a
complex and dynamic process, and our understanding in this field is rapidly progressing.
Further elucidation of the complexity of inflammation will likely improve the clinicians
approach to as well as the treatment of a myriad of lung disorders. The chapters in this
book are selected topics of current interest in lung inflammation.
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