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V 

SUMMARY 

Cell junctions are multiprotein complexes within tissues representing the 

direct contact points of adjacent cells or between cells and the extracellular 

matrix. They function especially as barrier for pathogens and other exogenous 

components preventing their invasion into interstitial tissues and are therefore 

crucial for lung defense. A plethora of clinical studies has shown that 

disruption of pulmonary barrier is a pathological consequence of severe 

pneumonia, acute lung injury or acute respiratory distress syndrome. 

Experimental studies in animals and cultured cells strengthened the 

hypothesis that junctional disruption of the lung barrier contributes to a 

deleterious outcome. So far, the basic structure of human lung junctional 

organization is widely unknown and studies addressing their alteration upon 

pneumococcal infection are scarce.  

In an ex vivo model of human lung explant culture the cell-specific expression 

patterns of adherens junction protein VE-cadherin and tight junction proteins 

occludin, ZO-1 as well as claudin-2, -3, -4, -5 and -18 were characterized using 

confocal laser scanning microscopy. Bronchiolar epithelium was tested positive 

for occludin, ZO-1, claudin-2, -3, -4, -5 and -18. Occludin and ZO-1 are expressed 

at the type I-type I cell interface as well as at the interface of type II alveolar 

epithelial cells whereas claudin-3, -4 and -18 are exclusively expressed at the 

interface of type II alveolar epithelial cells. Cell junctions in lung endothelial 

cells are formed by VE-cadherin, occludin, ZO-1, claudin-3 and claudin-5. The 

analyzed junction proteins appeared mostly as band-like structures connecting 

adjacent cells, except for claudin-2 and claudin-4, which exhibited punctate 

structures. Streptococcus pneumoniae, the most frequent pathogen of 

pneumonia, induces loss of characteristic alveolar structure and significant 

reduced protein abundance of VE-cadherin, occludin, ZO-1 as well as claudin-5 

whereas claudin-2, -3, -4 and -18 appear to remain unchanged within 24 hours 

of infection. Strikingly, pneumococcal spxB-related hydrogen peroxide 

production was identified as key factor for junctional disturbance and impaired 

barrier function. 



VI 

ZUSAMMENFASSUNG 

Zellkontakte (engl. cell junctions) sind Multiproteinkomplexe innerhalb von 

Geweben und stellen die direkten Kontaktpunkte benachbarter Zellen oder 

zwischen Zellen und der extrazellulären Matrix dar. Sie dienen vor allem als 

Barriere für Krankheitserreger, verhindern ihr Eindringen in interstitielle 

Gewebe und sind daher für die Lungenabwehr von entscheidender Bedeutung. 

Eine Vielzahl von klinischen Studien zeigten, dass Erkrankungen wie die 

Lungenentzündung oder das akute Atemnotsyndrom zu pulmonalen 

Barrierestörungen führen. Allerdings ist die grundlegende Struktur von 

Zellkontaktproteinen innerhalb der menschlichen Lunge weitgehend 

unbekannt und Untersuchungen, die deren Veränderung während einer 

Pneumokokkeninfektion addressieren sind kaum vorhanden. 

In einem humanen ex vivo Lungengewebemodell wurden die Expressions-

muster des Adherens Junction VE-Cadherin und der Tight Junctions Occludin, 

ZO-1 sowie Claudin-2, -3, -4, -5 und -18 mittels konfokaler Laser Scanning 

Mikroskopie charakterisiert. Das Bronchialepithelium wurde positiv für 

Occludin, ZO-1, Claudin-2, -3, -4, -5 und -18 getestet. Occludin und ZO-1 sind 

sowohl an den Zellgrenzen von Typ I als auch an Typ II Alveolarepithelzellen 

exprimiert, während Claudin-3, -4 und -18 ausschließlich an den Zellgrenzen 

von Typ II Zellen vorkommen. Zellverbindungen in pulmonalen Endothelzellen 

werden von VE-Cadherin, Occludin, ZO-1, Claudin-3 sowie Claudin-5 gebildet. 

Die untersuchten Zellkontaktproteine erscheinen meist als bänderförmige 

Strukturen, die benachbarte Zellen miteinander verbinden. Streptococcus 

pneumoniae, der häufigste Erreger der Lungenentzündung, verursacht den 

Verlust der charakteristischen alveolären Struktur sowie eine signifikante 

Proteinreduktion von VE-Cadherin, Occludin, ZO-1 und Claudin-5. Die 

Claudine-2, -3, -4 und -18 bleiben auch 24 Stunden nach Infektion 

unverändert. Schließlich wurde das von Pneumokokken spxB-abhängig 

produzierte Wasserstoffperoxid als Ursache für die junktionale Störung und 

die Beeinträchtigung der pulmonalen Barrierefunktion identifiziert. 
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1 INTRODUCTION 

1.1 The human respiratory system 

The human respiratory system refers to the entire system responsible for the 

process of respiration. In the following chapter the structure, specific cell types 

and function of the respiratory system are delineated.  

1.1.1 Structure and histology 

The human respiratory system is divided into the upper and the lower 

respiratory tract. The upper respiratory tract includes the nasal cavity and 

paranasal sinuses, pharynx and larynx. In this compartment, incoming air is 

filtered, humidified and warmed. Trachea, bronchi, bronchioles and lung are 

parts of the lower respiratory tract, which conducts the air to and from the gas 

exchange. The respiratory tree branches in a dichotomous fashion stemming 

from trachea to alveoli over 23 generations [1]. The trachea partitions into two 

primary bronchi, which continue branching (secondary, tertiary bronchi and 

bronchioles) until the level of terminal bronchioles (Figure 1.1a). The diameter 

and the length of each successive airway branch decreases progressively. The 

terminal bronchioles subdivide into respiratory bronchioles with scattered air 

sacs outpocketing from walls called alveoli (Figure 1.1b, c). Up to 480 million 

alveoli surrounded by a network of capillaries form a total surface area of 

approximately 75 m² for the gas exchange of oxygen and carbon dioxide [2, 3].  

The trachea is a flexible tube with an inner diameter of about 2 to 3 cm. Its 

membranous wall is reinforced by 16 to 20 C-shaped tracheal rings made of 

hyaline cartilage. The tracheal rings protect and maintain the airway. The 

upper respiratory tract, trachea as well as the main bronchi are lined by single-

layered ciliated columnar epithelium containing ciliated cells, neuro-endocrine 

cells, goblet cells and small basal cells (Figure 1.2a).  
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Figure 1.1: Overview of the anatomy of the lower human respiratory tract. (a) The lower 

respiratory tract consists of the trachea, bronchi and bronchioles. Bronchioles branch further 

into terminal bronchioles, respiratory bronchioles and alveoli. (b) Respiratory bronchioles lead 

to alveoli surrounded by a network of capillaries. (c) Alveolar ducts connect respiratory 

bronchioles to alveolar sacs, each containing numerous alveoli. Figure was adapted and modified 

from [4]. 

Goblet cells contain large membrane-bound mucin granules and secrete 

mucins, the major components of mucus [5]. From the 6th up to the 16th 

branching generation, the bronchioles are called terminal bronchioles, followed 

up to the 19th generation by respiratory bronchioles, which have a diameter of 

about 0.5 mm [6]. Terminal as well as respiratory bronchioles are covered with 

simple ciliated cuboidal epithelium including ciliated and club cells. Club cells, 

formerly known as Clara cells, are nonciliated and secrete a component of 

pulmonary surfactant [7]. Additionally, the bronchioles are surrounded by a 

layer of smooth muscle. 

The respiratory bronchioles branch into alveolar ducts, each containing several 

alveoli forming the 23rd generation (Figure 1.1c). The alveoli consist of a single 

epithelial layer, which is composed of two distinct cell types, type I and type II 

alveolar epithelial cells (Figure 1.2b). Consequently, the epithelial monolayer 

contains three classes of cell-cell interfaces: (i) type I-type I cell interface, (ii) 

type I-type II cell interface and (iii) type II-type II cell interface. Type I alveolar 

epithelial cells are flat and cover about 95% of the alveolar surface area [3]. 
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In contrast, cuboidal type II alveolar epithelial cells have a granulated 

cytoplasm and produce pulmonary surfactant. The secreted surfactant 

comprises phospholipids, proteins (especially SP-A, -B, -C and -D) and 

cholesterol and reduces the alveolar surface tension between the alveolar walls 

[8, 9]. Type II alveolar epithelial cells can proliferate and differentiate to 

replace damaged type I alveolar epithelial cells [10].  

Within the walls of adjacent alveoli there is a dense network of capillaries. The 

inner linings of these alveolar capillaries are endothelial cells (Figure 1.2b). 

Endothelial cells can also be found in larger blood vessels, which belong to the 

pulmonary circulation. The basement membrane of type I alveolar cells and 

the endothelial cells of the capillaries form the blood-air (or alveolar-capillary) 

barrier, the gas exchange region of the lungs [11]. This barrier has a distance 

of less than 1 µm to allow efficient gas exchange [12, 13]. Alveoli additionally 

contain alveolar macrophages, fibroblasts, subepithelial connective tissue, 

collagen and elastic fibers. 

Figure 1.2: Cell types in bronchi, respiratory bronchioles and alveoli. (a) The upper 

respiratory tract, trachea and main bronchi are lined by single-layered epithelium containing 

ciliated cells, neuro-endocrine cells, goblet cells and small basal cells. (b) The finer bronchioles 

are covered with simple cuboidal epithelium including ciliated and club cells. The alveoli are 

composed of type I and type II alveolar epithelial cells as well as alveolar macrophages. The 

inner linings of capillaries are endothelial cells. Figure was adapted and modified from [4]. 
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1.1.2 Functions 

The major function of the respiratory system is respiration including 

pulmonary ventilation, transport of respiratory gases as well as internal and 

external respiration. The inhaled oxygen from the atmosphere is delivered to 

the alveoli and diffuses via type I alveolar cells into the alveoli surrounding 

capillaries, while carbon dioxide is released from the blood into the alveoli and 

can subsequently be exhaled.  

In addition, the respiration system has protection and defense mechanisms. 

The epithelium of the upper respiration tract is lined with ciliated cells and 

mucus. Nasal cilia act as effective filters for inhaled large particles [14–16]. 

Small particles and pathogens (such as dust, bacteria or viruses) are trapped 

on the mucus produced by goblet cells and can either be swallowed or coughed 

and expelled. Mucus clearance is described to be essential for respiratory 

health [17–19]. Furthermore, the lower respiratory tract is classically assumed 

to be a sterile environment under healthy conditions but recent studies 

controvert this view [20, 21].  



1 Introduction 

5 

1.2 Respiratory tract infections 

Infectious diseases affecting the respiratory system are anatomically 

categorized into upper and lower respiratory tract infections. Upper 

respiratory tract infections include the common cold, sinusitis, otitis media, 

pharyngitis, tonsillitis as well as laryngitis. Bronchitis, bronchiolitis and 

pneumonia are classified as lower respiratory tract infections [22–24]. 

According to the World Health Organization (WHO) lower respiratory tract 

infections continue to be one of the leading causes of death worldwide and 

pneumonia accounts for about 15% of all deaths of children under the age at 5 

[25, 26]. With estimated 450 million cases annually, pneumonia is an enormous 

clinical and economic burden for the healthcare systems [27, 28].  

1.2.1 Pneumonia 

Pneumonia is an inflammation of the lung with consolidations of inflammatory 

cells and fluid in the alveoli resulting in impaired gas exchange [29]. Depending 

on the situation acquired by the patient, pneumonia is referred to as 

community- or hospital-acquired pneumonia. Numerous factors may cause 

pneumonia including infections with pathogens or uncommon conditions such 

as environmental contaminants [30, 31] or autoimmune diseases [32]. 

Streptococcus pneumoniae is the most common agent of community-acquired 

pneumonia [33]. Further causes comprise bacteria such as Haemophilus 

influenzae, Chlamydophila pneumoniae, Staphylococcus aureus and Legionella 

pneumophila as well as rhino-, adeno- and coronaviruses, fungi or parasites.  

Microorganisms are frequently inhaled or pulmonary aspirated. While in most 

cases mucociliary clearance serves as an efficient first line of defense to prevent 

them from entering the respiratory tract, some pathogens can overcome this 

protective barrier and access the lower respiratory tract. Here, respiratory 

epithelial cells with intercellular junctions as anatomical barrier protect from 

tissue invasion [34, 35]. Additionally, effector molecules such as antimicrobial 

peptides, defensins, lysozyme and lactoferrin are secreted and can directly 

target invading microbes. Within the alveoli, alveolar macrophages are the 

first immune cells getting in contact with invading microorganisms. 
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Their main function is to eliminate microbes by phagocytosis and subsequent 

degradation. Moreover, they produce a large amount of different chemokines 

and cytokines which together with epithelial cell-derived chemokines lead to 

rapid recruitment of further immune cells like neutrophils, inflammatory 

monocytes and dendritic cells [36]. While immune cell recruitment is inevitable 

for antimicrobial defense and bacterial clearance, overwhelming cell 

recruitment can lead to strong accumulation of immune cells within the alveoli. 

Consequently, a leukocytosis is usually one of the laboratory indicators for the 

diagnosis of pneumonia. The pulmonary consolidation of fluid containing 

leukocytes, bacteria and cell debris in the alveoli causes impaired oxygen 

exchange with symptoms like cough, chest pain during breath and rapid 

respiration.  

A severe complication of pneumonia is systemic spreading of the invading 

pathogen finally resulting in acute respiratory distress syndrome (ARDS), 

septic shock and sepsis [37–39]. A plethora of clinical studies has shown that 

pathogenesis of ARDS and sepsis include the influx of protein-rich fluid into 

the air spaces as a consequence of increased permeability of the blood-air 

barrier leading to fatal lung edema formation [40–43]. Experimental studies in 

animals and cultured cells strengthened the hypothesis that junctional 

disruption of the lung barrier significantly contributes to a deleterious outcome 

[44–46].  

Bacterial community-acquired pneumonia is generally treated with antibiotics 

such as amoxillin and doxycycline [47]. However, increasing antimicrobial drug 

resistance against the most common pathogens became an awakening problem 

[48, 49]. Therefore, novel therapeutic approaches and strategies for medical 

prevention are required.  



1 Introduction 

7 

1.2.2 Streptococcus pneumoniae 

1.2.2.1 Biology 

S. pneumoniae, often referred to as pneumococcus, is a Gram-positive,

α-hemolytic bacterium with a coccoid morphology (Figure 1.3a). It frequently 

colonizes the upper respiratory tract, especially the nasopharynx, in healthy 

hosts [50]. This colonization is usually asymptomatic and can either be cleared 

or progress to invasive diseases such as otitis media, meningitis, pneumonia 

and sepsis particularly in risk groups including young children, elderly people 

and patients with predisposing conditions such as asthma or HIV [51]. S. 

pneumoniae is encapsulated with a polysaccharide capsule that is crucial for 

virulence (chapter 1.2.2.2). On the basis of structurally and antigenically 

differences of the capsule, to date more than 90 pneumococcal serotypes are 

identified [52–54]. Due to antibiotic resistances, vaccines became evermore 

important to prevent pneumococcal infection. There are two different classes 

of pneumococcal vaccines available: (i) a pneumococcal polysaccharide vaccine 

(PPV) covering 23 serotypes [55] and (ii) pneumococcal conjugate vaccines 

(PCV) which contains polysaccharides of either 7, 9 or 13 serotypes coupled to 

a carrier protein [56]. Several vaccination programs against S. pneumoniae 

have been established. In Germany, the Standing Committee on Vaccination 

(STIKO) recommends vaccination of all children under 24 months of age with 

a pneumococcal conjugate vaccine as well as all adults older than 60 years and 

individuals belonging to certain risk groups with a polysaccharide vaccine [57]. 

The available pneumococcal vaccines only ensure immune response against the 

containing serotypes. As a consequence, eradication of vaccine serotypes with 

a co-occurring increase in disease caused by non-vaccine serotypes has been 

observed [58–61]. Therefore, current research focuses on the development of a 

serotype independent immunization e.g. by targeting important virulence 

factors of S. pneumoniae as a possible intervention point for vaccination [62]. 

The pneumococcal surface protein A (PspA), pneumococcal adhesion and 

virulence A (PavA) and pneumolysin have been shown to elicit protection 

against invasive infections and are currently the leading vaccine candidates 

[63–65]. 
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Figure 1.3: Streptococcus pneumoniae and its virulence factors. (a) Electron micrograph 

of nonencapsulated pneumococci. Bar represents 1 µm. (b) Virulence factors of S. pneumoniae. 

Important virulence factors are the capsule, the cell wall, pneumolysin, spxB encoding for 

pyruvate oxidase synthesizing hydrogen peroxide, metal- and choline-binding proteins, LPXTG-

anchored neuraminidase proteins, enolase (Eno), hyaluraonate lyase (Hyl), pneumococcal 

adhesion and virulence A (PavA) and autolysin (LytA). Figures were adapted and modified from 

[54, 66].  

1.2.2.2 Virulence factors 

S. pneumoniae possesses a wide variety of virulence factors with different

functions. The most important and best studied include the polysaccharide 

capsule, the pore forming toxin pneumolysin, hydrogen peroxide as well as 

surface-associated proteins (Figure 1.3b). 

The pneumococcal capsule 

The pneumococcal capsule is covalently attached to the cell wall peptidoglycan 

of S. pneumoniae [67] and consists of polysaccharides. The different structure 

and chemical composition of the polysaccharide capsule are the basis for 

serotyping of pneumococci [68]. Clinical relevant pneumococcal strains are 

encapsulated and highly virulent while nonencapsulated strains are in most 

cases avirluent [69]. For that reason, the capsule has been described as the 

major virulence factor of S. pneumoniae. The capsule prevents mucociliary 

clearance by interfering with mucus binding and is therefore crucial in the 

early phase of pneumococcal colonization [70]. In addition, it was reported that 

the capsule inhibits complement activity and protects from phagocytosis 

[71, 72].  
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Pneumolysin 

Pneumolysin (PLY) is a pore-forming toxin produced by almost all clinical 

pneumococcal isolates [73]. It is localized within the bacterial cytoplasm and 

released either upon autolysis mediated by activation of the bacterial cell wall 

hydrolases LytA, LytC and choline-binding protein D CbpD [74] or via an 

autolysin independent mechanism [75, 76]. After its release as a soluble 

monomer, PLY binds to host membrane cholesterol, oligomerizes and forms 

pores of up to 30 nm in diameter [73]. Studies on the structural basis of pore 

formation by PLY reveal that following oligomerization conformational 

changes of PLY domains occur to produce a membrane-surface bound prepore. 

Subsequent movements of PLY domains brake the membrane bilayer resulting 

in a ring-shaped pore [77]. The formation of pores by PLY leads to host cell 

death as membrane integrity is destroyed [78]. Interestingly, screening of 

clinical isolates of S. pneumoniae revealed that mutations in PLY genes result 

in the expression of nonhemolytic forms of PLY, which were found in serotypes 

1 and 8 [79–81].  

The effects of PLY are dependent on both, dose and cell type [78]. However, 

PLYs critical role during pathogeneses has been demonstrated in various 

models of pneumococcal pneumonia. For example, PLYs cytotoxic activity 

results in pulmonary epithelial and endothelial cell damage in vitro [82, 83] 

and lung injury in vivo [84, 85]. It facilitates the invasion of pneumococci into 

the lower respiratory tract by damage of respiratory mucosa and reducing 

ciliary beating of bronchiolar epithelial cells [86, 87]. Moreover, PLY 

contributes to the development of bacteremia in mice [88]. As a result of PLY 

recognition by immune cells further effects are production of inflammatory 

chemokines and cytokines such as IL-1β and TNF-α, activation of the 

complement system and inhibition of neutrophil migration [89–93]. Although 

it has been reported that inflammatory responses to pneumolysin are mediated 

through the recognition of PLY by Toll-like receptor (TLR) 4 [94], a recent study 

showed that PLY can also activate TLR4-independent innate immune 

responses [95].  
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Hydrogen peroxide 

The spxB-encoded pyruvate oxidase of S. pneumoniae catalyzes the production 

of hydrogen peroxide during bacterial growth [96] and the produced amount of 

hydrogen peroxide by pneumococci is comparable to that produced by activated 

neutrophils [41, 97]. SpxB-defective mutants showed reduced virulence in 

animal models for nasopharyngeal colonization, pneumonia and sepsis [96]. In 

the same study, spxB-defective mutants exhibited a down-regulation of 

adhesive properties of pneumococci through the production of acetyl 

phosphate. Hydrogen peroxide causes cellular injury and induces apoptosis in 

target cells both in vitro and in vivo [98, 99] resulting from oxidative DNA 

damage [100]. Pneumococci-derived hydrogen peroxide has cytotoxic effects on 

alveolar epithelial cells in vitro and mediates brain cell apoptosis during 

meningitis in vivo [101, 102]. Furthermore, it has been implicated in cell death 

of infected human macrophages [103]. Similar to pneumolysin, hydrogen 

peroxide also induces ciliary stasis and contributes to the impairment of 

mucociliary clearance in airway inflammation [104–106]. Hydrogen peroxide 

has inhibitory and bactericidal effects on other inhabitants of the upper 

respiratory tract such as H. influenzae, Moraxella catarrhalis and Neisseria 

meningitidis suggesting an effective mechanism for limiting or eliminating 

competitive flora [107]. 

Other virulence factors 

Other virulence factors include metal- and choline-binding proteins such as 

PspA, LPXTG-anchored neuraminidase proteins, enolase, hyaluraonate lyase, 

PavA and autolysin (LytA). They are involved in adherence of pneumococci on 

host cell surfaces, they interact with the host complement system or bind and 

transport divalent cations inside the bacterial cytoplasm [50, 73, 108]. The 

overall functions of the virulence factors are facilitating colonization and 

invasion of S. pneumoniae and thereby contributing to pathogenesis. 



1 Introduction 

11 

1.3 Cell junctions 

Cell junctions are multiprotein complexes within epithelial and endothelial 

tissues, representing the direct contact points of adjacent cells or between cells 

and the extracellular matrix. They function especially as paracellular barrier 

[109, 110], connect cells and their cytoskeleton mechanically [111, 112] and 

enable intercellular communication [113]. Additionally cell junctions maintain 

the polarity of cells [114] and are involved in numerous signaling pathways 

[115–117]. In vertebrates cell junctions can be classified into four types: (i) tight 

junctions, (ii) adherens junctions, (iii) desmosomes and (iv) gap junctions 

(Figure 1.4a). Tight junctions are located at the furthest apical region of 

epithelial cells, encircle them belt-like and connect to tight junction strands in 

the opposing membrane of neighboring cells. At this so-called kissing point the 

intercellular space is obliterated (Figure 1.4b). Adherens junctions are directly 

placed below the tight junctions whereas both connect to actin filaments. 

Together with lateral located desmosomes, tight junctions and adherens 

junctions are referred to as junctional complex [118]. However, desmosomes 

are absent in the endothelium [119]. 

Figure 1.4: Junctional complex and structure of tight junctions. (a) Schematic overview 

of intercellular junctions of adjacent epithelial cells. Tight junctions and adherens junctions are 

located at the apical region and connect to the actin filament. Desmosomes and hemidesmosomes 

are linked to intermediate filaments. (b) Schematic drawing of tight junction structure. Each 

tight junction strand connects with another tight junction strand in the opposing membrane of 

adjacent cells to form a paired tight junction strand (kissing point), where the intercellular space 

is obliterated. Figures are adapted and modified from [120].   
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Another cell junction structure is formed by gap junctions, which directly 

connect cytosols of adjacent cells. Hemidesmosomes attach the basal surface of 

epithelial cells to the extracellular matrix. Both, desmosomes and 

hemidesmosomes, are linked to intermediate filaments.  

1.3.1 Gap junctions 

Gap junctions are clusters of intercellular channels formed by connexons [121]. 

Connexons are composed of homo- or heterohexamers of integral proteins, 

named connexins [30, 31]. The membranes of two opposing cells come close to 

each other and apposed connexons align leaving an extracellular gap of about 

2-3.5 nm [124–126]. Gap junctions permit the transfer of ions [127], second

messengers such as cAMP [128, 129], siRNA [130] and small molecules with a 

molecular weight of up to 1 kDa enabling effective electrical and biochemical 

coupling between adjacent cells. Gap junctions are present in all tissue-forming 

cells [131] and are of particular importance in glial cells [132] and 

cardiomyocytes [133, 134] rapidly forwarding action potentials. In this context, 

connecting cells with gap junctions provide both, increased speed in synaptic 

transmission and the ability to synchronize coupled cells for coordinated 

electrical and mechanical output enabling physiological processes such as 

muscle contraction [113]. 

1.3.2 Desmosomes 

Desmosomes are primarily found in epithelial cells of the skin [135, 136] as 

well as in non-epithelial tissues such as the cardiac muscle [137–139]. They 

provide mechanical stability and strong adhesion between cells [140, 141] 

contributing to resist shearing forces. Their high degree of adhesive strength 

is based on multiple and strong non-covalent interactions between their 

molecular constituents [140]. The cytoplasmic tails of the desmosomal 

cadherins desmoglein and desmocollin associate with the plaque proteins 

plakoglobin, plakophilin and desmoplakin [141]. Desmoplakin binds to keratin 

intermediate filaments linking desmosomes to the cytoskeleton of the cell 

[142]. 



1 Introduction 

13 

1.3.3 Adherens junctions 

Adherens junctions form a continuous adhesion belt encircling adjacent cells 

and promote mechanical stability of cell junctions through their connection to 

the actin cytoskeleton. The adhesion belt is characteristically for epithelial and 

endothelial cells. In other cell types, e.g. fibroblasts [143] or neurons [144], 

adherens junctions take on discontinuous punctated morphologies. Adherens 

junctions are composed of calcium dependent transmembrane proteins of the 

cadherin family as well as α-catenin, β-catenin, γ-catenin (plakoglobin) and 

p120-catenin [145]. The cytoplasmic domains of the cadherins associate with 

p120-catenin and β-catenin or γ-catenin [112]. In turn β-catenin binds 

α-catenin, resulting in formation of the cadherin – β-catenin – α-catenin 

complex [112] which interacts via mediator proteins such as vinculin [146–148] 

and EPLIN [149–151] with actin filaments and microtubules.  

The most prominent members of the cadherin family are E-, N- and P-cadherin 

as well as VE-cadherin (chapter 1.3.3.1). Adherens junctions have multiple 

functions including maintenance of physical connection between cells and 

regulation of the actin cytoskeleton which is essential for morphogenesis and 

integrity of tissues and organs [112, 145]. Furthermore, it is discussed that the 

formation of adherens junctions is required for the accurate organization of 

tight junctions [119, 152]. 

1.3.3.1 VE-cadherin 

The major transmembrane constituent of adherens junctions in the 

endothelium is a classical cadherin called vascular endothelial (VE)-cadherin. 

It is strictly endothelial cell specific and constitutively expressed in all types of 

vessels including lymphatic vessels, arteries and veins [153, 154]. Endothelial 

cells form a selective trans- and paracellular barrier controlling the passage of 

fluids, leukocytes and macromolecules between blood vessels and underlying 

tissue. Therefore, VE-cadherin is the dominant adhesion molecule crucial for 

endothelial barrier integrity and regulates endothelial paracellular 

permeability [152, 155]. Application of VE-cadherin blocking antibodies leads 

to increased vascular permeability in vitro [156] and in vivo [157] and recent 
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studies reveal that the HIV-1 Tat C protein mediates tyrosine phosphorylation 

of VE-cadherin and β-catenin resulting in increased permeability of human 

brain microvascular endothelial cells [158, 159]. Furthermore, a null mutation 

of the VE-cadherin encoding gene Cdh5 in mice results in embryonic lethality 

at 9.5 days of gestation due to impaired remodeling and maturation of 

endothelial cells [160, 161]. Vessels regressed, disintegrated and collapsed 

causing vascular insufficiency and endothelial apoptosis. In these two studies 

it was additionally shown that loss of VE cadherin in mice leads to abnormal 

response of endothelial cells to vascular endothelial growth factor (VEGF) 

signaling [160, 161]. Consequently, VE-cadherin plays essential roles in 

vasculo- [162, 163] and angiogenesis [163–165] making it a main target of 

vascular therapy research. Beyond that, VE-cadherin mediates homotypic 

contact inhibition of endothelial cell growth [166], indirectly influences 

transcriptional signaling via its binding partners [167, 168] and establishes 

endothelial cell polarity [169–171].     

1.3.4 Tight junctions 

Tight junctions are cell junctions located at the apical side of epithelial and 

endothelial cells. They have two characteristic barrier functions: the gate and 

the fence function [172–174]. Tight junctions form a selective barrier between 

adjacent cells to regulate paracellular transport of molecules such as water, 

ions and solutes as well as immune cells (gate function) [174–176]. Therefore, 

tight junctions span the cells in a belt-like network by connecting to the tight 

junctions of neighboring cells. In contrast to adherens junctions, desmosomes 

and gap junctions, which leave a gap of several nm between opposing 

membranes, tight junctions completely seal the intercellular space at the so-

called kissing point [177]. Tight junctions vary in their tightness depending on 

their protein composition, the number of tight junction strands and the type of 

tissue [120]. This tightness can be measured as transcellular electrical 

resistance. In addition, tight junctions function as intramembranous diffusion 

barrier for membrane proteins and lipids and maintain cell polarity by 

separating apical and basolateral membrane domains (fence function) [178, 

179]. These barrier properties of tight junctions are essential for the function 
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at the epithelial barrier in the intestinal lumen, at the blood-brain barrier or 

the blood-air barrier in the lung. Furthermore, tight junctions are involved in 

signal transduction processes, regulation of gene expression, cell proliferation 

and differentiation [180].  

Tight junctions are composed of multiprotein complexes maintaining their 

barrier function. The major members of tight junctions are the transmembrane 

proteins occludin, tricellulin, junctional adhesion molecule (JAM) and proteins 

of the claudin family as well as tight junction-associated scaffolding proteins 

such as zonula occludens proteins. So far more than 40 proteins were identified 

as tight junction components [109, 181]. Due to this variety, the next chapters 

primarily address tight junction proteins that are relevant for this study.  

1.3.4.1 Occludin 

Firstly identified in 1993, occludin is hitherto one of the best studied tight 

junction proteins. It is an integral component of epithelial and endothelial tight 

junctions composed of four transmembrane domains and two extracellular 

loops [182]. Occludin appears to be directly involved in gate and fence functions 

of tight junctions. Overexpression of occludin in several cell types leads to 

formation of intramembranous particle strands comparable to tight junction 

structures [183, 184] and induces increased transepithelial electrical 

resistance accompanied by an elevated number of parallel tight junction 

strands [185, 186]. The indispensability of occludin for cortical actin 

organization and barrier integrity has also been demonstrated in various 

endothelial cell models [187]. Additionally, occludin seems to be required for 

cytokine-mediated regulation of tight junction barrier properties [188]. 

Furthermore, phosphorylation of occludin on C-terminal tyrosine, serine and 

threonine residues seems to directly correlate with the localization of occludin 

indicating that phosphorylation of occludin is crucial for tight junction 

formation [189, 190]. Non- or less phosphorylated occludin is distributed on 

basolateral membranes and further phosphorylation induces occludin to 

assemble at the tight junction region [191]. In addition, phosphorylation of 
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occludin by protein kinase C leads to altered tight junction assembly in 

epithelial cells [192].  

However, occludin-deficiency of embryonic stem cells did not affect polarization 

of epithelial cells [193]. Mice carrying a null mutation of occludin showed no 

alteration of barrier function but complex phenotypes such as drastic 

abnormalities in gastric morphology, testicular atrophy or calcification in the 

brain [194, 195]. On the other hand occludin knockdown causes mislocalization 

of the tight junction protein tricellulin indicating that tricellulin can 

compensate for some functions of occludin [196]. Although there are numerous 

studies addressing the cellular and molecular mechanisms of occludin, its 

function remains elusive [188]. 

1.3.4.2 Claudins 

The claudin family comprises to date 27 members in humans termed claudin-1 

to claudin-27 [197, 198]. Comparable to occludin, they consist of a tetra-span 

transmembrane protein and two extracellular loops. Claudins are structurally 

related but share no sequence similarity with occludin [199]. Based on their 

sequence homology, claudins are categorized in classic and non-classic 

claudins. Classic claudins share a high degree of structural similarity and 

include claudin-1-10, -14, -15, -17 and -19, while non-classic claudins include 

claudin-11-13, -16, -18 and -20-27 [200]. Claudins exhibit distinct tissue- and 

cell-specific expression patterns [201, 202], e.g. claudin-1 is ubiquitously 

expressed whereas claudin-5 is primarily expressed in endothelial cells of blood 

vessels representing a major component of the blood-brain barrier [203, 204]. 

Accordingly, claudin knockout studies in mice reveal a high diversity of 

phenotypes (Table 1.1) [198, 202]. So far, claudin-1, -3, -4, -5, -7, -8, -10 and -18 

were confirmed to be expressed in the human lung whereas reports about 

claudin-2 expression are controversial [205, 206]. 
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Table 1.1: Murine claudin knockout models. Adapted and modified from [198]. 

Knockout 

model 
Affected organs Impaired function Literature 

Claudin-1 -/- Skin Barrier [207, 208] 

Claudin-2 -/- Kidney, liver Barrier [209, 210] 

Claudin-3 -/- - - [211, 212] 

Claudin-4 -/- Kidney Barrier [213] 

Claudin-5 -/- Blood-brain barrier Barrier [204] 

Claudin-7 -/- Intestine Adhesion [214] 

Claudin-10 -/- Kidney Na+ adsorption [215] 

Claudin-11 -/- Inner ear Barrier [216] 

Claudin-14 -/- Kidney Regulation [217] 

Claudin-15 -/- Small intestine Mucosal differentiation [218] 

Claudin-16 -/- Kidney Barrier [219] 

Claudin-18 -/- Lung, bone  Barrier  

Bone resorption and 

osteoclast differentiation 

[220, 221] 

[222] 

Claudins were described as Ca2+-independent cell-adhesion molecules [223]. 

They constitute a network of tight junction strands de novo indicating to 

function as major structural components of tight junctions in various tissues 

[199, 224, 225]. During tight junction strand formation, claudins of opposing 

membranes can interact with the same claudin in a homophilic manner (e.g. 

claudin-5 and claudin-5) or heterophilic with another claudin (e.g. claudin-1 

and claudin-5) [200, 226, 227]. Therefore, barrier properties such as barrier 

permeability of cells are based on the distribution, composition and interaction 

of their expressed claudins [202]. Besides providing a physical barrier as a seal-

forming element, claudins regulate the paracellular pathway between 

epithelial and endothelial cells. Claudin-2, -7, -10, -15 and -16, form charge and 

size selective aqueous pores permitting the transport of ions and molecules 

[202, 228, 229] whereas claudin-1, -3, -4, -5, -8, -11, -14 and -18 have a sealing 

function [201].  
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1.3.4.3 Zonula occludens proteins 

The tight junction transmembrane proteins are associated with a variety of 

proteins. Zonula occludens (ZO) proteins are located at the cytoplasmic side of 

cell junctions, interact with various types of proteins such as tight junction 

occludin [230, 231] and claudins [232] and link them to the actin cytoskeleton. 

Currently, three ZO proteins are identified: ZO-1, -2 and -3. They share 

sequence homologies and exhibit PDZ domains, a Src homology 3 (SH3) domain 

and a guanylate kinase (GUK)-like domain, therefore being classified into the 

family of membrane-associated guanylate kinases (MAGUK) [233, 234].  

ZO proteins function as scaffolds thereby clustering numerous kinases, 

phosphatases and transcriptional regulators at intercellular junctions [115]. 

They are crucial not only for tight junction but also for adherens junction 

formation [235, 236]. In a model of chronic obstructive pulmonary disease 

(COPD), ZO-1 as well as ZO-2 were significantly reduced and dislocated from 

the membrane of epithelial cells in bronchioles [237]. Additionally, ZO-1 and 

ZO-2 associate directly with connexins indicating a major role for recruiting 

molecules involved in intracellular signaling pathways [238, 239]. Knockout of 

ZO-1 or ZO-2 is embryonic lethal in mice [240, 241] and ZO-1 deficiency was 

associated with defects in yolk sac angiogenesis and apoptosis of embryonic 

cells suggesting a critical role for vascular permeability [240]. In contrast, ZO-3 

deficient mice were viable and fertile with no phenotypic abnormalities 

indicating that ZO-3 is a dispensable component of cell junctions [241, 242].  
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1.4 Aim of the study 

Cell junctions are multiprotein complexes within tissues representing the 

direct contact points of adjacent cells or between cells and the extracellular 

matrix. They function especially as barrier for pathogens and other exogenous 

components preventing their invasion into interstitial tissues and are therefore 

crucial for lung defense. A plethora of clinical studies has shown that 

disruption of pulmonary barrier is a pathological consequence of severe 

pneumonia, acute lung injury or acute respiratory distress syndrome. 

Experimental studies in animals and cultured cells strengthened the 

hypothesis that junctional disruption of the lung barrier contributes to a 

deleterious outcome. So far, the composition of cell junctions in the human lung 

is widely unknown and studies addressing the effects on them upon 

pneumococcal infection are scarce. 

The aim of this study consists of two main issues. 

(I) The following cell junction proteins are analyzed for their constitutive

expression patterns in human lung tissue: VE-cadherin, occludin, zonula

occludens-1 (ZO-1), claudin-2, claudin-3, claudin-4, claudin-5 and

claudin-18. In addition, their cell-specific expression in different sections

of the human lung is characterized.

The reasons for selecting these distinct cell junction proteins to examine

junctional organization within the human lung are briefly outlined. As

the major transmembrane constituent of adherens junctions and

endothelial cell marker molecule VE-cadherin was chosen. Occludin is

one of the best studied tight junction proteins known to be expressed in

endothelial as well as epithelial cells. ZO-1, as representative of the ZO

proteins, interacts with tight junctions and is therefore an excellent

candidate for the proposed investigation objectives. There are discrepant

reports about claudin-2 expression in the human lung that are aimed to

be clarified in this study. Claudin-3, -4 and -5 belong to the group of

classic claudins and are up-regulated in interstitial pneumonia but down-

regulated in inflammation in humans [206]. Due to opposing changes of
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claudin expression in different lung pathologies, these claudins were 

chosen for analysis. Claudin-18 is the only non-classic claudin known to 

be expressed in human lungs. 

(II) Further, in a human ex vivo infection model lung tissue explants are

infected with S. pneumoniae, the most frequent cause of pneumonia.

Changes in cell junction protein expression or structure alterations in

response to S. pneumoniae are defined. Factors leading to an altered

structure and/or protein level are investigated.
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2 MATERIAL AND METHODS 

2.1 Reagents and instruments 

2.1.1 Instruments 

Table 2.1: Instruments. 

Instrument Company 

ABI 7300 Real-Time PCR System Applied Biosystems 

Compartment Dryer Memmert 

ECIS Model 1600R Applied Biophysics 

ELISA Plate Reader  STL 

FastPrep™-24 Instrument MP Biomedicals 

Heracell™ 240i CO2 Incubator  Thermo Scientific 

Herasafe™ KS Thermo Scientific 

Magnetic Mixer Viramag Monotherm 

Mastercycler Gradient Eppendorf 

Microcentrifuge 5417R  Eppendorf 

Microscope LSM 780  Carl-Zeiss 

Mini-PROTEAN® Tetra Cell  Bio-Rad 

Mini Trans-Blot® Cell  Bio-Rad 

NanoDrop 2000c  Thermo Scientific 

pH Meter 766 Calimatic Knick 

Photometer Bio-tek Instruments 

Rotanta 460 R Hettich 

PowerPac™ Basic Power Supply Bio-Rad 

Precision Balance 440-33 Kern 

Steamer Multi Gourmet Braun 

Vortex Mixer VV 3  VW R 
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2.1.2 Consumables 

Table 2.2: Consumables. 

Consumable Company 

BD Microlance 3 Cannulas BD Biosciences 

BD Plastipak Syringes BD Biosciences 

Biopsy Cassettes Tissue-Tek III Sakura 

Cell Culture Flasks Falcon 

Cell Culture Plates Falcon 

Cell Culture Tubes Falcon 

CL-XPosure Film Thermo Scientific 

Columbia Agar + 5% Sheep Blood BD Biosciences 

Cuvettes Sarstedt 

ECIS Cultureware 8W10E ibidi 

Immun-Blot® PVDF Membrane 0.45 µm Bio-Rad 

Inoculation Loops Sarstedt 

MicroAmp™ Optical 96-Well Reaction Plate Applied Biosystems 

Scalpel FEATHER® 

Serological Pipets Thermo Scientific 

Sterile Filters Millipore 

Whatman Gel Blotting Paper GE Healthcare 

µSlides 8-Well ibidi 

2.1.3 Chemicals and reagents 

Table 2.3: Chemicals and reagents. 

Reagent Company 

Ammonium persulfate Serva 

Ampuwa Fresenius Kabi 

Catalase from bovine liver Sigma 

Bacto Todd Hewitt Broth BD Biosciences 

Bacto Yeast Extract BD Biosciences 

Bis-Acrylamide Serva 

Bovines Serum Albumin, Fraction V, > 96% Sigma-Aldrich 

Bromphenol blue Biotech Pharmacia 
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Chloroform Merck 

Complete Protease Inhibitor Cocktail Tablets Roche 

Dapi Sigma 

Goat Serum Sigma-Aldrich 

EDTA Roth 

Ethanol Merck 

Gelatin Sigma-Aldrich 

Glycine Sigma 

Glycerol Roth 

Glycoblue Ambion 

Igepal Sigma 

Isopropanol Sigma-Aldrich 

β-Mercaptoethanol Sigma 

Methanol Merck 

Mowiol 4-88 Roth 

Non-fat Dry Milk Powder Roth 

Na-deoxycholate Sigma 

NaCl Merck 

Rabbit Serum Sigma-Aldrich 

Roti®-Aqua-P/C/I Roth 

Roticlear Roth 

Paraformaldehyde Sigma-Aldrich 

PBS Gibco 

Polybrene Sigma-Aldrich 

SDS Serva 

TEMED Sigma 

Todd-Hewitt Broth Oxoid 

Tris Roth 

Triton X-100 Sigma 

TRIzol® Invitrogen 

Tween-20 Sigma-Aldrich 

Typsin/EDTA PAA 
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2.1.4 Media for cell culture 

Table 2.4:Media for cell culture. 

Reagent Company 

Endothelial Cell Growth Medium MV2 PromoCell 

Foetal Bovine Serum Gold  PAA 

Ham’s F-12 Lonza 

L-Glutamine GlutaMaxTM-I Gibco 

RPMI 1640 Gibco 

2.1.5 Kits and assays 

Table 2.5: Kits and Assays. 

Kit Company 

Cytotoxicity Detection Kit Roche 

DC Protein Assay Bio-Rad 

High Capacity cDNA Reverse Transcription Kit Applied Biosystems 

Human IL1-β ELISA Ready-SET-Go!® Kit eBioscience 

Pierce ECL Western Blotting Substrate Thermo Scientific 

RNase-Free DNase Promega 

TaqMan Gene Expression Assays Life Technologies 

TaqMan Gene Expression Master Mix Applied Biosystems 

2.1.6 Antibodies  

Table 2.6: Primary antibodies. 

Antibody Host Company 

Anti-Actin Goat Santa Cruz 

Anti-Claudin-2 Mouse Invitrogen 

Anti-Claudin-3 Rabbit Invitrogen 

Anti-Claudin-4 Mouse Invitrogen 

Anti-Claudin-5 Mouse Invitrogen 

Anti-Claudin-18 Rabbit Invitrogen 

Anti-EMP2 Rabbit Sigma 

Anti-Occludin Mouse Santa Cruz 

Anti-proSP-C Rabbit Millipore 
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Anti-VE-cadherin Goat Santa Cruz 

Anti-ZO-1 Rabbit Life Technologies 

Both primary antibodies Anti-Pneumolysin (host: rabbit) as well as Anti-

S. pneumoniae (host: rabbit) are kind donations by Prof. Hammerschmidt,

University of Greifswald, Germany. 

Table 2.7 Secondary antibodies. 

Antibody Host Company 

Alexa Fluor® 488 Anti-Mouse Goat Molecular Probes 

Alexa Fluor® 555 Anti-Mouse  Goat Molecular Probes 

Alexa Fluor® 594 Anti-Mouse  Goat Molecular Probes 

Alexa Fluor® 488 Anti-Rabbit Goat Molecular Probes 

Alexa Fluor® 594 Anti-Rabbit Goat Molecular Probes 

Alexa Fluor® 488 Anti-Goat Donkey Molecular Probes 

Alexa Fluor® 488 Anti-Goat Rabbit Molecular Probes 

Alexa Fluor® 594 Anti-Goat Rabbit Molecular Probes 

Alexa Fluor® 488 Anti-Mouse Rabbit Molecular Probes 

Alexa Fluor® 594 Anti-Mouse Rabbit Molecular Probes 

Anti-Mouse IgG-HRP Goat Santa Cruz 

Anti-Rabbit IgG-HRP Goat Santa Cruz 

Anti-Goat IgG-HRP Rabbit Santa Cruz 
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2.2 Bacteria 

Ex vivo human lung tissue and cells were infected with S. pneumoniae D39 

wild type [243, 244] or S. pneumoniae D39Δply [245], carrying a pneumolysin 

deletion mutation [246], or S. pneumoniae D39ΔspxB with a deletion of the 

pyruvate oxidase gen [247]. For in vitro experiments, cells were infected with 

pneumococci deficient of the capsule (D39Δcps) [248] or double deficient 

mutants of the capsule and pneumolysin (D39ΔcpsΔply) [245]. 

2.2.1 Cultivation of bacteria 

All S. pneumoniae strains were freshly plated from glycerol stocks on Columbia 

sheep blood agar plates and incubated at 37°C and 5% CO2. Single colonies 

were transferred into sterile THY media (Bacto Todd Hewitt Broth 

supplemented with 0.5% Bacto Yeast Extract) and cultivated at 37°C to mid 

log phase (OD600 = 0.2 – 0.4). OD600 = 1 equates to 109 colony forming units 

(CFU) ∙ ml-1. After centrifugation at 1800 g for 10 min, bacterial pellet was 

resuspended in RPMI 1640 medium and diluted to a density of 107 CFU ∙ ml-1. 

2.2.2 CFU assay 

Human lung tissue was infected with S. pneumoniae (106 CFU ∙ ml-1) for 0 h 

(controlled load directly after infection), 8 and 24 h. Afterwards, tissue samples 

were disrupted using the FastPrep-24 homogenizer and supernatants were 

plated on Columbia sheep blood agar plates. Bacterial colonies were counted 

and CFU per gram lung tissue were calculated.  
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2.3 Cell biology 

2.3.1 Cell culture 

The cultivation of cells and human lung tissue was carried out under sterile 

conditions on a clean bench. Cells and tissue were cultured in a CO2 gassed 

incubator with 5% CO2 at 37°C. 

2.3.2 Cultivation of A549 cells 

The human alveolar basal epithelial cell line A549 was cultured in Ham’s F-12 

medium (with 10% (v/ v) heat-inactivated FCS and 1% (v/ v) L-glutamine). Cells 

were used to passage 20 and splitted at 90% confluence. For that, culture 

medium was removed and cells were washed with PBS. Subsequently, 2 ml of 

a Trypsin-EDTA solution was added to the flask and incubated until the cell 

layer was dispersed. Then, 8 ml of medium was added and cells were aspirated 

by gently pipetting. Appropriate aliquots of cell suspension were transferred to 

new culture flasks with fresh medium.  

2.3.3 Isolation and cultivation of HUVECs 

Primary human umbilical vein endothelial cells (HUVEC) were obtained from 

umbilical cords and isolated as described [249–251]. HUVECs are grown on 

culture flasks coated with gelatin (0.5 mg gelatin per ml sterile filtered H2O). 

Flasks were coated by covering with a thin layer of gelatin and incubating for 

30 min at 37°C. Afterwards the gelatin was removed and cells were seeded. 

HUVECs were cultured in endothelial cell growth medium (with 10% (v/ v) 

heat-inactivated FCS and 1% (v/ v) L-glutamine). For all experiments 

passage 1 was used. 

2.3.4 Preparation and culture of human lung tissue 

explants 

Fresh human lung explants were received from patients undergoing lung 

resection at thoracic surgery centers in Berlin. Written informed consent was 

obtained from all patients and the study was approved by the ethic committee 

at the Charité clinic (project EA2/079/13). The lung pieces originate from the 
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periphery of the resected pulmonary lobes of tumor free normal lung tissue. 

Patients with pulmonary or systemic inflammation, tuberculosis, HIV or other 

chronic infections were excluded from this study. The fresh lung explants were 

transported in sterile RPMI 1640 medium on ice directly from the surgery to 

the laboratories and prepared immediately. Initially, the lung tissue was cut 

with a scalpel into little slices (thickness ~3 mm) and stamped into small 

cylinders (diameter 8 mm). Each piece weighted about 100 mg. To remove 

residual amounts of antibiotics in the tissue and for tissue soothing, lung pieces 

were incubated in 24-well plates with RPMI 1640 medium at 37°C and 5% CO2 

overnight.  

2.3.5 Tissue infection 

Before infection, lung pieces were carefully transferred in well plates with fresh 

RPMI 1640 medium (with 10% (v/ v) heat-inactivated FCS). Human lung tissue 

explants were infected with S. pneumoniae strains (106 CFU ∙ ml-1) or purified 

pneumolysin for 8 h and 24 h or as indicated. Therefore, 0.5 ml control or 

infection medium was slowly injected into lung tissue, thereby assuring 

thorough stimulation of the tissue. All control tissue samples were injected 

with medium. After respective time points lung samples were fixed for 

immunohistochemistry, shock frozen in liquid nitrogen or frozen in TRIzol® 

and stored at - 80°C for further processing. Actual bacterial load was 

determined from serial dilutions of applied infection dose on Columbia sheep 

blood agar and incubation at 37°C for 24 h before colonies were counted and 

CFUs were calculated. 

2.3.6 Infection of cells 

Cells were infected with S. pneumoniae strains with MOI 50. The pneumococci 

were grown as described above, transferred either into Ham’s F-12 or 

endothelial basal medium containing 2% (v/ v) heat-inactivated FCS and 

adjusted to the appropriate dilutions. Bacteria then were added to the cells and 

incubated for 8 h or 16 h at 37°C and 5% CO2.  
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For adenoviral infection, HUVECs were seeded in 8-well µSlides. At a 

confluency of 70-80%, cells were infected by adding 106 plaque-forming units 

(PFU) of GFP-Occludin adenovirus and 1% (v/ v) polybrene to each well. After 

24 h, transduction was verified by microscopic analysis. HUVECs were 

subsequent infected with S. pneumoniae strains as described above. 

2.3.7 Stimulants 

Human lung tissue and cells were infected and simultaneously stimulated with 

catalase. Therefore, bacterial suspension was mixed with catalase (300 U ∙ ml-1 

for human lung tissue and 192 U for HUVECs). Furthermore, human lung 

tissue was stimulated with 10 µg ∙ ml-1 pneumolysin. Pneumolysin was kindly 

provided and purified as described before by Timothy J. Mitchell (University of 

Glasgow, United Kingdom) [252]. 
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2.4 Molecular biology 

2.4.1 GFP-occludin adenovirus production 

For transient overexpression of occludin, an adenoviral vector system was 

chosen. Advantages of adenoviral overexpression in comparison to transfection 

of pure DNA vectors are the high transduction efficiency of nearly 100% with 

no restriction of cell viability and it is also capable for primary cells. 

Additionally, after the adenovirus is transduced into the target cell and is 

transported to the nucleus, it does not integrate into the host genome and is 

not replicated during cell division. Packaging and production of recombinant 

adenoviruses carrying the GFP-tagged full-length human occludin was 

achieved using the Gateway® technology (Invitrogen, Carlsbad, USA) 

according the manufacturer’s instructions. pDONR™221 was chosen as donor 

vector and pAd/CMV/V5-GW/lacZ was used as destination vector. Escherichia 

coli BJ5183 electroporation-competent cells were purchased from Stratagene 

(La Jolla, CA). Recombinant adenoviruses were amplified using HER911 cells, 

harvested and purified with a CsCl density-gradient centrifugation. Virus 

quantification was determined with a plaque assay and 109 PFU per ml were 

calculated. Adenovirus production was done in cooperation with AG Prof. Dr. 

Birgit Sawatzki (Institute for Medical Immunology, Charité Berlin). 

2.4.2 RNA isolation from tissue 

For mRNA analysis, 1 ml TRIzol® was added to each lung tissue sample and 

homogenized using the FastPrep-24 homogenizer on dry ice. The samples then 

were frosted at - 80°C for at least 24 h. The homogenized samples were thawed 

and kept at RT for 5 min to permit complete dissociation of the nucleoprotein 

complex. Subsequently, 0.2 ml of chloroform was added and the tubes were 

shaken vigorously by hand for 15 seconds. After another short incubation at 

RT, the samples were centrifuged at 13000 g for 15 min at 4°C. Due to 

centrifugation, the mixture separates into a lower phenol-chloroform phase 

and an upper aqueous phase, which contains the RNA. The aqueous phase was 

transferred into a new Eppendorf tube and 0.5 ml of isopropanol and 1 µl of 

Glycoblue were added to each sample. For precipitation, the samples were 

https://www.lifetechnologies.com/order/catalog/product/15596026
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stored at - 20°C for at least 30 min. After centrifugation at 13000 g for 15 min 

at 4°C, the supernatant was discarded and the pellet was washed with 1 ml of 

75% cold ethanol. For that, the samples were vortexed and centrifuged at 

13000 g for 10 min at 4°C. The supernatant was carefully removed and the 

pellet was air-dried until all the remaining ethanol was gone. RNA was 

dissolved in 50 µl dd H2O and RNA concentration was measured at the 

NanoDrop. To remove potential DNA from RNA samples, RNase-Free DNase 

was used according to the manufacturer’s instruction. Following, RNA was 

precipitated with Roti®-Aqua-P/C/I and isolated as described before. 1 μg RNA 

was used for transcription to cDNA. The rest of the RNA samples were stored 

at - 80°C.  

2.4.3 RNA transcription to cDNA 

RNA was transcribed to cDNA using a High Capacity Reverse Transcription 

Kit. 4 µl diluted RNA (250 ng ∙ µl-1) was pipetted into a 0.5 ml RNAse-free 

Eppendorf tube and stored on ice. A mastermix was prepared containing 10.2 µl 

dd H2O, 2 µl reverse transcription buffer, 2 µl random primers, 0.8 µl dNTPs 

and 1 µl reverse transcriptase per reaction. 16 µl mastermix were added per 

Eppendorf tube yielding a final volume of 20 µl. The reaction mixture was 

shortly vortexed and centrifuged. The tubes were incubated in a thermo cycler 

for 10 min at 25°C, then for 2 h at 37°C, and lastly for 5 sec at 85°C. After this 

incubation, the samples were diluted with 50 μl dd H2O per tube and stored 

at - 20°C. 

2.4.4 Quantitative RT-PCR 

Relative mRNA expression was measured using quantitative RT-PCR. cDNA 

samples were thawed and stored on ice. A reaction mixture was prepared 

containing 10 μl Gene Expression Master Mix, 1 μl Taqman Assay, and 4 μl dd 

H2O. 15 μl of the reaction mixture and 5 μl of a diluted cDNA sample were 

added per 96-well. Quantitative RT-PCR was performed on an ABI 7300 

instrument. The input was normalized to the expression of GAPDH and 

relative expression (relative quantity, RQ) of the respective gene in untreated 

tissue was set as 1. 
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Table 2.8: Taqman Gene Expression Assays for quantitative RT-PCR. 

Gen Assay-ID 

hCDH5 Hs00901463_m1 

hCLDN2 Hs00252666_s1  

hCLDN3 Hs00265816_s1  

hCLDN4 Hs00976831_s1  

hCLDN5 Hs01561351_m1 

hCLDN18 Hs00212584_m1 

hGAPDH Hs02758991_g1 

hIL1β Hs01555410_m1 

hOCLN Hs00170162_m1 

hTJP1 Hs01551861_m1 



2 Material and Methods 

33 

2.5 Biochemistry 

2.5.1 Tissue homogenization 

For western blot purposes, 500 µl RIPA lysis buffer (50 mM Tris, 150 mM NaCl, 

1% (v/ v) NP40 substitute Igepal, 0.5% (w/ v) Na-deoxycholate, 5 mM EDTA, 

0.1% (w/ v) SDS, 1% (v/ v) protease inhibitors) was added to each lung tissue 

sample, and subsequently homogenized using the FastPrep-24 homogenizer on 

dry ice. After centrifugation at 13000 g for 15 min at 4°C, supernatant was 

collected in a new Eppendorf tube and stored at - 20°C.   

2.5.2 Quantification of protein levels 

Protein levels were determined by DC Protein Assay according to the 

manufacturer’s instructions. The DC Protein Assay is a colorimetric assay 

based on the Lowry Assay [253]. The proteins are pre-treated with an alkaline 

copper tartrate solution and subsequent reduce the Folin reagent. The 

absorption at 750 nm is correlated to the concentration of protein within the 

sample. The standard curve was created using standards containing from 

0.2-1.5 mg ∙ ml-1 BSA. The samples were diluted 1:10 with RIPA lysis buffer, 

incubated with DC Protein Assay reagents as indicated and finally absorptions 

were measured by a spectrophotometer. 

2.5.3 Western blot 

In order to investigate cell junction protein expression, human lung tissue was 

infected with S. pneumoniae strains for indicated times and doses. For protein 

extraction, 80-120 mg shock frozen tissue was weighed and put into 8 volumes 

of RIPA lysis buffer following disruption by the FastPrep-24 homogenizer. 

Afterwards, protein lysate was heated in Laemmli buffer at 95°C, subjected to 

SDS-PAGE at 100-120 V for 1.5 h using a wet blot system. SDS-polyacrylamide 

gels were then blotted onto PVDF membranes at 100 V for 1 h. After transfer 

of proteins, membranes were blocked with 5% (v/ v) non-fat dry milk powder 

buffer in PBS for 1 h at RT. Proteins were detected with specific antibodies, 

which were applied to the membrane overnight at 4°C. Following antibodies 

were used for detection: VE-cadherin, occludin, ZO-1, actin, claudin-2, 
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claudin-3, claudin-4, claudin-5, claudin-18. All antibodies were diluted 1:100 in 

blocking buffer. In all experiments actin was detected on the same membrane 

to ensure equal protein load. Membranes were subsequent incubated with 

appropriate secondary horseradish peroxidase (HRP)-labeled antibodies 

(diluted 1:2000 in blocking buffer) for 1 h at RT. Working solution of the Pierce 

ECL Western Blotting Substrate was prepared according to the manufacturer’s 

instructions and added to membranes for 1 minute. The membranes were 

removed from the substrate, placed in plastic sheet protectors, exposed to CL-

XPosure Film and developed. All buffers and gels used for western blot analysis 

are listed below (Table 2.9). Densitometric analysis of western blots was 

carried out to quantify protein levels and correlate infected samples to controls. 

Values represent the mean fold change + SEM of respective cell junction 

protein versus control at respective time point, calculated from the band 

intensity and normalized to actin. 

Table 2.9: Buffers and gels for western blot analysis. 

Buffer/ Gel Composition 

Laemmli buffer 1 ml Tris-HCl, pH 6.8 (500 mM) 

0.8 ml Glycerol 

1.6 ml SDS (10% w/ v) 

0.4 ml Bromphenol blue (1% w/ v) 

0.4 ml β- Mercaptoethanol (1% w/ v) 

3.8 ml dd H2O 

Electrophoresis buffer 3 g Tris-Base 

14.4 g Glycine 

1 g SDS 

Ad 1000 ml dd H2O 

Blot buffer 3 g Tris-Base 

14.4 g Glycine 

200 ml Methanol 

Ad 1000 ml dd H2O 

SDS Collection gel 2.5 ml Tris-HCl, pH 6.8 (500 mM) 

100 μl SDS (10% w/v) 
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1.33 ml Bis-Acrylamide (40%) 

10 μl TEMED 

50 μl Ammonium persulfate (10%) 

6 ml dd H2O 

SDS Separation gel (10 %) 2,5 ml Tris-HCl, pH 8,8 (1,5 M) 

100 μl SDS (10% w/v) 

2.5 ml Bis-Acrylamide (40%) 

10 μl TEMED 

50 μl Ammonium persulfate (10%) 

4.85 ml dd H2O 

2.5.4 Cytotoxicity assay 

To determine cytotoxicity ex vivo, the Cytotoxicity Detection Kit was used. The 

Cytotoxicity Detection Kit is a colorimetric measurement of lactate 

dehydrogenase (LDH) released from damaged cells. LDH is a cytoplasmic 

enzyme that is ubiquitous expressed in cells and released during cell or tissue 

damage. Lung pieces were prepared as described before, weighed and infected 

with S. pneumoniae (106 CFU ∙ ml-1) for 8 and 24 h. After respective time points, 

supernatant and tissue was collected. From here on, all samples were kept on 

ice. Lung tissue pieces were homogenized in 6-fold amount of lysis buffer 

(RPMI 1640 medium, 10% (v/ v) heat-inactivated FCS, 1% (v/ v) Triton X-100) 

based on each lung pieces weight. Supernatants were centrifuged at 2000 g for 

10 min at 4°C, lung homogenates were centrifuged at 13000 g and appropriate 

dilutions were prepared. 50 µl of the supernatants, respective homogenates 

and background controls were added to a 96-well plate. Then, 50 µl of fresh 

reaction mixture was added to each sample and after an incubation of 20 min 

in darkness, the absorbance was measured by a spectrophotometer at 490 nm. 

The percentage cytotoxicity in lung tissue was calculated as follows: 

Cytotoxicity (%) = LDH (supernatant) ∙ [LDH (homogenates) - LDH 

(supernatant)] -1 x 100.    
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2.5.5 Enzyme-linked immunosorbent assay 

IL1-β in cell-free supernatants was quantified by an enzyme-linked 

immunosorbent assay (ELISA) Ready-SET-Go!® Kit according to 

manufacturer’s instructions. In brief, 96-well plate was incubated with capture 

antibody in coating buffer over night at 4°C. The plate was washed three times 

with wash buffer and incubated with blocking diluent for 1 h at RT. After 

another washing, standard and samples were transferred to the plate and 

incubated for 2 h at RT. This was followed by five times washing and incubation 

of detection antibody solution for 1 h at RT. Then, the plate was washed five 

times, incubated with an Avidin-HRP diluent for 30 min at RT in the dark and 

subsequently washed again. Substrate solution was added, incubated for 15 

min and reaction was stopped by adding stop solution. The absorbance was 

measured in a spectrophotometer at 450 nm. 
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2.6 Electric cell-substrate impedance sensing 

Electric cell-substrate impedance sensing (ECIS) is a non-invasive and label-

free method to characterize adherent cell monolayers over time. This 

technology was invented by Giaever and Keese [254, 255] and allows 

simultaneous measurements of impedance (Z), paracellular resistance or 

permeability (Rb), the spacing between the cells (α) as well as the cell 

membrane capacitance (cm). Morphological changes of the cells alter the 

current paths and result in changes of impedance. For this approach, cells were 

seeded on gold film electrodes, which are embedded on the bottom of an 8-well 

ECIS array (8W10E). The used system was the ECIS Model 1600R with two 

ECIS array stations hosted in a CO2 gassed incubator. All ECIS experiments 

were conducted at a frequency of 40 kHz and a measurement interval of 8 sec. 

Values were normalized as the ratio of measured resistance to baseline 

resistance. Cells were grown to confluence and infected with different S. 

pneumoniae strains at MOI 50.  
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2.7 Immunohistochemistry 

By immunohistochemistry the localization of proteins in tissue sections can be 

detected by dye-labeled antibodies.  

2.7.1 Tissue embedding and sectioning 

Tissue embedding and sectioning was done by Dr. Olivia Kershaw (Department 

of Veterinary Pathology, FU Berlin). After infection, lung tissue samples were 

freshly fixed in 3% paraformaldehyde (in PBS). For paraffin embedding the 

tissue capsules remained sequently in the reagents listed below (Table 2.10). 

The tissue was initially dehydrated in an ascending alcohol series and then 

embedded in paraffin. Finally, the tissue samples were placed in metal 

capsules and poured with liquid paraffin. The blocks cooled at 4°C, so the metal 

capsules could be easily removed from the paraffin blocks. The paraffin-

embedded tissue samples were then sectioned into 10 µm thick slices with a 

sledge microtome (Jung, Heidelberg). These sections were applied to 

microscope slides (Superfrost®), air-dried and finally dried for 1 h in an 

incubator at 60°C. 

Table 2.10: Paraffin embedding of tissue samples. 

Reagent Time Repetitions 

10% formalin 1 h 

tap water 45 min 

70% ethanol 45 min 

85% ethanol 45 min 

96% ethanol 45 min 2 

Isopropanol 1 h 2 

n-Butyl acetate 1 h 2 

Paraplast Plus® 1 h (60°C) 4 
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2.7.2 Epitope recovery and sample labeling 

For deparaffinization the tissue sections were heated at 60°C overnight and 

washed multiple times with Roticlear. Afterwards the tissue rehydrated in a 

descending alcohol series, ending in 0.01M PBS (Table 2.11).  

Table 2.11: Deparaffinization and rehydrating of tissue samples. 

Reagent Time Repetitions 

Roticlear 15 min 3 

100% ethanol 15 min 

100% ethanol 1 min 

96% ethanol 10 min 

80% ethanol 5 min 

70% ethanol 5 min 

50% ethanol 5 min 

PBS 5 min 3 

Paraformaldehyde, used for fixation of tissue samples, crosslinks proteins in 

tissue samples and therefore can affect epitope recognition by the 

complementary antibodies. To unmask the antibody epitopes heat-induced 

epitope retrieval was performed. For this approach, tissue sections were 

incubated in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 9.0) at 95°C for 

30 min. After epitope recovery, cells were permeabilized using 1% Triton X-100 

for 15 min and blocking was performed for 30 min using 5% serum of secondary 

antibody’s origin, 1% BSA and 0.05% Tween-20. To prevent drying of the slices, 

the staining was performed in a dark moisture chamber. Primary antibodies 

(Table 2.6) were incubated overnight at 4°C, followed by labeling with 

corresponding secondary antibodies for 1 h at RT (Table 2.7). For some 

experiments cells were double stained using the same procedure. 

Subsequently, nuclear counterstaining was done with DAPI and slides were 

mounted in Mowiol (1 g ∙ ml-1 glycerol, 0.4 g ∙ ml-1 Mowiol 4-88, 25 mg ∙ ml-1 1,4-

Diazabicyclo[2.2.2]octan, 130 mM Tris-HCl, pH 8.5). 



2 Material and Methods 

40 

2.8 Microscopy 

Immunofluorescence of cells and human lung slices was analyzed by spectral 

confocal microscopy using a LSM 780 (objectives: Plan Apochromat 63x/1.40 oil 

DIC M27 and 40x/1.30 oil DIC M27). Based on a spectral image lambda stack, 

linear unmixing of tissue autofluorescence and overlapping spectra of 

fluorophores was performed using ZEN 2012 software. Each fluorescence 

image is a maximum intensity projection of a z-stack representing the entire 

10 µm section. To reveal lung and cell morphology, images were combined with 

differential interference contrast (DIC). All image sets were acquired using 

equal configurations. Images were processed using ZEN 2012 and ImageJ 

software (http://imagej.nih.gov/ij/). For 3D projections z-stacks were surface 

rendered, movies were designed using ZEN 2011 and compressed to quick time 

format with Camtasia Studio 5.0. 

2.9 Statistical analysis 

Data were statistically analyzed using GraphPad Prism software and are 

presented as means ± SEM of at least three independent experiments. The 

nonparametric rank sum Mann-Whitney U-test was used to test for significant 

differences between means. A value of p<0.05 was considered statistically 

significant. 
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3 RESULTS 

3.1 Distinct expression patterns of cell junction proteins in 

human lung tissue 

Initially, cell junction proteins were analyzed for their constitutive expression 

and structure in naive human lung tissue. The obtained human lung tissue 

originated from the lower respiratory tract and consisted of bronchioles and 

alveoli. The bronchioles divide into smaller terminal bronchioles and each of 

the terminal bronchioles divides to form respiratory bronchioles. Terminal 

bronchiolar epithelium is characterized by single-layered, nearly cuboidal club 

cells and goblet cells while respiratory bronchiolar epithelium is composed of 

epithelial cells with cilia. The inner lining of these bronchioles is thin and 

surrounded by a layer of smooth muscle. In contrast, alveoli consist of an 

epithelial layer and extracellular matrix surrounded by capillaries. Flat type I 

and cubic type II alveolar epithelial cells heterogeneously line the alveolar 

surface. Consequently, there are three classes of cell-cell interfaces: (i) type I-

type I cell interface, (ii) type I-type II cell interface and (iii) type II-type II cell 

interface. In addition, alveoli contain alveolar macrophages, subepithelial 

connective tissue, fibroblasts, collagen and elastic fibers. Histological sections 

of human lung tissue were probed for each examined cell junction protein and 

expression patterns were visualized in four different sections: terminal 

bronchiolar epithelium, respiratory bronchiolar epithelium, alveolus and a 

larger blood vessel. To specify and verify the distribution of a junction protein 

and to characterize the arrangement of two junction proteins to each other, 

additionally several costainings were conducted.  

3.1.1 VE-cadherin 

The vascular endothelial adhesion molecule VE-cadherin was not expressed in 

terminal and respiratory bronchiolar epithelium (Figure 3.1a, b). It appeared 

typically as continuous junctional band along the intercellular junction in 
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endothelial cells of capillaries (Figure 3.1c) and larger lung vessels (Figure 

3.1d).  

Figure 3.1: VE-cadherin is expressed in capillary endothelial cells and blood vessels. 

Histological sections of human lung tissue were probed for VE-cadherin (green), nuclei (blue) 

were counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. Terminal (a) and respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood 

vessel (d) are depicted. Abbreviations: AM, alveolar macrophage; BV, blood vessel; CIL, cilia of 

ciliated columnar cells; EP, epithelium; SM, smooth muscle band. White arrowhead point 

towards a capillary within human bronchiolar epithelium. Bar represents 20 µm. 
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3.1.2 Occludin 

Occludin was expressed at the apical borders of the terminal (Figure 3.2a) and 

respiratory (Figure 3.2b) bronchiolar epithelium. While this two-dimensional 

assessment of immunofluorescent images obtained from bronchiolar sections 

of lung tissue revealed a continuous belt-like structure of occludin, this 

approach is limited in scope as it is restricted to vizualisation of only one 

section plane. To illustrate human bronchiolar epithelium more detailed, z-

stacks of an entire 10 µm section were surface rendered. A three-dimensional 

reconstruction illustrated occludin as a grid-like structure covering bronchiolar 

epithelial cells (Supplementary video 1). Furthermore, occludin was 

distributed uniformly in the alveolus as well as in endothelial cells of a larger 

blood vessel (Figure 3.2c, d).  

To specify the expression pattern of occludin in the alveolar epithelium, 

costaining of occludin with the alveolar type II cell marker pro-surfactant 

protein C (proSP-C) was examined. Simultaneous staining showed a band-like 

expression of occludin at the type I-type I cell interface as well as at the 

interface of type II alveolar epithelial cells to adjacent cells (Figure 3.3a, white 

arrowhead points towards a type I cell and open arrowheads point to type II 

cells). Furthermore, colocalization of occludin and the endothelial cell marker 

VE-cadherin verified the presence of occludin also in capillary endothelial cells 

(Figure 3.3b) and larger blood vessels (Figure 3.3c).  

In order to analyze how these two junction proteins are organized and whether 

they are anchored in the same area along the intercellular junction of 

endothelial cells or are spatially divided, a three-dimensional reconstruction of 

occludin and VE-cadherin stained human lung tissue was performed. Firstly, 

this three-dimensional reconstruction exemplarily visualized the complex 

architecture of the junctional organization within the human alveolus 

(Supplementary video 2). Secondly, it demonstrated that both, occludin and 

VE-cadherin, are lining out the capillary endothelium and are closely localized 

to each other whereas occludin additionally connected alveolar epithelial cells. 
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During the further characterization of expression pattern of other cell junction 

proteins, costainings with VE-cadherin were conducted to verify or exclude 

endothelial expression of an analyzed junction protein and occludin was 

preferred as marker for endo- as well as epithelial cells. 

Figure 3.2: Occludin is expressed throughout the bronchiolar and alveolar epithelia 

and the vascular endothelium. Histological sections of human lung tissue were probed for 

occludin (green), nuclei (blue) were counterstained with DAPI and tissue structure was 

visualized by differential interference contrast. Terminal (a) and respiratory (b) bronchiolar 

epithelium, an alveolus (c) and a blood vessel (d) are depicted. Abbreviations: AM, alveolar 

macrophage; BV, blood vessel; C, capillary; CIL, cilia of ciliated columnar cells; EP, epithelium; 

SM, smooth muscle band. Bar represents 20 µm. 
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Figure 3.3: Occludin is expressed at the type I-type I cell interface as well as at the 

interface of type II alveolar epithelial cells to adjacent cells and colocalizes with VE-

cadherin in endothelial cells. Histological sections of human lung tissue were probed for 

occludin (green), the cell marker for alveolar type II cells (proSP-C) and VE-cadherin (all red), 

nuclei (blue) were counterstained with DAPI and tissue structure was visualized by differential 

interference contrast. Costaining of occludin with proSP-C (a) is depicted. The white arrowhead 

points towards an alveolar type I cell and open arrowheads point to alveolar type II cells. 

Costaining of occludin with VE-cadherin in an alveolus (b) and a blood vessel (c) is depicted. The 

white arrowhead points towards an alveolar epithelial cell and open arrowheads point to 

endothelial cells. Abbreviation: BV, blood vessel. Bar represents 10 µm. 

3.1.3 Zonula occludens-1 

In accordance with occludin, ZO-1 formed band-like structures throughout the 

terminal and respiratory bronchiolar epithelium (Figure 3.4a, b), the alveolus 

(Figure 3.4c) as well as the vascular endothelium of blood vessels (Figure 3.4d). 
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Figure 3.4: ZO-1 is expressed in epithelial and endothelial cells. Histological sections of 

human lung tissue were probed for ZO-1 (green), nuclei (blue) were counterstained with DAPI 

and tissue structure was visualized by differential interference contrast. Terminal (a) and 

respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood vessel (d) are depicted. 

Abbreviations: AM, alveolar macrophage; BV, blood vessel; C, capillary; CIL, cilia of ciliated 

columnar cells; EP, epithelium; SM, smooth muscle band. Bar represents 20 µm. 

Costaining of ZO-1 with the alveolar type I cell marker epithelial membrane 

protein 2 (EMP2) revealed that ZO-1 was expressed at the type I-type I cell 

interface as well as at the interface of type II alveolar epithelial cells to 

neighboring cells, as demonstrated by a positive ZO-1 staining in EMP2 

positive but also EMP2 negative cells (Figure 3.5a). Furthermore, a high level 

of colocalization of ZO-1 with occludin in alveolar epithelial cells (Figure 3.5b, 

white arrowhead) and capillaries (Figure 3.5b, open arrowhead) was 

recognized. Finally, the colocalization of ZO-1 with the endothelial specific 
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marker VE-cadherin in capillaries (Figure 3.5c) verified the expression of ZO-1 

also in endothelial cells.  

Figure 3.5: ZO-1 is expressed at the type I-type I cell interface as well as at the 

interface of type II alveolar epithelial cells to adjacent cells and colocalizes with 

occludin and VE-cadherin. Histological sections of human lung tissue were probed for ZO-1 

(green), the cell marker for alveolar type I cells EMP2, VE-cadherin and occludin (all red), nuclei 

(blue) were counterstained with DAPI and tissue structure was visualized by differential 

interference contrast. Costaining of ZO-1 with EMP2 is depicted (a). The white arrowhead points 

towards an alveolar type I cell and the open arrowhead points to an alveolar type II cell. 

Costainings of ZO-1 with occludin (b) and VE-cadherin (c) are depicted. White arrowheads point 

to alveolar epithelial cells and open arrowheads point to capillary endothelial cells. Bar 

represents 10 µm. 
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3.1.4 Claudin-2 

Next, the expression of several members of the claudin family was investigated. 

Claudin-2 was strongly expressed in terminal and respiratory bronchiolar 

epithelium (Figure 3.6a, b) and to a weaker extent also throughout the alveolus 

(Figure 3.6c) and in a larger lung blood vessel (Figure 3.6d). Notably, in 

contrast to the typical band-like structures formed by the above mentioned 

junction proteins VE-cadherin, occludin and ZO-1, a punctate distribution was 

found for claudin-2.  

Figure 3.6: Claudin-2 is strongly expressed in bronchiolar epithelia. Histological sections 

of human lung tissue were probed for claudin-2 (green), nuclei (blue) were counterstained with 

DAPI and tissue structure was visualized by differential interference contrast. Terminal (a) and 

respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood vessel (d) are depicted. 

Abbreviations: BV, blood vessel; C, capillary; CIL, cilia of ciliated columnar cells; EP, epithelium; 

SM, smooth muscle band. Bar represents 20 µm. 
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Although a punctate positive staining in blood vessels was observed, 

simultaneous staining of claudin-2 with the endothelial cell marker 

VE-cadherin showed no colocalization in capillaries (Figure 3.7a) or blood 

vessels (Figure 3.7b). Therefore, the expression of claudin-2 in endothelial cells 

was not confirmed. Costaining with epithelial cell marker pan-cytokeratin 

revealed moreover no colocalization of claudin-2 and pan-cytokeratin (data not 

shown). 

Figure 3.7: Claudin-2 does not colocalize with VE-cadherin. Histological sections of 

human lung tissue were probed for claudin-2 (green), VE-cadherin (red), nuclei (blue) were 

counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. An alveolus (a) and a blood vessel (b) are depicted. White arrowheads point towards 

capillary endothelial cells. Abbreviation: BV, blood vessel. Bar represents 10 µm. 

3.1.5 Claudin-3 

Claudin-3 was princpially located in both, terminal and respiratory bronchiolar 

epithelium (Figure 3.8a, b) as well as in the alveolus (Figure 3.8c). In contrast, 

blood vessels were not positive for claudin-3 (Figure 3.8d). Costaining with the 

alveolar type II cell marker proSP-C demonstrated claudin-3 expression at the 

type I-type II as well as at the type II-type II epithelial cell interface (Figure 

3.9a, white arrowheads). In line with this, simultaneous staining with the 
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alveolar type I cell marker EMP2 revealed no colocalization of EMP2 and 

claudin-3 and therefore no expression of claudin-3 at the type I-type I alveolar 

epithelial cell interface (Figure 3.9b). Costaining of claudin-3 and occludin in 

epithelial cells of the alveolus showed a band-like colocalization in some but 

not all areas (Figure 3.9c) indicating a heterogeneous distribution of these two 

proteins. Although claudin-3 was not expressed in endothelial cells of blood 

vessels (Fig. 3.8d), sporadic small spots of claudin-3 and the endothelial cell 

marker VE-cadherin were present in alveolar capillaries (Figure 3.9d, open 

arrowheads). 

Figure 3.8: Claudin-3 is expressed in bronchiolar and alveolar epithelial cells. 

Histological sections of human lung tissue were probed for claudin-3 (green), nuclei (blue) were 

counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. Terminal (a) and respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood 

vessel (d) are depicted. Abbreviations: BV, blood vessel; C, capillary; EP, epithelium; SM, smooth 

muscle band. Bar represents 20 µm. 
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Figure 3.9: Claudin-3 is expressed at the interface of type II alveolar epithelial cells to 

adjacent cells and in alveolar capillaries. Histological sections of human lung tissue were 

probed for claudin-3 (green), the cell marker for alveolar type II cells proSP-C, the cell marker 

for alveolar type I cells EMP2, occludin and VE-cadherin (all red), nuclei (blue) were 

counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. White arrowheads point towards type II cells and open arrowheads point to capillary 

endothelial cells. Bar represents 10 µm. 
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3.1.6 Claudin-4 

Claudin-4 was strongly expressed at the apical and lateral borders of the 

terminal (Figure 3.10a) and respiratory (Figure 3.10b) bronchiolar epithelium. 

Furthermore, claudin-4 was expressed within the alveolus (Figure 3.10c), 

whereas larger lung vessels were negativ for claudin-4 (Figure 3.10d). Similar 

to claudin-2, a punctate distribution was recognized and claudin-4 did not form 

band-like structures.  

Figure 3.10: Claudin-4 is expressed in bronchiolar and alveolar epithelial cells. 

Histological sections of human lung tissue were probed for claudin-4 (green), nuclei (blue) were 

counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. Terminal (a) and respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood 

vessel (d) are depicted. Abbreviations: AM, alveolar macrophage; BV, blood vessel; C, capillary; 

CIL, cilia of ciliated columnar cells; EP, epithelium; SM, smooth muscle band. Bar represents 

20 µm. 
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Claudin-4 appeared at the type I-type II as well as at the type II-type II alveolar 

epithelial cell interface (Figure 3.11a, white arrowheads) and not at the type I-

type I cell interface (Figure 3.11b), as indicated by a colocalization with the 

alveolar typ II cell marker proSP-C but not with the type I cell marker EMP2. 

Next, claudin-4 and claudin-3, both expressed at the interface of type II cells 

to neighboring cells, were examined by costaining of these two junction 

proteins. This revealed a resembling but not equal expression pattern at the 

interface of type II cells (Figure 3.11c). While claudin-3 formed band-like 

structures, claudin-4 was expressed at the borders and in the cytosol of type II 

alveolar epithelial cells. 
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Figure 3.11: Claudin-4 is expressed at the interface of type II alveolar epithelial cells 

to adjacent cells and colocalizes with claudin-3. Histological sections of human lung tissue 

were probed for claudin-4 (green), the cell marker for alveolar type II cells proSP-C, the cell 

marker for alveolar type I cells EMP2 and claudin-3 (all red), nuclei (blue) were counterstained 

with DAPI and tissue structure was visualized by differential interference contrast. White 

arrowheads point towards type II cells and open arrowhead points to a type I cell. Bar represents 

10 µm. 
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3.1.7 Claudin-5 

Claudin-5 was expressed in terminal and respiratory bronchiolar epithelium 

(Figure 3.12a, b), at cellular boundaries in lung capillaries in the alveolus 

(Figure 3.12c) and blood vessels (Figure 3.12d).  

Figure 3.12: Claudin-5 is expressed in bronchiolar epithelial cells and vascular 

endothelium. Histological sections of human lung tissue were probed for claudin-5 (green), 

nuclei (blue) were counterstained with DAPI and tissue structure was visualized by differential 

interference contrast. Terminal (a) and respiratory (b) bronchiolar epithelium, an alveolus (c) 

and a blood vessel (d) are depicted. Abbreviations: AM, alveolar macrophage; BV, blood vessel; 

C, capillary; CIL, cilia of ciliated columnar cells; EP, epithelium; SM, smooth muscle band. Bar 

represents 20 µm. 
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Staining of claudin-5 with the alveolar type I cell marker EMP2 revealed no 

expression of claudin-5 in alveolar epithelial cells (Figure 3.13a). In contrast, a 

colocalization with endothelial cell specific VE-cadherin was observed in 

alveolar capillaries (Figure 3.13b) and blood vessels (Figure 3.13c) validating 

claudin-5 expression in endothelial cells. 

Figure 3.13: Claudin-5 is not expressed in alveolar epithelial cells but colocalizes with 

VE-cadherin in endothelial cells. Histological sections of human lung tissue were probed for 

claudin-5 (green), the cell marker for alveolar type I cells EMP2 and VE-cadherin (both red), 

nuclei (blue) were counterstained with DAPI and tissue structure was visualized by differential 

interference contrast. Alveoli (a, b) and a blood vessel (c) are depicted. Open arrowhead point to 

endothelial cells. Abbreviation: BV, blood vessel. Bar represents 10 µm. 
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3.1.8 Claudin-18 

Claudin-18 was expressed primarily at the apical borders of the terminal 

(Figure 3.14a) and respiratory (Figure 3.14b) bronchiolar epithelium as well as 

throughout the alveolus (Figure 3.14c). Lung blood vessels were negativ for 

claudin-18 expression (Figure 3.14d).  

Figure 3.14: Claudin-18 is expressed in bronchiolar and alveolar epithelial cells. 

Histological sections of human lung tissue were probed for claudin-18 (green), nuclei (blue) were 

counterstained with DAPI and tissue structure was visualized by differential interference 

contrast. Terminal (a) and respiratory (b) bronchiolar epithelium, an alveolus (c) and a blood 

vessel (d) are depicted. Abbreviations: AM, alveolar macrophage; BV, blood vessel; C, capillary; 

CIL, cilia of ciliated columnar cells; EP, epithelium; SM, smooth muscle band. Bar represents 

20 µm. 
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In accordance with claudin-3 and -4, claudin-18 bands were found at the 

interface of type II alveolar epithelial cell to adjacent cells as indicated by 

colocalization with the alveolar type II cell marker proSP-C (Figure 3.15a). 

Since no colocalization of claudin-18 with the alveolar type I cell marker EMP2 

could be observed, claudin-18 seems to be not expressed at the type I-type I cell 

interface (Figure 3.15b). 

Figure 3.15: Claudin-18 is expressed at the interface of type II alveolar epithelial cells 

to adjacent cells. Histological sections of human lung tissue were probed for claudin-18 (green), 

the cell marker for alveolar type II cells proSP-C and the cell marker for alveolar type I cells 

EMP2 (both red), nuclei (blue) were counterstained with DAPI and tissue structure was 

visualized by differential interference contrast. White arrowheads point towards type II cells. 

Bar represents 10 µm. 

3.1.9 Summary of expression patterns 

Table 3.1 highlights the distinct expression patterns for the analyzed junction 

proteins expressed in different human lung tissue sections. Since a positive 

staining of terminal bronchiolar epithelium was always accompanied with a 

positive staining of respiratory bronchiolar epithelium, both areas were 

combined and entitled as bronchiolar epithelium. The type II cell interface 

represents the interface of type II alveolar epithelial cells to type I as well as 

to type II alveolar epithelial cells. Differences in expression intensities between 
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junction proteins were disregarded. In summary, bronchiolar epithelium was 

tested positive for occludin, ZO-1, claudin-2, -3, -4, -5 and -18. Occludin, ZO-1, 

claudin-5 and -18 were located merely at apical borders of bronchiolar 

epithelium and claudin-2, -3 and -4 were detected apical and lateral. Occludin 

and ZO-1 are expressed at the type I-type I cell interface as well as at the 

interface of type II alveolar epithelial cells whereas claudin-3, -4 and -18 are 

exclusively expressed at the interface of type II alveolar epithelial cells to 

adjacent cells. Cell junctions in lung endothelial cells are formed by VE-

cadherin, occludin, ZO-1, claudin-3 and claudin-5. The analyzed junction 

proteins appeared mostly as band-like structures connecting adjacent cells, 

exept for claudin-2 which showed extensive differences to a typical continuous 

tight junction morphology. Moreover, claudin-4 was recognized to appear in 

punctate structures. 

Table 3.1: Summary of expression patterns for VE-cadherin, occludin, ZO-1, claudin-2, 

claudin-3, claudin-4, claudin-5 and claudin-18 in anatomical structures of human lung 

tissue. 

Cell 

junction 

Bronchiolar 

epithelium 

Alveolar 

epithelium 

Endothelium 

Type I-  

type I 

cell 

interface 

Type II 

cell 

interface 

VE-cadherin - - - - + 

Occludin + + + + + 

ZO-1 + + + + + 

Claudin-2   +* - - - - 

Claudin-3 + + - +   +# 

Claudin-4   +*   +* -   +* - 

Claudin-5 + - - - + 

Claudin-18 + + - + - 

Abbreviations: -, negative staining; +, positive staining; *, punctate staining; 
#, capillary expression 
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3.2 Ex vivo human lung infection model  

For investigation of cell junction protein expression in response to 

S. pneumoniae, an ex vivo human lung infection model was used. Human lung

tissue explants were obtained from patients undergoing lung resection and 

originated from the periphery of pulmonary lobes of tumor free lung tissue. 

After receiving the explants further preparation included cutting and stamping 

of the tissue in small pieces of similar size and incubating in cell culture 

medium at 37°C and 5% CO2 overnight. This pre-incubation was performed to 

remove residual amounts of antibiotics in the tissue and for tissue soothing 

after acute cell stress caused by resection and preparation of the tissue. 

Subsequently, lung pieces were infected with S. pneumoniae by repeated 

injection of the bacteria directly into the tissue and samples were processed for 

further analysis (Figure 3.16). 

Figure 3.16: Schematic diagram of human lung tissue preparation for ex vivo 

cultivation and infection. Tumor free human lung tissue was cut with a scalpel into little 

slices and stamped into small cylinders. Lung pieces were incubated in RPMI 1640 medium at 

37°C and 5% CO2 overnight, infected with S. pneumoniae and subsequently processed for further 

analysis. 
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An inevitable requirement for infection biology studies using an ex vivo tissue 

culture model are intact and vital tissue, reproducible pneumococcal infection 

of the tissue with an inflammatory response and a low cytotoxicity during 

tissue culture. In order to validate the suitability of the human lung model for 

the aim of this study, growth of different S. pneumoniae strains in the lung 

tissue, IL-1β release as marker of an inflammatory response and cytotoxicity 

were analyzed.  

Firstly, all S. pneumoniae strains used in the present study were compared for 

their growth in liquid culture to analyze potential differences between the 

strains. As expected, deletion mutants S. pneumoniae D39Δply and 

S. pneumoniae D39ΔspxB exhibited no defects in growth compared to

S. pneumoniae D39 wild type (Figure 3.17a), indicating that both virulence

factors are not important for bacterial replication in liquid medium. To assure 

efficient pneumococcal infection of the human lung tissue, bacterial growth was 

measured over time, demonstrating strong and reproducible bacterial 

replication of S. pneumoniae D39 wild type within 8 and 24 h (Figure 3.17b). 

The cytokine IL-1β is produced in response to inflammation and was measured 

here to serve as indicator for an effective bacterial infection. Infection of human 

lung tissue with S. pneumoniae strains showed significant increased IL-1β 

release (Figure 3.17c). However, IL-1β production upon S. pneumoniae D39 

wild type infection was 2-fold stronger compared to S. pneumoniae D39Δply 

and S. pneumoniae D39ΔspxB infection. To assess the cytotoxicity in 

uninfected and infected human lung tissue culture lactate dehydrogenase 

(LDH) release was determined. Increased levels of the cytosolic localized LDH 

in the tissue culture supernatant are an indicator for the loss of cell membrane 

integrity resulting in the release of cytosolic components upon cell death by 

necrosis or apoptosis. In uninfected human lung tissue, LDH release was about 

5-7% indicating only marginal tissue damage within 24 h of culture. No

significant increase of cytotoxicity (<10%) was observed upon pneumococcal 

infection of human lung tissue (Figure 3.17d).  
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Figure 3.17: Growth of S. pneumoniae strains in human lung tissue. S. pneumoniae (S. p.) 

strains S. p. D39 wild type, S. p. D39Δply and S. p. D39ΔspxB were grown in THY media and 

OD was measured at 600 nm (a). Data are means ± SEM of four independent experiments. 

Human lung tissue was infected with 106 CFU · ml-1 S. p. D39 wild type, S. p. D39Δply and S. p. 

D39ΔspxB. CFU from S. p. D39 were determined at 0, 8 and 24 h (b). IL-1β release was quantified 

at 24 h (c). Cytotoxicity (% LDH release) of S. p. D39 wild type was measured at 8 and 24 h (d). 

Data are means ± SEM of at least four different patients. **p<0.01 versus input. ***p<0.001 

versus control. 

In summary, the characterized human lung tissue infection model is 

appropriate for analyzing cell junction protein expression in response to 

S. pneumoniae and was therefore used in this study.



3  Results 

63 

3.3 S. pneumoniae infection induces alteration of

VE-cadherin, occludin, ZO-1 and claudin-5 in human

lung tissue

After systematically visualizing and characterizing constitutive cell-specific 

expression patterns of junction proteins in uninfected human lung tissue, the 

alveolar structure and expression in S. pneumoniae infected human lung tissue 

was investigated. Therefore, human lung tissue was infected with 

106 CFU · ml-1 S. pneumoniae D39 wild type for 8 and 24 h and samples were 

subjected to immunohistochemistry and western blot.   

Infection of human lung tissue with S. pneumoniae D39 wild type induces 

diminished presence of the adherens junction protein VE-cadherin and the 

tight junction proteins occludin, ZO-1 and claudin-5. Immunohistochemical 

analysis of the respective junction proteins and costaining of pneumococci 

visualized the loss of the continuous junctional bands, appearing in punctate 

patterns 8 h post infection (p. i.) (Figure 3.18, middle panel), which was further 

enhanced 24 h p. i. (Figure 3.18, right panel). Western blot analysis revealed 

decreased protein levels of VE-cadherin, occludin, ZO-1 and claudin-5 in S. 

pneumoniae D39 wild type infected human lung tissue (Figure 3.19a). To 

quantify the protein amounts present on western blots densitometric analysis 

was performed. The intensity of specific bands was measured, normalized to 

actin and infected samples were correlated to the uninfected samples. 

Densitometric analysis demonstrated that the amount of VE-cadherin was 

significantly reduced by 80%, occludin and ZO-1 by 50% and claudin-5 by 30% 

24 h p. i. (Figure 3.19b).  
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Figure 3.18: Altered structure of VE-cadherin, occludin, ZO-1 and claudin-5 in 

S. pneumoniae (S. p.) infected human lung tissue. Human lung tissue was infected with

106 CFU · ml-1 S. p. D39 for 8 and 24 h. Histological sections were probed for respective cell

junction protein (green), S. pneumoniae (red), nuclei (blue) were counterstained with DAPI and

tissue structure was visualized by differential interference contrast. Control (left panel), 8 h

infected (middle panel) and 24 h infected (right panel). White arrowheads point towards broken

junction bands. Bar represents 20 µm. Representative figures of five independent experiments

are shown.
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Figure 3.19: Reduced protein levels of VE-cadherin, occludin, ZO-1 and claudin-5 in 

S. pneumoniae infected human lung tissue. (a) Total tissue lysates were analyzed by

western blot. Representative western blots for VE-cadherin, occludin, ZO-1 and claudin-5 are

shown. Actin was used as loading control. (b) Densitometric analysis of western blots from at

least five independent experiments. Values represent the mean fold change + SEM of each cell

junction protein upon infection compared to uninfected control at respective time point,

calculated from the band intensity and normalized to actin. *p<0.05 versus control; **p<0.01

versus control; ***p<0.001 versus control.

Interestingly, structures of tight junction proteins claudin-2, claudin-3, 

claudin-4 and claudin-18 remained unchanged in pneumococci infected lung 

tissue within the tested time frame of 8 and 24 h (Figure 3.20). This finding 

was further validated by western blots (Figure 3.21a) and denistometric 

analyzes (Figure 3.21b).  

Cell junction proteins were immunochistochemically analyzed allover the 

entire lung tissue slice including alveolar and brochiolar epithelium. 

Interestingly, while several molecules were found to be altered in the alveolar 

epithelium upon S. pneumoniae infection neither the same, nor other molecules 

were found to be altered in the bronchiolar epithelium within 24 h of infection 

(data not shown). Since not all immunohistochemically analyzed samples 
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infected with pneumococci contained bronchiolar epithelium, this finding 

remains preliminary. 

Figure 3.20: No altered structure of claudin-2, claudin-3, claudin-4 and claudin-18 in 

S. pneumoniae infected human lung tissue. Human lung tissue was infected with

106 CFU · ml-1 S. p. D39 for 8 and 24 h. Histological sections were probed for respective cell

junction protein (green), S. pneumoniae (red), nuclei (blue) were counterstained with DAPI and

tissue structure was visualized by differential interference contrast. Control (left panel), 8 h

infected (middle panel) and 24 h infected (right panel). Bar represents 20 µm. Representative

figures of five independent experiments are shown.
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Figure 3.21: Constant protein levels of claudin-2, claudin-3, claudin-4 and claudin-18 

in S. pneumoniae infected human lung tissue. (a) Total tissue lysates were analyzed by 

western blot. Representative western blots for claudin-2, claudin-3, claudin-4 and claudin-18 are 

shown. Actin was used as loading control. (b) Densitometric analysis of western blots from at 

least five independent experiments. Values represent the mean fold change + SEM of each cell 

junction protein upon infection compared to uninfected control at respective time point, 

calculated from the band intensity and normalized to actin. Differences were not statistically 

significant. 
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3.4 The alteration of cell junctions is not transcriptionally 

regulated 

To examine whether the observed effect of altered cell junction structure and 

reduced protein levels upon S. pneumoniae infection is transcriptionally 

regulated by the host, mRNA levels were determined by quantitative RT-PCR. 

Firstly, all samples were tested for pro-IL-1β mRNA level to verify efficient 

pneumococcal infection of the human lung tissue. As expected, a significant 

increase of pro-IL-1β mRNA was observed upon S. pneumoniae infection 

(Figure 3.22). Determination of mRNA levels for VE-cadherin, occludin, ZO-1, 

claudin-3, claudin-4, claudin-5 and claudin-18 showed no significant down-

regulation overall (Figure 3.22). In contrast to the observation of reduced 

protein amounts upon infection, VE-cadherin and claudin-5 were slightly up-

regulated on mRNA level within the first hours of pneumococcal infection. 

However, claudin-2 mRNA was undetectable in all samples derived from five 

different patients (data not shown). 

Figure 3.22: Alteration of cell junctions is not transcriptionally regulated. Human lung 

tissue was infected with 106 CFU · ml-1 S. p. D39 for 2, 4, 6, 8 and 24 h. mRNA levels for pro-

IL-1β, VE-cadherin, occludin, ZO-1, claudin-3, claudin-4, claudin-5 and claudin-18 were 

determined by quantitative RT-PCR. Values represent mean fold change + SEM of five 

independent experiments carried out in duplicates for each cell junction protein upon infection 

compared to uninfected control (values of 2, 4, 6 and 8 h infected samples were correlated to 8 h 

control; values of 24 h infected samples were correlated to 24 h control). *p<0.05 versus control; 

**p<0.01 versus control; ***p<0.001 versus control. 
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3.5 Pneumolysin is not responsible for the alteration of cell 

junctions in infected human lung tissue 

Since gene expression of the investigated junction proteins seems to be 

unaffected by pneumococcal infection, the pneumococci-induced alteration of 

cell junction proteins is primarily not transcriptionally regulated. 

Consequently, bacterial virulence factors of S. pneumoniae were considered to 

damage host tissue and attack cell junctions.  

The pore forming toxin pneumolysin (PLY) is a central bacterial virulence 

factor of S. pneumoniae, subsequently its role in ex vivo infection was analyzed. 

Therefore, human lung tissue was infected with S. pneumoniae D39 wild type 

or the PLY deficient mutant S. pneumoniae D39Δply for 8 and 24 h. As a 

positive control purified exogenous PLY was applied. Stimulation with PLY 

was carried out for only 2 h since it is immediately effective in contrast to PLY 

that initially has to be released from pneumococci. Occludin was characterized 

as junction protein expressed in endothelial and epithelial cells including the 

interfaces of type I and type II cells. Hence, this particular protein was chosen 

to further identify causes for pneumococci-induced alteration of cell junctions.  

Immunohistochemical analysis revealed a characteristic structure of occludin 

as continuous junctional band lining the alveolar epithelium as well as 

endothelial cells of capillaries in untreated samples (Figure 3.23a). In 

S. pneumoniae D39 wild type as well as S. pneumoniae D39Δply infected

human lung tissue the occludin bands were absent (Figure 3.23a, white 

arrowheads point towards broken junctional bands). This finding was 

confirmed by western blot and densitometric analysis showing a significant 

decrease of occludin protein level upon S. pneumoniae D39 wild type and 

S. pneumoniae D39Δply infection (Figure 3.23b, c). Moreover, stimulation with

purified PLY alone affected neither occludin structure nor its protein level 

within the tested time frame (Figure 3.23a-c). Consequently, PLY seemed to be 

not responsible for cell junction protein alterations in ex vivo infected lung 

tissue. 
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Figure 3.23: Pneumolysin is not responsible for the alteration of occludin. Human lung 

tissue was infected with 106 CFU · ml-1 S. pneumoniae (S. p.) D39 or S. p. D39Δply for 8 and 24 

h or stimulated with purified PLY for 2 h. (a) Histological sections were probed for occludin 

(green), S. pneumoniae or PLY (both red), nuclei (blue). Tissue structure was visualized by 

differential interference contrast. White arrowheads point towards broken junctional bands. Bar 

represents 10 µm. Representative figures of five independent experiments are shown. (b) 

Representative western blot for occludin. Actin was used as loading control. (c) Densitometric 

analysis of western blots from six independent experiments. Values represent the mean fold 

change + SEM of occludin upon infection compared to uninfected control at respective time point, 

calculated from the band intensity and normalized to actin. **p<0.01 versus control. 
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3.6 Pneumococci impair barrier function independently of 

the virulence factor pneumolysin in vitro 

In the human lung, disruption of cell junctions is usually associated with an 

increase in pulmonary permeability and impairment of barrier function. To 

examine whether S. pneumoniae infection induces indeed pulmonary 

permeability, endothelial and epithelial cells were analyzed for their 

transcellular electrical resistance during infection. The resistance of a 

confluent cell monolayer is mainly determined by the three-dimensional shape 

of the cells and the way they are connected to each other. Morphological 

changes due to an external stimulus alter the current paths through and 

around the cell bodies resulting in an increase or decrease of resistance. 

Transcellular electrical resistance as a measurement of permeability was 

determined by electric cell-substrate impedance sensing (ECIS). Although PLY 

is not responsible for occludin alteration, there might be differences in cell 

permeability upon infection with PLY deficient compared to wild type bacteria. 

To test this, epithelial and endothelial cells were infected with S. pneumoniae 

D39Δcps as well as the PLY deficient strain S. pneumoniae D39ΔcpsΔply.  

Human umbilical vein endothelial cells (HUVECs) as well as epithelial A549 

cells showed a significant decrease in transcellular electrical resistance 

starting at 4 h after infection. In HUVECs infection with S. pneumoniae 

D39Δcps led to an approximately 75% reduced resistance and PLY deficient S. 

pneumoniae D39ΔcpsΔply reduced resistance by approximately 50% compared 

to baseline resistance after 8 h infection (Figure 3.24a). In epithelial A549 cells 

the decrease of transcellular electrical resistance upon infection was overall 

less pronounced compared to HUVECs as indicated by a drop of approximately 

25-40% (Figure 3.24b).
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Figure 3.24: S. pneumoniae impairs epithelial and endothelial barrier function 

independently of pneumolysin. HUVECs (a) and A549 cells (b) were grown on 8W10E ECIS 

arrays. Cells were infected with S. pneumoniae (S. p.) D39Δcps and S. p. D39ΔcpsΔply at MOI 

50 for 8 h. Transcellular electrical resistance was continuously monitored and measured 

resistance normalized to baseline resistance. Values represent the mean fold change ± SEM of 

six independent experiments. Statistical significance was tested at time point 8 h. **p<0.01 

versus control; ***p<0.001 versus control. 

Taken together, S. pneumoniae strongly impaired the epithelial and 

endothelial barrier function as shown by a significant decrease in transcellular 

electrical resistance. Since a decreased transcellular electrical resistance 

results from morphological changes this may indicate a potential formation of 

gaps within the cell monolayers, which might be due to the disruption of cell 

junctions. The PLY deficient strain triggered slightly less permeability in 

epithelial as well as endothelial cells compared to the wild type stain. However, 

these differences were only marginal and together with the results obtained 

from the ex vivo lung tissue experiments it seems that PLY is not the major 

cause of decreased transcellular electrical resistance.  
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3.7 Hydrogen peroxide impairs barrier function and 

catalase prevents pneumococci-induced gap formation 

in vitro 

Another important bacterial virulence factor of S. pneumoniae is hydrogen 

peroxide. Hydrogen peroxide is produced by pneumococci mainly through the 

pyruvate oxidase and it has been reported that its concentrations may exceed 

1 mM in the surrounding media [97]. To analyze the effect of hydrogen peroxide 

in vitro, primary endothelial cells and epithelial A549 cells were stimulated 

with 0.5 mM, 1.0 mM and 1.5 mM exogenous hydrogen peroxide (H2O2) and 

transcellular electrical resistance was measured by ECIS. To investigate the 

structure of cell monolayer, A549 cells were additionally stained for actin 

cytoskeleton at 1.5 h of stimulation with hydrogen peroxide. 

HUVECs showed an immediate decrease of transcellular electrical resistance 

in response to H2O2. All doses of H2O2 had a similar effect on HUVECs 

displayed by decreased resistances of about 75% after 3.5 h of incubation 

(Figure 3.25a). The lowest dose of 0.5 mM H2O2 caused mild and partially 

reversible reduction of resistance in A549 cells whereas concentrations of 

1.0 mM and 1.5 mM led to a significant diminished resistance of about 50% 

compared to untreated control (Figure 3.25b). A reduced resistance of epithelial 

and endothelial cells indicates increased permeability and impairment of 

barrier function caused by changes in cell morphology. To examine the 

structure of the epithelial cell layer upon H2O2 treatment, A549 cells were 

challenged with different doses of H2O2 for 1.5 h, a time point when a 

significant decrease in resistance was measured by ECIS (Figure 3.25b). 

Staining of the actin filaments showed gap formation and stress fibers already 

at a concentration of 0.5 mM H2O2 (Figure 3.25c, white arrowheads) and higher 

concentrations strengthened this effect even more. Within the cell monolayer 

gaps increased in number and size and cells rounded up and started to detach 

in a concentration dependent manner. In summary, hydrogen peroxide impairs 

and destabilizes endothelial and epithelial barrier function resulting in gap 

formation and stress fibers in cell monolayers.  
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Figure 3.25: Hydrogen peroxide impairs epithelial and endothelial barrier function. 

HUVECs (a) and A549 cells (b) were grown on 8W10E ECIS arrays. Cells were stimulated with 

0.5, 1.0 and 1.5 mM hydrogen peroxide for 3.5 h. Transcellular resistance was continuously 

monitored and measured resistance normalized to baseline resistance. Values represent the 

mean fold change ± SEM of six independent experiments. Statistical significance was tested at 

time point 3.5 h. *p<0.05 versus control; ***p<0.001 versus control. (c) A549 cells were grown on 

glass cover slips and stimulated with 0.5, 1.0 and 1.5 mM hydrogen peroxide for 1.5 h, fixed with 

paraformaldehyde and stained for actin (red). White arrowheads point to gaps in monolayer. 

Bars represent 20 µm. Representative figures of three independent experiments are shown. 

Next, it was investigated whether the pneumococci-induced impaired barrier 

function (compare chapter 3.6) relies on the production of pneumococcal H2O2. 

Therefore, HUVECs were infected with S. pneumoniae D39ΔcpsΔply with or 

without simultaneous application of catalase, an enzyme catalyzing the 

decomposition of hydrogen peroxide to water and oxygen. HUVECs were 

chosen here because of their characteristically expression of a continuous 

occludin band. In contrast, occludin expression in epithelial A549 cells is rather 

diffuse and potential alterations in cell junction expression are hard to detect. 

Gap formation is a dynamic process and in order to understand the effects of 

pneumococci on cell junctions in more detail, live cell imaging was applied. 
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Firstly, green fluorescent protein (GFP) fused to the N-terminus of the tight 

junction protein occludin was adenovirally overexpressed in HUVECs. In line 

with the results obtained from the ex vivo lung tissue model, confocal 

microscopy analyzes revealed that GFP-occludin localizes at intercellular 

connections of endothelial cells (Figure 3.26a, Supplementary video 3). 

Infection of GFP-occludin overexpressing HUVECs with S. pneumoniae 

D39ΔcpsΔply led to a disturbed monolayer as indicated by substantial gap 

formation after 6 h (Figure 3.26a, Supplementary video 4). Strikingly, this 

effect could be rescued by simultaneously application of catalase resulting in 

an intact monolayer comparable to the untreated control (Figure 3.26a, 

Supplementary video 5). This indicates that pneumococcal hydrogen peroxide 

by might be responsible for cell junction alteration. This hypothesis was further 

strengthened by ECIS experiments measuring cell monolayer integrity. 

Infection with S. pneumoniae D39ΔcpsΔply led to a significant decrease of 

resistance in the HUVEC monolayer (Figure 3.26b), demonstrating an 

impairment of barrier function. Strikingly, decrease of resistance could again 

be prevented by application of catalase (Figure 3.26b).  
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Figure 3.26: Catalase prevents gap formation and impairment of barrier function 

induced by S. pneumoniae D39ΔcpsΔply in HUVECs. (a) HUVECs were transfected with 

adenoviral GFP-occludin and infected with S. pneumoniae (S. p.) D39ΔcpsΔply at MOI 50 for 6 h. 

Simultaneously 192 U catalase was applied. White arrowheads point to gaps in monolayer. Bar 

represents 20 µm. Representative figures of three independent experiments are shown.               (b) 

HUVECs were grown on 8W10E ECIS arrays and infected with S. p. D39ΔcpsΔply at MOI 50 for 

8 h, where indicated 192 U catalase was added. Transcellular electrical resistance was 

continuously monitored and measured resistance was normalized to baseline resistance. Values 

represent the mean fold change ± SEM of six independent experiments. Statistical significance 

was tested at time point 8 h. ***p<0.001 versus control. 
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3.8 The hydrogen peroxide deficient S. pneumoniae 

D39ΔspxB mutant is unable to induce alterations of cell 

junction proteins in human lung tissue 

Since hydrogen peroxide impairs barrier function and catalase prevents 

pneumococci-induced gap formation in vitro, these results were consequently 

transferred to the ex vivo lung infection model hypothesizing that hydrogen 

peroxide is the major cause of pneumococci-induced alteration of cell junctions 

in human lungs. Hydrogen peroxide is produced by S. pneumoniae through the 

enzyme pyruvate oxidase (spxB) under aerobic growth conditions. Thus, 

human lung tissue was infected with 106 CFU · ml-1 S. pneumoniae D39 wild 

type and S. pneumoniae D39ΔspxB, a mutant lacking pyruvate oxidase, for 

24 h. Immunohistochemical staining of occludin and pneumococci revealed loss 

of occludin bands in S. pneumoniae D39 wild type infected human lung tissue, 

whereas S. pneumoniae D39ΔspxB infection did not alter occludin structure 

(Figure 3.27).  
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Figure 3.27: S. pneumoniae D39ΔspxB rescues pneumococci-induced alteration of 

occludin. Human lung tissue was infected with 106 CFU · ml-1 S. pneumoniae (S. p.) D39 and 

S. p. D39ΔspxB for 24 h. (a) Histological sections were probed for occludin (green), S. pneumoniae

(red) and nuclei (blue). White arrowheads point towards broken junctional bands.

Representative figures of three independent experiments are shown. Bar represents 10 µm.

Next, the role of S. pneumoniae-derived H2O2 in pneumococci-induced 

alteration of cell junction proteins was investigated in a quantitative way. To 

this end several cell junction proteins were analyzed by western blot in human 

lung tissue infected with S. pneumoniae D39 wild type with or without 

simultaneous application of catalase as well as infected with S. pneumoniae 

D39ΔspxB for 24 h. While infection with S. pneumoniae D39 wild type strongly 

reduced protein levels of VE-cadherin, occludin, ZO-1 and claudin-5 in human 

lung tissue, simultaneous application of catalase totally protected from protein 

disappearance.  
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Strikingly, the hydrogen peroxide deficient mutant S. pneumoniae D39ΔspxB 

did not cause any changes in protein abundance compared to the uninfected 

control. (Figure 3.28a, b). 

Figure 3.28: S. pneumoniae D39ΔspxB infection does not reduce protein levels of 

VE-cadherin, occludin, ZO-1 and claudin-5 in human lung tissue. (a) Representative 

western blots for VE-cadherin, occludin, ZO-1 and claudin-5. Actin was used as loading control. 

(b) Densitometric analysis of western blots from three independent experiments. Values

represent the mean fold change + SEM of infected samples compared to uninfected control,

calculated from the band intensity and normalized to actin. *p<0.05 versus control.
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4 DISCUSSION 

This study is segmented into two consecutive parts. Initially, the constitutive 

expression patterns of adherens junction protein VE-cadherin and tight 

junction proteins occludin, ZO-1 as well as claudin-2, -3, -4, -5 and -18 were 

characterized in human lung tissue using confocal laser scanning microscopy. 

Spectral imaging combined with linear unmixing was applied to distinguish 

between lung tissue autofluorescence and the signals of interest. Bronchiolar 

epithelium was tested positive for occludin, ZO-1, claudin-2, -3, -4, -5 and -18. 

However, occludin, ZO-1, claudin-5 and -18 were located merely at apical 

borders of bronchiolar epithelium and claudin-2, -3 and -4 were detected apical 

and lateral. Occludin and ZO-1 are expressed at the type I-type I cell interface 

as well as at the interface of type II alveolar epithelial cells whereas 

claudin-3, -4 and -18 are exclusively expressed at the interface of type II 

alveolar epithelial cells. Cell junctions in lung endothelial cells are formed by 

VE-cadherin, occludin, ZO-1, claudin-3 and claudin-5. The analyzed junction 

proteins appeared mostly as band-like structures connecting adjacent cells, 

exept for claudin-2 and claudin-4, which were recognized to appear in punctate 

structures.  

Subsequently, in an ex vivo infection model lung tissue samples were infected 

with S. pneumoniae, the most frequent pathogen of pneumonia. In pneumococci 

infected human lung tissue the loss of characteristic alveolar structure and 

significant reduction of protein abundance of VE-cadherin, occludin, ZO-1 as 

well as claudin-5 were demonstrated. Strikingly, tight junction proteins 

claudin-2, -3, -4 and -18 remained unchanged within 24 hours post infection. 

The alteration of junctional proteins and impaired barrier function are 

primarily not transcriptionally regulated. It is rather dependent on 

pneumococcal spxB-related hydrogen peroxide production, whereas 

pneumolysin seemed not to reduce the presence of the investigated cell junction 

proteins (Figure 4.1).  
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Figure 4.1: Proposed model of cell junctions in healthy and S. pneumoniae infected 

human lungs. In healthy lungs, heterogeneous expression patterns for VE-cadherin, occludin, 

ZO-1, claudin-2, -3, -4, -5 and -18 are observed in different areas. In infected human lung tissue, 

S. pneumoniae-derived hydrogen peroxide (H2O2) causes reduction of VE-cadherin, occludin,

ZO-1 as well as claudin-5 whereas claudin-2, -3, -4 and -18 remained unchanged within 24 hours

post infection. In vitro experiments indicate that alteration of cell junction proteins involves

destabilization of endothelial and epithelial barrier function resulting in gap formation.

4.1 Ex vivo cultivated human lung tissue explants as an 

infection model  

Most studies on pathophysiologic mechanisms of lung diseases are based on 

cultured cell lines and animal models. These models represent an integral part 

of current pneumonia research, but their obvious limitations should be 

considered [256, 257]. Immortalized pulmonary cell lines such as A549 cells 

often originate from cancer cells, thereby strongly differ from primary cells. 
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Cell passaging and adding of growth factors or fetal calf serum in cell culture 

can lead to dedifferentiation and mutation of cells resulting in the loss of cell-

specific characteristics [257]. Human pneumonia is modeled with experimental 

infection of mammals, most frequently mice. Mice and humans differ in many 

important issues relevant to lung infection, e.g. differences in structural 

anatomy and cellular composition of the murine respiratory tract [258, 259]. 

Whereas mouse lungs exhibit only 13-17 generations of respiratory 

bronchioles, the human respiratory tree branches over 23 generations. 

Additionally, mouse lungs have a relatively large airway lumen compared to 

humans [260]. Discrepancies in mouse and human innate immunity have also 

been reported, e.g. whereas neutrophils are a rich source of leukocyte-derived 

defensins in humans, no defensins are expressed by neutrophils in mice [261]. 

Another important aspect is the use of inbred mouse strains in research. The 

choice of a specific genetic background has long been known to influence the 

observed phenotype. On the other hand, in studies using human material the 

genetic diversity is reflected by the donor patients [262]. Therefore, principal 

investigation or the validation of results obtained from cell culture or animal 

models should be performed in original human material.  

One of the benefits of the human lung tissue model is the preservation of the 

complex threedimensional structure reflecting the different cell types of the 

human respiratory tract. In explant culture, cells are sourrounded by their 

extracellular matrix and their natural arrangement within the tissue 

correspond to in vivo conditions. Therefore, the interaction between different 

cell types, e.g. type I and type II alveolar epithelial cells, can be investigated 

whereas cell lines are composed of phenotypically identical cells. Nevertheless, 

the human lung infection model also has limitations. Since the recruitment of 

immune cells from the bloodstream can not be simulated, this model is not 

suitable for immunological issues. Furthermore, the nutritive nourishment 

and cleansing of the isolated tissue is severely restricted. The alveoli are 

neither ventilated nor are capillaries perfused. As a result, processes such as 

apoptosis or necrosis can be triggered that may influence the inflammatory 

response. However, analysis of 24 h cultivated naive human lung tissue showed 
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a slight increase of LDH release indicating only a marginal tissue damage 

(Figure 3.17d).  

The human lung explants in this study were received from patients undergoing 

lung resection. Although the lung tissue itself was tumor free, it originated 

most frequent from cancer patients that were by tendency elderly, prevalently 

exposed to cigarette smoke and/ or suffering from chronic obstructive 

pulmonary disease (COPD). Certain characteristics of human lung tissue may 

depend on clinical indicators and the medical condition of the patients. 

Although the influence of potential patient-customized factors on experiments 

cannot be excluded, statistically solid and reproducible results were obtained. 

Furthermore, the infection route in this model is only limited comparable to 

the human body. The pathogens enter the alveoli initially via the upper 

respiratory tract, the trachea and bronchioles. In contrast, in this model the 

bacteria are injected directly into the lung tissue. The bacteria reach the tissue 

structures and host cells from all sides, similarly as in the setup of a cell culture 

infection experiment. To provide evidence that the human lung tissue model 

supports S. pneumoniae replication and is able to identify mutants, growth 

kinetics of wild type as well as pneumolysin- and spxB-deficient S. pneumoniae 

strains were determined in tissue samples demonstrating strong bacterial 

replication within 8 and 24 h post infection (Figure 3.17b and data not shown). 

The human lung model used in this study with its variety of cell types and 

extracellular components facilitates the characterization of cell junction 

proteins during S. pneumoniae infection and constitutes a valuable model for 

the investigation of host-pathogen interactions within the human lung tissue. 

Particular aspects of infections with the pneumonia causing pathogens 

L. pneumophila [263], C. pneumoniae [264], H. influenzae [265], S. pneumoniae

[266] as well as influenza A virus [267] and Middle East respiratory syndrome

coronavirus (MERS-CoV) [268] have been analyzed in comparable systems. 

Nevertheless, studies involving human lung tissue explants remain the 

minority in pneumonia research. 
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4.2 Tissue autofluorescence – a soluble problem? 

The basic composition and three-dimensional structure of cell junction proteins 

in the human lung is widely unknown and studies addressing their alteration 

in inflamed human lung tissue are rare. Besides the restricted availability of 

vital human lung tissue for such research purposes, its high autofluorescence 

has previously hampered a detailed study of junctional organization by 

fluorescence-based microscopic methods. Autofluorescence is the natural light 

emission by certain cellular components and structures such as the 

extracellular matrix, lipopigments and mitochondria [269]. It poses substantial 

problems in fluorescence microscopy by interfering or even overpowering the 

signal from exogenous fluorophores used to stain specific proteins and areas in 

the tissue. Besides the prevalent autofluorescence of normal lung tissue, the 

intensity of its unique fluorescence spectra differs significant from diseased 

lung tissue [270, 271]. An additional problem is the fluorescent crosstalk due 

to the wide emission range of fluorophores [272]. Crosstalk or bleed-through 

occurs when two or more fluorescent markers are excited and imaged resulting 

in an overlap of their significant spectral profiles. To evade this problem, most 

studies providing histopathologic and immunohistological information on 

human lung tissue structure utilize labels such as alkaline phosphatase and 

horseradish peroxidase for protein detection. Subsequent analyzes are 

restricted to light or electron microscopy and a two-dimensional illustration 

[273–275].  

Therefore, in this study spectral imaging and linear unmixing were applied to 

discriminate between lung tissue autofluorescence and specific signals of the 

added artificial fluorophores. Initially, a three-dimensional data set is created 

that contains a collection of images of the same view field captured at different 

wavelengths. This spectral image stack (or lambda stack) gathered by the LSM 

780 microscope is the basis for the accompanying computational process 

performed with ZEN 2012 software. Thereby the mixed fluorophore spectra are 

separated into individual spectra. The individual fluorophore spectra, 

including the lung tissue autofluorescence, are then subtracted from the signal 

of interest. This approach has been performed for every added artificial 
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fluorophore to the histological section and the single unmixed images were 

finally merged. This technique allows multichannel fluorescence imaging in 

lung tissue e.g. simultaneous staining of a cell junction protein and a cell-

specific marker. For the first time, it was possible to determine and illustrate 

heterogeneous cell-specific expression patterns of cell junctions in the complex 

three-dimensional alveolar compartments by fluorescence microscopy.  

The discrimination between lung tissue autofluorescence and specific signals 

using spectral imaging and linear unmixing has recently successfully been 

applied to identify type II alveolar epithelial cells as principal target cell type 

of avian, porcine and human influenza A viruses [276, 277] and it revealed 

extensive alveolar infection of bronchiolar epithelial cells, type I as well as type 

II alveolar epithelial cells by MERS-CoV [278].  

4.3 Heterogeneous expression patterns of cell junction 

proteins in normal human lung tissue 

The investigation of cell junction proteins VE-cadherin, occludin, ZO-1 as well 

as claudin-2, claudin-3, claudin-4, claudin-5 and claudin-18 revealed 

heterogeneous expression patterns in various sections of the human lung. The 

analyzed distribution and structure were categorized in terminal and 

respiratory bronchiolar epithelium, alveolar epithelium and endothelium 

including larger blood vessels and capillaries. 

Expression patterns in the bronchioles 

Terminal as well as respiratory bronchiolar epithelium were tested positive for 

tight junction proteins occludin, ZO-1, claudin-2, -3, -4, -5 and -18. 

Furthermore, the expression patterns of these cell junction proteins differed 

within the distinct areas of the bronchiolar epithelium. Whereas occludin, 

ZO-1, claudin-5 and -18 were located at apical borders of bronchiolar 

epithelium, claudin-2, -3 and -4 were detected both in the apical and lateral 

region of cells.  
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ZO-1 and occludin were, in line with this study, previously outlined at apical 

borders of the bronchiolar epithelium in human lung tissue [273, 274, 279], but 

non of these studies revealed their appearance as junctional bands. They were 

rather described as dots or a short line. Only in primary human bronchiolar 

epithelial cells or cell lines a continuous band-like structure of ZO-1 as well as 

occludin was shown [280, 281]. In this study, the images are maximum 

intensity projections of a z-stack representing the entire 10 µm section of a 

histological slide. The merged 2D image of successive slices enables additional 

information about lung structure. Further processing to a three-dimensional 

reconstruction displays the complex grid-like structure of occludin covering 

bronchiolar epithelial cells maintaining its gate and fence function 

(Supplementary video 1). Studies comparing immunohistochemical claudin 

expression of normal and usual interstitial pneumonia or pulmonary fibrosis 

lungs from patients showed bronchiolar epithelial expression of 

claudin-1, -2, -3, -4, -5 and -7 in normal human lung tissue [282, 283]. To this 

date bronchiolar epithelial expression of claudin-18 was only found in mice or 

detected on mRNA level in human lung [206, 284].  

The herewith defined strong expression patterns of almost all of the 

investigated cell junctions (the only exception is endothelial specific 

VE-cadherin) at the apicolateral border of the bronchiolar epithelium may be 

associated with its barrier function. The bronchiolar epithelium primary 

functions as physical barrier defending the airways against the invasion of 

noxious substances [285]. Three essential components contribute to the barrier 

function of the bronchiolar epithelium: (i) the mucociliary escalators which trap 

and remove inhaled small particels and pathogens from the airways, (ii) 

secreted antimicrobial products that provide protection against a wide range 

of inhaled pathogens and (iii) intercellular tight and adherens junctions that 

regulate paracellular permeability [285, 286]. Maintaining the integrity of the 

bronchiolar epithelium could therefore be the principal reason for a strong and 

diverse expression of intercellular junctions as shown in this study.  
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Expression patterns in the alveoli 

Cell junctions in lung endothelial cells are formed by VE-cadherin, occludin, 

ZO-1, claudin-3 and claudin-5. Cell-specific costainings of the alveolar 

epithelial compartment revealed the expression of occludin and ZO-1 at the 

type I-type I cell interface as well as at the interface of type II alveolar 

epithelial cells whereas claudin-3, -4 and -18 are exclusively expressed at the 

interface of type II alveolar epithelial cells to neighboring cells. 

VE-cadherin is known to be strictly located at intercellular junctions of all 

types of endothelium [287], which could be verified also for human lungs in this 

study. Consequently, VE-cadherin was chosen as endothelial marker for the 

cell-specific expression analysis of further cell junction proteins. No differences 

in expression patterns for VE-cadherin were found between pulmonary blood 

vessels and capillaries in this study. In contrast, a heterogeneous vessel type-

specific expression pattern for VE-cadherin in human lungs was reported 

demonstrating a strong endothelial expression of VE-cadherin in arteries, 

arterioles, and capillaries but almost no expression in veins and venules [288]. 

Transmembrane occludin links via ZO-1 to the actin cytoskeleton thereby 

contributing to tight junction assembly and regulation [230]. The high level of 

colocalisation between occludin and ZO-1 observed in this study indicates that 

their known direct association [289] also exists in human lungs. Both, the 

illustration of the occludin-ZO-1 complex as well as the three-dimensional 

reconstruction of VE-cadherin and occludin expression (Supplementary video 

2) suggest that these cell junction proteins comprise a critical basic structural

element of the complex alveolar architecture within the human alveolus. 

The analyzed junction proteins formed mostly characteristic continuous 

junctional bands between adjacent cells. In contrast to that, a punctate 

distribution was found for claudin-2. The reports about claudin-2 expression in 

the lung are controversial. Claudin-2 is expressed in lung-derived cell lines and 

mouse lungs [290, 291], whereas some studies stated the absence of claudin-2 

in the alveolar compartment of normal human lung tissue [282, 283]. In this 

study the positive staining for claudin-2 in the alveolar epithelium and 

vascular endothelium was found to be of weak extent. Although it was found 
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at intercellular junctions, claudin-2 colocalized neither with the epithelial cell 

marker pan-cytokeratin (data not shown) nor with endothelial specific VE-

cadherin. Therefore, additional methods are needed to precisely define 

claudin-2 expression in the alveolus, e.g. by using superresolution structured 

illumination microscopy. Claudin-2 is deemed as an integral component of a 

tight junction pore pathway, permitting the transport of cations and small 

solutes [292]. However, evidence is provided that claudin-2 contributes to the 

regulation of epithelial sodium flux in the gut [293] and the kidney [209], but 

its role in lung homeostasis is still unknown. Claudin-3, -4 and -18 are 

exclusively found at the interface of type II alveolar epithelial cells to adjacent 

cells which is consistent with previous studies delineating junctional 

expression differences in healthy lung and lung diseases [282, 283]. 

Futhermore, a study investigating the protective effect of keratinocyte growth 

factor (KGF) on alveolar epithelial barrier found that primary rat alveolar 

epithelial cells express claudin-3, -4 and -18 and that enhanced alveolar barrier 

function does not require a change in claudin expression [294]. Claudin-5 

connects endothelial cells lining out the interior surface of capillaries and blood 

vessels, but it is not expressed in alveolar epithelium. It is classically thought 

to be an integral component of the vessel sealing cell junctions [295] including 

the lung [296] but its epithelial expression has also been observed in tumor 

cells [274]. 

4.4 Alteration of cell junction proteins in pneumococci-

infected human lung tissue  

Cell junctions function especially as barrier for pathogens and other exogenous 

components preventing their invasion into interstitial tissues and are therefore 

crucial for lung defense. A plethora of clinical studies has shown that 

pathogenesis of ARDS and sepsis include the influx of protein-rich fluid into 

the air spaces as a consequence of increased permeability of the pulmonary 

barrier leading to fatal lung edema formation [40, 297–299]. Experimental 

studies in animals and cultured cells strengthened the hypothesis that 

junctional disruption of the lung barrier significantly contributes to a 
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deleterious outcome [44–46]. So far, direct data addressing the effects on cell 

junction expression upon pneumococcal infection are missing [300].  

In S. pneumoniae infected human lung tissue loss of characteristic alveolar 

structure and significant reduction of protein levels of VE-cadherin, occludin, 

ZO-1 as well as claudin-5 were noted. In vitro studies and animal models have 

shown that disruption of VE-cadherin at endothelial cell junctions leads to a 

reduced endothelial barrier integrity and an increase of vascular permeability 

allowing the migration of inflammatory cells [301–304]. A recent study with 

human patient samples demonstrated a statistically significant reduction in 

VE-cadherin expression in ARDS-altered lungs compared to control tissue 

[305]. Notably, targeting claudin-5 dysregulation in HIV-induced interstitial 

pneumonitis and lung vascular injury by peroxisome proliferator-activated 

receptor-γ ligands suggested claudin-5 as an important marker for endothelial 

and microvascular barrier integrity [306]. VE-cadherin and claudin-5 

represent major components of endothelial barriers and are of primary 

importance for the stability of endothelial junctions. The reduced presence of 

VE-cadherin and claudin-5 in pneumococci-infected human lungs in 

conjugation with a diminished transcellular electrical resistance in primary 

endothelial cells, as shown in this study, may be considered as a major 

pathophysiological mechanism of increased vascular permeability in lung 

diseases such as pneumonia and their frequent complications sepsis, septic 

shock and ARDS.  

Since ZO-1 directly interacts with occludin, it can be speculated that the 

pneumococci-induced alteration of either of them leads to a dissociation of the 

occludin-ZO-1 complex and their subsequent detachment from the actin 

cytoskeleton. So far, a dissociation of the occludin-ZO-1 complex has been 

shown only in vitro. It was reported that oxidative stress-induced tyrosine 

phosphorylation of the occludin-ZO-1 complex results in cellular redistribution 

of the occludin-ZO-1 complex [307, 308]. Considered as a clinical risk factor for 

the development of ALI and ARDS, chronic alcohol ingestion leads to a 

decreased expression of occludin and ZO-1 in alveolar epithelial cells [309, 310]. 

Changes to tight junction protein expression in both epithelial and endothelial 
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cells result in a compromised ability to form completely functional tight 

junctions and thus impair the alveolar barrier.  

Tight junction proteins claudin-3, -4 and -18, which are exclusively expressed 

at the interface of type II alveolar epithelial cells, as well as claudin-2 remained 

unchanged at 8 and 24 hours post infection. Since other time points have not 

been analyzed, it can be speculated whether the expression of these cell 

junction proteins might also be affected e.g. 48 hours post infection. In usual 

interstitial pneumonia and sarcoidosis expression levels of 

claudin-1, -2, -3, -4, -5, -7 in metaplastic alveolar epithelium were strongly 

elevated compared to healthy lungs [282]. Immunhistochemical analyses of 

junction proteins in pulmonary fibrosis and normal human lungs revealed 

increased accumulation of claudin proteins, predominantly claudin-1 and -3, in 

the regenerative alveolar epithelium of pulmonary fibrosis lungs [283]. In the 

same study, enhanced mRNA levels of N-cadherin, β-catenin and E-cadherin 

were detected in diseased lungs compared to healthy control lungs. In 

accordance with its prominent junctional localization, in vitro studies support 

a barrier regulating role for claudin-3 [311], but lung-specific, conclusive 

studies are still lacking. Interestingly, although claudin-4 deficient mice 

displayed a normal physiological phenotype, they showed increased 

susceptibility to lung injury caused by hyperoxia or ventilator-induced lung 

injury [312]. Increased claudin-4 expression was suggested as a barrier-

protective response in ALI in mice [313], and its expression levels were 

positively correlated with the rate of alveolar fluid clearance in a model of ex 

vivo perfused human lungs [314]. Claudin-18 deficient mice display alveolar 

barrier dysfunction and impaired alveologenesis indicating an essential role in 

lung physiology and development [220, 221]. Although no alterations of 

claudin-2, -3, -4 and -18 in infected lung tissue were observed, further studies 

are needed to investigate if e.g. the functionality of claudin-4 with respect to 

alveolar fluid clearance is impaired in infected lungs. It could also be 

interesting whether other pneumonia causing pathogens such as 

L. pneumophila or influenza virus can also cause alterations of cell junctions
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in a hydrogen peroxide independent mechanism or whether distinct cell 

junctions would also remain unaffected by other pathogens.  

Another interesting finding that was apparent during immunohistochemical 

analysis in this study is that pneumococci did not affect any of the investigated 

cell junctions at the terminal and respiratory bronchiolar epithelium within 24 

hours of infection. Since not all analyzed samples that were infected with 

pneumococci contained bronchiolar epithelium, this finding remains 

preliminary. Similarly, the expression of claudin-2, -3, -4 and -5 in bronchiolar 

epithelium remained steady in idiopathic pulmonary fibrosis lungs [283]. The 

bronchiolar epithelium is a multiple stratified structure composed of a large 

variety of cells including ciliated, nonciliated, club cells as well as mucous-

secreting cells. The strong and diverse expression of intercellular junctions in 

bronchiolar epithelial cells as shown in this study could be the basis for 

maintaining the integrity of the bronchiolar epithelium and the robustness as 

a solid physical barrier that may defend pneumococcal attacks more effectively 

than the single-layered alveolar epithelium. Interestingly, no decreased mRNA 

levels for the analyzed cell junctions were found in infected samples arguing 

against a transcriptional down-regulation. Since in this model no invading 

inflammatory cells are present, the data presented here indicate that 

pneumococci per se may cause cell junction disassembly thereby paving the way 

for deleterious barrier dysfunction. However, in models studying the blood-

brain barrier alterations in gene expression of cell junctions have been shown. 

In a model of bacterial meningitis, infection with group B Streptococcus led to 

decreased transcript as well as protein abundance of occludin, ZO-1 and 

claudin-5 in human brain microvascular endothelial cells in a Snail1-

dependent mechanism contributing to blood-brain barrier disruption [315]. 

Furthermore, in an in vivo study rats were made acutely hypertensive by aortic 

constriction above the renal arteries. Investigating the mRNA expression of 

claudin-3, -5 as well as claudin-12 demonstrated significantly diminished 

levels of these claudins in response to hypertension suggesting that gene 

transcription alteration of tight junction proteins is the main mechanism 

leading to blood-brain barrier breakdown [316]. 
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4.5 Hydrogen peroxide – a key factor for junctional 

disruption during pneumococcal infection 

S. pneumoniae possesses a wide variety of virulence factors and among those

the pore forming toxin pneumolysin (PLY) and hydrogen peroxide are 

considered as important for the induction of severe pneumonia and lung barrier 

failure [84, 317].  

PLY causes severe pro-inflammatory activation of lung cells and is required for 

the development of severe pneumonia and bacterial survival in the blood [318, 

319]. Furthermore, several reports in animal and cell culture models suggest 

an important role of PLY for lung barrier disruption [83, 84]. In human lungs, 

PLY-deficient pneumococci were still able to cause loss of occludin and purified 

exogenous PLY alone did neither affect occludin structure nor its protein level. 

Although the biological activity of PLY was not tested here, both mentioned 

findings (no effect of PLY alone and loss of occludin upon infection with PLY-

deficient pneumococci) strongly argue against a relevant role of PLY in this 

setting. In addition, pneumococci impair epithelial as well as endothelial 

barrier function as evidenced by significant decreased transcellular electrical 

resistances independently of PLY in vitro. Overall, these data indicate that, at 

least with respect to occludin, PLY seems not to be the predominant factor 

causing junctional disruption in the human lung.  

Strikingly, hydrogen peroxide was identified as a key factor for cell junction 

disruption and impaired barrier function during pneumococcal infection. In 

vitro experiments revealed that exogenous hydrogen peroxide impairs barrier 

function in endothelial as well as epithelial cells and catalase prevents 

pneumococci-induced gap formation in endothelial cells. In ex vivo cultivated 

human lung tissue, pneumococci deficient for hydrogen peroxide production 

failed to induce the loss of junctional proteins VE-cadherin, occludin, ZO-1 as 

well as claudin-5 and catalase protects junctional architecture when infected 

with wild type pneumococci. In line with this, previous studies reported redox 

sensitivity of occludin [320–322] including the dissociation of occludin from 

ZO-1 [307]. Hydrogen peroxide has been shown to increase the phosphorylation 
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of occludin serine residues mediated by activation of p38 and ERK-1/-2 

signaling pathways [321, 322]. Additionally, oxidative stress induces 

disruption of tight junctions and a decrease in transepithelial electrical 

resistance resulting from tyrosine phosphorylation of occludin and ZO-1 [307, 

308]. It was moreover demonstrated that tyrosine phosphorylation of occludin 

reduces its ability to bind ZO-1 [323]. It can be speculated if the pneumococci-

induced alteration of cell junctions in this study is induced or caused by cell 

junction phosphorylation as well. Interestingly, a hydrogen peroxide-induced 

rearrangement of occludin and ZO-1 accompanied by formation of actin stress 

fibers has also been shown in bovine brain microvascular endothelial cells 

[324].  

The pyruvate oxidase (spxB) is responsible for the endogenous hydrogen 

peroxide production by the pneumococcus [96]. Notably, spxB-defective 

mutants showed reduced virulence in animal models for nasopharyngeal 

colonization, pneumonia and sepsis [96]. It was reported that intratracheally 

challenge of mice with spxB-deficient pneumococci resulted in significant 

reduced outgrowth in the blood and less lung damage compared to mice 

infected with wild type bacteria suggesting that hydrogen peroxide production 

by pneumococci promotes barrier dysfunction in vivo [318]. A recent study 

supports these findings showing that spxB-deficient pneumococci were 

significantly less toxic compared to wild type bacteria in vivo proposing a key 

role for S. pneumoniae-derived hydrogen peroxide in pneumonia pathogenesis 

[325]. In vitro studies, in accordance with this study, showed that disruption of 

junctional occludin expression due to hydrogen peroxide exposure was reversed 

by catalase [326]. Furthermore, superoxide dismutase 1 mutations reduced the 

levels of occludin, ZO-1 and claudin-5 between endothelial cells in mice [327]. 

Besides this oxidative stress in lungs which is directly attributable to the 

pneumococci [317], the massive recruitment of polymorphonuclear leukocytes 

in pneumococcal pneumonia and subsequent respiratory burst of these cells 

may further impact on junctional dysfunction in vivo [328]. 

The data obtained in this study support these studies generally and augment 

the findings for ex vivo cultivated human lung explants. Although the 
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mechanism leading to the alteration of cell junctions by hydrogen peroxide 

remains unclear, possible explanations are discussed. In general, hydrogen 

peroxide is a reactive oxygen species which can mediate the oxidation of amino 

acids in proteins. The investigated cell junctions, except for ZO-1, are 

transmembrane proteins with two extracellular loops that are accessible to 

nucleophilic attacks. Therefore, hydrogen peroxide could oxidize redox 

sensitive cell junctions directly or may influence different redox sensitive 

signal transduction pathways that modify the expression and localization of 

cell junctions [329]. Subsequently, the damaged cell junction proteins may be 

internalized and degraded within the host cell as shown before for VE-cadherin 

particularly [330, 331]. This hypothesis could be tested for the human lung 

infection model using proteasome inhibitors in further studies. An in vitro 

study showed that inhibition of the proteasome with lactacystin and MG132 

stabilizes junctional proteins and prevents cell-cell dissociation [332]. The 

endocytosis and recycling of internalized tight junctions as a result of 

inflammation [333, 334] seems rather be unlikely as a potential mechanism 

followed by junction alteration in this study. The recycling of internalized cell 

junctions would not lead to diminished protein levels of the respective cell 

junctions as shown here.  

4.6 Conclusions and further outlook 

This study highlights the complex nature of alveolar junctional organization 

and points out that pneumococci attack these structures by hydrogen peroxide 

potentially to drive invasion. Hydrogen peroxide might therefore be 

therapeutically targetable in pneumococcal pneumonia to prevent septic 

dissemination.  

The airway epithelium naturally possesses an effective antioxidant defense 

system including gluthathione, vitamins, uric acid, β-carotene and enzymatic 

antioxidants such as superoxide dismutase and catalase [335]. Antioxidants 

counteract the deleterious consequences of reactive oxygen species such as 

hydrogen peroxide on cell junctions to maintain their barrier functions. The 

antioxidant glutathione is present in lower airway fluid and detoxificates 
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reactive oxygen species such as hydrogen peroxide [336, 337]. In addition to a 

conventional treatment with antibiotics, an adjunctive therapy with 

gluthathione may reduce the pathogenesis from simple community-acquired 

pneumonia to severe pneumonia with a deleterious barrier malfunction. Griese 

et al. showed that, using a new inhalation device with high efficacy, basically 

glutathione treatment of the lower airways is feasible in patients [338]. 

Resveratrol is an antioxidant which has been shown to induce intracellular 

gluthathione synthesis in lung epithelial cells [339] and is able to prevent 

pneumococci-related oxidative stress induction in airway epithelial cells [317]. 

Therefore, resveratrol might be a second adjuvant treatment option for 

improving clinical outcomes from pneumococcal pneumonia. Both 

antioxidants, glutathione and resveratrol, are already commercially available 

and randomly used in dietary supplements.  

Additionally, the feasibility of targeting certain cell junctions to improve 

barrier function and prevent fatal pulmonary edema has to be examined to 

identify additional suitable targets. Overall, this study contributes to the 

characterization of cell junctions in the human lung. The effects on cell 

junctions during S. pneumoniae infection will prove to be an essential 

pathophysiologic mechanism leading to impairment of alveolar barrier 

function and therefore provides an important foundation for understanding the 

pathogenesis of lung diseases. 
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6 APPENDIX 

6.1 Supplementary videos 

A digital versatile disc is supplemented at the back of the book cover and 

contains Supplementary video 1, Supplementary video 2, Supplementary 

video 3, Supplementary video 4 as well as Supplementary video 5. The 

supplementary video legends are depicted in the following. 

Supplementary Video 1. Histological sections of bronchiolar sections of 

human lung tissue were probed for occludin (green) and nuclei were 

counterstained with DAPI (blue). Z-stack of a 10 µm section was surface 

rendered and movie was designed using ZEN 2011. 

Supplementary Video 2. Histological sections of human lung tissue were 

probed for occludin (green) and VE-cadherin (red), nuclei were counterstained 

with DAPI (blue). Z-stack of a 10 µm section was surface rendered and movie 

was designed using ZEN 2011. 

Supplementary Video 3. HUVECs were transfected with adenoviral 

GFP-occludin (green) and live cell imaging was applied. Representative video 

of three independent experiments is shown.  

Supplementary Video 4. HUVECs were transfected with adenoviral 

GFP-occludin (green), infected with S. pneumoniae D39ΔcpsΔply at MOI 50 for 

6 h and analyzed with live cell imaging. Representative video of three 

independent experiments is shown.  

Supplementary Video 5. HUVECs were transfected with adenoviral 

GFP-occludin (green) and infected with S. pneumoniae D39ΔcpsΔply at MOI 50 

for 6 h. Simultaneously 192 U catalase was applied and slide was analyzed 

with live cell imaging. Representative video of three independent experiments 

is shown. 
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