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Abstract

Chronic Obstructive Pulmonary Disease (COPD) is a chronic
inflammatory disease involving both innate and adaptive
immune responses. Abnormal numbers of inflammatory cells
have been examined in COPD subjects, as well as the effects
of cigarette smoking on immune cells and molecules. Killer
cells, including CD8* T cells, NKT-like cells and NK cells, are
thought to play a role in the development of COPD through
their cytotoxic functions. In this project, we report ex vivo,
activation levels of these cell types in COPD patients, as well
as effects induced by cigarette smoke extract in vitro.

PBMCs were collected from healthy non-smokers (HNS),
current healthy smokers (HS), current smokers with COPD
(cuS-COPD) and ex-smokers with COPD (exS-COPD).
Activation levels of interest and CSE effects on them were
analysed by flow cytometry.

Killer cells, including CD8"* T cells, NKT-like cells and NK cells,
were significantly activated in current smokers with or without
COPD compared to healthy non-smokers. Furthermore, KIR
(CD158e1) expression was dramatically lower in smokers with
or without COPD in comparison with healthy non-smokers. The
cytotoxicity of CD8" T cells from both current smokers and ex-
smokers with COPD patients were significantly less than that
in healthy volunteers. Also, in vitro, CSE markedly decreased

1



IL-15 treated NK cell activation in current smokers with COPD
compared to other three groups. The expression of granzyme
B was also significantly inhibited on IL-15 stimulated NK cells
when CSE was added.

We conclude systemic ex vivo Kkiller cell activation is smoking
rather than disease related. Cigrette smoking has
immunosuppressive effects on Kkiller cell activation and
granzyme B expression in PBMCs from current smokers with

COPD.



Introduction



1.1 Chronic Obstructive Pulmonary Disease

1.1.1 Definition, Prevalence and Global burden

COPD, as a common, preventable and treatable disease, is
characterised as a chronic inflammatory disease causing
airway limitation that is usually progressive but not completely
reversible (Celli and MacNee, 2004). It is the fourth leading
worldwide cause of morbidity and mortality, and is predicted
to become the third most frequent burden of disease in the
world by 2030, after heart disease and stroke (Rabe et al.,
2007). The estimated death rate of COPD shows geographical
differences. In the US, according to updated statistics from
the Centre for Disease Control (CDC), 0.04% of people died
from COPD in 2009. Compared with the decreasing mortality
in some diseases, such as heart disease and stroke, COPD is
the only major disease with an increasing death rate. In
European countries, mortality from COPD varies from 0.025%
to 0.075% of the adult population. In Japan, the reported
mortality from COPD is 0.04%, whereas nearly 1.3% of
deaths result from COPD in China(Buist et al., 2007, Fukuchi
et al., 2004, Halbert et al., 2006). Gender differences are also
seen: morbidity from COPD is higher in men than in women in
the UK (Soriano et al., 2000). Nevertheless, some studies
indicate that the prevalence of COPD seems almost equal in
men and women and that women are more susceptible to
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COPD than men (Xu et al., 1994, Silverman et al., 2000).
Medical costs of COPD are an economic burden in both
developed countries and developing countries (Chapman et al.,
2006). There is a positive correlation between the severity of
COPD and the cost of care (Jansson et al., 2002), although
costs per patient for COPD are variable across countries due to

how health care is provided and paid .

1.1.2 Risk factors

Prevalence estimates of the disorder show considerable
variability across populations, suggesting that risk factors can
affect populations differently. Although only 15% to 20% of
smokers develop clinical COPD (Brown et al., 1994), cigarette
smoking is still the common and key pathological driver in the
development and progression of COPD (Burrows et al., 1977).
The Fletcher curve (Figure 1.1) shows the importance of

smoking cession in patients with COPD.

Besides, other factors are involved. Genetic predisposition now
also seems to play an important role in the development of
COPD. aji-antitrypsin (AAT), a major circulating inhibitor of
serine proteases, is the best established antiprotese
associated with COPD (Hill et al., 1999, Ishii et al., 2000,

Sandhaus, 2009, Zielinski and Kuca, 2004). It has been
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Figure 1.1 Age-related decline in FEV,; with different smoking
history. (Adapted from Fletcher et al. Definitions of emphysema,
chronic bronchitis, asthma, and airflow obstruction: 25 years on from
the Ciba symposium. Thorax 1984; 39: 81-85)

observed that AAT deficiency can lead to early onset
emphysema in COPD patients (Ekeowa et al., 2009, Eriksson,
1965, Ranes and Stoller, 2005, Strange, 2013).
Metalloproteases, proinflammatory cytokines, various
antioxidant enzymes and detoxifying enzymes are also linked
to COPD (Wood and Stockley, 2006). Occupational exposure
to biomass smoke, environmental pollution with noxious
particles and gases, chronic asthma, history of pulmonary
tuberculosis and poor socioeconomic status can all result in

COPD (Balmes et al., 2003, Barker et al., 1991, Ezzati, 2005,



Orozco-Levi et al., 2006, Prescott and Vestbo, 1999, Viegi and
Di Pede, 2002). These may explain why there are around one-
third of COPD patients who have never smoked (Salvi and

Barnes, 2009).

Cigarette Smoke

Cigarette smoking has been implicated as an etiological risk
factor resulting in various chronic diseases with high morbidity
and mortality, including cancers, heart diseases, variety of
infections and chronic lung diseases (Almirall et al., 1999,

Arcavi and Benowitz, 2004, Sopori, 2002).

The smoke from a cigarette contains thousands of chemicals
which have various toxic, mutagenic and carcinogenic
activities (Hoffmann and Wynder, 1986, Stedman, 1968). The
concentrations of chemical ingredients also vary widely in the
different cigarette brands. Studies show that various
components of cigarette smoke can affect the immune
response in different cell types (Lee et al., 2007b, McCue et
al., 2000, Ouyang et al., 2000). Two major components of
smoke that leads to many of deleterious effects are nicotine
and tar (Hoffmann and Wynder, 1986, Stedman, 1968). Holt
et al has shown that cigarette smoke containing high levels of

tar and nicotine is more immunosuppressive than the smoke



from low-tar low-nicotine cigarettes (Holt et al., 1976).
However, effects of cigarette smoke on the immune system
are biphasic, which is mainly determined by the components
and duration of exposure. For example, unlike nicotine and tar,
tobacco glycoprotein and metals present in cigarette smoke
are generally immunostimulatory (Brooks et al., 1990,

Francus et al., 1992).

Previous studies have demonstrated that cigarette smoke
causes structural and functional changes in the respiratory
ciliary epithelium (Cantin et al., 2006, Mio et al., 1997, Wyatt
et al., 1999), lung surfactant and immune cells (Mohan,
2002a). In COPD patients, abnormal cell humbers of different
cell types have been observed, including CD8* T cells, alveolar
macrophages, dendritic cells (DCs), neutrophils and NK cells in
bronchoalveolar lavage (BAL) fluid, epithelium and adventitia
of small airways, sputum or peripheral blood samples
(O'Shaughnessy et al., 1997, Saetta et al., 1998, Baraldo et
al., 2004, Barnes, 2004b, Demedts et al., 2007, Urbanowicz et
al., 2009). Therefore, accumulating data suggested that
chronic inhalation of cigarette smoke alters a wide range of
immunologic function, including both innate and adaptive

immune responses.



1.1.3 Systemic effects of COPD

Studies have shown that COPD is associated with both
pulmonary and systemic inflammation. Weight loss, skeletal
muscle dysfunction, cardiovascular disease, cancer, nutritional
abnormalities and other organ effects all contribute the high
burden of COPD together with respiratory symptoms protein
(Agusti, 2007, Gosker et al., 2000, Pryor and Stone, 1993,
Schols et al., 1996, Skillrud et al., 1986, Van den Heuvel et al.,
1999), which result in a pronounced deterioration in health

status of life.

1.1.4 Comparison of COPD with asthma and tuberculosis
COPD, asthma and tuberculosis (TB) are three main public
health problems related to lung worldwide. Studies have
shown that these diseases have common risk factors, such as
cigarette smoking, low socioeconomic status and
dysregulation of host defence functions. Also, they can co-
exist, which result in co-morbid conditons. Table 1.1 lists the
common charasteristics and differences of among these

diseases.

1.1.5 Pathology of COPD

Chronic obstructive bronchiolitis (swelling and inflammation of

the lining of the airways that results in narrowing and



Table 1.1 Comparison of COPD with asthma and TB

COPD

Asthma

TB

Common Features

worldwide

e Pulmonary diseases
e All carry a significant burden in terms of morbidity and mortality

® Induce inflammatory responses

Differences

Worldwide prevalence;
Not infectious

Mainly adults >40 years
old

Chronic cough ;
Dyspnea; Large
amounts of mucus
production; Wheezing;
Chest tightness

The fourth leading
worldwide cause of
morbidity and mortality

Airway limitation is not
reversible;

Have features of
asthma

Neutrophils,
macrophages, CD8* T
cells, NK cells and NKT
cells;

Both Th1l and Th2 cell-
induced immunity

(Sciurba, 2004)

Epidemiology

High prevalence in the
developed countries;
Not infectious

Patients group

Mainly young children

Symptoms

Cough (specially at
night); Wheezing;
Shortness of breath;
Chest tightness, pain or
pressure; Fatigue

Burden of mortality

Most cases are managed
at a primary care level.

Disease development

Airway limitation is
reversible;
Co-exist with COPD

Eosinophils, CD4* T cells;
Mainly Thl cells-mediated
immunity

References
(Braman, 2006)..

Over 95% of TB cases in
developing countries;
Infectious

Mainly young adults

Cough (usually cough up
mucus); Coughing up
blood; Fatigue; Fever;
Excessive sweating,
especially at night;
Unintentional weight loss

Second only to HIV/AIDS
as the greatest
infectious killer worldwide

Not all patients develop
airway limitation;
COPD as a sequel to
active TB

Immune cells mainly involved

CD4* T cells play a
crucial role;

Mainly Th1l cell-induced
immunity

(Chakrabarti et al.,
2007)
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obstruction of the airways), emphysema (permanent
destructive enlargement of airspaces distal to the terminal
bronchioles, caused by loss of lung elastic recoil) and mucus
hypersecretion (productively coughing and bringing up sputum
for >3 months for at least two consecutive years) are
recognized as three distinct pathological features of most
COPD patients (Barnes, 2000, Kim et al., 1991). They affect
all parts of the lungs including parenchyma and airways and
increase the resistance of the conducting airways and lung
compliance. The severity of COPD is related to the remodelling
of the small airways, especially of the terminal bronchioles
including increased airway smooth muscle and goblet cell
hyperplasia, submucosal gland hypertrophy and epithelial

metaplasia (Hogg et al., 2004).

1.1.6 Classification of COPD

Currently, two staging systems have been applied to COPD.
Global Initiative for Chronic Obstructive Lung Disease (GOLD)
has confirmed the classification of COPD with spirometry.
According to the two values of the postbronchodilator
spirometric measurement, namely, forced expiratory volume
in one second (FEV1) and forced vital capacity (FVC), COPD is
classified from stage 0 to stage III (Table 1.2)

(www.goldcopd.org., 2011). However, COPD patients carry
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Table 1.2 GOLD classification of COPD

FEV, greater than or equal to
80% predicted

Stage Spirometry Symptoms

0: At risk Normal spirometry Chronic symptoms
(cough, sputum
production)

I: Mild FEV,/FVC<70% With or without

COPD chronic symptoms

(cough, sputum

production)

II:Moderate FEV;/FVC<70%
COPD

FEV, greater than or equal to
30% to 80% predicted

to 50% to 80% predicted

to 30% to 50% predicted

IIa: FEV; greater than or equal

IIb: FEV; greater than or equal

With or without
chronic symptoms
(cough, sputum

production, dyspnea)

III: Severe FEV;/FVC<70%
CoPD

to 50mm Hg while breathing air at sea level

FEV1<30% predicted or FEV;<50% plus respiratory

failure or clinical signs of right heart failure

Respiratory failure: arterial partial pressure of oxygen<60mm Hg with or

without arterial partial pressure of carbon dioxide greater than or equal

Source: The GOLD Workshop level
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both physical impairment and mental burden related to their
disease and its symptoms, such as anxiety and depression
(Gudmundsson et al., 2005, Wagena et al., 2005); the
classification of COPD based on GOLD stages is not sufficient
for explaining those mental symptoms (Dahlen and Janson,
2002, Hill et al., 2008, Celli et al., 2004). The BODE index
(Body Mass-Index, Airflow Obstruction, Dyspnea and Exercise
Capacity) is a multidimensional scoring system for COPD. It
comprises an assessment of symptoms, a surrogate of the
nutritional state, and exercise capacity together with the
spirometric measure of airflow (FEV;) (Celli et al., 2004). It
has been shown to be superior in predicting hospitalization
and the mortality risk of COPD patients and better correlates
to health status (Celli et al., 2004, Ong et al., 2005, Ong et al.,

2006). Table 1.3 shows the BODE index classification.

To detect COPD early, the disease should be suspected when a

patient has with chronic cough and sputum production and a

history of COPD risk factors.

13



Table 1.3 BODE index for COPD

BODE index point

Variable 0 1 2 3
FEV1% >65 50-64 36-49 <35
predicted

Distance

walked in 6 >349 250-349 150-249 <149
minutes (m)

MRC

dyspnoea 0-1 5 3 4
scale

BMI (Kg/m?) >21 <21

Modified MRC Dyspnoea Scale

0. Breathless only with strenuous exercise

1. Short of breath when hurrying on the level or walking up a slight hill

2. Slower than most people of the same age on the level because of
breathlessness or have to stop for breath when walking atown pace on
the level

3. Stop for breath after walking about 100 meters or after a few minutes
at own pace on the level

4. Too breathless to leave the house or breathless when dressing
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1.2 Pathological halimarks in COPD

In the last decade, there have been many studies performed
on bronchial biopsies, lung parenchyma and peripheral blood
obtained from COPD patients compared with healthy non-
smokers and smokers with normal lung function. They provide
new insights on the role of the different inflammatory and
structural cells, mediators and signalling pathways,
contributing to a better knowledge of the pathogenesis of
COPD. Immunological cells, such as neutrophils, macrophages,
DCs, T lymphocytes, epithelial cells, NK cells, NKT-like cells
and so on, are mostly involved in the abnormal inflammatory
response that occurs in COPD. These cells play different roles
in producing structural changes in the airways including loss of
respiratory bronchioles, alveolar ducts and alveoli, which
further lead to smooth muscle hypertrophy, epithelial
disruption, fibrosis, mucociliary dysfunction and Ilung
destruction. This section summarizes how these immune cells

work in COPD patients.

1.2.1 Immune cells in COPD

1.2.1.1 Neutrophils

Neutrophils are the only cell type in mammals permitted to
migrate to any part of the body (Nathan, 2006). As one of the

front line defensive cells of the immune system, they
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contribute to both tissue repair and tissue damage (Henson et
al., 2006, Weiss, 1989). Once injury happens, activated
neutrophils accumulate to infected tissues and release
proteases, such as neutrophil elastase, cathepasin G, matrix
metalloproteinases (MMPs), and reactive oxygen intermediate
including superoxide, onzone, hydroxyl radical that contribute
to tissue damage (Nathan, 2006). On the other hand,
neutrophils produce destructive oxidizing agents and attempts
at blocking neutrophil function that have resulted in
significantly diminished early tissue destruction (Brickson et
al., 2003). According to this unique capacity and without the
serious side effects of increasing the host’s risk of infection
(Nathan, 2002), targeting neutrophils can be considered as an
anti-inflammatory therapeutic in many diseases. Neutrophils
are also life-saving decision-markers that trigger and maintain
an immune response by producing molecular signals.
Generated signals can activate epithelial cells, macrophages,
mast cells, endothelial cells, T cells, B cells, and also
neutrophils themselves. For instance, tumour-necrosis factor
(TNF) produced by neutrophils drives DC and macrophage
differentiation and activation (Bennouna et al., 2003, van
Gisbergen et al., 2005). TNF-related ligand B-lymphocyte
stimulator (BLyS), also secreted by neutrophils, helps to elicit

the proliferation and maturation of B cells (Scapini et al.,

16



2005). Neutrophil activated pro-chemerin, such as chemerin,
can attract both immature DCs and plasmacytoid DCs, and
monocytes (Chertov et al., 1997, Wittamer et al., 2005). IL-
12 activated neutrophils produce IFN-y that helps to drive T
cell differentiation and macrophage activation (Ethuin et al,,

2004).

There is a homeostatic feedback loop among neutrophils,
macrophages and T cells regarding neutrophil production in
the bone marrow. Granulocyte colony-stimulating factor (G-
CSF) is a necessary regulator of neutrophil proliferation and
production. Its secretion is regulated by IL-17 produced by
regulatory T cells. Extravascular macrophages release IL-23
as the major factor governing IL-17 production. However,
apoptosis of neutrophils by macrophage ingestion can

suppress IL-23 production.

Many acute and chronic lung diseases including asthma, COPD,
bronchiectasis, cystic fibrosis, acute bronchitis, and lung
cancer are associated with neutrophilic inflammation. There is
abundant evidence showing neutrophils as primary effector
cells in COPD (Barnes, 2007). Studies on BAL, sputum,
bronchial epithelium and lamina proparia indicated that

smokers with or without COPD have increased numbers of
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activated neutrophils compared with non-smokers (Dragonieri
et al., 2009, Janoff et al., 1983, Keatings et al., 1996, Lacoste
et al., 1993, Pesci et al., 1998). However, neutrophil numbers
are only higher in sputum, BAL and small airways than lung
parenchyma large airways (Battaglia et al., 2007), which
indicate rapid transit through the airways and parenchyma.
Also, the percentage of sputum neutrophils was increased with

GOLD stage in COPD patients (Singh et al., 2010).

After maturation in the bone marrow, neutrophils are released
into the circulation. When Ilung inflammation occurs,
neutrophils migrate from the pulmonary circulation to
postcapillary venules and adhere to endothelial cells in the
alveolar wall before passing into the alveolar space (Hogg and
Walker, 1995). The recruitment of neutrophils from bronchial
circulation to the bronchial submucosa is coordinated by the
interaction of adhesion molecules on the surface of neutrophils
and proteins released by the bronchial endothelial cells. B>-
integrin (CD18) is a neutrophil adhesion molecule that
facilitates neutrophil adhesion to endothelium via its
endothelial counter receptor intercellular adhesion molecule 1
(ICAM-1) (Diamond et al., 1990, Woolhouse et al., 2005).
Increased expression of macrophage antigen (MAC)-1

(CD11b/CD18) has been found in COPD patients (Noguera et
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al., 1998). Also, IL-8, produced by neutrophils, monocytes,
alveolar macrophages, pulmonary epithelium, smooth muscle
airway cells, eosinophils and fibroblasts, can cause rapid
mobilization of MAC-1 to the neutrophil surface (Huber et al.,
1991). Increased levels of IL-8 have been detected in BAL and
sputum of patients with COPD (Donaldson et al., 2009, Pesci
et al., 1998). E-selectin, which is essential to slow down the
circulating neutrophils to increase neutrophilic uptake, is
upregulated on endothelial cells in the airways of COPD

patients (Di Stefano et al., 1994).

Trafficking neutrophils into the respiratory tract from
postcapillary venules is predominantly regulated by the
epithelial cells that form a barrier lining the airway of the lung
(Hogg and Walker, 1995). Chemotactic signals attract
neutrophils accumulation near mucosal epithelial cells and in
the lumen of the airway (Tanino et al., 2002, Traves et al.,
2002). These signals including IL-8 (Tanino et al., 2002), TNF-
o (Higham et al., 2000), granulocyte-macrophage colony
stimulating factor (GM-CSF) (Aaron et al., 2001), leukotriene
B4 (LTB4) (Crooks et al., 2000), nuclear factor-«B (NF-xB) (Di
Stefano et al., 2002), and ENA-78 (epithelial neutrophils
activating protein of 78 kDa) (Papi et al., 2006b) have all been

found increased in COPD airways. Above chemotactic factors
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may derive from alveolar macrophages and epithelial cells,
however, IL-8 and leukotriene B4 (LTB4) are also produced by
neutrophils themselves (Profita et al., 2005). Recently,
Blidberg and colleague have shown that chemotaxis of
circulating neutrophils towards IL-8 and partly towards LTB4
was increased in both smokers with or without COPD (Blidberg

et al., 2012).

In the respiratory tract of COPD patients, recruited neutrophils
have been shown to infiltrate the airway epithelium and
submucosal glands from the proximal to the distal part
(Saetta et al., 1997), causing these cells to act as producers
of potent secretagogues that result in mucus hypersecretion
and emphysema (Damiano et al., 1986, Nadel, 1991). Also,
increased numbers of neutrophils and CD8" T cells infiltrate
the smooth muscle in the peripheral airways of COPD patients
compared to smokers and non-smokers, which affects the
structure and contractility of airway smooth muscle,
contributing to peripheral airways obstruction (Baraldo et al.,

2004).

Activated neutrophils produce serine proteases including
neutrophil elastase (NE), cathepsin G, proteinase-3,

macrophage-derived matrix metalloproteinase (MMP)-8, MMP-
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9 and myeloperoxidase (MPO) (Borregaard et al., 2007),
which promote the bronchial inflammation, alveolar
destruction and also potent mucus stimulants (Ilumets et al,,
2008, Weiss, 1989). NE has been demonstrated in
emphysematous tissue of COPD patients and there is a
correlation between emphysema severity and elastase levels
in peripheral blood neutrophils (Damiano et al., 1986,
Galdston et al., 1977). Higher concentratioin of NE-specific
fibrinogen degradation product Aa-Val*® has been observed in
sputum in exacerbations of COPD compared to stable COPD
patients (Carter et al., 2012). MMP-9 and MMP-12, which are
secreted by macrophages, determine the neutrophils influx
(Russell and Ley, 2002). They are also increased in COPD

patients (Russell et al., 2002).

Once neutrophils arrive in airways, they generate great
amount of O,  and reactive oxygen species (ROS), which are
also produced by activated neutrophils, eosinophils,
macrophages and epithelial cells in the airways of COPD
patients (MacNee, 2001b). ROS can damage the epithelium,
reduce ciliary beat frequency, stimulate mucus production by
goblet cells, and increase the permeability of the bronchial
mucosa (Rusznak et al., 1996). All of them lead to airway

edema and protein exudation in the airway (Gompertz et al.,
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2001). Studies on systemic neutrophils have shown that there
is an increase in ROS production in COPD patients compared
to healthy smokers and healthy nonsmokers (Gustafsson et al.,

2000, Rahman et al., 1996).

Apoptosis of neutrophils is the way to terminate inflammation
and further prevent any permanent damage. During apoptosis,
neutrophils lose their ability to produce granule contents and
undertake phagocytosis (Haslett, 1999). Mucociliary escalator
can also remove activated neutrophils if apoptosis is not
efficiently performed. However, this removal leads to the
production of proteases and chemoattractants that
continuously destroy the Ilung tissue (Nathan, 2006).
Increased levels of chemotactic factors, such as IL-8, LTB4
and GM-CSF, have shown their capacities of delaying
neutrophils apoptosis in COPD patents, which leads to
secondary necrosis and increases inflammation (Haslett,
1999). Also, delayed apoptosis by neutrophils from COPD
patients is related to the expression of bak, bcl-xlI and mcl-1
mRNA (Zhang et al.,, 2012). Interestingly, reduced
spontaneous apoptosis only occurs at exacerbation but not

stable COPD patients (Pletz et al., 2004).
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In contrast to T lymphocytes, particularly CD8* T cells, and
macrophages that are predominant inflammatory cells in the
lung of patients with mild COPD, neutrophils is more potent in
severe COPD patients (Di Stefano et al., 2004). Studies on
BAL and sputum from COPD patients indicate that the
concentration of neutrophils is positively correlated with
airflow limitation (Di Stefano et al., 1998, Stanescu et al,,
1996). It has also been found that there are increased
numbers of neutrophils in bronchial biopsy specimens and
peripheral blood during COPD exacerbations (Papi et al.,
2006a, Saetta et al., 1994, Zhu et al., 2001). Furthermore,
the percentage of apoptotic blood neutrophils at COPD

exacerbations is reduced (Schmidt-Ioanas et al., 2006).

To sum up, neutrophils play an important role in the pathology
in COPD, especially at exacerbations. Modulation of neutrophil
recruitment and apoptosis in the lungs of patients with COPD

may provide potential targets of this disease.

1.2.1.2 Dendritic Cells (DCs)

DCs are potent antigen-presenting cells (APCs) and play a
crucial role in the initiation of adaptive immune responses
(Banchereau et al., 2000). The first defined pulmonary DCs

were Langerhans cells (LCs). They are now recognized by their
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immunohistochemical expression of CD1la, langerin (CD207)
and by electron microscopy the presence of Birbeck granules
(Sertl et al., 1986). Recently, three phenotypically and
functionally different pulmonary DC subsets have been
classified including type 1 myeloid DCs (mDCs, BDCA1,
CD1c"), type 2 myeloid DCs (mDCs BDCA3, CD141%) and
plasmacytoid DCs (pDCs, BDCA2, CD303*/CD123%). Myeloid
and plasmacytoid DCs perform different functions in both
innate and adaptive immunity. They have functional plasticity
to induce one of three T-cell responses depending on the type
of stimuli, including Thl, Th2, or regulatory T (Treg) cells

(Vermaelen and Pauwels, 2005).

The role of DCs in the pathogenesis of asthma has been well
studied (Lambrecht and Hammad, 2003). However, studies on
the involvement of DCs in the development of smokers with
COPD are fairly rare. In vitro human studies indicate that DC
maturation, their capacity to secrete cytokines and expression
of adhesion molecules are affected by nicotine. Mahyar and his
colleagues have shown that in a nicotinic environment
(200ug/ml), both endocytic and phagocytic abilities of
monocyte-derived DCs are reduced. Nicotine has no effects on
DC maturation in response to bacterial antigen

lipopolysaccharide  (LPS). Nevertheless, they secrete
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dramatically lower levels of pro-inflammatory cytokines, such
as IL-12, IL-10, and TNF-a. IL-12 is a principal cytokine that
bridges innate and specific immune response by activation of
NK and T cells and biases the differentiation of CD4 T cells
towards IFN-y-producing Thl cells (Macatonia et al., 1995).
Low level production of IL-12 by nicotine treated DCs indicates
that in a nicotinic environment, the ability of DCs to prime
type 1 T-cell polarization is diminished. Moreover, T cells co-
cultured with DCs in the presence of nicotine produced
significantly lower levels of IFN-y than in the absence of
nicotine (Nouri-Shirazi and Guinet, 2003). Another study
performed by Alexandra et al has shown that nicotine
increases the DC expression of adhesion molecules such as
the p2-intergrin lymphocyte function-associated antigen 1
(LFA-1, CD11aCD18) and its ligand CD54 (ICAM-1).
Furthermore, the expression of HLA-DR and the DC
maturation marker CD83 are also increased in the presence of

nicotine (Aicher et al., 2003).

In vivo human studies, the number of CD1a" immature DCs
were increased in the alveoli and in the BAL of smokers
compared to non-smokers (Casolaro et al., 1988, Soler et al.,
1989). However, unlike the airway epithelium that contains

exclusive CD1a™ DCs, there are normally relatively few CD1a*

25



DCs in human alveoli and BAL (Demedts et al., 2005). In
COPD patients, the number of langerin (CD207") immature
LCs in the epithelium and the adventitia of small airways is
significantly higher compared to never smokers and
asymptomatic smokers. This accumulation of DCs is positively
correlated to the disease severity. Nevertheless, there is no
significant difference in DC numbers in the epithelial layers
between current smokers with COPD and ex-smokers with
COPD. Also, there is no difference in DC numbers in the
lamina propria among groups (Demedts et al., 2007)..
Recently, abnormal numbers of DCs subsets were detected in
PBMCs from COPD patients. The absolute humber of pDCs was
significantly reduced along with a marked increase of the
mDC/pDC ratio in COPD patients comparied to non-smokers

(Malta et al., 2013).

CCL20 (also known as MIP3a) is a chemokine that attracts
DCs toward sites of inflammation via interaction with its
receptor CCR6 (Reibman et al., 2003). Its mRNA expression is
significantly higher in lung tissue from COPD patients
compared to healthy non-smokers and healthy smokers. There
is an inverse correlation between the FEV;% and CCL20 mRNA
expression. Nevertheless, there is no significant difference in

CCR6 mRNA expression in lung tissue between controls and
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COPD patients. Similar results have also been found in sputum
samples (Demedts et al., 2007). In large airways, current
smoking appears to markedly reduce the number of DCs both
in the bronchial mucosa and in induced sputum (Reibman et
al., 2003). Expression of receptors for antigen recognition, for
example, BDCA-1 or Langerin, are significantly increased in
mDCs from current smokers with COPD but also markedly
decreased in mDCs from ex-smokers with COPD, compared

with non-smokers (Stoll et al., 2014).

Overall, investigations on DCs in the pathogenesis of COPD
indicate that chronic exposure to cigarette smoking impairs
the normal maturation process of DCs and subsequently alters
their normal function and interaction with naive lymphocytes,
leading to an imbalance of immunity that may increase

susceptibility of patients with COPD to respiratory infections.

1.2.1.3 Macrophages

Monocytes, DCs and macrophages, along with neutrophils and
mast cells, are all phagocytic cells that are strategically
located throughout the body’s tissues, where they ingest and
process foreign molecules, apoptose cells and debris,
maintaining homeostasis, as well as producing multiple

mediators to recruit other immune cells (Erwig and Henson,
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2008, Mantovani et al., 1972). Macrophages account for the
majority of inflammatory cells recovered by airway lavage,
regardless of subject status, such as whether or not they are
smokers or suffering from airway diseases (Kuschner et al.,
1996, Linden et al., 1993). Studies on macrophages have
shown that macrophages play a potent role in the

pathophysiology of COPD (Barnes, 2004a, Shapiro, 1999).

Numbers of macrophages in BAL fluid, sputum, small airway
epithelium, lung parenchyma, bronchial submucosal and
bronchial glands are all increased in COPD patients (Barnes,
2004d, Saetta et al., 1993, Saetta et al., 1997, Wallace et al.,
1992). In particular, compared to healthy smokers, the
number of macrophages is significantly increased by up to 25-
fold in the alveolar spaces and tissue in patients with
emphysema (Wallace et al., 1992). Also, there is a positive
correlation 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 COPD patients (Di
Stefano et al., 1998, Finkelstein et al., 1995, Meshi et al.,

2002).

Increased recruitment of monocytes from the circulation in

response to monocyte-selective chemokines may be one of
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the reasons to account for the increased numbers of
macrophages in the lungs of smokers and patients with COPD.
Expression of C-C chemokine receptor 2 (CCR2) is thought to
be particularly important for macrophage differentiation and
recruitment to the airways (Lee et al., 1999), which is 1.4-fold
higher levels in macrophages in COPD patients compared to
subjects without COPD. Macrophages have a very low
proliferation rate in the lungs, however, increased proliferation
has been reported to be responsible for the increased
numbers of macrophages detected in smokers (de Boer et al.,
2000, Barbers et al., 1991, Bitterman et al., 1984). The life
span of tissue macropahges ranges from 6 to 16 days. Tissue
macrophages are renewed by local proliferation of progenitor
cells rather than by monocyte influx into tissue (Sawyer, 1986,
Tarling et al., 1987). This feature protects patients from an
overwhelming risk of fatal infection when neutrophil
production is transiently interrupted. Particles from cigarette
smoke can be found within the cytoplasm of alveolar
macrophages in smokers for more than two years after
smoking cessation (Marques et al., 1997). Therefore, smoking
may contribute to the prolonged -cellular activation of
macrophages. In smokers and patients with COPD, markedly
increased expression of the anti-apoptotic protein Bcl-X. and
1CIP/WAF1

expression of cyclin-dependent kinase inhibitor p2 in
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the cytoplasm are detected in macrophages (Tomita et al,,
2002). These findings suggest that apoptosis of alveolar
macrophages may be defective in smokers and in COPD
patients, which may be another explanation for the
accumulation of macrophages in the lung. In COPD patients
and healthy smokers, the expression of apoptosis inhibitor of
macrophages in alveolar macrophages is significantly
increased in the lung of COPD patients and healthy smokers.
Likewise, apoptosis inhibitor of macrophages expression was

enhanced in response to CSE exposure (Kojima et al., 2013).

Macrophages tend to display polarized phenotypes by which
they can be divided into two major subpopulations, namely,
M1 and M2. M1 are classically activated macrophages that
exhibit pro-inflammatory properties. These cells play
important effector functions including the production of
reactive nitrogen species and they secrete high amounts of
pro-inflammatory cytokines, such as TNF-a, IL-12 and IL-1
that regulate antigen presentation to T cells and promote Th1l
immunity. In contrast, M2 macrophages have poor antigen
presenting capacity but a better clearance of apoptotic cells.
They produce anti-inflammatory cytokines, such as IL-10 and
TGF-B. Mannose receptor (CD206) and the scavenger receptor

CD163 are two representative markers to distinguish M1 and
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M2. In vitro, GM-CSF can generate M1 macrophages whereas
M-CSF can activate M2 macrophages from human peripheral
blood monocytes (Murray and Wynn, 2011, Verreck et al.,
2006). In the lung, alveolar macrophages predominantly show
anti-inflammatory M2 features that have highly phagocytic
capacity (Blumenthal et al., 2001, Van den Heuvel et al.,
1999). Figure 1.2 shows the macrophage polarization and

their features.

Markers Properties

M1 macrophage
Th1 responses

« Acute response to
NOS2+ bacterial infection
Pro- » Coordinate an anti-
Macrophage IFN- inflammatory cancer immune response

Precursor GM-CSF_— cytokines, « inhibit cancer growth
e (TNF-c,
IL-12)

IL-4 ™~ .

IL-13 ~ anti=
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M-CSE cytokines ARG1+ * Support angiogenesis
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Figure 1.2 Macrophage polarizations. Diversity and plasticity are two
hallmarks of macrophages. M1 macrophages (classically activated
macrophages) are pro-inflammatory and have a central role in host
defense against infection, while M2 macrophages (alternatively activated
macrophages) are associated with responses to anti-inflammatory
reactions and tissue remodeling, and they represent two terminals of the
full spectrum of macrophage activation. Adapted from: M.C. Schmid &
J.A. Varner, J Oncol. 2010:201026
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Decreased phagocytosis of alveolar macrophages has been
detected in smokers with COPD and smoking cession
contributes to improvement (Berenson et al., 2006, Hodge et
al., 2007, Taylor et al., 2010). This finding suggests that there
may be a regulation of macrophage polarization in COPD
patients. Kunz and colleagues recently showed that the
percentage of macrophages with M2 characteristics is
markedly higher in BAL from ex-smokers with COPD compared
to current smoking COPD patients. Also, the percentage of M2
in BAL is higher than in induced sputum, which indicates that
the M2 macrophage subpopulation is mainly present in the
periphery of the lung. In addition, there is no significant
difference in the percentage and number of M2 macrophages
in BAL between ex-smokers and current smokers suffering
from COPD. Although there are other studies to show the shift
of macrophage polarization in COPD (Kunz et al., 2011,
Frankenberger et al., 2004, Hogger et al., 1998, Kollert et al.,
2009), disease severity may be a possible explanation for
these controversial findings. Impaired phagocytosis of alveolar
macrophages for Haemophilus influenzae and Moraxella
catarrhalis has been detected to be correlated with the
severity of COPD (FEV1% predicted) in COPD patients
(Berenson et al., 2013). Moreover, Metcalfe and colleague

showed that cigaretter smoke extract significantly reduced
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innate immune response of alveolar macrophages from COPD

patients (Metcalfe et al., 2014).

Macrophages induce mucus hypersecretion and lung
emphysema via production of LTB4, IL-1 and matrix
metalloprotease enzymes (MMPS). In vitro, alveolar
macrophages from COPD patients express increased levels of
MMP-1 and MMP-9 (Finlay et al., 1997a, Segura-Valdez et al.,
2000), and, in vivo, expression of MMP-2, MMP-9 and MMP-12
are enhanced in COPD patients (Molet et al., 2005, Montano et

al., 2004).

1.2.1.4 T cells

T cells in the lung make up a significant proportion of the total
T cell population of the body (Pabst and Tschernig, 1995).
They are derived from the progenitor cells that begin
recombination of four gene segments, namely, a and B, or y
and &, which build up the T cell receptor (TCR) genes (La
Motte-Mohs et al., 2005, Lauritsen et al., 2006). The TCR is
composed of two disulfide-linked chains, either af or y5. TCR-
o/p cells comprise 95% of the T cell population and regulate
the immune response by production of cytokines and

chemokines. TCR-y/6 cells play key functions in mucosal
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homeostasis and in response to tissue damage at the

epithelial surface (Jameson et al., 2003).

o/B T cells

Cytotoxic T cells (Tc cells, CD8") and helper T cells (Th cells,
CD4%) are ap T cell subsets. Tc cells consist of 30-40% of the
total o/B T cell population and recognize intracellular antigens,
such as viral or tumour proteins, presented by MHC class I
molecules. Th cells constitute 60-70% of the total o/p T cells
and recognize extracellular antigens, such as bacterial
peptides, presented by MHC class II molecules (Alam and
Gorska, 2003, Parkin and Cohen, 2001). The predominant
function of Tc cells is to kill infected cells via producing
cytokines such as IFN-y and toxic molecules like perforin and
granzymes (Henkart, 1985, Zagury, 1982). Perforin is a pore-
forming protein that helps granule proteins of Tc cells to be
transported into target cells (Froelich et al., 1996, Shresta et
al., 1999). Granzymes and T-cell intra-cytoplasmic antigen-1
(TLA-1) are two main Tc granule proteins that have the
capacity to activate caspase mediated DNA fragmentation
resulting in apoptosis of the target cells (Kojima et al., 1994).
In addition, binding of Fas-ligand presented by Tc cells to Fas
expressed by target cells can also induce apoptosis of infected

cells (Nagata and Golstein, 1995). Th cells are coordinating
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cells of the immune response. They play a major part in

activation of B cells.

Tc cells include two subsets, namely, Tcl cells and Tc2 cells.
Tcl cells produce IFN-y whereas Tc2 cells release IL-4 and IL-
5 (Mosmann et al., 1997). Th cells are also divided into two
main groups, namely, Thl cells and Th2 cells. Thl subset
secretes IL-2 and IFN-y and is associated with cell-mediated
functions, such as activating Tc cells and delayed
hypersensitivity. Although both Thl and Th2 subset can
activate B cells and induce antibody production, the main
difference is in the profile of isotype switching- Thl induce
mainly IgG1-3; Th2 induce IgG1-4, IgG3 and IgG A (Mosmann

et al., 1997).

Besides CD8" cytotoxic T cells and CD4" helper T cells, Treg
cells are a special subpopulation of T cells with the major
function of suppressing activation of the immune system by
producing suppressor molecules, such as IL-10 or TGF-B
(Cederbom et al., 2000, Liu et al.,, 2003).. CD4" cells
expressing high levels of CD25 (CD25 bright) are thought to
be Treg cells that represent between 1 and 3% of total CD4* T
cells (Dejaco et al., 2006). Besides CD4 and CD25, FoxP3 is

mostly restricted to CD4™ Treg cells, although some CD8" T
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cells do express it (Fontenot and Rudensky, 2004, Tang and
Bluestone, 2008). Recently, CD127 has been identified as a
unique cell surface marker for Treg cells (Liu et al., 2006,
Shen et al., 2009). In particular, CD1279™ has been shown to
be a specific marker for Treg cells, whereas CD127°9" js

expressed by non-regulatory T cells.

/6T cells

v/8 T cells are preferentially associated with epithelial tissue.
They are abundant in the gastrointestinal mucosa and skin,
which have a potent role in epithelial repair. Unlike o/p T cells,
v/8 T cells do not recognize antigen as peptides presented by
MHC molecules. They directly distinguish a great amount of
diverse antigens, such as the non-classcial MHC class 1
molecules T10 and T22, without clonal expression (Hayday

and Tigelaar, 2003, Holtmeier and Kabelitz, 2005).

In 1995, Finkelstein et al showed an increase of CD3" T cells
in the lung parenchyma in smokers and there was a positive
correlation between the number of T cells of the lung tissue
and the extent of emphysema (Finkelstein et al., 1995).
Further studies have also shown that numbers of CD4"* T cells
and CD8" T cells are both increased in the lung parenchyma

and airways in COPD patients compared to asymptomatic

36



smokers and healthy non-smokers, with a predominance of
CD8" T cells. This is in contrast to the findings in asthma, in
which the predominantly increased cells are CD4* T cells and
eosinophils. Abnormal numbers of CD8" T cells in smokers
with COPD is not tissue specific. They are detectable in
different tissue compartments, such as large airways sub-
epithelium (Lams et al., 2000, O'Shaughnessy et al., 1997),
peripheral airway (Saetta et al., 1998), parenchyma (Saetta
et al., 1999), smooth muscle (Baraldo et al., 2004), bronchial
arteries (Peinado et al., 1999, Saetta et al., 1999, Turato et
al., 2002), peripheral blood (Urbanowicz et al., 2009), sputum
samples (Urbanowicz et al., 2010), and small airways such as
BAL (Saetta et al., 2003, Saetta et al., 2002). Some studies
demonstrate the correlation between the number of CD8* T
cells and Ilung function (Di Stefano et al., 2001,
O'Shaughnessy et al., 1997, Turato et al., 2002). However,
recently one study demonstrated that the distribution of T-cell
subsets in BAL of patients with mild to moderate COPD is
smoking pe se but not correlated with airway obstruction
(Forsslund et al., 2014). Smokers with or without COPD show
higher percentages of CD8* T cells and NKT-like cells than
those never smokers and ex-smokers with COPD. Altough toll-
like receptors (TLRs) are expressed at low levels in the lung

tissue, the percentage of CD8" T cells expressing TLRs
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including TLR1, 2, 4, 6 and 2/1 is significantly elevated in
smokers with COPD compared to smokers with normal lung
functions (Freeman et al., 2013). Activated CD8* T cells in
COPD secrete Thl predominant cytokine pattern that includes
increased production of IFN-y, interferon-inducible protein-10
(IP-10), and monokine induced by interferon-gamma (MIG).
In turn, these mediators can cause tissue destruction through
the up-regulation of MMP production by macrophages and
other immune cells (Grumelli et al., 2004, Maeno et al., 2007).
Enzymes released by CD8" T cells, such as granzymes and
perforin, as well as binding of Fas-ligand to Fas between CD8*
T cells and target cells, can also cause cell apoptosis (Henkart,

1994, Kojima et al., 1994).

Although studies of CD4™ T cells are less extensive than CD8”
T cell infiltrates, CD4" T cells have also been shown to be
increased in airways, lung parenchyma and peripheral blood in
COPD patients (O'Shaughnessy et al., 1997, Saetta et al,,
1999), particularly in proximity to bronchus associated
lymphoid tissue (Hogg et al., 2004). Decreased number of
CD4" helper T cells is detectable in BAL from smokers with or
without COPD in comparion with non-smoking participants
(Forsslund et al., 2014). CD4" helper T cells are mainly

responsible for orchestrating downstream immune process by
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producing cytokines. They are essential for the full
development of adaptive immune cytotoxicity by priming and
promoting the long-term survival of CD8* T cells. They also
help activation and differentiation of antibody elaborating B-

cells (Wan, 2010).

Treg cells (CD4*CD25" T cells) are a subpopulation of CD4* T
lymphoctyes with significant  anti-inflammatory  and
immunomodulatory effects (Bluestone and Tang, 2005, Jiang
and Chess, 2006). Recently, more studies have shown
interests in the Treg cells in the pathogenesis of COPD.
However, the findings are conflicting. Smyth et al/
demonstrated the up-regulation of Treg cells in BAL fluid in
healthy smokers and COPD patients, compared to healthy
non-smokers, and there is a positive correlation between
FoxP3 expression and the number of pack-years (Smyth et al.,
2007). Nevertheless, Barcelo et al found increased levels of
Treg cells only in BAL from smokers but not in COPD patients
and healthy non-smoking participants. Also, the number of
Treg cells were higher in BAL than in the peripheral blood in
the three groups of individuals studied (Barcelo et al., 2008).
Human Treg cells are classifed into three subsets including
CD25(++)CD45RA(+) resting Tregs (rTregs),

CD25(+++)CD45RA(-) activated Tregs (aTregs), which play
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suppressive functions, and CD25(++)CD45RA(-) cytokine
secreting (Fr III) cells. Decreased proportions of rTregs and
aTregs, and increased proportion of Fy III cells among CD4™ T
cells were found in COPD compared to normal smokers (Hou

et al., 2013).

v/6 T cells play a potent role in tissue repair and mucosal
homeostasis. However, only a few studies address the
potential role of y/8 T cells in COPD. Richmond et al showed
the number of y/8 T cells was increased in the bronchial glands
of healthy smokers compared to healthy non-smokers
(Richmond et al., 1993). Likewise Majo et al also found
increased y/6 T cells in the lung parenchyma of healthy
smokers (Majo et al., 2001). Recently, two studies both
confirmed that the number of y/3 T cells are also increased in
both peripheral blood and BAL fluid from healthy smokers,
compared to COPD patients and healthy non-smokers,
particularly in BAL (Ekberg-Jansson et al., 2000, Pons et al.,
2005). Also, current smokers with normal lung function
showed a significant up-regulation of y/8 T cells compared to
ex-smokers with normal lung function (Pons et al., 2005).
Importantly, the active smoking inducing up-regulation of y/8

T cells was blunted in current smokers with COPD, which
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indicates the capacity for tissue repair involving y/8 T cells

might be postponed in COPD patients.

Cytokines, chemokines and enzymes producing by T cells
perform different roles in cell recruitment, cell activation, cell
differentiation as well as killing infected cells. Molecular
mechanisms of these molecules in COPD will be demonstrated

individually in later sections.

1.2.1.5 NKT cells

NKT cells share receptor structure and function with both T
cells and NK cells (Kronenberg and Gapin, 2002). They
express T cell membrane proteins, such as CD3, CD4 and CDS,
as well as NK cell markers including CD56, CD161 and
inhibitory natural killer cell receptors (Emoto and Kaufmann,
2003). The most widely studied subset of NKT cells is
invariant NKT (iNKT), which express both an invariant TCR
consisting of the a«-chain (Va24/JoQ in humans and
Val4/Jo281 in mice) paired with a p-chain (VB11 in human
and VB2, VB7 or VB8 in mice) and NK cells markers, such as
NK1.1 and Ly-49 (Berzins et al., 2004, Stenstrom et al., 2004).
The unique invariant TCR of NKT cells recognizes glycolipid
antigens, such as the synthetic glycolipids o-

galactosylceramide (a-Galcer) and the endogenous
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isoglobotrihexosylceramide (iGb3) by interaction with the MHC
class I-like molecule CD1d presented by antigen presenting
cells (Burdin and Kronenberg, 1999, Crowe et al., 2003, Zhou
et al., 2004). However, recognition of CD1d by NKT cells
appears to be tissue specific (Hong et al., 1999). a-Galcers
has stronger immunostimulatory activities and has been used
as a powerful tool for analyzing NKT cell function in vivo
because conventional T cells do not recognize this molecule
(Crowe et al., 2003). There is an overwhelming body of
evidence showing that most NKT cells are thymus-dependent,
however, some argue for an extrathymic origin (Bendelac,
1995, Bendelac et al., 1997, Crowe et al., 2003, MacDonald,

1995).

In humans, most studies on NKT cells have been limited in
peripheral blood. However, one study has shown that NKT
cells are clearly detectable in human liver at approximately
4% of hepatic T cells (Doherty et al., 1999). Recently, it has
been shown that iNKT cells are found in low numbers in the
BAL fluid (less than 2% of total CD3"* T cells), induced-sputum
(less than 1.3% of CD3" T cells) and bronchial biopsy (less
than 1.7% of CD3" T cells) in subjects with mild or moderately
severe asthma, subjects with stable or exacerbated COPD and

healthy volunteers (Vijayanand et al., 2007). Furthermore,
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there are no significant differences among those three groups.
The distribution of NKT cells in other human tissues remains to

be determined.

According to the expression of CD4 or CD8 surface molecules
on NKT cells, they are classified into three subpopulations,
namely, CD4*CD8 NKT cells (CD4 NKT cells), CD4 CD8* NKT
cells (CD8 NKT cells) and CD4°CD8" NKT cells (DN NKT cells).
Recent studies have highlighted the distinct Thl1- and Th2-
type cytokine profiles of these subsets of NKT cells (Gumperz
et al., 2002, Takahashi et al., 2002, Takahashi et al., 2000).
Upon stimulation, the CD4 NKT cells produce Thl cytokines
(e.g. IFN-y) and Th2 type cytokines (e.g. IL-4), plus IL-2, IL-
10 and granulocyte-macrophage colony-stimulating factor
(GM-CSF). By contrast, CD8 NKT cells and DN NKT cells
predominantly secrete Th1l cytokines (e.g. IFN-y) but not IL-2,
GM-CSF or Th2 cytokines (Kim et al., 2002, Lee et al., 2002).
The different cytokine production of NKT cell subpopulations
has different actions on immune effector cells in adaptive
immune responses. For example, CD4 NKT cells induce the
greatest activation of NK cells, CD4" T cells and B cells but
have no effect on CD8" T cells. These observed stimulatory
activities might be involved in both Thl- and Th2-type

immunity. Compared with the other two NKT cell subsets, CD8
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NKT cells have substantially greater stimulatory activities on

CD8" T cells while producing less IFN-y.

One of the interesting features of the NKT cells is its
paradoxical function in different diseases including
malignancies and autoimmune dysfunctions. It is hard to
conclude which kind of NKT cell subset performs more
important roles in immune response. This is dependent on the
distribution of NKT cell subsets in different tissues. For
example, DN NKT cells are at greater frequency than CD4 NKT
cells and CD8 NKT cells in human liver (Kenna et al., 2003).
Moreover, activation of NKT cells can be either beneficial or
detrimental (Duarte et al., 2004, Kikuchi et al., 2001, Kim et
al., 2005, Sharif et al., 2002, Terabe et al., 2000). Previous
studies have raised the prospect of manipulating NKT cells for
therapeutic benefits (Parekh et al., 2004, Yu et al., 2005).
Phase I cancer clinical trials revealed that soluble o-GalCer
treatment is safe, but exerts moderate immunostimulatory
effects (Major et al., 2004, Nakai et al., 2004, Tupin et al.,
2004). Depending on differences in cytokine profiles in NKT
cell subsets, non-selective activation of all NKT cell subsets
could likely result in unexpected immunological outcomes for
the intended therapeutic use. This suggests that clinical trials

to develop the therapeutic potential of NKT cells should
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probably utilize strategies that activate or bias toward specific
NKT cell subpopulations rather than the whole NKT cell
population. For examples, the numbers of NKT cells were
reduced significantly in smokers with COPD compared with
non-smoking healthy volunteers and healthy smokers whereas
the relative proportion of CD8" NKT cells was increase in

peripheral blood from COPD patients (Urbanowicz et al., 2009).

In addition, cytokine release by NKT cells is always rapid and
transient, with a peak of activity within 24 hours. After 24
hours, the production of these cytokines, for example IFN-y,
quickly returns to baseline levels (Lin et al., 2006). Thus, the
timing of activation of NKT cells is also an important factor to

achieve therapeutic efficacy.

Besides cytokine production, NKT cells also exhibit potent
cytotoxic functions. They can induce cell apoptosis by
constitutively expressing Fas-L that interacts with Fas* target
cells (Arase et al., 1994). They also kill tumor targets in a

perforin-dependent manner (Smyth et al., 2000).

The capacity of rapidly producing high levels of
immunoregulatory cytokines may allow NKT cells to regulate

adaptive immunity and autoimmune diseases. Previous studies
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have shown that NKT cells are critical in both innate and
adaptive immune responses against viral and bacterial
infections (Grubor-Bauk et al., 2003, Hansen and Schofield,
2004, Kakimi et al., 2000, Skold and Behar, 2003), as well as
in tumour immunity and certain autoimmune and allergic
diseases such as type 1 diabetes and allergic asthma

(Lisbonne et al., 2003, Smyth et al., 2000).

Recently, Kim et al introduced a new mouse model to detect
invariant NKT cell function in both asthma and COPD (Kim et
al., 2008). They found that, in mouse lung tissue, the chronic
pulmonary symptoms required interactions between CD4" NKT
cells and macrophages via CD1d molecules. IL-13, derived
from INKT cells, also served as a source of early anti-
inflammatory cytokine with great activity on activation of
macrophages. This activation resulted in an autocrine
signalling loop due to more IL-13 produced by activated
macrophages (Martinez et al., 2009). Similar results were
seen in the COPD group. Increased numbers of macrophages
expressing high levels of IL-13 were observed in COPD
affected lungs removed from transplant recipients compared

with normal lungs (Kim et al., 2008).
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To date, a number of studies have shown differences of
distribution and function of NKT cells in peripheral blood,
induced sputum and tissues. For instance, Urbanowicz et al
have demonstrated remarkable findings on NKT cell features
in peripheral blood from COPD patients (Urbanowicz et al.,
2009). The numbers of NKT cells were reduced significantly in
smokers with COPD compared with non-smoking healthy
volunteers and healthy smokers whereas the relative
proportion of CD8" NKT cells was increased. The expression of
cytotoxic effector molecules, namely, perforin and granzyme B,
were both markedly lower in COPD subjects. In contrast to
smoking-free healthy participants and healthy smokers, NKT
cells isolated from peripheral blood of COPD patients also
showed less cytotoxic activity. Su et al further confirmed and
extend these findings (Chi et al., 2011). The number of iNKT
cells was significantly reduced in peripheral blood from COPD
patients compared to healthy smokers. Furthermore, the
frequency of iINKT cells is lower in peripheral blood from
patients with exacerbations of COPD compared to stable COPD
patients. Interestingly, the proportion of NKT cells is
dramatically higher in induced sputum from smokers with
COPD compared to healthy smokers and healthy non-smokers
(Urbanowicz et al., 2010). Also, the expression of both

perforin and granzyme B by NKT cells is also increased in
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COPD patients compared to the other two groups, which
means that NKT cells from COPD patients are more cytotoxic

than those from healthy smokers and non-smoking subjects.

NKT cells, as a unique Ilymphocyte population sharing
characteristics with both conventional T cells and NK cells, are
involved in immediate immune responses through their
efficient cytokine secretion and lytic activity. Therefore, it is
necessary to investigate their roles in health and disease.
Previous studies on NKT cell performance in COPD highlight
that it is important to design clinical studies aiming to modify

NKT cell activity for therapeutic benefit.

1.2.1.6 Natural killer (NK) cells

NK cells, as a critical innate immune effector cell type, are an
important source of immunoregulatory cytokines and play
potent roles in early host defence by interaction with other
immune cells. They are equipped with a great number of
receptors that can be either inhibitory or stimulatory and also
possess certain adhesion molecules that facilitate NK cell
homing and trafficking (Gregoire et al., 2007, Lanier, 1998,
Lanier et al., 1998). Upon activation, NK cells release a
number of cytokines including myeloid-differentiation or

activation factors (IL-3, TNF-o, GM-CSF), IFN-y and type 2
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cytokines (IL-4, IL-5, IL-10 and IL-13) and cytotoxic
molecules, such as granzymes and perforin (Cooper et al.,
2001a, Cooper et al.,, 2001b, Loza et al., 2002). These
important properties warrant NK cells multiple functions in
both innate and adaptive immune system. Killing infected cells
by cytotoxic molecules, inducing adaptive immunity through
cytokine and chemokine secretion, and providing co-
stimulatory molecules to T cells and B cells are main

immunological functions of NK cells.

CD56 is an isoform of the human neural cell adhesion
molecule and widely used as a cell surface marker to identify
NK cells (CD3°CD56%). Although its function in NK cells is still
unexplored, early studies suggest that CD56 may function as
an adhesion protein mediating interactions between NK cells
and target cells (Lanier et al., 1989, Nitta et al., 1989, Suzuki
et al., 1991). CD16 (FcyRIII), as a receptor of IgG, is also
detectable on NK cells (Dall'Ozzo et al., 2004, Lanier et al.,
1986). According to the intensity of CD56 and CD16
expression, NK cells have been classified into two subsets
including CD56°™"" and CD56%™ NK cells (Cooper et al.,
2001a). In peripheral blood, CD56" NK cells that rarely
express CD16 molecule only comprise of approximately 10%

of total NK cells and function as cytokine-producing cells with
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low level expression of perforin (Konjevic et al., 1995, Nagler
et al., 1989). CD56%™ NK cells expressing high density of
CD16, however, are a majority (~90%) of NK cells and
defined as killers due to their high cytotoxicity. The perforin
levels of these cells are also high (Nagler et al., 1989).
Besides CD56 and CD16, cytokine receptors, such as receptors
for IL-2 and IL-15, and other activation or inhibitory receptors
are also expressed on NK cells. They can selectively recognize
MHC class I ligands, MHC class-I related ligands and host-

encoded non-MHC ligands (Lanier, 1998).

Adhesion molecules are thought to play functions in cell-cell
interactions, trafficking and homing. Two subpopulations of NK
cells have distinct expression patterns of these molecules that
result in their functional diversity. In contrast to CD569™ NK
cells that express high levels of LFA-1 and PEN5 (a sulfated
polylactosamine carbohydrate epitope), CD56°"9" NK cells
highly express CC-chemokine receptor 7 (CCR7) and L-
selectin that both are important for homing immune cells to
secondary lymphoid organs (Frey et al., 1998), which also
may be a reason to explain why CD56°"9" NK cells are highly
presented in lymph node in contrast to CD56%™ NK cells
(Ferlazzo et al., 2004). Figure 1.3 presents the phenotypes of

NK cells with their functional molecules.
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Figure 1.3 Properties of human NK cell subsets. CD56°™" NK cells (left in the figure) express high levels of inhibitory receptor
CD94/NKG2A, cytokine receptors IL-2/15Rafyand adhesion molecules including L-selectin and CCR7. However, CD16 and KIRs are
rarely expressed on these cells. Upon activation, these cells can release high levels of cytokines. Thus, the predominant function of
CD56""9" NK cells is immunoregulatory. By contrast, CD56%™ NK cells express high levels of CD16 and KIRs. They can secrete a great
amount of cytotoxic proteins including perforin and granzyme B but release few cytokines after stimulation. Therefore, they mainly
perform as Killer cells in the immune system. (Adapted from Megan et al. The biology of human natural kill-cell subsets. 2001. TRENDS
in Immunology. 22: 633-640)
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Figure 1.4 Origins of NK and NKT cells. Hematopoietic stem cells
give rise to all blood lineages. NK cells are innate immune effector
cells. They are derivate from either lymphoid or myeloid progenitor
cells, and CD3-CD56+. NKT cells are a distinct lineage of T
lymphocytes that are derivate from Ilymphoid progenitor, and
CD3+CD56+.

T cells, B cells and NK cells all develop from haematopoietic
progenitor cells that reside in the CD34% cell compartment
(Lotzova et al., 1993). Figure 1.4 shows the Origins of NK and
NKT-like cells in hematopoiesis. Recent studies indicate that
bone marrow and lymph nodes are two major physiological

sites for NK cell development. IL-2 has been detected as an
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effective promoter to support the differentiation of NK cells
from CD34*CD38 hematopoietic progenitors (Lotzova et al.,
1993, Shibuya et al., 1995). Exogenous IL-2 can also expand
NK cell proportions (Caligiuri et al., 1993, Piguet et al., 1986,
Rosenberg et al., 1987). IL-15 is another necessary promoter
for NK cell development. It has structural similarities with IL-2
and they both share several functions, such as inducing T cell
proliferation, generation and activation of NK cells. Studies
focusing on the NK cell progenitor in bone marrow have shown
that IL-15 plays a critical roles in both the development and
the maturation of NK cells (Fehniger and Caligiuri, 2001,
Williams et al., 1999). It can induce human CD34"
haematopoietic progenitor cell differentiation into NK cells in
the absence of other cytokines (Mrozek et al., 1996). However,
differentiation based on IL-15 is not able to enhance NK cell
expansion (Mrozek et al., 1996), unless two additional bone
marrow stromal factors, namely, ligands of the receptor
tyrosine kinases c-kit and flt-3, act synergistically with IL-15
(Lyman and Jacobsen, 1998, Yu et al., 1998). Besides bone
marrow, lymph node is another important site for NK cell
development. CD56°™"t NK cells have been found in peripheral
blood when CD34" progenitor cells are treated with
recombinant IL-15 (Lyman and Jacobsen, 1998). Although

CD56"79" NK cells only comprise around 10% of circulating NK
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cells, they are a majority of NK cells (~90%) in lymph nodes.
Interestingly, in lymph node, addition of IL-2 can functionally
differentiate CD56°"9" NK cells to CD56%™ NK cells through
increasing their cytotoxicity (Ferlazzo et al., 2004). Collectively,
lymph nodes may serve as a harbour for NK precursor cells

that more frequently develop into CD56°"9" NK cells.

NK cell receptors

NK cell receptors can be classified into three families including
receptors recognizing MHC class I ligands, receptors
interacting with MHC class I related ligands, and receptors for
host-encoded non-MHC ligands. NK receptors for MHC class I
refer to those with capacities to recognize either classical or
non-classical class I molecules encoded by genes within the
MHC. In human two representative receptors in this family
have been investigated, namely, human Kkiller cell
immunoglobulin-like  receptors (KIRs) and conserved
CD94/NKG2 receptors. These receptors are suggested to play
predominant functions in monitoring cells for aberrant

expression of MHC class I molecules in immune surveillance.

KIRs, belonging to the Ig superfamily, are also referred to as
the CD158 family. They are type I transmembrane

glycoproteins that contain two (D1 and D2) or three (DO, D1
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and D2) Ig-like domains (designated KIR2D and KIR3D
respectively) in the extracellular region (Colonna and
Samaridis, 1995, Wagtmann et al., 1995), a short stalk region
separating the Ig-like domains from the transmembrane
segment, and cytoplasmic domains which characteristics are
variable in length, for instance, some receptors possess long
(L) cytoplasmic domains containing at least one intracellular
immunotyrosine-based inhibitory motif (ITIM) sequence, they
are named as KIR2DL or KIR3DL. While other receptors with
short (S) cytoplasmic domains possess no ITIM sequence,
which are called KIR2DS or KIR3DS. There are also five
different types of cytoplasmic tails in the structure of KIRs.
Numbers (1-5) designating to which cytoplasmic tail group
each KIR belongs are also used to label KIRs, such as
KIR2DL1, KIR2DS2 and so on. In humans, 14 different KIR
genes have been detected, they are KIR2DL (1-5), KIR2DS (1-
5), KIR3DL (1-3) and KIR3DS1 (Raulet et al., 2001). Unlike
the ITIM-induced signalling pathway in KIR2DL and KIR3DL,
KIR2DS and KIR3DS lacking ITIMs possess a Lys residue in
their transmembrane domains. This charged residue
associates with an immunoreceptor tyrosine-based activation
motif (ITAM)-bearing DAP12 adapter protein to transmit
signals. In other words, KIRs with long cytoplasmic domains

perform as inhibitory receptors, whereas KIRs possessing
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Figure 1.5 Representative structures of KIRs (KIR2DL,
KIR3DL, KIR2DS and KIR3DS). KIRs contain long (L) cytoplasmic
domains possessing at least one ITIM sequence. Thus their major
function is inhibitory. Whereas KIRs with short (S) cytoplasmic
domains lack ITIMs, they possess a Lys residue in their
transmembrane domains. This charged residue associates with an
ITAM-bearing DAP12 adapter protein to transmit signals. KIR(S)
function as activating receptors. (Adapted from Jordan et al. Natural

killer cells in human disease. 2006. Clinical Immunology. 118: 1-10)

short cytoplasmic domains are assumed to be activating

receptors. Figure 1.5 shows representative structures of KIRs.

In humans, ligands for KIRs are mainly HLA subfamily, such

as HLA-A, HLA-B and HLA-C. KIR2DL can recognize HLA-C
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proteins (Colonna et al., 1992), whereas KIR3DL shows the
capacity of ligation with HLA-B and certain HLA-A (Gumperz et
al., 1997, Gumperz et al., 1995). To date, ligands for KIR2DS
and KIR3DS are not known; all studies show that these
activation KIRs either do not interact with HLA class I
molecules or bind them with much weaker affinity than that of
the paired inhibitory KIRs (Valiante et al., 1997, Winter et al.,

1998).

KIR2DL4 is a unique gene in KIR family with remarkable
structural features. HLA-G is suggested to be KIR2DL ligand in
some studies (Boyson et al., 2002, Cantoni et al., 1998,

Rajagopalan and Long, 1999).

Most human KIR genes are expressed by subsets of NK cells,
memory and effector CD8* T cells, some CD4" T cells and v&
TCR* T cells except KIR2DL4 (Ferrini et al., 1994, Phillips et
al., 1995). Once they are expressed, they are stably
maintained on the cell surface. However, KIR2DL4 again as an
exception - it is expressed constitutively on the surface of
CD56™" NK cells and on only activated CD569™ NK cells

(Goodridge et al., 2003).
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Interaction of inhibitory KIRs with their MHC class I ligands
expressed on target cells can lead to suppression of cytokine
production and cytotoxicity of KIR-bearing NK cells and T cells.
Although several studies have speculated that lacking an
inhibitory receptor for self MHC class I molecule can elicit
autoimmune disorders (Namekawa et al., 2000, Snyder et al.,
2003, Suzuki et al., 2004, Yen et al., 2001), which is
detrimental, KIRs can also be beneficial in immune responses

to tumours or viral pathogens (Flores-Villanueva et al., 2001).

CD94/NKG2 receptors are type II transmembrane proteins of
the C-type lectin family. They contain two C-lectin domains in
the extracellular region, a transmembrane region and a
cytoplasmic domain (Lazetic et al., 1996). In humans a single
CD94 gene is genetically linked to four NKG2 family genes
(NKG2A-, -C, -E, and -F) (Glienke et al., 1998, Houchins et al.,
1991). CD94 does not bind ligands of CD94/NKG2 complex
and also plays no function on signal transduction (Lazetic et
al., 1996, Lohwasser et al., 1999). Unlike KIRs, in humans,
CD94/NKG2 receptors recognize non-conventional MHC class 1

molecules (HLA-E) (Braud et al., 1998).

Although NKG2A and NKG2C share the same ligand HLA-E,

their immunological functions are different. Vales-Gomez et al
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has found that inhibitory receptor CD94/NKG2A shows
stronger affinity than the activating receptor CD94/NKG2C. In
addition, peptides bound to HLA-E can also affect binding
selection between the two receptors (Llano et al., 1998, Vales-
Gomez et al., 1999). To date, ligands and functions of
CD94/NKG2E and CD94/NKG2F have not been well

characterised.

Nearly same as KIRs, CD94/NKG2 receptors are also
expressed on most NK cells, memory and effector CD8* T cells
and y5 TCR™ T cells. However, their expression on CD4™ T cells
is undetectable (Lazetic et al., 1996). Also, CD94/NKG2
expression is not constitutively stable and is regulated by
surrounding cytokines, such as IL-12, IL-15 and TGF-p

(Bertone et al., 1999, Derre et al., 2002, Mingari et al., 1998).

Besides KIRs and CD94/NKG2 receptors, leukocyte
immunoglobulin (Ig)-like receptors (LILRs) are another type of
receptors for MHC class I molecules. One representative
member of LILRs family is LILRB1 that has the inhibitory
activity. LILRB1 are expressed on a subset of T cells, B cells
and monocytes. They can also be found on NK cells from
peripheral blood with variable frequency (undetectable to 75%)

(Colonna et al., 1997, Cosman et al., 1997). However, its
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affinity of ligation with all HLA molecules seems very low
(Chapman et al., 1999, Lepin et al., 2000). U18 has been
investigated as a ligand with higher affinity to LILRB1 and can
elicit their inhibitory activity during viral infection (Beck and

Barrell, 1988, Cosman et al., 1997, Chapman et al., 1999).

There is a kind of glycoprotein which is not encoded by genes
in the MHC complex but structurally related to MHC class I
molecule. It does not serve as a peptide-binding molecule to
present antigens to T cells. However, this MHC class I-related
protein can be recognized by NK receptor NKG2D (Raulet,
2003). NKG2D, as a type II transmembrane-anchored
glycoprotein, is a unique activating receptor which both
structurally and functionally differ from other NKG2 receptors
(Bauer et al., 1999, Jamieson et al., 2002). It is encoded by a
single gene without polymorphism and does not need to form
dimers with CD94 (Wu et al., 1999). In human, NKG2D is
expressed on the surface of NK cells, y/6 TCR* T cells, and
especially, it is constitutively present on all CD8* T cells (Wu
et al., 1999). The expression of NKG2D can be regulated by
cytokines. For example, IL-15 and TNF-o can enhance the
NKG2D expression whereas TGF-B causes downregulated
effects on it (Castriconi et al., 2003, Lee et al., 2004). Unlike

two isoforms of NKG2D (NKG2D-L and NKG2D-S, “L” and “S”
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represent long or short protein respectively) found in mouse,
humans only express NKG2D-L that transmit signals through
transmembrane segment associating with adaptor protein
DAP10 (Diefenbach et al., 2002, Wu et al., 1999). Studies
demonstrate that in the absence of DAP10, NKG2D is not able
to be presented on cell surface and only retained in the
cytoplasm (Wu et al., 1999). Human ligands for NKG2D have
been identified, such as MICA, MICB, ULBP1, ULBP2, ULBP3
and ULBP4 (Bauer et al., 1999, Cosman et al., 2001). Figure
1.6 presents the interactions of the NKG2D and CD94 family

with target cells.

Besides receptors for recognition of MHC class I and MHC class
I-like molecules, NK cells also possess additional receptors
that can encounter targets lacking expression of MHC class I
or MHC class I-related proteins. However, this type of
receptors is supposed to be costimulatory receptors because
they are unable to individually initiate an immune response. In
human, this kind of receptors mainly includes 2B4 receptor

(CD244), DNAM-1 receptor (CD226) and CD16 (FcyRIII).

2B4 (CD244) and its ligand CD48 are both members of the
CD2 family of Ig-related proteins. In human, they are

expressed by all NK cells, most y/6 TCR* T cells, memory and
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Figure 1.6 Interactions of NKG2D and CD94 family with target
cells. CD94 receptors are type II transmembrane proteins of the C-type
lectin family. In humans a single CD94 gene is genetically liked to four
NKG2 family gens (NKG2A-,-C,-E and -F). CD94 receptors recognize
non-conventinal MHC class I molecules (HLA-E). NKG2D is a type II
transmembrane-anchored glycoprotein. Human only expresses NKG2D-L
that transmits signals through transmembrane segment associating with
adaptor protein DAP10. Human ligands for NKG2D are MICA, MICB,
ULBP1-4.

effector CD8" T cells, monocytes and basophils (Nakajima et
al., 1999, Speiser et al., 2001, Tangye et al., 2000). Although

signalling pathways of 2B4 receptor is still unresolved, studies
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in human suggest that 2B4 may serve as a multifunctional
receptor that can cause either inhibitory or activating
responses depending on the stage of NK cell differentiation

and activation (Namekawa et al., 2000, Parolini et al., 2000).

DNAX accessory molecule-1 (DNAM-1, also called CD226) is a
member of the Ig superfamily and ligated with CD112 and
CD155 that are broadly distributed on many tissues (Tahara-
Hanaoka et al., 2004). Expression of DNAM-1 is detectable in
human NK cells, a majority of T cells, a subset of B cells,
monocytes and platelets (Castriconi et al., 2004, Pende et al.,
2006, Reymond et al., 2004, Scott et al., 1989, Shibuya et al.,

1996).

CD16 is a low affinity receptor for IgG. It binds the lower
hinge region of IgG and induces activation signals through
FceRI y-chain and CD3z, which enable NK cells to mediate
antibody-dependent cellular cytotoxicity (ADCC) (Dall'Ozzo et
al., 2004, Radaev et al., 2001). Expressions of ICAM-1
together with IgG on infected cells are required to induce
efficient ADCC (Bryceson et al., 2005). CD16 shows high

expression on CD56%9™ cells.
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In conclusion, since NK cells are defined as non-MHC-
restricted cells according to their capacities of recognizing
target cells that either express or lack MHC class I molecules,
missing-self hypothesis demonstrates that self-MHC molecules
engages inhibitory receptors on the surface of NK cells, which
can prevent attack against normal cells (Ljunggren and Karre,
1990). Actually, rather than absolutely saying that interaction
between MHC-I molecules and inhibitory receptors are
terminated, responses of NK cells to target cells are regulated
by a balance of signals from inhibitory and activating
receptors (Figure 1.7). Either lack of the ligands for inhibitory
receptors or signals from activating receptors that are
stronger than inhibitory signals can both induce NK cell
stimulation. On the other hand, NK cells display their
inhibitory functions if there are no activating ligands presented
in target cells or much stronger inhibitory signals are avaiable.
Several experimental lines of evidence have confirmed this
corollary. When activating receptors are sufficiently stimulated
or multiple activating receptors are engaged, NK cells still can
eliminate infected cells, although MHC class I molecules on
these infected cells are still ligated with inhibitory receptors
(Cerwenka et al., 2001, Diefenbach et al., 2001, Lanier et al.,
1997). Also, Fc-receptors (FcRs) have similar scenarios in

immune response. By vitue of coexpression of activating and
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Figure 1.7 Regulation of NK cell responses by inhibitory or
activating receptors. NK cell activation can be induced in two
manners. Either lack of the ligands for inhibitory receptors or
signals from activating receptors that are stronger than inhibitory
signals can both induce NK cell stimulation. On the other hand, NK
cells display their inhibitory functions if there are no activating
ligands presented in target cells or much stronger inhibitory signals
are available. (Adapted from Lewis L. Lanier. NK cell recognition.
2005. Annu. Rev. Immunol. 23: 225-274)
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inihibitory signalling FcRs on the same cells, they set a
threshold for immune cell activation by immune complexes.
Loss of the balanced signalling leads to uncontrolled response
that can result in the damage of healty tissues and ultimately

to the initiation of autoimmune processes (Abes et al., 2009).

So far, several major types of NK cell receptors presented in
human cells have been introduced with respect to their ligands
specificity and signalling properties. However, other receptors
expressed on NK cells, such as natural cytotoxicity receptors
and cytokine receptors, are also important for generating
various NK cell functions in response to target ligands.
Although many features and functions of NK cells have been
well studied in tumour, viral infection and autoimmune
diseases, their immunological properties in COPD patients are
still unexplored. Since the predominant risk factor of COPD is
cigarette smoking, several studies have successfully detected
the effects of cigarette smoke in humans. In vivo, previous
studies have shown that NK cell numbers and their phagocytic
activities are suppressed in both asymptomatic smokers and
COPD patients (Ferson et al., 1979, Prieto et al., 2001). Our
group further demonstrated that decreased numbers of NK
cells are present in peripheral blood from COPD patients

compared to healthy non-smokers and healthy smokers
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(Urbanowicz et al., 2009). Also, their cytotoxic function is
defective. Nevertheless, NK cell proportions and their
cytotoxicity are increased in induced sputum from COPD
patients in contrast to healthy non-smokers and healthy
smokers (Urbanowicz et al., 2010). In addition, cigarette
smoke treated NK cells from non-smoking healthy subjects
show defective cytotoxicity and their capacity for cytokine
secretion is also impaired upon poly I:C activation (Mian et al.,
2008). In conclusion, investigation of NK cells’ properties in
COPD may provide new insights for understanding the
development of COPD as well as indicate more beneficial

therapeutic approaches for the disease.

1.2.1.7 Epithelial cells

The surface of airway epithelium consists of ciliated cells,
goblet cells, ciliated cells and basal cells. These cells work
together as an efficient barrier against pathogens through
intercellular epithelial junctions. They also exert important
roles in airway defence mechanisms, such as clearance of the
mucus, water transport, antioxidant, antiprotease functions

and cell apoptosis (Puchelle et al., 2006).

Cigarette smoking is the key risk factor in the development of

COPD. Injury in airway epithelium caused by cigarette
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smoking can result in increased proliferation of airway
epithelial cells, which further lead to the squamous metaplasia.
Likewise, squamous metaplasia can decrease mucociliary
clearance and contribute to the increased risk of squamous
cell carcinoma in COPD patients (Cosio et al., 1978, Papi et al.,

2004).

A series of studies have shown that cigarette smoking can not
only cause the increased expression of IL-8 and mucin in
epithelial cells but also reduce the function of trans-epithelial
electric resistance (TEER), which reflects a breakdown of the
epithelial integrity that can affect the defence mechanisms of
the airway (Glader et al., 2006a, Rusznak et al., 1999, Richter
et al., 2002, Takeyama et al., 2001). Also, up-regulation of
early growth response gene 1 (Egr-1) was detectable when
epithelial cells were exposed to cigarette smoke. Egr-1
mediates the production of pro-inflammatory cytokines, such
as IL-1B, TNF-a, which have shown increased levels in
smoking conditions (Reynolds et al., 2006). Furthermore, in
vitro, epithelial cells from small airways of healthy smokers
and COPD patients secrete more TGF-B than do those from
healthy non-smokers (Takizawa et al., 2001). Increased levels

of fibroblast growth factors (FGF) 1 and 2 are also observed in
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the bronchial epithelium of COPD patients (Kranenburg et al.,

2005).

Pathogens including bacteria and viruses can exacerbate
COPD and accelerate deterioration of lung function (Rohde et
al., 2003, Seemungal et al., 2001). Previous studies have
shown that rhinovirus (RV) is the dominant viral pathogen in
exacerbation of COPD. RV infection can cause secretion of a
variety of pro-inflammatory chemokines, such as ENA-78, IL-8
and IP-10, as well as cytokines, for example, IL-1, IL-6, IL-11,
IL-16, TNF-a and GM-CSF, by epithelial cells (Proud and Chow,
2006). These inflammatory mediators play different functions
on recruitment and activation of inflammatory cells including
neutrophils, macrophages, T cells and NK cells that can induce
pulmonary and systemic inflammatory responses, mucus
hypersecretion and airway remodelling, which result in the
exacerbation of COPD. Beside viruses, bacteria can also cause
exacerbation of COPD by colonizing and infecting the lower
respiratory tract (Murphy, 2006). Although M. catarrhalis and
H. influenza can trigger immune response in airway epithelial
cells (Shuto et al., 2001, Slevogt et al., 2006, Watanabe et al.,
2004), a study performed by Sethi et al. has shown that
alteration in bacterial load was not an important mechanism

for exacerbation of COPD (Sethi et al., 2007).
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Airway epithelial cells are the initial targets of reactive oxygen
species (ROS). Pierrou et al. have investigated extensive
changes in oxidant response gene expression in the airway
epithelial cells that are related to cigarette smoking and the
presence of COPD (Pierrou et al., 2007). Furthermore, the
levels of 4-hydroxy-2-nonenal-modified (4-HNE) proteins were
increased in airway epithelial cells of COPD patients (Rahman
et al., 2002). 4-HNE is a diffusible and highly reactive lipid
peroxidation end-product. The modification of 4-HNE can lead
to abnormal regulation of cell proliferation and inhibition, T

cells apoptosis and activation of signalling pathways.

Hypersecretion of mucus and reduction of mucociliary
clearance are two main mechanisms inducing mucus
accumulation (Danahay and Jackson, 2005, Stannard and
O'Callaghan, 2006). The epithelial goblet cells are a main
source of secretory gel-forming mucins in the airway. The
number of goblet cells has shown increased level in COPD
patients compared to healthy smokers (Innes et al., 2006).
Mucociliary clearance is dependent on the interactions
between the ciliated epithelium, the height of the periciliary
fluid and mucus (Stannard and O'Callaghan, 2006). It has
been shown that there is significant reduction (nearly no

presence) of ciliated cells in COPD patients, compared to
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healthy non-smokers and healthy smokers (Rusznak et al.,

2000).

Apoptosis is a potent mechanism for elimination of damaged
or infected cells. There are abundant studies showing that
numbers of apoptotic cells, including bronchial and alveolar
epithelial cells and endothelial cells, are increased in the
parenchyma in COPD patients (Henson et al., 2006, Hodge et
al., 2005b, Hodge et al., 2003a, Park et al., 2007). The
apoptosis of airway epithelial cells is disease related rather
than smoking status. Hodge S et al. have shown that there is
no significant difference in apoptosis of airway epithelial cells
between ex-smokers with COPD and current smoking COPD
patients (Hodge et al., 2005b), which implies that apoptosis

exists after smoking cession.

1.2.1.8 Mast cells

Since neutrophils, macrophages and CD8" T cells are
commonly considered the predominant cells in the
pathogenesis of COPD (Chung and Adcock, 2008), the role of

mast cells in COPD is just beginning to become unravelled.

Mast cells are highly heterogeneous cells and originate from

myeloid stem cells (Anderson et al., 1990). Their maturation
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and differentiation are influenced by many cytokines and
chemokines, such as IL-3, 4, 9 and 10 (Brown et al., 2008).
They are normally classified into two subsets, namely,
mucosal mast cells (MCt) and connective tissue mast cells
(MCqc). The MCt mainly exist in the respiratory tract and gut,
and their number can be modulated in different inflammatory
conditions, such as allergy and inflammatory bowel disease.
The MCyc are predominantly present in connective tissue, such

as the skin, and their number is constant (Irani et al., 1986).

Studies related to the mast cell functions in lung diseases are
mostly performed in animal models (Galli et al., 2005,
Sekizawa et al., 1989, Thomas et al., 1992). However,
recently studies have shown the number, the density and
mediators released by mast cells are altered in airways of
smokers, even in COPD patients. Wen et al have explored that
the numbers of mast cells were significantly increased in
sputum of smokers compared to ex-smokers (Wen et al.,,
2010). In the lung and skin of smokers, there is also an
increase in absolute numbers of mast cells (Kalenderian et al.,
1988). Furthermore, elevated histamine and tryptase levels in
BAL fluid from smokers have also been demonstrated (Bessa
et al., 2008, Kalenderian et al., 1988). Gosman et al have

investigated the distribution and the numbers of tryptase- and
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chymase- positive mast cells in the airways (Gosman et al.,
2008). There was no significant difference in the distribution
of these cells in the airways between COPD patients and
healthy volunteers. In central airways, the concentration of
these mast cells was significantly higher in the subepithelial
area, whereas in the peripheral airways, the highest
concentration of these cells existed in the adventitia. However,
numbers of these mast cells differed between COPD patients
and controls. The number of chymase- positive mast cells was
significantly higher in both subepithelial areas and smooth
muscle of peripheral airways in COPD patients than in controls.
Whereas the number of tryptase- positive mast cells in the
subepithelial area of central airways was lower in COPD
patents than in controls. Moreover, higher percentages of both
tryptase- and chymase- positive mast cells were detected in
the peripheral airways and positively correlated with FEV1%
predicted, which was compatible with the issue that peripheral
airways are the main site of airflow limitation in COPD (Hogg

et al., 2004, Hogg et al., 1968).

Besides population and distribution, the density of mast cells
in the lung of COPD patients has been investigated lately
(Hogg et al., 1968). In the small airways, there were

significant decreases in total mast cell density in both patients
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with severe COPD and patients with moderate to severe COPD
compared to healthy non-smokers and healthy smokers. In
the pulmonary vessel walls, the reduction of mast cell density
was only shown in severe COPD subjects but not other groups.
In addition, the balance of MCTC and MCT was shifted. The
population of MCT was deceased in all anatomical
compartments of the lung, whereas the density of MCTC was
markedly higher in the walls of small airways and in alveolar
parenchyma in severe COPD groups than other groups.
Recently, Soltani and colleague have shown that in COPD
airways, both reticular basement membrane and lamina

propria mast cells were increased (Soltani et al., 2012)

Taken together, although alternation of mast cell humbers,
density and distribution has been identified in several studies,
the mechanisms about the signalling pathway and by which
mast cells can be activated in the airways of COPD patients
are still not well explored. Mast cells express many receptors,
such as abundant TLRs, and can release leukotrienes,
cytokines and chemokines after activation (Kumar and
Sharma, 2010). Therefore, evaluation of expression of key
mast cell associated molecules can contribute to more

understanding of the role of mast cells in COPD.
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1.2.1.9 Eosinophils

Eosinophils are end-stage cells derived from the bone marrow.
Their maturation and proliferation are regulated by GM-CSF,
IL-3 and IL-5 (Denburg, 1999). Eosinophil cationic protein
(ECP) and eosinophil peroxidase (EPO) are two eosinophil
specific proteins. They are toxic to bronchial epithelial cells
(Blanchard and Rothenberg, 2009). Eosinophils, together with
mast cells and basophils, are the predominant source of
cysteinyl-leukotrienes (Bozza et al., 1997). Eosinophilic
inflammation is mostly studied in allergic airway inflammation
(Walsh et al., 2010). Recently, studies on its role in COPD
have started to be investigated. Some groups have
demonstrated increased numbers of inactive eosinophils in the
airways and lavage of stable COPD patients, whereas others
have failed to present differences in eosinophil numbers in
airway biopsies, BAL, or induced sputum (Lacoste et al., 1993,
Turato et al., 2001). Interestingly, the levels of ECP is higher
in induced sputum from moderate to severe COPD in the
absence of eosinophils (Brightling et al., 2005, Brightling et al.,
2000, Gibson et al., 1998, Takahashi et al., 2006), which
indicates that eosinophils may have degranulated during
disease development (Keatings and Barnes, 1997). A negative
correlation between FEV; and the ratio of activated eosinophils

to total eosinophils in endobronchial biopsies has been
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reported in COPD patients (Lams et al., 2000). Furthermore,
levels of sputum eosinophils and ECP concentration are also
negatively correlated with FEV; (Balzano et al., 1999).
Eosinophil function has been accepted to be important in
severe COPD. Greater numbers of eosinophils have been
detected in bronchial biopsies and BAL fluid during acute
exacerbation of COPD compared with stable COPD and

controls (Saetta et al., 1996, Saetta et al., 1994).

1.2.2 Cytokines in COPD

The potential roles of cytokines in COPD have been explored in
many studies. Over 50 cytokines have now been identified in
COPD (Barnes, 2004d). However, cytokines work in a complex
manner. They may have different or even opposing actions in

different cell types or in different inflammatory process.

Proinflammatory cytokines in COPD

1.2.2.1 Tumour necrosis factor-a (TNF-o)

TNF-o is a member of peptide ligands that stimulate a
corresponding series of structurally related receptors (Bazzoni
and Beutler, 1996). It plays important roles in many
inflammatory diseases. Proinflammatory cells, such as
macrophages, monocytes, dendritic cells, B cells, CD4* T cells,

neutrophils, mast cells and eosinophils, and structural cells
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including fibroblasts, epithelial cells and smooth muscle cells,
are all good sourses for TNF-o production (Russo and Polosa,
2005). Increased levels of TNF-a have been found in induced
sputum from COPD patients, pariticularly during exacerbations
(Aaron et al., 2001). Soluble TNF-o receptors are also
increased in sputum of COPD patients (Vernooy et al., 2002).
Serum concentrations of TNF-a are elevated in COPD patients
with weight loss, particularly during exacerbations (Calikoglu
et al., 2004), which indicates that TNF-o may have functions
in the cachexia of severe COPD (de Godoy et al., 1996, Di
Francia et al., 1994, Pitsiou et al., 2002). There is a significant
increase in TNF-o released from circulating cells in COPD
patients compared to normal controls. Plasma concentrations
of TNF-a are also increased slightly in COPD patients
compared to normal subjects during exercise (Rabinovich et

al., 2003).

TNF-a activates NF-«B pathway and p38 mitogen-activated
protein kinase (MAPK) that switch on the transcription of
inflammatory genes including cytokines, chemokines and
proteases released by epithelial cells and macrophages, which
indicates that TNF-a play a role in amplifying the inflammation
of COPD, such as activation of neutrophils, monocytes,

macrophages, epithelium, mucus secretion and destruction of
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lung parenchyma (Aggarwal, 2003). Furthermore, TNF-a
accounts for 70% of cigarette smoke-induced emphysema in

mice (Churg et al., 2004).

1.2.2.2 Interleukin-1p (IL-1p)

IL-1B is a proinflammatory cytokine with similar functions as
TNF-o (Watkins et al., 1999). It markedly stimulates alveolar
macrophages to produce inflammatory cytokines, chemokines
and MMPs in COPD patients (Culpitt et al., 2003). The
concentration of IL-1p is increased in induced sputum of COPD
patients and is correlated with disease severity. However,
concentrations of IL-1 receptor antagonist and soluble IL-1
receptor are reduced in same COPD groups (Sapey et al.,

2009).

1.2.2.3 IL-6

IL-6 is a marker of inflammation and plays functions on both
proinflammatory response and anti-inflammatory response.
Its effects are determined by the presence of other cytokines
(Barnes et al., 2011). Therefore, it provides a link between
innate and acquired immunity. Increased concentrations of IL-
6 are detected in induced sputum, exhaled breath and plasma
of COPD patients, especially during exacerbation (Bucchioni et

al., 2003, Grubek-Jaworska et al., 2012, Hageman et al.,,
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2003, Wedzicha et al., 2000). Levels of IL-6 released by
monocytes are higher in COPD patients compared to normal

subjects (Aldonyte et al., 2003).

1.2.2.4 Granulocyte-Macrophage Colony Stimulating
Factor (GM-CSF)

GM-CSF is a monomeric protein and is secreted by T cells and
macrophages. It is a strong chemoattractant for neutrophils.
It also has the ability of enhancing oxidative metabolism and
phagocytotic activity of neutrophils an