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Abstract 

The innate immune system is essential to keep us healthy in an environment that constantly present 
threats to our physical integrity and homeostasis. It consists of many branches, including 
granulocytes, epithelial barriers, and antimicrobial peptides. Not least the respiratory tract is subject 
to continuous challenge by harmful agents, for example pathogenic bacteria, viruses, and harmful 
agents such as those of cigarette smoke. To meet the assaults, inflammatory responses are mounted 
by the immune system. However, modulating mechanisms and resolution are important since 
longstanding and excessive inflammation cause tissue injury and remodeling. If not, inflammation 
may lead to a dysregulated host defense and impaired respiratory function as seen in diseases such 
asthma, COPD, and cystic fibrosis (CF).  
Here, we investigated innate host responses and how these could be regulated and dampened to 
avoid damage to host tissues. In particular with a focus on osteopontin (OPN), a protein that is 
abundantly expressed in the airways. First, the source of OPN, i.e. the distribution of OPN-producing 
cells, in small airways was investigated. An increased number of OPN-expressing cells was seen in 
COPD. The production was confined to basal cells, goblet cells, as well as club cells but not ciliated 
cells. Furthermore, cigarette-smoke up-regulated OPN-production and promotion of goblet cell 
differentiation by IL-13 increased the production. OPN is heavily phosphorylated, a feature important 
for its activities, for example interaction with integrin-bearing immune cells. Tartrate-resistant acid 
phosphatase (TRAP) 5 is an enzyme having a preference for OPN as a substrate. We could show a 
redistribution of TRAP5 in CF airways where it co-localized with OPN in small airways and it was 
detected in sputum of both healthy individuals and CF patients. However, in sputum of CF patients it 
was subject to proteolytic degradation. During inflammation, tissue-damaging cationic histones are 
released to the extracellular environment in the airways. Using in vitro and in vivo models of airway 
inflammation, it was demonstrated that OPN has an important role, protecting host tissues during 
inflammation. The results also suggested that the phosphorylation status of OPN is important. Gram-
negative bacterial infections, often caused by Pseudomonas aeruginosa, are commonly seen in CF 
and severe COPD. In another set of experiments, it was demonstrated that tissue factor pathway 
inhibitor-2 (TFPI-2), an endogenous anticoagulant, exerts antibacterial activity against P. aeruginosa 
through binding of immunoglobulins, in particular IgG, and subsequent activation of complement. 
Correspondingly, TFPI-2-/- mice were more susceptible to pulmonary P. aeruginosa infection, 
demonstrating the in vivo importance. Taken together, this thesis shows important aspects of airway 
innate immunity and its modulation.  
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Abstract 

The innate immune system is essential to keep us healthy in an environment 
that constantly present threats to our physical integrity and homeostasis. It 
consists of many branches, including granulocytes, epithelial barriers, and 
antimicrobial peptides. Not least the respiratory tract is subject to continuous 
challenge by harmful agents, for example pathogenic bacteria, viruses, and 
harmful agents such as those of cigarette smoke. To meet the assaults, 
inflammatory responses are mounted by the immune system. However, 
modulating mechanisms and resolution are important since longstanding and 
excessive inflammation cause tissue injury and remodeling. If not, 
inflammation may lead to a dysregulated host defense and impaired 
respiratory function as seen in diseases such asthma, COPD, and cystic 
fibrosis (CF). Here, we investigated innate host responses and how these 
could be regulated and dampened to avoid damage to host tissues. In 
particular with a focus on osteopontin (OPN), a protein that is abundantly 
expressed in the airways. First, the source of OPN, i.e. the distribution of 
OPN-producing cells, in small airways was investigated. An increased 
number of OPN-expressing cells was seen in COPD. The production was 
confined to basal cells, goblet cells, as well as club cells but not ciliated cells. 
Furthermore, cigarette-smoke up-regulated OPN-production and promotion 
of goblet cell differentiation by IL-13 increased the production. OPN is 
heavily phosphorylated, a feature important for its activities, for example 
interaction with integrin-bearing immune cells. Tartrate-resistant acid 
phosphatase (TRAP) 5 is an enzyme having a preference for OPN as a 
substrate. We could show a redistribution of TRAP5 in CF airways where it 
co-localized with OPN in small airways and it was detected in sputum of both 
healthy individuals and CF patients. However, in sputum of CF patients it 
was subject to proteolytic degradation. During inflammation, tissue-
damaging cationic histones are released to the extracellular environment in 
the airways. Using in vitro and in vivo models of airway inflammation, it was 
demonstrated that OPN has an important role, protecting host tissues during 
inflammation. The results also suggested that the phosphorylation status of 
OPN is important. Gram-negative bacterial infections, often caused by 
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Pseudomonas aeruginosa, are commonly seen in CF and severe COPD. In 
another set of experiments, it was demonstrated that tissue factor pathway 
inhibitor-2 (TFPI-2), an endogenous anticoagulant, exerts antibacterial 
activity against P. aeruginosa through binding of immunoglobulins, in 
particular IgG, and subsequent activation of complement. Correspondingly, 
TFPI-2-/- mice were more susceptible to pulmonary P. aeruginosa infection, 
demonstrating the in vivo importance. Taken together, this thesis shows 
important aspects of airway innate immunity and its modulation. 
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Introduction 

The Anatomy of the Airways 
The respiratory system consists of various organs that work with each other to 
support our bodies with oxygen. The air flows in through the nasal cavity all the 
way down to the alveolar sacs, where the exchange of gases, mainly O2 and CO2, 
takes place. The respiratory tract can be divided into the upper and the lower 
airways. The upper airways begin from the nasal cavity and extends over the 
nasopharynx, the oropharynx and the larynx. Whereas the lower airways consist of 
the trachea which bifurcates at the carina into two main bronchi, each supplying one 
lung with air. The bronchi subdivide many times as it enters the lung, creating a 
multibranched system of tubules resembling an inverted tree. This results in a 
decreased diameter of the airways as it goes from the main bronchus to the 
conducting bronchioles, terminal bronchioles and respiratory bronchioles that 
eventually gives rise to alveolar ducts from which the alveolar sacs bud (Figure 1). 

Structure of the Airway Epithelium 
The adult human airways are covered with a continues epithelial sheet of cells that 
are pseudostratified in the large airways, and are columnar and cuboidal in the small 
airways [1]. The cells can be classified into three main categories, i.e. basal, ciliated, 
and secretory cells, the latter including goblet and club cells (Figure 1) [2]. 

Columnar ciliated cells  
Ciliated cells dominate and make up over 50% of the epithelial lining. The primary 
role of these cells is the transportation of mucus from the lungs to the throat with 
the help of the beating movement of the cilia present on the cells’ surfaces [3, 4]. 

Goblet cells 
Goblet cells are mucus secreting cells that are responsible of maintaining the correct 
viscoelasticity of mucus on the apical cell epithelial lining to ensure efficient 
mucociliary clearance [5]. In healthy individuals, the epithelium undergoes a short-
term goblet cell hyperplasia during inflammation, resulting in a temporary increased 
mucus production. This will facilitate the clearance of a pathogen through the 
mucociliary movement. In contrast, in chronic airway inflammatory diseases such 
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as chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF) and asthma, 
goblet cell hyperplasia is usually a characteristic of the disease that is accompanied 
with an excessive and persistent mucus secretion [6]. Although the mechanism of 
goblet cell hyperplasia in these inflammatory diseases has not been fully 
understood, there are several key signalling pathways that have been suggested to 
be involved, such as epidermal growth factor receptor (EGFR), interleukins (TH2 
cytokines), signal transducer and activator of transcription 6 (STAT6), Notch and 
WNT signalling [7, 8]. 

Club cells 
Initially described in 1937 by the Austrian anatomic pathologist Max Clara that was 
a Nazi supporter, and he named the cells after him “Clara cells”.  But because of his 
controversial history, the name has been changed and these cells are now named 
“club cells”.  

Club cells are non-mucus secretory cells that contain granules made up of proteins, 
glycoproteins and lipids. They represent the major secretory cells of the small 
airways in human, and have a distinctive smooth, dome-shaped apical surface [9]. 
The primary secretory product of club cells is uteroglobin (UTG), which harbors a 
hydrophobic cavity that binds and sequester potent lipid mediators of inflammation, 
such as prostaglandins (PG)D2 and PGF2α [10]. Moreover, UTG works as a substrate 
of transglutaminase, protecting the embryos from the maternal immunity assault 
[11], as well as having anti-chemotactic properties where it inhibits both the 
adherence and migration of neutrophils and monocytes [12]. In addition, club cells 
have substantial amounts of cytochrome P-450, through which it participates in the 
detoxification of many harmful and toxic compounds [13]. 

Basal cells 
Basal cells are attached to the basement membrane of the epithelial lining [14]. 
These cells express the cytoskeletal proteins, cytokeratins 5 (KRT5) and 14 
(KRT14), as well as high levels of transcription factor transformation-related 
protein 63 (p63), which is important for the development of the cells [15]. Basal 
cells are thought to have stem cell characteristics, giving rise to other cellular 
phenotypes after differentiation. Upon epithelial injury, basal cells initiate a rapid 
proliferation process to repair the damaged tissue [16]. Thus, these multipotent stem 
cells control the homeostasis of the normal epithelium. On the other hand, disruption 
of the normal balance between proliferation and differentiation of basal cells, might 
contribute to the initiation and progression of a disease [17].  
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Functions of the Airway Epithelium 
The mammalian respiratory system is a dynamic organ that requires the full 
collaboration of all its cell types and tissues in order to maintain normal homeostasis 
in the lungs. Depending on the insult and the nature of the condition, epithelial cells 
can be activated and signal through several pathways. For example, the epithelium 
can expand a specific cell population that would be important to eradicate the threat, 
like increasing the release of interleukin-33 (IL-33) which promotes type 2 immune 
responses, that is characterized by the production of IL-13. This in turn, remodels 
the airway epithelium to a disease-specific phenotype, including goblet cell 
hyperplasia and mucus hypersecretion, that will facilitate the clearing of inhaled 
pathogens or particles from the lungs [18]. Moreover, the tumor suppressor Trp53 
(Tp53) can maintain quiescence of club cell by regulating its expression upon 
epithelial stress. Previous studies suggested that high Tp53 expression generates 
more club cells, while low expression facilitates the club cell to ciliated cell 
differentiation [19]. Another aspect of the epithelium, is the activation of the 
adaptive immunity that will increase the production of B-cells, T-cells and T-helper 
type 17 (TH17) cells, the latter being a major source of the cytokine IL-17, that can 
enhance airway smooth muscle contraction and proliferation [20]. In addition, the 
epithelium can respond to an injury by recruiting and activating a variety of 
inflammatory cells, including neutrophils, macrophages and innate lymphoid cells 
[4, 21, 22]. Thus, the airway epithelium plays a major role in maintaining the 
wellbeing of the host, and the dysregulation of its balance, might greatly contribute 
to the pathogenesis of major lung disorders, including chronic obstructive 
pulmonary disease (COPD), asthma and cystic fibrosis (CF) [3, 21, 23].  
 

 

Figure 1. (A) Anatomy of the respiratory system. The arrow represent a section in adult epithelial airways where it 
shows the four major cell types (ciliated, basal, club and goblet cells). 

A 
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Figure 1. (B) Immunoflourescence microscopy of airway epithelium. Double or tripple staining of osteopontin (OPN) 
with the cell markers AC tubulin and FOXJ1 (ciliated cells), MUC5AC (goblet cells), uteroglobin (UTG) (club cells) and 
p63 (basal cells). Dotted lines represent basal membrane. A  yellow color indicates  presence of OPN in goblet  and 
club cells respectively. 

B 
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The Immune System 
The immune system is a network of several organs, tissues and cells that orchestrate 
with each other to ensure the host protection from any invading bacteria, viruses and 
other harmful agents. Once a threat is detected, the immune system will initiate a 
scanning process where it evaluates the danger imposed by the invader and acts 
upon accordingly. The reactions are determined depending on which part of the 
immune system is engaged. Two main divisions lie under the umbrella of immunity, 
the innate and the adaptive, each of which can be further subdivided into humoral 
and cellular immunities (Figure 2) [24, 25]. 

 

 

 
Figure 2. Illustrative figure presenting the components of innate and adaptive immunity, as well as the immune cells 
(𝛾𝜹 T cell and Natural killer T cell) that bridge between these two system. 
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Innate Immunity 
The innate immune system consists of physical barriers, humoral and cellular 
components, and is defined as the host’s first line of defence against pathogens and 
other potential invaders. It is non-specific and provides a rapid response ranging 
from minutes to hours after the microbial invasion. It discriminates between self and 
non-self-molecules (e.g. pathogens), playing a critical role in optimizing the 
adaptive responses. 

In the airways, the threats are recognized via a variety of receptors, including pattern 
recognition receptors (PRRs), such as Toll-like receptors (TLR), protease activated 
receptors (PAR), Nod-like receptors (NLR) and C-type lectin receptor. TLRs, such 
as TLR2 and TLR4 are expressed by epithelial cells and alveolar macrophages 
throughout the respiratory tract. The receptors are triggered by signals released by 
the invading pathogens, known as pathogen-associated molecular patterns (PAMPs) 
or from dying cells, i.e. damage-associated molecular patterns (DAMPs) [26, 27]. 
For example, TLR2 responds to a variety of microbial components, including 
lipoproteins from Gram-negative bacteria and peptidoglycan and lipoteichoic acid 
from Gram-positive bacteria [28]. TLR4 recognizes lipopolysaccharides (LPS), 
which is a major component of the outer membrane of Gram-negative bacteria [29]. 
These innate immune responses initiate a series of signalling cascades, which 
activates downstream genes encoding a broad range of pro-inflammatory cytokines, 
chemokines, antimicrobial peptides and complement factors [30, 31]. 

The Complement system 
The complement system is evolutionary old and is a key component of the innate 
immune reaction. The system is activated in a cascade sequence, and has several 
important functions in innate immunity, through which lysis of bacteria, 
opsonisation of microorganisms, recruitment of inflammatory cells and microbial 
clearance, are the main ones. There are many components, composed of plasma and 
membrane bound proteins (designated as complement C1-C9) that take part in 
complement activation. These proteins usually circulate in the blood in their inactive 
form, and become activated due to specific cleavage (e.g. C3 to C3a and C3b; C5 to 
C5a and C5b). The complement activation is initiated via three major routes, the 
classical pathway, which is driven by antigen-antibody interactions, the alternative 
pathway by foreign cell surface constitutes, for example LPS, and finally the 
mannose-binding lectin pathway (MBL) which is stimulated by pathogen membrane 
containing carbohydrates like mannose. The end result of this activation, is the 
formation of membrane attack complex (MAC) composed of complement 
components (C5b, C6, C7, C8 and C9) that penetrates the microbial cell membrane 
and forming pores, leading to cell lysis and death. (Figure 3) [32].  
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Figure 3. Overview of the complement cascade. (1) The classical pathway, activated when C1q binds to the Fc regions 
of IgG or IgM. (2) The mannose-binding lectin (MBL) pathway, activated when binding to bacterial carbohydrate motifs 
(including mannose). (3) The alternative pathway, initiated when C3b molecule binds to a foreign body. The end result 
is the formation of membrane attack complex (MAC), which induces cell lysis by making pores in the cell membrane. 
Membrane associated serine proteases, MASP; fD, factor D; fB, factor B. 

Antimicrobial peptides 
Antimicrobial peptides (AMPs) is one, among a variety of mechanisms, protecting 
the lungs against the continuous exposure of pathogens that are brought in by 
inhalation. These peptides belong to humoral immunity and are highly conserved in 
vertebrates. AMPs can be categorized into several subgroups depending on their 
structure (amphipathic α-helical, β-sheets, anionic, etc.), as well as on their amino 
acid composition. They are usually short cationic peptides consist of 15-100 amino 
acids, and include amphipathic regions [33]. The major AMPs found in the lungs 
include the neutrophil α-defensins (HNPs), human β-defensins (e.g, hBD-1, hBD-
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2, hBD-3) and the cathelicidin LL-37 which is primary secreted by neutrophils 
during inflammation. In addition, lysozyme, lactoferrin and secretory leukocyte 
proteinase inhibitor are produced in the lungs [34]. These AMPs are expressed either 
constitutively or are induced by some kind of a challenge, for example microbial 
pathogens, allergens, injury or any stimuli resulting in expression of cytokines 
through activation of the transcription factor NF-κB [35]. AMPs display several 
types of defenses such as antibacterial, antifungal and antiparasitic activities through 
a variety of mechanisms including destabilization and pore formation in the 
bacterial membrane, protein aggregation and target blocking. Moreover, AMPs can 
play a critical role in shaping the immune responses, having pro- and anti-
inflammatory properties, chemotactic activities and boosting the complement 
activation through recruiting its components [36-38]. 

Granulocytes 
Granulocytes, also known as polymorphonuclear leukocytes (PMN), are white 
blood cells that are characterized by the presence of granules in their cytoplasm. 
They have a distinguishable multi-lobed shape nucleus. PMNs are the most 
abundant leukocytes in healthy adults, and can be classified into four types: 

Neutrophils, constitute approximately 70% of leukocytes in the peripheral blood. 
These granulated cells are produced in the bone marrow and have a short life cycle. 
The neutrophilic granules can be divided into, primary granules (containing cationic 
defensins and myeloperoxidase), secondary granules (lactoferrin and serine 
proteases), and tertiary granules (gelatinase, collagenase and matrix 
metalloproteinases). Neutrophils play a critical role in the host responses against 
invading pathogens, where they are one of the first inflammatory cells to migrate 
from the circulating blood to infected tissue. They kill and clear microbes through 
several functions, including phagocytosis of a pathogen forming a phagosome, 
followed by the fusion of lactoferrin (iron chelator) and lysozyme (peptidoglycan 
degradation). In addition, neutrophils can trigger oxidative granules and initiate 
respiratory burst to produce reactive oxygen species (ROS) that limit bacterial 
growth [39]. Another important mechanism is the release of neutrophil extracellular 
traps (NETs), that occurs primarily through NETosis (a specific cell death process). 
These NETs are large web-like structures that are mainly composed of nucleic 
DNA, containing cytosolic and granule proteins. They have the ability to neutralize 
and kill bacteria [40], fungi [41], viruses [42] and parasites [43]. 

Eosinophils, in contrast to neutrophils, represent a minor component of circulating 
leukocytes and have longer life cycle. They are differentiated in the bone marrow 
and distributed in several organs and tissues including the lung, the gastrointestinal 
tract, the spleen and the adipose tissues [44]. Eosinophils are involved in managing 
a variety of immune responses, as they modulate lymphocyte recruitment, can serve 
as antigen-presenting cells, promote TH2 polarization, and many other functions 
[45]. Upon stimuli, the type 2 inflammatory responses are initiated, and eosinophils 



25 

are recruited from blood circulation to the inflammatory site through eosinophil-
specific chemokines (eotaxins), which are induced by the cytokine IL-13 [46]. 
Moreover, the differentiation, priming and survival of eosinophils are promoted by 
IL-5, an eosinophil-specific cytokine produced by Type 2 T helper cells [47].  

Basophils are short-lived cells (their life-span is less than one week) that constitute 
below 1% of the circulating leukocytes. They can act as antigen presenting cells, 
and have antiparasitic functions. Basophils play a role in immediate hypersensitivity 
and inflammatory reactions through their ability to bind immunoglobulin E (IgE) 
and, upon cross-linking of IgE, release the content of cytoplasmic granules 
including histamine and proteolytic enzymes. They also have the ability of secreting 
IL-4 and IL-13, thereby contributing to Th-2 immune responses [48]. 

Mast cells are derived from bone marrow progenitors that are in common with 
basophils. Mast cells accumulate at sites of inflammation associated with atopy, 
wound healing and at mucosal surfaces, for example in the eye, and in the 
respiratory and gastrointestinal tracts. They differentiate with the help of growth 
factors, including IL-9, IL-10, IL-3 and IL-33. Mast cell granules contain a variety 
of specific mediators such as, histamine, heparin, serine proteases, tryptase and 
chymase. They also express receptors that can bind IgE, IgG, and complement, that 
upon activation trigger release of granule contents [49]. 

Adaptive Immunity 
The adaptive immunity has evolved to provide a more specific and efficient 
responses in comparison with the innate immunity. In contrast to the innate 
immunity, the adaptive immune responses are slower, typically taking 4-10 days, 
but are more accurate and provides an immunological memory that protects the host 
against re-occurring infections. The primary immune cells are the B and T 
lymphocytes. These cells are involved in a complex interplay with the antigen-
presenting cells, facilitating pathogen-specific reaction. Once a pathogen is ingested 
by the antigen-presenting cells, a custom-tailored receptor for this specific antigen 
will be presented on the cell’s surface. This will soon be recognized by T 
lymphocytes that will get activated, and initiate downstream inflammatory 
responses, including cytokine recruitment or stimulating B lymphocytes to produce 
antigen-specific antibodies [50].  

In the Lungs 
The respiratory system contributes to host defence by a variety of mechanisms, 
including the barrier function of epithelium, production of antimicrobial peptides 
and proteins, as well as a range of cytokine and chemokines. These actions can 
contribute in host responses directly, and/or through augmenting responses via the 
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recruitment of a variety of immune cells, like dendritic cells and alveolar 
macrophages which are the first cells to encounter inhaled antigens, recruitment of 
effector cells (e.g. neutrophils and eosinophils) and chemokines, as well as  
activation of complement factors (Figure 4) [51-53]. Also, immunoglobulin (Ig)A 
is locally secreted at the mucosal surface and provides protective mechanisms 
against bacterial invasion and inhaled antigens [54]. Moreover, B and T 
lymphocytes can be found in the airway lamina propria and in submucosa, and might 
play a significant role in local immunological homeostasis in the respiratory tract 
[55, 56]. 

 

 

 

Figure 4.  Schematic figure of type 2 airway inflammation. Upon stimulation with enviromental stimuli, such as allergens 
or smoke, epithelial cells, macrophages and dendritic cells (DC) will be activated. IL-33 is released from activated 
epithelial cells, leading to an autocrine activation, as well as activating Th2 cells and type 2 innate lymphoid cell (ILC2). 
This will result in the release of IL-13 and other type 2 cytokines that will shape the allergic airway inflammation 
characterized by airway eosinophilia, goblet cell hyperplasia and mucus hypersecretion 
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Alveolar macrophages 
Alveolar macrophages (AM) are the most abundant immune cells in the distal lung. 
They have a long lifespan and relatively low turnover rate [57]. Although there is 
no definite proof whether AM originates from one source, many studies suggest that 
circulating monocytes give rise to AM [58]. Their differentiation from monocytes 
to AM is facilitated by granulocyte-macrophages colony-stimulating factor (GM-
CSF) secreted by alveolar type II cells [59]. AM are the first to sense and respond 
to any possible threat, and help initiating and managing the immune responses in 
the lung. In addition, AM have other non-immune functions, like maintaining the 
homeostasis, clearing apoptotic cells and cellular debris [60, 61]. Despite of the 
numerous studies on characterizing AM, these cells could not be completely placed 
in either of the two main macrophages subtypes, which are M1 macrophage and M2 
macrophage. During lung inflammatory diseases, it seems that AM share many of 
the M2 type features, like being induced generally by interleukin IL-4 and IL-13, 
contributing to wound healing, work as an anti-inflammatory agent, express the 
mannose receptor (CD206) and tumour necrosis factor-β (TGFβ) [62, 63]. 

Alveolar macrophages express, among other proteins, osteopontin (OPN) and 
tartrate resistant acid phosphatase 5 (TRAP5) [64-66], which are of particular 
importance in our studies. Both proteins have shown to be elevated in airway 
inflammatory diseases such as in COPD, CF and asthma. It has been suggested that 
these proteins play roles in the dysregulated inflammation seen in these diseases 
[67, 68, 66, 69]. 

Osteopontin 
Osteopontin (OPN) is a large (314 amino acids) highly anionic phosphorylated 
glycoprotein which is secreted by a variety of cells, including epithelial cells, 
activated T cells, B cells, natural killer (NK) cells, dendritic cells and activated 
macrophages [70, 65, 69]. It is a member of the SIBLING (small integrin-binding 
ligand N-linked glycoproteins) family, and its sequence contains calcium binding 
sites, a thrombin cleavage site and two consensus heparin binding domains [71-73]. 
Initially, OPN was described as an extracellular matrix protein and studied almost 
exclusively in association with bone homeostasis and disease, but later on, it was 
found to be widely expressed in human tissues, and in particular at luminal epithelial 
surfaces [74]. Later studies demonstrated that OPN is a multifunctional protein, 
playing an important role in the host immune responses. Its functions ranging from 
being pro-inflammatory, driving the chemotaxis of macrophages and dendritic cells 
to the site of infection, to acting as an anti-inflammatory agent such as inhibiting the 
expression of inducible nitric oxide synthase in macrophages and reducing lung 
injury by binding histones [75-77]. 
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Tartrate resistant acid phosphatase 5 
Tartrate resistant acid phosphatase 5 (TRAP5) is a cationic glycoprotein, having 
metalloenzyme properties. It has been isolated from many mammalian sources, 
including bone, spleen, placenta and lungs [78-80]. TRAP5 is synthesized as a 35 
kDa monomeric polypeptide (the 5a isoform) with low enzymatic activity, which 
undergoes posttranslational cleavage giving rise to a high enzymatic activity two-
subunit structure (the 5b isoform), consisting of NH2-terminal derived 23 kDa 
fragment and a COOH-terminal derived 15 kDa fragment linked by disulphide 
bonds [81]. TRAP5 has been extensively studied in bones, especially in the context 
of bone resorption and remodelling, because of its ability to dephosphorylate OPN. 
Other functions have been suggested for TRAP5, e.g. regulating macrophage 
migration [66], participating in iron transport [82] and acting as a growth and 
differentiation factor for hematopoietic and osteoblastic cells [83]. Interestingly, 
high expression of TRAP5 has been detected in AM, in particular the 5a isoform. 
Its expression was shown to be upregulated in smokers and COPD patients [66]. 
Although its function has not been completely clarified in AM, it is suggested that 
it might have an antimicrobial effect through generating reactive oxygen species 
(ROS) [84, 85].  

In this work, we sought to elucidate the relation of TRAP5 to OPN in the lungs, and 
the role these proteins might play in the host immune responses. 

The Coagulation System 
The coagulation system is composed of a group of proteins that circulate in blood in 
their inactive form (zymogens; Factor I – Factor XIII). During an injury or damage to 
a blood vessel wall, these proteins will be activated (Proteases; Factor Ia – Factor 
XIIIa), leading to the formation of a fibrin clot which stops bleeding and facilitates 
tissue repair. This healing process is triggered via two pathways, (i) the intrinsic, 
through contact activation and (ii) the extrinsic, activated by tissue factor (TF) (Figure 
5) [86-88]. Initially, it was though that the coagulation process takes place in the
vascular compartment, but later on it was found that the coagulation and
anticoagulation mechanisms can be initiated and regulated in the airways [89].
Activation of coagulation can be triggered by the high presence of TF in the lungs
during inflammatory diseases, such as acute respiratory distress syndrome (ARDS),
asthma and pulmonary fibrosis, as well as induced by the plasma proteins that are
leaked into the bronchioalveolar space as a consequence of capillary leakage [89-91].
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The intrinsic pathway 
This pathway is activated when blood is exposed to collagen or to other stimuli like 
bacterial cell surfaces and bacterial products. The exposure triggers the reciprocal 
activation of kallikrein and Factor XIIa, mediated by high molecular weight 
kininogen (HK). This in turn activates a cascade of coagulation factors that 
eventually lead to fibrin formation [87, 88]. 

The extrinsic pathway 
The extrinsic pathway is mainly initiated by TF, that binds and activates Factor VII, 
converting it to Factor VIIa. TF production is stimulated by environmental or 
bacterial products, such as LPS or by inflammatory mediators where its expression 
will be upregulated on the surface of monocytes, epithelial and endothelial cells. 
The binding of TF to Factor VII, forms a complex TF/FVIIa, which activates Factor 
Xa. This leads to a downstream activation of other clotting factors which eventually 
results in the formation of fibrin clot [88, 92]. 

The coagulation pathway is tightly regulated by a number of proteins, in order to 
maintain homeostasis and prevent excessive blood clotting. These anticoagulants 
are known as serpins (serine protease inhibitors), and include tissue factor pathway 
inhibitor-1 (TFPI-1) and -2 (TFPI-2), Antithrombin III (ATIII), Heparin cofactor II 
(HCII) and Protein C [93]. 

 

 

Figure 5. Schematic representation of the coagulation system 
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Tissue factor pathway inhibitor-2 
Tissue factor pathway inhibitor-2 (TFPI-2), also known as matrix-associated serine 
proteinase inhibitor (MSPI) and placental protein 5 (PP5), is a 32-33 kDa serine 
protease inhibitor that shares approximately 50% homology with its sister protein 
TFPI-1. It consists of three Kunitz-type serine proteinase inhibitor domains, a highly 
negatively charged NH2-terminus, and a highly positively charged COOH-terminus 
where our peptide of interest (EDC34) is derived. TFPI-2 is synthesized and 
secreted by a variety of cells, such as endothelial cells, smooth muscle cells, 
monocytes and macrophages, and has a critical role in coagulation, angiogenesis, 
apoptosis and wound healing. It inhibits the protease-activity of trypsin, 
chymotrypsin, cathepsin G, and plasma kallikrein. In addition, TFPI-2 inhibits the 
factor VIIa-TF complex, maintaining the balance required for normal homeostasis. 
In an LPS-infection model, TFPI-2 expression was upregulated in several organs, 
including spleen, lungs, brain and kidneys [94, 95, 38]. TFPI-2 exerts antimicrobial 
activity against Gram-negative bacteria, and its COOH-terminal region has shown 
to be up-regulated in acute and chronic wounds. Moreover, the COOH-terminal 
region derived peptide (EDC34) has proven to play an important role in amplifying 
the complement activation by targeting the complement factor C3a [96, 38]. 

Bacterial Infection 
A bacterial infection is when a harmful strain of bacteria enters a host and 
proliferate. Bacteria can infect any part of the body which can have a detrimental 
effect at the entry point, or in a worse scenario, access the blood stream and circulate 
through all over the body causing damage to multiple organs or tissues. Upon 
bacterial infection, the immune system is activated by released toxins, resulting in 
an immediate and unspecific response to resolve the threat, a process which is 
usually driven by neutrophil, macrophages and dendritic immune cells. To further 
ensure the complete clearance of the pathogen, B and T lymphocytes which are the 
troops of the adaptive immunity, will interfere and work synergistically with innate 
cells to limit pathogen dissemination [97, 98]. 

In Respiratory Tract 
The respiratory tract can be infected by a variety of bacteria, both Gram-positive 
and Gram-negative, causing several diseases that can vary in their severity. Some 
of the most common bacteria are described below. 
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Pseudomonas aeruginosa 
Pseudomonas aeruginosa (PA) is a Gram-negative, rod-shaped bacterium that is 
found in soil, water and skin flora. It is an opportunistic pathogen that can cause 
serious infection, in particular in immunocompromised patients, or during existing 
diseases, such as in CF and COPD [99, 100]. This is underlined by the fact that PA 
is the most common bacteria isolated in severe COPD. It is usually very hard to treat 
as it is highly resistant against first line antibiotics used to treat exacerbations [101, 
102]. PA have several strategies to protect its self from host immunity. It has the 
ability to form antimicrobial-tolerant biofilms, it rapidly undergoes several 
mutations to change its phenotype, and/or produce proteases like elastases, which 
can fight the immune system by degrading some of its molecules, including 
complement and coagulation proteins [103-105]. 

Streptococcus pyogenes 
Streptococcus pyogenes is a Gram-positive bacterium that appears as chains of 
cocci. It commonly infects the upper respiratory tract. S. pyogenes release a variety 
of toxins and enzymes, such as hyaluronidase, collagenase and streptokinase that 
can damage the mucosal membranes of the pharynx and degrade connective tissues 
[106]. 

Streptococcus pneumoniae 
Streptococcus pneumoniae is a Gram-positive β-haemolytic coccus that regularly 
colonize the upper respiratory tract, thus often appearing as a commensal. Besides 
being the most common cause of pneumonia and meningitis, S. pneumoniae is 
associated with several airway diseases, such as otitis media, sinusitis and 
bronchitis. Immunodeficient patients, young children and elderly are the most 
vulnerable targets of acquiring pneumococcal infections [107-109]. 

Haemophilus influenzae 
Haemophilus influenzae is a Gram-negative coccobacillus, that can be divided into 
two categories, encapsulated and unencapsulated strains respectively, the latter also 
known as nontypable H. influenzae (NtHi). NtHi is one of the most frequently 
isolated pathogens from sputum samples in COPD, and a major contributor of 
bacterial exacerbations [110, 102]. 

Staphylococcus aureus 
Staphylococcus aureus is a Gram-positive coccus, appearing as a human commensal 
that colonizes the nose, skin and respiratory tract. Through the release of toxins and 
exo-enzymes, S. aureus can cause acute infections, such as bacteraemia and skin 
abscesses. On the other hand, chronic infections are associated with biofilm 
formation that can enhance infection of bone and heart valves, resulting in 
osteomyelitis and endocarditis respectively [111, 112]. 
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Chronic Airway Inflammation 
In healthy individuals, the airways are covered by a mucus layer that contains a 
mixture of components including proteins, lipids and mucins secreted by the 
epithelial cells. This mucus layer entraps a wide range of harmful pathogens such 
as bacteria and viruses as well as environmental irritants, that are constantly 
deposited in the airways during the breathing process. All of these noxious stimuli 
are then escalated to the upper part of the respiratory tract to be removed from the 
lung. This process is coordinated by the movement of the beating cilia, which is 
referred as the mucociliary clearance [113, 5]. In chronic lung diseases including 
asthma, CF and COPD, the mucociliary clearance is reduced and mucus secretion 
is often increased, leading to a thick dense mucus on the epithelial layer, causing 
obstruction and plugging of the airways, that in turn affect lung function and 
homeostasis [114-116]. Another characteristic of chronic airway inflammation, is 
the accumulation of activated neutrophils and T cells in the small airways causing 
the destruction of their walls [111]. Moreover, antioxidants, such as superoxide 
dismutase, catalase and glutathione fail to respond against oxidative stress caused 
by, for example cigarette smoke, which will increase the expression of genes 
involved in inflammation, leading to imbalanced immune responses [117]. 

Respiratory Diseases 
The lungs are continually exposed to infections agents. The disruption of 
homeostasis caused by harmful inhalants leads to a wide range of diseases, varying 
from mild common cold to a more severe cases, such as CF, COPD and ARDS. 

Cystic Fibrosis 
Cystic fibrosis (CF) is a rare genetic disease caused by mutations in the cystic 
fibrosis transmembrane conductance regulator (CFTR) gene, which encodes a 
chloride ion channel that is largely present in the apical membranes of epithelial 
cells. This channel is responsible for conducting chloride ions across the membrane 
of sweat and mucus producing cells, after which water follows to dilute the mucus. 
This gene defect leads to an inborn dysregulated fluid transport in the lungs with 
airway mucus plugging and air trapping [118-120]. In addition to the respiratory 
system, the disease affects other organs including the gastrointestinal tract, where 
the thick mucus obstruct the canaliculi of pancreas and gall bladder duct, preventing 
enzyme and bile flow, resulting in malabsorption and digestion abnormalities [121]. 
In CF disease, the dysregulated inflammation starts in the first months of life, and 
are characterized by the increase in neutrophil numbers and excessive secretion of 
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pro-inflammatory mediators, including TNF-α, IL-1β, IL-6, IL-8, IL-17, IL-33, 
GM-CSF, G-CSF, and HMGB-1 [122]. The inflammatory responses become 
excessive and persistent, and the host immunity will be burdened with continues 
bacterial infections. This in turn will impair host defenses, damage airway walls and 
ultimately leads to loss in lung functions [123, 124, 99]. 

Chronic Obstructive Pulmonary Disease 
COPD is characterized by irreversible airflow limitation due to chronic 
inflammation. The disease has a high prevalence and is expected to become the third 
leading cause of death worldwide [125]. Tobacco smoking is one of the main causes 
for development and progression of COPD. However, other risk factors such as air 
pollution, including noxious gases and ambient particulate matter can significantly 
contribute to the pathogeneses of the disease [126, 127]. 

In COPD, the inflammatory responses are often persistent and progressive, resulting 
in different clinical phenotypes where chronic bronchitis, bronchiolitis, and 
emphysema may be seen. Chronic bronchitis is an inflammation of the lining of the 
bronchial tubules accompanied with goblet cell hyperplasia and increased mucus 
secretion in the small conducting airways, leading to airflow limitations. 
Emphysema is characterized by the remodelling of the small airway compartment 
and destruction of the parenchyma (Figure 6). This leads to the loss of elastic recoil 
or inadequate lung emptying on expiration, resulting in the entrapment of the air 
inside the lungs. COPD can be categorized, depending on its severity, into four 
stages (I, II, III and IV). This is based on the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) categorisation. GOLD stage I being the mildest 
while GOLD stage IV is the most severe condition, being based on the spirometry 
measurement of forced expiratory volume (FEV1). This measures the amount of air 
that can be forcefully exhale in the first second [128, 129]. 

The chronic inflammation in COPD is characterized by elevated levels of the main 
inflammatory cells including neutrophils, monocytes/macrophages and 
lymphocytes, that infiltrate the airways and lung tissues, and can be detected in 
sputum and bronchoalveolar lavage fluid [129]. The recruited neutrophils secrete 
several proteases including neutrophil elastase (NE) and matrix metalloproteinases 
(MMPs) which contribute to alveolar destruction and play a key role in the 
pathogeneses of COPD [130, 131]. Despite the canonical classification of COPD as 
a neutrophil disease, there is a large number of COPD patients with eosinophilia-
derived inflammatory responses [132]. In fact, studies have suggested that 
eosinophilic COPD patients are prone to an increased risk of exacerbations [133]. 
Eosinophils produce a wide range of mediators, including eosinophil cationic 
protein (ECP), eosinophil peroxidase (EPO), leukotrienes and a variety of 
chemokines and cytokines, such as IL-13. IL-13 in particular, has shown to 
contribute to the pathogeneses of the COPD through mediating several pathologies 
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including bronchoconstriction, fibrosis, mucus production and the remodelling of 
the airways resulting in emphysema [134-136]. 

Figure 6. Chronic obstructive pulmonary disease (COPD). Schematic showing the difference between healthy lungs 
and lungs in COPD where chronic bronchitis and emphysema respectively may be present (picture is adapted from 
https://lungdiseasenews.com/2015/08/03/aclidiniumformoterol-therapy-reduces-copd-patients-exacerbations/) 

Acute Respiratory Distress Syndrome 
Acute respiratory distress syndrome (ARDS) is a severe clinical condition that has 
proven to be very challenging to treat because of its heterogeneity. It is not caused 
by a particular disease, but rather triggered by different pathologies, including 
viruses, bacteria, severe trauma, and sepsis. ARDS is characterized by a prolonged 
and vigorous inflammation accompanied with increased neutrophil influx to the 
lungs, resulting in pronounced release of neutrophil extracellular traps (NETs). This 
leads to tissue injury and cell death, followed by the release of intracellular 
molecules, i.e. DAMPs, including the highly cationic extracellular histones.  This in 
turn leads to further release and accumulation of immune cells creating a self-
destructive loop of inflammatory responses. As a result, the alveoli will be 
obstructed with fluid because of edema causing impaired gas exchange [137, 138]. 
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Present Investigation 

Paper I 
Osteopontin expression in small airway epithelium in COPD is dependent on 
differentiation and confined to subsets of cells 
Osteopontin is a large multifunctional protein, shown to have a critical role in a 
variety of physiological processes, such as biomineralization, cancer metastasis and 
wound healing. In airway inflammatory diseases, such as in COPD, high levels of 
OPN were detected in sputum and bronchioalveolar lavage. In addition, cigarette 
smoke which is a major cause for COPD, has shown to up-regulate OPN production 
in the lungs of asthmatic patients. Therefore, OPN is an interesting molecule to 
investigate, where several lines of evidence suggest that it might contribute to 
disease progression [64, 139, 67]. 

 

Figure 7. Schematic illustration of Air Liquid Interface culture. Human bronchial epithelial cells are cultured in culture 
medium until conflent. The medium is substituted (only in the basal compartment) with differentiation medium. The cells 
are either  exposed to air alone for 2-3 weeks (ciliated cell enriched culture) or in the presence of IL-13 cytokine, added 
in the basal compartment (goblet cell enriched culture). 
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Despite that OPN has been studied extensively for the past decades, and many cells 
have shown to express OPN, such as T cells, NK cells and dendritic cells, the source 
of this protein in the airway epithelium has not been fully elucidated. 

In this study, we showed that OPN expression levels peaked in severe COPD 
(GOLD stage II-III) compared to other conditions, and that in vivo, OPN was mainly 
expressed by goblet and club cells, but not ciliated or basal cells. Moreover, we 
found that in vitro, cigarette smoke induced OPN expression and release from basal 
cells, suggesting that these cells do not store but rather continuously release the OPN 
produced. In order to examine the effect of epithelial cell differentiation and chronic 
cigarette smoke exposure on OPN expression, we used Air Liquid Interface (ALI) 
culture (Figure 7). We cultured human bronchial epithelial cells (HBEC) and 
stimulated them with the cytokine IL-13 to promote goblet cell differentiation. 
Goblet cell hyperplasia is a characteristic of COPD disease, accompanied with an 
excessive secretion of mucus in the small airways. Our results demonstrated 
increased OPN secretions in goblet cell enriched cultures in response to cigarette 
smoke, suggesting that goblet cells are the primary producers of OPN. Taken 
together, the phenotype of the disease might determine the expression and 
production of OPN in the lungs. Whether this will contribute in the progression or 
resolving the disease, is something remains to be elucidated. 

Paper II 
Tartrate-resistant acid phosphatase 5 (TRAP5) displays altered levels and co-
localize with osteopontin in cystic fibrosis 
Tartrate resistant acid phosphatase 5 (TRAP5) is a metalloenzyme possessing 
phosphatase-activity that is expressed by osteoclasts, alveolar macrophages, 
dendritic cells and a number of other cells types. It is present in two isoforms, i.e. 
TRAP5a with low enzymatic activity and TRAP5b with high enzymatic activity. 
TRAP5 plays an important role in many biological processes including cytokine 
production by macrophages and dendritic cells, osteoblast regulation, macrophage 
recruitment, as well as it exhibits potent phosphatase activity towards osteopontin 
(OPN), a process needed to ensure normal bone development. Both TRAP5 and the 
highly phosphorylated glycoprotein OPN, levels are increased in patients suffering 
from chronic inflammatory diseases.  However, their levels and expression have not 
been investigated in the context of cystic fibrosis (CF). 

In the current study, significant differences of TRAP5a and OPN levels were found 
comparing healthy controls and CF patients. In serum, TRAP5a and OPN protein 
levels were significantly higher in CF than in controls. However, in sputum on the 
contrary, TRAP5a levels were significantly lower in CF patients compared to 
healthy donors. This observation was in line with western blot data, where control 
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sputum only showed presence of intact TRAP5a, while CF TRAP5a was seen both 
as an immunoreactive band corresponding to the full length protein as well as 
degraded fragments. This could be explained by the increased elastase activity in 
CF lungs, where we found that both elastase of Pseudomonas aeruginosa and 
neutrophils, but not aureolysin protease of Staphylococcus aureus, were able to 
cleave TRAP5 after 18 hours of incubation in vitro. In addition, 
immunohistochemical staining of TRAP5a and OPN was detected in the lungs of 
controls and CF, and their co-localization was seen on the airway epithelial lining, 
in alveolar macrophage and in the lumen of blood vessels of CF patients. 

In conclusion, our data suggests that TRAP5 and OPN might interact in the lungs 
and blood, and their levels are associated with CF disease. 

Paper III 
Osteopontin Protects Against Lung Injury Caused by Extracellular Histones 
Histones are important structural components of the chromatin of the cell nucleus, 
playing significant roles in the regulation of gene transcription [140]. In contrast, 
upon cell death, extracellular histones can have detrimental effects on host tissues 
where they may evoke toxic and immunostimulatory effects. During an infection or 
inflammation, as seen in acute respiratory distress syndrome (ARDS), the prolonged 
inflammatory responses and tissue injury cause cell death, including necrosis, 
apoptosis and release of neutrophil extracellular traps (NETs). This cell death results 
in the release of the highly cationic extracellular histones that triggers innate 
immune responses, including activation of Toll-like receptors (TLR) and 
inflammasomes [141-143]. 

Osteopontin (OPN) is a multifunctional phosphoglycoprotein that plays important 
roles during inflammation, where it is involved in cell-mediated immunity, 
neutrophil recruitment, regulation of dendritic cell activity, inducing Th1 type 
immune responses, as well as promoting fibrosis in lung injury. OPN expression is 
increased in the airways of several inflammatory airway diseases, including COPD, 
cystic fibrosis and asthma [144, 69]. In this study, we set out to investigate whether 
the highly anionic molecule, OPN, can bind to and sequester the cationic 
extracellular histones at the airway mucosal surface. 

Our results demonstrate that OPN protects the airways in murine models of histone- 
as well as LPS-induced acute lung injury. Moreover, OPN bound to histones in 
bronchioalveolar lavage (BALF) of ARDS patients in vivo, and inhibited their 
cytotoxic and hemolytic effects in vitro, where these OPN-histone complexes 
depend on the phosphorylation degree of OPN. Finally, we showed that OPN 
inhibits histone-induced formation of NETs. In conclusion, OPN that is increased 
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in the airways during states of disease characterized by pulmonary inflammation 
might serve as a host protective mechanism against the cytotoxic effects of danger 
associated molecular patterns (DAMPs), as examplified by extracellular histones. 

Paper IV 
TFPI-2 Protects Against Gram-negative Bacterial Infection 
Tissue factor pathway inhibitor-2 (TFPI-2), is a Kunitz-type serine proteinase 
inhibitor which is structurally similar to tissue factor pathway inhibitor-1 (TFPI-1). 
TFPI-2 plays, among other physiological functions, an important role in coagulation 
and wound healing, and is secreted by a variety of cells, such as endothelial cells, 
epithelial cells, smooth muscle cells, monocytes and macrophages. It consists of a 
highly negatively charged N-terminus and a highly positively charged COOH-
terminus [95, 145]. In vivo, the TFPI-2 COOH-terminal region is present in fibrin 
slough from chronic wounds and associated with bacteria. In vitro, a TFPI-2 COOH 
fragment (EDC34) bind bacteria and exert antimicrobial activity. Moreover, EDC34 
promotes complement activation through up-regulating the complement protein C3a 
on bacterial surfaces [96]. 

In the present study, we investigated the EDC34 mode of action in the context of 
infectious diseases. Our results revealed that EDC34 binds to immunoglobulin G 
(IgG), more specifically to the Fc region where this interaction boosted the classical 
complement activation through the assembly of the complement protein C1q at the 
bacterial surfaces. In addition, we show that TFPI-2 expression was increased in 
spleen, brain, lungs, kidney, large and small intestine in murine models of 
endotoxin-exposure as well as in an E. coli infection model. In humans, the COOH-
terminal fragment was detected in association with immunoglobulins present in 
sputum from COPD patients. Finally, the importance of EDC34 and the 
corresponding VKG24 of mice, was shown in a murine model of systemic E. coli 
infection, where they had a protective effect. 

Taken together, this work present evidence that TFPI-2 may exert important host 
defence functions during infectious diseases. 

 



39 

References 

1. Mercer RR, Russell ML, Roggli VL, Crapo JD. Cell number and distribution in 
human and rat airways. Am J Respir Cell Mol Biol. 1994 Jun;10(6):613-24. 

2. Spina D. Epithelium smooth muscle regulation and interactions. Am J Respir Crit 
Care Med. 1998 Nov;158(5 Pt 3):S141-5. 

3. Thompson AB, Robbins RA, Romberger DJ, Sisson JH, Spurzem JR, Teschler H, et 
al. Immunological functions of the pulmonary epithelium. Eur Respir J. 1995 
Jan;8(1):127-49. 

4. Knight DA, Holgate ST. The airway epithelium: structural and functional properties 
in health and disease. Respirology. 2003 Dec;8(4):432-46. 

5. Fahy JV, Dickey BF. Airway mucus function and dysfunction. N Engl J Med. 2010 
Dec 2;363(23):2233-47. 

6. Lumsden AB, McLean A, Lamb D. Goblet and Clara cells of human distal airways: 
evidence for smoking induced changes in their numbers. Thorax. 1984 
Nov;39(11):844-9. 

7. Takeyama K, Dabbagh K, Lee HM, Agusti C, Lausier JA, Ueki IF, et al. Epidermal 
growth factor system regulates mucin production in airways. Proc Natl Acad Sci U S 
A. 1999 Mar 16;96(6):3081-6. 

8. Takeyama K, Fahy JV, Nadel JA. Relationship of epidermal growth factor receptors 
to goblet cell production in human bronchi. Am J Respir Crit Care Med. 2001 
Feb;163(2):511-6. 

9. Boers JE, Ambergen AW, Thunnissen FB. Number and proliferation of clara cells in 
normal human airway epithelium. Am J Respir Crit Care Med. 1999 May;159(5 Pt 
1):1585-91. 

10. de la Cruz X, Lee B. The structural homology between uteroglobin and the pore-
forming domain of colicin A suggests a possible mechanism of action for 
uteroglobin. Protein Sci. 1996 May;5(5):857-61. 

11. Manjunath R, Chung SI, Mukherjee AB. Crosslinking of uteroglobin by 
transglutaminase. Biochem Biophys Res Commun. 1984 May 31;121(1):400-7. 

12. Vasanthakumar G, Manjunath R, Mukherjee AB, Warabi H, Schiffmann E. 
Inhibition of phagocyte chemotaxis by uteroglobin, an inhibitor of blastocyst 
rejection. Biochem Pharmacol. 1988 Feb 1;37(3):389-94. 

13. Reynolds SD, Malkinson AM. Clara cell: progenitor for the bronchiolar epithelium. 
Int J Biochem Cell Biol. 2010 Jan;42(1):1-4. 

14. Evans MJ, Plopper CG. The role of basal cells in adhesion of columnar epithelium to 
airway basement membrane. Am Rev Respir Dis. 1988 Aug;138(2):481-3. 



40 

15. Daniely Y, Liao G, Dixon D, Linnoila RI, Lori A, Randell SH, et al. Critical role of 
p63 in the development of a normal esophageal and tracheobronchial epithelium. Am 
J Physiol Cell Physiol. 2004 Jul;287(1):C171-81. 

16. Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR. In vivo differentiation 
potential of tracheal basal cells: evidence for multipotent and unipotent 
subpopulations. Am J Physiol Lung Cell Mol Physiol. 2004 Apr;286(4):L643-9. 

17. Jetten AM. Growth and differentiation factors in tracheobronchial epithelium. Am J 
Physiol. 1991 Jun;260(6 Pt 1):L361-73. 

18. Byers DE, Alexander-Brett J, Patel AC, Agapov E, Dang-Vu G, Jin X, et al. Long-
term IL-33-producing epithelial progenitor cells in chronic obstructive lung disease. J 
Clin Invest. 2013 Sep;123(9):3967-82. 

19. McConnell AM, Yao C, Yeckes AR, Wang Y, Selvaggio AS, Tang J, et al. p53 
Regulates Progenitor Cell Quiescence and Differentiation in the Airway. Cell Rep. 
2016 Nov 22;17(9):2173-82. 

20. Duan MC, Zhang JQ, Liang Y, Liu GN, Xiao J, Tang HJ, et al. Infiltration of IL-17-
Producing T Cells and Treg Cells in a Mouse Model of Smoke-Induced Emphysema. 
Inflammation. 2016 Aug;39(4):1334-44. 

21. Puchelle E, Zahm JM, Tournier JM, Coraux C. Airway epithelial repair, 
regeneration, and remodeling after injury in chronic obstructive pulmonary disease. 
Proc Am Thorac Soc. 2006 Nov;3(8):726-33. 

22. Wang Y, Xu J, Meng Y, Adcock IM, Yao X. Role of inflammatory cells in airway 
remodeling in COPD. Int J Chron Obstruct Pulmon Dis. 2018;13:3341-48. 

23. McCuaig S, Martin JG. How the airway smooth muscle in cystic fibrosis reacts in 
proinflammatory conditions: implications for airway hyper-responsiveness and 
asthma in cystic fibrosis. Lancet Respir Med. 2013 Apr;1(2):137-47. 

24. Delves PJ, Roitt IM. The immune system. First of two parts. N Engl J Med. 2000 Jul 
6;343(1):37-49. 

25. Delves PJ, Roitt IM. The immune system. Second of two parts. N Engl J Med. 2000 
Jul 13;343(2):108-17. 

26. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010 Mar 
19;140(6):805-20. 

27. Kotas ME, Medzhitov R. Homeostasis, inflammation, and disease susceptibility. 
Cell. 2015 Feb 26;160(5):816-27. 

28. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 
2006 Feb 24;124(4):783-801. 

29. Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective LPS 
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science. 
1998 Dec 11;282(5396):2085-8. 

30. Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease. Nat 
Immunol. 2015 May;16(5):448-57. 

31. Wack A, Terczynska-Dyla E, Hartmann R. Guarding the frontiers: the biology of 
type III interferons. Nat Immunol. 2015 Aug;16(8):802-9. 



41 

32. Medzhitov R, Janeway C, Jr. Innate immunity. N Engl J Med. 2000 Aug
3;343(5):338-44.

33. Brogden KA. Antimicrobial peptides: pore formers or metabolic inhibitors in
bacteria? Nat Rev Microbiol. 2005 Mar;3(3):238-50.

34. Hiemstra PS, Amatngalim GD, van der Does AM, Taube C. Antimicrobial Peptides
and Innate Lung Defenses: Role in Infectious and Noninfectious Lung Diseases and
Therapeutic Applications. Chest. 2016 Feb;149(2):545-51.

35. Hiemstra PS, McCray PB, Jr., Bals R. The innate immune function of airway
epithelial cells in inflammatory lung disease. Eur Respir J. 2015 Apr;45(4):1150-62.

36. Zasloff M. Antimicrobial peptides of multicellular organisms. Nature. 2002 Jan
24;415(6870):389-95.

37. Mansour SC, Pena OM, Hancock RE. Host defense peptides: front-line
immunomodulators. Trends Immunol. 2014 Sep;35(9):443-50.

38. Ali MN, Kasetty G, Elven M, Alyafei S, Jovic S, Egesten A, et al. TFPI-2 Protects
Against Gram-Negative Bacterial Infection. Front Immunol. 2018;9:2072.

39. Borregaard N, Cowland JB. Granules of the human neutrophilic polymorphonuclear
leukocyte. Blood. 1997 May 15;89(10):3503-21.

40. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Science. 2004 Mar 5;303(5663):1532-5.

41. Urban CF, Reichard U, Brinkmann V, Zychlinsky A. Neutrophil extracellular traps
capture and kill Candida albicans yeast and hyphal forms. Cell Microbiol. 2006
Apr;8(4):668-76.

42. Saitoh T, Komano J, Saitoh Y, Misawa T, Takahama M, Kozaki T, et al. Neutrophil
extracellular traps mediate a host defense response to human immunodeficiency
virus-1. Cell Host Microbe. 2012 Jul 19;12(1):109-16.

43. Abi Abdallah DS, Lin C, Ball CJ, King MR, Duhamel GE, Denkers EY. Toxoplasma
gondii triggers release of human and mouse neutrophil extracellular traps. Infect
Immun. 2012 Feb;80(2):768-77.

44. Rothenberg ME, Hogan SP. The eosinophil. Annu Rev Immunol. 2006;24:147-74.
45. Wen T, Rothenberg ME. The Regulatory Function of Eosinophils. Microbiol Spectr.

2016 Oct;4(5).
46. Conroy DM, Williams TJ. Eotaxin and the attraction of eosinophils to the asthmatic

lung. Respir Res. 2001;2(3):150-6.
47. Jacobsen EA, Ochkur SI, Pero RS, Taranova AG, Protheroe CA, Colbert DC, et al.

Allergic pulmonary inflammation in mice is dependent on eosinophil-induced
recruitment of effector T cells. J Exp Med. 2008 Mar 17;205(3):699-710.

48. Schwartz C, Eberle JU, Voehringer D. Basophils in inflammation. Eur J Pharmacol.
2016 May 5;778:90-5.

49. Elieh Ali Komi D, Wohrl S, Bielory L. Mast Cell Biology at Molecular Level: a
Comprehensive Review. Clin Rev Allergy Immunol. 2019 Dec 12.

50. Cooper MD, Alder MN. The evolution of adaptive immune systems. Cell. 2006 Feb
24;124(4):815-22.



42 

51. Sabroe I, Lloyd CM, Whyte MK, Dower SK, Williams TJ, Pease JE. Chemokines, 
innate and adaptive immunity, and respiratory disease. Eur Respir J. 2002 
Feb;19(2):350-5. 

52. Panina-Bordignon P, D'Ambrosio D. Chemokines and their receptors in asthma and 
chronic obstructive pulmonary disease. Curr Opin Pulm Med. 2003 Mar;9(2):104-10. 

53. Zhou-Suckow Z, Duerr J, Hagner M, Agrawal R, Mall MA. Airway mucus, 
inflammation and remodeling: emerging links in the pathogenesis of chronic lung 
diseases. Cell Tissue Res. 2017 Mar;367(3):537-50. 

54. Polosukhin VV, Richmond BW, Du RH, Cates JM, Wu P, Nian H, et al. Secretory 
IgA Deficiency in Individual Small Airways Is Associated with Persistent 
Inflammation and Remodeling. Am J Respir Crit Care Med. 2017 Apr 
15;195(8):1010-21. 

55. Kocks JR, Davalos-Misslitz AC, Hintzen G, Ohl L, Forster R. Regulatory T cells 
interfere with the development of bronchus-associated lymphoid tissue. J Exp Med. 
2007 Apr 16;204(4):723-34. 

56. Heier I, Malmstrom K, Pelkonen AS, Malmberg LP, Kajosaari M, Turpeinen M, et 
al. Bronchial response pattern of antigen presenting cells and regulatory T cells in 
children less than 2 years of age. Thorax. 2008 Aug;63(8):703-9. 

57. Maus UA, Janzen S, Wall G, Srivastava M, Blackwell TS, Christman JW, et al. 
Resident alveolar macrophages are replaced by recruited monocytes in response to 
endotoxin-induced lung inflammation. Am J Respir Cell Mol Biol. 2006 
Aug;35(2):227-35. 

58. van Furth R. Macrophage activity and clinical immunology. Origin and kinetics of 
mononuclear phagocytes. Ann N Y Acad Sci. 1976;278:161-75. 

59. Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. Alveolar 
macrophages develop from fetal monocytes that differentiate into long-lived cells in 
the first week of life via GM-CSF. J Exp Med. 2013 Sep 23;210(10):1977-92. 

60. Hussell T, Bell TJ. Alveolar macrophages: plasticity in a tissue-specific context. Nat 
Rev Immunol. 2014 Feb;14(2):81-93. 

61. Garbi N, Lambrecht BN. Location, function, and ontogeny of pulmonary 
macrophages during the steady state. Pflugers Arch. 2017 Apr;469(3-4):561-72. 

62. Pechkovsky DV, Prasse A, Kollert F, Engel KM, Dentler J, Luttmann W, et al. 
Alternatively activated alveolar macrophages in pulmonary fibrosis-mediator 
production and intracellular signal transduction. Clin Immunol. 2010 Oct;137(1):89-
101. 

63. Draijer C, Robbe P, Boorsma CE, Hylkema MN, Melgert BN. Characterization of 
macrophage phenotypes in three murine models of house-dust-mite-induced asthma. 
Mediators Inflamm. 2013;2013:632049. 

64. Brown LF, Berse B, Van de Water L, Papadopoulos-Sergiou A, Perruzzi CA, 
Manseau EJ, et al. Expression and distribution of osteopontin in human tissues: 
widespread association with luminal epithelial surfaces. Mol Biol Cell. 1992 
Oct;3(10):1169-80. 



43 

65. Takahashi F, Takahashi K, Shimizu K, Cui R, Tada N, Takahashi H, et al.
Osteopontin is strongly expressed by alveolar macrophages in the lungs of acute
respiratory distress syndrome. Lung. 2004;182(3):173-85.

66. Boorsma CE, van der Veen TA, Putri KSS, de Almeida A, Draijer C, Mauad T, et al.
A Potent Tartrate Resistant Acid Phosphatase Inhibitor to Study the Function of
TRAP in Alveolar Macrophages. Sci Rep. 2017 Oct 3;7(1):12570.

67. Papaporfyriou A, Loukides S, Kostikas K, Simoes DCM, Papatheodorou G,
Konstantellou E, et al. Increased levels of osteopontin in sputum supernatant in
patients with COPD. Chest. 2014 Oct;146(4):951-58.

68. Jovic S, Shikhagaie M, Morgelin M, Erjefalt JS, Kjellstrom S, Egesten A.
Osteopontin is increased in cystic fibrosis and can skew the functional balance
between ELR-positive and ELR-negative CXC-chemokines. J Cyst Fibros. 2015
Jul;14(4):453-63.

69. Ali MN, Mori M, Mertens TCJ, Siddhuraj P, Erjefalt JS, Onnerfjord P, et al.
Osteopontin Expression in Small Airway Epithelium in Copd is Dependent on
Differentiation and Confined to Subsets of Cells. Sci Rep. 2019 Oct 29;9(1):15566.

70. Patarca R, Freeman GJ, Singh RP, Wei FY, Durfee T, Blattner F, et al. Structural and
functional studies of the early T lymphocyte activation 1 (Eta-1) gene. Definition of a
novel T cell-dependent response associated with genetic resistance to bacterial
infection. J Exp Med. 1989 Jul 1;170(1):145-61.

71. Oldberg A, Franzen A, Heinegard D. Cloning and sequence analysis of rat bone
sialoprotein (osteopontin) cDNA reveals an Arg-Gly-Asp cell-binding sequence.
Proc Natl Acad Sci U S A. 1986 Dec;83(23):8819-23.

72. Senger DR, Perruzzi CA. Cell migration promoted by a potent GRGDS-containing
thrombin-cleavage fragment of osteopontin. Biochim Biophys Acta. 1996 Nov
8;1314(1-2):13-24.

73. Yokosaki Y, Matsuura N, Sasaki T, Murakami I, Schneider H, Higashiyama S, et al.
The integrin alpha(9)beta(1) binds to a novel recognition sequence (SVVYGLR) in
the thrombin-cleaved amino-terminal fragment of osteopontin. J Biol Chem. 1999
Dec 17;274(51):36328-34.

74. Franzen A, Heinegard D. Isolation and characterization of two sialoproteins present
only in bone calcified matrix. Biochem J. 1985 Dec 15;232(3):715-24.

75. Rollo EE, Laskin DL, Denhardt DT. Osteopontin inhibits nitric oxide production and
cytotoxicity by activated RAW264.7 macrophages. J Leukoc Biol. 1996
Sep;60(3):397-404.

76. Giachelli CM, Lombardi D, Johnson RJ, Murry CE, Almeida M. Evidence for a role
of osteopontin in macrophage infiltration in response to pathological stimuli in vivo.
Am J Pathol. 1998 Feb;152(2):353-8.

77. Kasetty G, Papareddy P, Bhongir RKV, Ali MN, Mori M, Wygrecka M, et al.
Osteopontin protects against lung injury caused by extracellular histones. Mucosal
Immunol. 2019 Jan;12(1):39-50.

78. Efstratiadis T, Moss DW. Tartrate-resistant acid phosphatase of human lung:
apparent identity with osteoclastic acid phosphatase. Enzyme. 1985;33(1):34-40.



44 

79. Ketcham CM, Baumbach GA, Bazer FW, Roberts RM. The type 5, acid phosphatase 
from spleen of humans with hairy cell leukemia. Purification, properties, 
immunological characterization, and comparison with porcine uteroferrin. J Biol 
Chem. 1985 May 10;260(9):5768-76. 

80. Ketcham CM, Roberts RM, Simmen RC, Nick HS. Molecular cloning of the type 5, 
iron-containing, tartrate-resistant acid phosphatase from human placenta. J Biol 
Chem. 1989 Jan 5;264(1):557-63. 

81. Ljusberg J, Ek-Rylander B, Andersson G. Tartrate-resistant purple acid phosphatase 
is synthesized as a latent proenzyme and activated by cysteine proteinases. Biochem 
J. 1999 Oct 1;343 Pt 1:63-9. 

82. Roberts RM, Raub TJ, Bazer FW. Role of uteroferrin in transplacental iron transport 
in the pig. Fed Proc. 1986 Sep;45(10):2513-8. 

83. Bazer FW, Worthington-White D, Fliss MF, Gross S. Uteroferrin: a progesterone-
induced hematopoietic growth factor of uterine origin. Exp Hematol. 1991 
Oct;19(9):910-5. 

84. Ek-Rylander B, Flores M, Wendel M, Heinegard D, Andersson G. 
Dephosphorylation of osteopontin and bone sialoprotein by osteoclastic tartrate-
resistant acid phosphatase. Modulation of osteoclast adhesion in vitro. J Biol Chem. 
1994 May 27;269(21):14853-6. 

85. Kaija H, Alatalo SL, Halleen JM, Lindqvist Y, Schneider G, Vaananen HK, et al. 
Phosphatase and oxygen radical-generating activities of mammalian purple acid 
phosphatase are functionally independent. Biochem Biophys Res Commun. 2002 
Mar 22;292(1):128-32. 

86. Furie B, Furie BC. The molecular basis of blood coagulation. Cell. 1988 May 
20;53(4):505-18. 

87. Dahlback B. Blood coagulation. Lancet. 2000 May 6;355(9215):1627-32. 
88. Schenone M, Furie BC, Furie B. The blood coagulation cascade. Curr Opin Hematol. 

2004 Jul;11(4):272-7. 
89. Levi M, Schultz MJ, Rijneveld AW, van der Poll T. Bronchoalveolar coagulation and 

fibrinolysis in endotoxemia and pneumonia. Crit Care Med. 2003 Apr;31(4 
Suppl):S238-42. 

90. Wygrecka M, Jablonska E, Guenther A, Preissner KT, Markart P. Current view on 
alveolar coagulation and fibrinolysis in acute inflammatory and chronic interstitial 
lung diseases. Thromb Haemost. 2008 Mar;99(3):494-501. 

91. Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med. 2010 
Feb;38(2 Suppl):S26-34. 

92. Bastarache JA, Wang L, Geiser T, Wang Z, Albertine KH, Matthay MA, et al. The 
alveolar epithelium can initiate the extrinsic coagulation cascade through expression 
of tissue factor. Thorax. 2007 Jul;62(7):608-16. 

93. Dahlback B. Blood coagulation and its regulation by anticoagulant pathways: genetic 
pathogenesis of bleeding and thrombotic diseases. J Intern Med. 2005 
Mar;257(3):209-23. 



45 

94. Miyagi Y, Koshikawa N, Yasumitsu H, Miyagi E, Hirahara F, Aoki I, et al. cDNA
cloning and mRNA expression of a serine proteinase inhibitor secreted by cancer
cells: identification as placental protein 5 and tissue factor pathway inhibitor-2. J
Biochem. 1994 Nov;116(5):939-42.

95. Sprecher CA, Kisiel W, Mathewes S, Foster DC. Molecular cloning, expression, and
partial characterization of a second human tissue-factor-pathway inhibitor. Proc Natl
Acad Sci U S A. 1994 Apr 12;91(8):3353-7.

96. Papareddy P, Kalle M, Sorensen OE, Malmsten M, Morgelin M, Schmidtchen A.
The TFPI-2 derived peptide EDC34 improves outcome of gram-negative sepsis.
PLoS Pathog. 2013;9(12):e1003803.

97. Tosi MF. Innate immune responses to infection. J Allergy Clin Immunol. 2005
Aug;116(2):241-9; quiz 50.

98. Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin. 2007
Spring;45(2):27-37.

99. Nichols D, Chmiel J, Berger M. Chronic inflammation in the cystic fibrosis lung:
alterations in inter- and intracellular signaling. Clin Rev Allergy Immunol. 2008
Apr;34(2):146-62.

100. Rodrigo-Troyano A, Melo V, Marcos PJ, Laserna E, Peiro M, Suarez-Cuartin G, et
al. Pseudomonas aeruginosa in Chronic Obstructive Pulmonary Disease Patients with
Frequent Hospitalized Exacerbations: A Prospective Multicentre Study. Respiration.
2018;96(5):417-24.

101. Carmeli Y, Troillet N, Eliopoulos GM, Samore MH. Emergence of antibiotic-
resistant Pseudomonas aeruginosa: comparison of risks associated with different
antipseudomonal agents. Antimicrob Agents Chemother. 1999 Jun;43(6):1379-82.

102. Papi A, Bellettato CM, Braccioni F, Romagnoli M, Casolari P, Caramori G, et al.
Infections and airway inflammation in chronic obstructive pulmonary disease severe
exacerbations. Am J Respir Crit Care Med. 2006 May 15;173(10):1114-21.

103. Xu KD, McFeters GA, Stewart PS. Biofilm resistance to antimicrobial agents.
Microbiology. 2000 Mar;146 ( Pt 3):547-9.

104. Mena A, Smith EE, Burns JL, Speert DP, Moskowitz SM, Perez JL, et al. Genetic
adaptation of Pseudomonas aeruginosa to the airways of cystic fibrosis patients is
catalyzed by hypermutation. J Bacteriol. 2008 Dec;190(24):7910-7.

105. Potempa M, Potempa J. Protease-dependent mechanisms of complement evasion by
bacterial pathogens. Biol Chem. 2012 Sep;393(9):873-88.

106. Lean WL, Arnup S, Danchin M, Steer AC. Rapid diagnostic tests for group A
streptococcal pharyngitis: a meta-analysis. Pediatrics. 2014 Oct;134(4):771-81.

107. Prevention of pneumococcal disease: recommendations of the Advisory Committee
on Immunization Practices (ACIP). MMWR Recomm Rep. 1997 Apr 4;46(Rr-8):1-
24.

108. Bogaert D, De Groot R, Hermans PW. Streptococcus pneumoniae colonisation: the
key to pneumococcal disease. Lancet Infect Dis. 2004 Mar;4(3):144-54.

109. Carapetis JR, Steer AC, Mulholland EK, Weber M. The global burden of group A
streptococcal diseases. Lancet Infect Dis. 2005 Nov;5(11):685-94.



46 

110. Butt HL, Clancy RL, Cripps AW, Murree-Allen K, Saunders NA, Sutherland DC, et
al. Bacterial colonisation of the respiratory tract in chronic bronchitis. Aust N Z J
Med. 1990 Feb;20(1):35-8.

111. von Eiff C, Becker K, Machka K, Stammer H, Peters G. Nasal carriage as a source of
Staphylococcus aureus bacteremia. Study Group. N Engl J Med. 2001 Jan
4;344(1):11-6.

112. Ellis MW, Schlett CD, Millar EV, Crawford KB, Cui T, Lanier JB, et al. Prevalence
of nasal colonization and strain concordance in patients with community-associated
Staphylococcus aureus skin and soft-tissue infections. Infect Control Hosp
Epidemiol. 2014 Oct;35(10):1251-6.

113. Wanner A, Salathe M, O'Riordan TG. Mucociliary clearance in the airways. Am J
Respir Crit Care Med. 1996 Dec;154(6 Pt 1):1868-902.

114. Baum GL, Zwas ST, Katz I, Roth Y. Mucociliary clearance from central airways in
patients with excessive sputum production with and without primary ciliary
dyskinesia. Chest. 1990 Sep;98(3):608-12.

115. Regnis JA, Robinson M, Bailey DL, Cook P, Hooper P, Chan HK, et al. Mucociliary
clearance in patients with cystic fibrosis and in normal subjects. Am J Respir Crit
Care Med. 1994 Jul;150(1):66-71.

116. Mall MA. Role of cilia, mucus, and airway surface liquid in mucociliary dysfunction:
lessons from mouse models. J Aerosol Med Pulm Drug Deliv. 2008 Mar;21(1):13-
24.

117. McGuinness AJ, Sapey E. Oxidative Stress in COPD: Sources, Markers, and
Potential Mechanisms. J Clin Med. 2017 Feb 15;6(2).

118. Mall MA, Hartl D. CFTR: cystic fibrosis and beyond. Eur Respir J. 2014
Oct;44(4):1042-54.

119. Wielputz MO, Puderbach M, Kopp-Schneider A, Stahl M, Fritzsching E,
Sommerburg O, et al. Magnetic resonance imaging detects changes in structure and
perfusion, and response to therapy in early cystic fibrosis lung disease. Am J Respir
Crit Care Med. 2014 Apr 15;189(8):956-65.

120. Mall MA, Stahl M, Graeber SY, Sommerburg O, Kauczor HU, Wielputz MO. Early
detection and sensitive monitoring of CF lung disease: Prospects of improved and
safer imaging. Pediatr Pulmonol. 2016 Oct;51(S44):S49-s60.

121. Houwen RH, van der Doef HP, Sermet I, Munck A, Hauser B, Walkowiak J, et al.
Defining DIOS and constipation in cystic fibrosis with a multicentre study on the
incidence, characteristics, and treatment of DIOS. J Pediatr Gastroenterol Nutr. 2010
Jan;50(1):38-42.

122. Nichols DP, Chmiel JF. Inflammation and its genesis in cystic fibrosis. Pediatr
Pulmonol. 2015 Oct;50 Suppl 40:S39-56.

123. Chmiel JF, Berger M, Konstan MW. The role of inflammation in the
pathophysiology of CF lung disease. Clin Rev Allergy Immunol. 2002 Aug;23(1):5-
27.

124. Chmiel JF, Davis PB. State of the art: why do the lungs of patients with cystic
fibrosis become infected and why can't they clear the infection? Respir Res.
2003;4:8.



47 

125. Global, regional, and national life expectancy, all-cause mortality, and cause-specific
mortality for 249 causes of death, 1980-2015: a systematic analysis for the Global
Burden of Disease Study 2015. Lancet. 2016 Oct 8;388(10053):1459-544.

126. Buist AS, McBurnie MA, Vollmer WM, Gillespie S, Burney P, Mannino DM, et al.
International variation in the prevalence of COPD (the BOLD Study): a population-
based prevalence study. Lancet. 2007 Sep 1;370(9589):741-50.

127. Salvi SS, Barnes PJ. Chronic obstructive pulmonary disease in non-smokers. Lancet.
2009 Aug 29;374(9691):733-43.

128. O'Donnell DE. Hyperinflation, dyspnea, and exercise intolerance in chronic
obstructive pulmonary disease. Proc Am Thorac Soc. 2006 Apr;3(2):180-4.

129. Hogg JC, Timens W. The pathology of chronic obstructive pulmonary disease. Annu
Rev Pathol. 2009;4:435-59.

130. Bardoel BW, Kenny EF, Sollberger G, Zychlinsky A. The balancing act of
neutrophils. Cell Host Microbe. 2014 May 14;15(5):526-36.

131. Wang Y, Jia M, Yan X, Cao L, Barnes PJ, Adcock IM, et al. Increased neutrophil
gelatinase-associated lipocalin (NGAL) promotes airway remodelling in chronic
obstructive pulmonary disease. Clin Sci (Lond). 2017 Jun 1;131(11):1147-59.

132. Saha S, Brightling CE. Eosinophilic airway inflammation in COPD. Int J Chron
Obstruct Pulmon Dis. 2006;1(1):39-47.

133. Vedel-Krogh S, Nielsen SF, Lange P, Vestbo J, Nordestgaard BG. Blood Eosinophils
and Exacerbations in Chronic Obstructive Pulmonary Disease. The Copenhagen
General Population Study. Am J Respir Crit Care Med. 2016 May 1;193(9):965-74.

134. Jacobsen EA, Helmers RA, Lee JJ, Lee NA. The expanding role(s) of eosinophils in
health and disease. Blood. 2012 Nov 8;120(19):3882-90.

135. Jacobsen EA, Doyle AD, Colbert DC, Zellner KR, Protheroe CA, LeSuer WE, et al.
Differential activation of airway eosinophils induces IL-13-mediated allergic Th2
pulmonary responses in mice. Allergy. 2015 Sep;70(9):1148-59.

136. Doyle AD, Mukherjee M, LeSuer WE, Bittner TB, Pasha SM, Frere JJ, et al.
Eosinophil-derived IL-13 promotes emphysema. Eur Respir J. 2019 May;53(5).

137. Dushianthan A, Grocott MP, Postle AD, Cusack R. Acute respiratory distress
syndrome and acute lung injury. Postgrad Med J. 2011 Sep;87(1031):612-22.

138. Matthay MA, Zemans RL, Zimmerman GA, Arabi YM, Beitler JR, Mercat A, et al.
Acute respiratory distress syndrome. Nat Rev Dis Primers. 2019 Mar 14;5(1):18.

139. Hillas G, Loukides S, Kostikas K, Simoes D, Petta V, Konstantellou E, et al.
Increased levels of osteopontin in sputum supernatant of smoking asthmatics.
Cytokine. 2013 Jan;61(1):251-5.

140. Felsenfeld G, Groudine M. Controlling the double helix. Nature. 2003 Jan
23;421(6921):448-53.

141. Semeraro F, Ammollo CT, Morrissey JH, Dale GL, Friese P, Esmon NL, et al.
Extracellular histones promote thrombin generation through platelet-dependent
mechanisms: involvement of platelet TLR2 and TLR4. Blood. 2011 Aug
18;118(7):1952-61.



48 

142. Ward PA, Grailer JJ. Acute lung injury and the role of histones. Transl Respir Med.
2014;2:1.

143. Kumar SV, Kulkarni OP, Mulay SR, Darisipudi MN, Romoli S, Thomasova D, et al.
Neutrophil Extracellular Trap-Related Extracellular Histones Cause Vascular
Necrosis in Severe GN. J Am Soc Nephrol. 2015 Oct;26(10):2399-413.

144. Samitas K, Zervas E, Vittorakis S, Semitekolou M, Alissafi T, Bossios A, et al.
Osteopontin expression and relation to disease severity in human asthma. Eur Respir
J. 2011 Feb;37(2):331-41.

145. Chand HS, Foster DC, Kisiel W. Structure, function and biology of tissue factor
pathway inhibitor-2. Thromb Haemost. 2005 Dec;94(6):1122-30.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




