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1   Summary  
 

Pneumonia is a serious, life-threatening lung infection often caused by infection with Streptococcus 

pneumoniae and Pseudomonas aeruginosa and mainly characterized by an inflammation of the alveoli 

leading to various pathophysiologies such as respiratory failure, acute respiratory distress syndrome and 

sepsis. Severe epithelial dysfunction is one major hallmark throughout the pathophysiological progress 

of bacterial pneumonia. Many of the mediators (e.g., TNF-, IL-6R) and junction and adhesion 

molecules (e.g., E-cadherin, JAM-A) orchestrating inflammatory cell recruitment and loss of barrier 

integrity are proteolytically cleaved through a disintegrin and metalloproteinases (ADAMs), especially 

ADAM10 and ADAM17. ADAM10 and ADAM17 showed to be essential control elements during 

several infectious diseases, which make them suitable and promising therapeutic target. However, the 

cell-specific regulation and function during lung infection is still poorly understood.  

Employing western blot, surface expression analysis, and cell-based assays revealed that the protein 

expression, maturation, and activation of ADAM10 and ADAM17 in epithelial cells are upregulated 

upon infection with Pseudomonas aeruginosa and stimulation with Exotoxin A, without any impact of 

infection by Streptococcus pneumoniae, respectively. Notably, the experiments with heat-inactivated 

bacteria suggest that the activation of ADAM10 and ADAM17 is attributed to the toxin repertoire rather 

than the mere interaction with the bacterial particle itself. In addition, pharmacological targeting and 

gene silencing of ADAM10 and ADAM17 showed that this activation is critical for the cleavage of E-

cadherin and junctional adhesion molecule-A and epithelial cell survival, both modulating barrier 

integrity, as well as epithelial regeneration, leukocyte adhesion and transepithelial migration. 

Furthermore, Pseudomonas aeruginosa induced the release of ADAM10 but not ADAM17 on 

exosomes, which were able to perform proteolytic cleavage in trans (on distinct cells).  

The second part of this thesis focused on the role of leukocytic ADAM10 and ADAM17 in pulmonary 

infection. For these investigations, the analysis of patient samples, an in vivo Pseudomonas aeruginosa 

pneumonia model and detailed in vitro mechanistic studies were combined. Patients with bacterial 

pneumonia and Covid-19 patients showed a severity-dependent activity of ADAM10 and ADAM17 on 

serum exosomes. Based on the murine pneumonia model and infection of human leukocytes, it could be 

assumed that the induced release of ADAM10 and ADAM17 carrying exosomes was mainly caused by 

leukocytes. Furthermore, ADAM10 and ADAM17 distinctively regulated leukocyte recruitment to the 

alveolar space and the lung tissue, edema formation, cytokine release, macrophage polarization, reactive 

oxygen formation, bacterial clearance and sepsis severity during Pseudomonas aeruginosa infection. 

Thus, ADAM10 and ADAM17 in epithelial cells and leukocytes are critical regulatory elements of 

bacterial and viral pneumonia. These results highlight the significance of ADAM10 and ADAM17 as 

proposals for new prognostic and therapeutic tools that need to be addressed in further preclinical and 

translational studies.  
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1 Zusammenfassung 

Lungenentzündung ist eine schwere, lebensbedrohliche Lungeninfektion, die häufig durch eine 

Infektion mit Streptococcus pneumoniae und Pseudomonas aeruginosa verursacht wird und 

hauptsächlich durch eine Entzündung der Lungenbläschen gekennzeichnet ist, die zu verschiedenen 

Pathophysiologien wie Atemversagen, akutem Atemnotsyndrom und Sepsis führt. Eine schwere 

Epitheldysfunktion ist ein Hauptmerkmal des pathophysiologischen Verlaufs der bakteriellen 

Pneumonie. Viele der Mediatoren (z. B. TNF- , IL-6R) sowie Verbindungs- und Adhäsionsmoleküle 

(z. B. E-Cadherin, JAM-A), die für die Rekrutierung von Entzündungszellen und den Verlust der 

Barriereintegrität verantwortlich sind, werden proteolytisch durch A-Disintegrin- und 

Metalloproteinasen (ADAMs), insbesondere ADAM10 und ADAM17, gespalten. ADAM10 und 

ADAM17 haben sich bei verschiedenen Infektionskrankheiten als wesentliche Steuerungselemente 

erwiesen, was sie zu einem geeigneten und vielversprechenden therapeutischen Ziel macht. Die 

zellspezifische Regulierung und Funktion während einer Lungeninfektion ist jedoch noch nicht 

ausreichend geklärt. 

Western Blot, Oberflächenexpressionsanalysen und zellbasierte Assays zeigten, dass die 

Proteinexpression, Reifung und Aktivierung von ADAM10 und ADAM17 in Epithelzellen bei einer 

Infektion mit Pseudomonas aeruginosa bzw. einer Stimulation mit Exotoxin A hochreguliert werden, 

ohne dass eine Infektion mit Streptococcus pneumoniae eine Rolle spielt. Insbesondere die Experimente 

mit hitzeinaktivierten Bakterien deuten darauf hin, dass die Aktivierung von ADAM10 und ADAM17 

eher auf das Toxinrepertoire als auf die bloße Interaktion mit dem bakteriellen Partikel selbst 

zurückzuführen ist. Darüber hinaus zeigten pharmakologisches Targeting und Gen-Silencing von 

ADAM10 und ADAM17, dass diese Aktivierung für die Spaltung von E-Cadherin und Junctional 

Adhesion Molecule-A und das Überleben von Epithelzellen entscheidend ist, die beide die Integrität der 

Barriere sowie die epitheliale Regeneration, die Leukozytenadhäsion und die transepitheliale Migration 

beeinflussen. Darüber hinaus induzierte Pseudomonas aeruginosa die Freisetzung von ADAM10, aber 

nicht von ADAM17 auf Exosomen, die in der Lage waren, proteolytische Spaltungen in trans (auf 

verschiedenen Zellen) durchzuführen. 

Der zweite Teil dieser Arbeit befasste sich mit der Rolle von leukozytärem ADAM10 und ADAM17 

bei Lungeninfektionen. Für diese Untersuchungen wurden die Analyse von Patientenproben, ein in vivo 

Pseudomonas aeruginosa-Pneumoniemodell und detaillierte in vitro mechanistische Studien kombiniert. 

Patienten mit bakterieller Lungenentzündung und Covid-19-Patienten zeigten eine vom Schweregrad 

abhängige Aktivität von ADAM10 und ADAM17 auf Serumexosomen. Basierend auf dem 

Mauspneumoniemodell und der Infektion menschlicher Leukozyten konnte angenommen werden, dass 

die induzierte Freisetzung von ADAM10 und ADAM17 tragenden Exosomen hauptsächlich durch 

Leukozyten verursacht wurde. Darüber hinaus regulierten ADAM10 und ADAM17 die Rekrutierung 

von Leukozyten in den Alveolarraum und das Lungengewebe, die Ödembildung, die Freisetzung von 
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Zytokinen, die Makrophagenpolarisierung, die Bildung von reaktivem Sauerstoff, die bakterielle 

Clearance und den Schweregrad der Sepsis während einer Infektion mit Pseudomonas aeruginosa in 

besonderer Weise. Somit sind ADAM10 und ADAM17 in Epithelzellen und Leukozyten entscheidende 

regulatorische Elemente der bakteriellen und viralen Lungenentzündung. Diese Ergebnisse 

unterstreichen die Bedeutung von ADAM10 und ADAM17 als Vorschläge für neue prognostische und 

therapeutische Instrumente, die in weiteren präklinischen und translationalen Studien untersucht werden 

müssen. 
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2   Introduction 

2.1 Pneumonia 

Pneumonia is a pathological condition of the lower respiratory tract that frequently leads to acute lung 

injury and acute respiratory distress syndrome (ARDS). This respiratory infection typically involves 

inflammation of the lung parenchyma, which is frequently caused by respiratory viruses, Gram-negative 

or Gram-positive bacteria, and, on a global scale, mycobacteria. Bacterial pneumonia is classified as 

either "community-acquired" or "hospital-acquired" pneumonia (CAP or HAP), depending on the 

context in which the disease was acquired (Aliberti et al., 2021; Long et al., 2022). CAP is an acute 

lower respiratory tract infection that arises outside the hospital setting, presenting with different degrees 

of severity, from mild fever and cough to severe pneumonia with sepsis, acute respiratory failure, and 

ARDS (Aliberti et al., 2021). Excluding Sars-CoV-2, approximately 1.5 million adults in the U.S.A. are 

hospitalized with CAP annually (Ramirez et al., 2017). A population survey conducted from 2010 to 

2012 revealed a yearly incidence of CAP requiring hospitalization of roughly 24.8 cases per 10,000 

adults, with 21% of those patients requiring intensive care and an overall mortality rate of 2% (Jain et 

al., 2015). Aging is a significant risk factor for severe CAP requiring hospitalization, with an  incidence 

of 63 per 10,000 adults in the age of 65-79 years, which increases to 164.3 per 10,000 in those over the 

age of 80 (Jain et al., 2015). In contrast, HAP and ventilation-associated pneumonia are infections that 

develop two or more days after hospital admission and mechanical ventilation initiation, respectively 

(Luyt et al., 2018). The burden of HAP is estimated to affect around 1.5% of all hospital admissions in 

the U.K., although the global prevalence of HAP remains incompletely understood (Ewan et al., 2017). 

Bacterial pathogens are common culprits of both CAP and HAP, with Streptococcus pneumoniae (S. 

pneumoniae) being the most prevalent. To counteract its spread, vaccination strategies have been 

implemented, leading to a replacement of colonizing serotypes (Lannes-Costa et al., 2021). However, 

while such prevention measures have had some success, a more significant global issue lies in the 

evolution of multi-drug resistance (MDR) in bacterial pathogens. Indeed, the emergence of MDR poses 

increasing clinical challenges, particularly in the context of HAP. While numerous bacterial species 

have developed MDR, the World Health Organization has identified the ESKAPE pathogens, including 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa (P. aeruginosa), and Enterobacter species, as a top priority for concern (De 

Oliveira et al., 2020).  

 

2.1.1 Pseudomonas aeruginosa 

Bacterial pathogens often have multiple virulence factors that enable them to evade or disrupt host 

defense mechanisms and especially the innate immune system. For instance, P. aeruginosa utilizes a 

single flagellum and type IV pili, which facilitate its motility and attachment to epithelial cells, and 
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soluble virulence factors released by different secretion systems. P. aeruginosa is a Gram-negative 

bacterium with MDR property that can opportunistically infect immunocompromised patients suffering 

from, e.g., cancer or chronic obstructive pulmonary disease (Cendra, Torrents, 2021; Rossi et al., 2021). 

P. aeruginosa has been predominantly developed to be an etiological agent of HAP with a 30-40% 

attributable mortality rate (Ware, Matthay, 2000). The initial immune response is mediated by the 

interaction with the epithelial toll-like receptors (TLRs), particularly, TLR2, TLR4 and TLR5, through 

recognition of bacterial flagellin (Feuillet et al., 2006). However, poor prognostic signs and symptoms 

during P. aeruginosa induced pneumonia are mainly linked to cytotoxic effects and destruction of the 

barrier integrity, finally resulting in sepsis development (Wagener et al., 2021). Paracellular 

permeability is regulated through tight junction and adherence junction proteins such as junctional 

adhesion molecule A (JAM-A), claudins, E-cadherin and beta-catenin (Azghani et al., 1993; Cott et al., 

2016; Schneeberger, Lynch, 2004; Van Itallie, Anderson, 2004; Vikstrom et al., 2009). Destruction of 

those junctions permits pathogens and other macromolecules to diffuse between adjacent cells and, 

therefore, through the epithelium. Due to the thin layer of epithelial cells in the alveoli, the pulmonary 

system has been shown to be highly vulnerable to P. aeruginosa and its released toxins compared to the 

gut or skin epithelium (Wagener et al., 2021), finally leading to damage of the endothelial layer and 

sepsis formation.  

Virulence factors of P. aeruginosa establish contractile forces to disrupt the intercellular connections 

resulting in gap formation and increased protein permeability. Most P. aeruginosa released toxins are 

derived from type 2 and type 3 secretion systems (T2SS and T3SS) (Filloux, 2011). One major virulence 

factor released by T2SS is Exotoxin A, which belongs to the mono-ADP-ribosyltransferase family (Liu, 

1974). The ADP-ribosylation process inactivates the eukaryotic elongation factor-2 (eEF-2) on the 

ribosomes leading to apoptotic-induced cell death (Chang, Kwon, 2007). It has been shown that 80% of 

P. aeruginosa isolates produce Exotoxin A, with three times higher mortality rate compared to non-

Exotoxin A producing strains (Cross et al., 1980). Cytoskeleton remodeling induced by Exotoxin A 

impairs wound healing and increases protein permeability (Azghani, 1996; Heggers et al., 1992). 

Pneumonia induced by a P. aeruginosa-Exotoxin A mutant was associated with less bacterial burden in 

lung tissues and lower cytokines release in the alveolar space relative to wildtype strain (Schultz et al., 

2001). Interestingly, the immunization of mice with a DNA vaccine encoding for P. aeruginosa-

Exotoxin A improved immunity and prevented lethal infection (Shiau et al., 2000). Furthermore, 

Exotoxin A induces intrinsic and extrinsic programmed cell death (Wood et al., 2023).  

P. aeruginosa also possesses a T3SS encoding the effector proteins ExoS, ExoT, ExoY, and ExoU 

(Hardy et al., 2021). ExoU induces rapid epithelial cytotoxicity, and P. aeruginosa strains expressing 

ExoU have been associated with more severe pneumonia and adverse outcomes (Faure et al., 2014; 

Hardy et al., 2021). ExoS and ExoT are two of the earliest identified bifunctional T3 effectors found in 

P. aeruginosa that possess both GTPase activating protein and ADP-ribosyltransferase activity. The 

activities of these effectors trigger a cascade of harmful events in the host cell cytoskeleton, which 
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ultimately results in cytotoxicity (ExoS) or cytoskeletal rearrangements that limit phagocytosis (ExoT) 

(Barbieri, Sun, 2004; Hauser, 2009). ExoY, on the other hand, is a promiscuous nucleotidylyl cyclase, 

which disrupts the inter-endothelial gap junctions that facilitate communication between cells. This 

disruption promotes hyperphosphorylation and the subsequent release of tau and amyloid-β, two 

proteins that are implicated in neurodegenerative diseases (Hardy et al., 2021). 

Besides the direct cytotoxic effects, TLR signaling and downstream signaling of toxin action induce an 

inflammatory response of the epithelial layer, resident lung macrophages, and newly recruited 

leukocytes. The binding of Pathogen-Associated Molecular Patterns (PAMPs) or Damage-Associated 

Molecular Patterns (DAMPs) to TLRs on the cells activates Nuclear Factor κB signaling. This, in turn, 

prompts the expression and the release of proinflammatory mediators such as cytokines and chemokines, 

which is vital for instigating immune and inflammatory responses (Jouault et al., 2022). In addition, the 

toxins repertoire of P. aeruginosa increases the levels of interleukin-1α (IL), IL-1β, IL-6, IL-8 which is 

important for prompt bacteria killing and eradication of infection (Wood et al., 2023).  

 

2.1.2 Inflammation  

Inflammation is a biological response of the body's immune system to an internal or external source of 

injury or infection. This process involves the activation of various cell types such as epithelial cells, 

endothelial cells and immune cells to protect the inflamed area and eliminate the causing insult (Chen 

et al., 2018). The hallmarks of inflammation are redness, warm sensation, edema, and pain which is a 

consequent of increased blood flow to the site of inflammation. Thereby, more oxygen and nutrients are 

supplied improving the healing process, and leukocytes migrate and release different cytokines and 

chemokines to coordinate the immune response (Fioranelli et al., 2021; Hannoodee, Nasuruddin, 2022). 

However, overshooting inflammation or an ineffective immune response result in damage of the healthy 

tissue and progression of the diseases (Levi, 2010; Sherwood, Toliver-Kinsky, 2004). 

The initial phase of the inflammatory response to an infection is the recognition of the exogenous 

pathogen by immune cells, mainly through pattern recognition receptors (PRRs) (Gulati et al., 2018; 

Janeway, 1989). PRRs are present on the surface of immune cells such as macrophages, dendritic cells, 

and natural killer cells and are responsible for detecting specific molecular patterns that are derived from 

different pathogens (Mogensen, 2009). These patterns, known as PAMPs, are conserved among 

pathogens and essential for their survival and replication (Kumar et al., 2011). One of the most well-

known PRRs is the TLR family. TLRs are found on the surface of immune cells and recognize a wide 

range of PAMPs, including lipopolysaccharides (LPS) found in the outer membrane of Gram-negative 

bacteria, flagellin from bacterial flagella, and double-stranded RNA from viruses (Kumar, 2022; Vijay, 

2018). Recognition of a PAMP by a TLR triggers a signaling cascade that leads to the activation of the 

immune cell and the initiation of an immune response. Moreover, the activation of TLR results in a 

release of several cytokines and chemokines such as tumor necrosis factor alpha (TNF-α), IL-1, IL-6 or 
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the monocyte chemoattractant protein 1 (MCP-1/CCL2), which promote signals to attract and activate 

other immune cells, such as neutrophils and monocytes (Chen et al., 2018; Medzhitov, 2008). 

The recruitment of leukocytes during inflammation involves several key steps. Activation of vascular 

endothelium induces degradation of junctional molecules such as JAM-A, which promotes vascular 

permeability and facilitates leukocyte extravasation (Leick et al., 2014; Medzhitov, 2010). 

Subsequently, the leukocytes adhere to the activated endothelium, enhanced by the increased expression 

of adhesive molecules, such as E-selectin and P-selectin, integrins, intercellular adhesion molecule 1 

(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) on the cell surface (Muller, 2003, 2011; 

Nourshargh et al., 2006). Once the leukocytes have adhered to the walls of the blood vessels, they are 

directed to the site of inflammation through a process known as chemotaxis (Hordijk, 2016). 

Chemokines, which are secreted by the activated immune cells, epithelial cells and endothelial cells, 

serve as attractants for leukocytes and direct their migration towards the site of inflammation (Adams, 

Lloyd, 1997). The next step in the recruitment of leukocytes is their activation and aggregation at the 

site of inflammation, which initiates the transmigration through the endothelium into the inflamed tissue 

(Muller, 2013). This allows the leukocytes to phagocytose and eliminate the harmful stimuli, such as 

bacteria, viruses, or other pathogens (Figure 2.1).  

 

2.1.3 Phagocytosis and reactive oxygen species generation  

Phagocytosis is a process by which cells internalize foreign particles or microorganisms, such as bacteria 

and viruses, for destruction and degradation. Phagocytosis is carried out mainly by macrophages, 

monocytes and neutrophils (Aderem, 2003; Gordon, 2016; Rosales, Uribe-Querol, 2017). The 

phagocytosis process begins with the recognition of foreign particles by phagocytes in an opsonin-

dependent or independent manner (Gordon, Rice, 1988). Opsonization is the process by which a foreign 

particle is coated with proteins that enhance its recognition and internalization by phagocytes (Rosales, 

Uribe-Querol, 2017). These proteins, called opsonins, include immunoglobulins (IgGs), complement 

components, and collectins. Opsonins bind to specific receptors on the phagocyte, such as Fc (fragment 

crystallizable) receptors and complement receptors (CR1, CR3, CR4), and facilitate phagocytosis by 

increasing the specificity and efficiency of the phagocytic process (Jaumouille, Grinstein, 2011; 

Nimmerjahn, Ravetch, 2011; Uribe-Querol, Rosales, 2020). On the other hand, Opsonin-independent 

phagocytosis occurs through the recognition of PAMPs on the surface of pathogens, such as LPS on the 

surface of Gram-negative bacteria and lipoteichoic acids on the surface of Gram-positive bacteria, by 

phagocytes through PRRs like TLRs (Medzhitov, 2001; Tricker, Cheng, 2008). The specificity of the 

TLR-PAMP interaction is critical for the proper initiation of phagocytosis. For example, TLR2 

recognizes a broad range of PAMPs, including peptidoglycans, lipopeptides, and zymosan, which are 

all components of the cell walls of various pathogens. In contrast, TLR4 is highly specific for LPS, and 

its activation by other PAMPs is much weaker (Medzhitov, 2001; Tricker, Cheng, 2008). 
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Figure 2. 1: Schematic representation of the inflammatory process.  

The invading pathogen enters the body by attaching to the respiratory epithelium stimulating the release of cytokines and 

chemokines. This results in further recruitment of leukocytes such as neutrophils, monocytes and macrophages from the 

blood to the site of inflammation. these recruited leukocytes roll, adhere and transmigrate through the vascular endothelium 

to the site of inflammation.  

 

 

Upon recognition of the foreign particle, the phagocyte undergoes a series of changes in shape and 

behavior, resulting in the formation of a phagosome (Aderem, Underhill, 1999). This structure is created 

by the invagination of the plasma membrane around the particle, enclosing it in a vesicle. The 

phagosome then moves towards the center of the cell and fuses with lysosomes, which contain hydrolytic 

enzymes that degrade cellular waste and the invaded pathogen (Lee et al., 2020; Tjelle et al., 2000). The 

fusion of the phagosome and lysosome forms a phagolysosome, which serves as a site for the 
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degradation of the engulfed particle (Figure 2.2). The phagolysosome is characterized by various 

hydrolytic enzymes, such as proteases, lipases, and nucleases, which degrade the foreign particle. In 

addition, the phagolysosome has a low pH, which creates a hostile environment for microorganisms and 

helps to inactivate virulence factors (Lee et al., 2020; Pauwels et al., 2017).  

The phagolysosome is a highly reactive environment containing reactive oxygen species (ROS) that can 

destroy the engulfed pathogen (Robinson, 2008). Despite that the specific role of ROS in pathogen 

killing process is still debated. On the one hand, ROS damage the microbe's membrane and other 

structures directly. Furthermore, ROS participate in the activation of other antimicrobial mechanisms, 

such as the secretion of antimicrobial peptides and the recruitment of excessive phagocytic cells to the 

infection site (Mittal et al., 2014). However, the excessive production of ROS can also decrease the 

survival of the phagocytic cell, resulting in oxidative stress and damage of the cellular structures (Siraki, 

2021). Therefore, ROS generation in response to an infection is tightly regulated to maintain balance 

between effective antimicrobial activity and cellular protection. Myeloperoxidase (MPO) has been given 

a prominent role in ROS activity, constituting 5% of the neutrophil's dry mass and mainly located in 

lysosomal azurophilic granules. MPO catalyzes the reaction of H2O2 with chloride ions (Cl−) to form 

hypochlorous acid (HOCl), which destroys the microbes within the phagolysosome (Dupre-Crochet et 

al., 2013). On the tissue level, macrophages and neutrophils generate an increased amount of ROS at 

the site of inflammation, which participates to endothelial dysfunction and tissue damage (Dupre-

Crochet et al., 2013). Thus, ROS serve as a key signaling messenger, mediating a significant influence 

on the development and progression of the inflammation.  Interestingly, most of the mentioned 

molecules involved in the different stages of the inflammatory process, such as cytokines, chemokines, 

junction and adhesion molecules, exist as transmembrane protein on the cell surface. A significant 

number of these molecules can be released from the cell surface by the action of a disintegrin and 

metalloproteinases (ADAMs) family (Dreymueller et al., 2012b). In addition, members of ADAM 

proteases contribute to cellular differentiation and immune modulation, such as phagocytosis and ROS 

generation (Aljohmani, Yildiz, 2020). 
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Figure 2. 2: phagocytosis process.  

Surface receptors recognize and engulf bacteria in a process called phagocytosis. The phagosome fuses with a lysosome to 

form a phagolysosome, where the bacteria are broken down by ROS and degradative enzymes. The resulting fragments are 

then released from the cell via exocytosis. 

 
 

2.2 ADAMs  

ADAMs are type 1 transmembrane proteins characterized by a multidomain structure that includes a 

removable pro-domain, an N-terminal zinc ion-dependent metalloproteinase domain, followed by a 

disintegrin-like domain, an epidermal growth factor-like domain, a cysteine-rich domain, a 

transmembrane domain, and finally a cytoplasmic domain (figure 2.3) (Giebeler, Zigrino, 2016). The 

metalloproteinase domain contains the metzincin sequence HEXXHXXGXXH, which is required for 

the catalytic activity upon removal of the pro-domain. The disintegrin-like domain is involved in cell 

adhesion and interaction with integrins, while the cysteine-rich domain is involved in the 

characterization of the C-shape of the protease as well as the recognition of substrates and regulation of 

the proteolytic activity (Edwards et al., 2008; Seegar, Blacklow, 2019). While the epidermal growth 

factor-like domain has no clear structure and function, the cytoplasmic domain regulates the subcellular 

localization and maturation of the proteases, cell signaling and the metalloproteinase activity (Seals, 

Courtneidge, 2003). ADAMs are predominantly synthesized in the rough endoplasmic reticulum (ER) 

as a proform, where the pro-domain blocks the metalloproteinase domain. Maturation of ADAMs occurs 

in the late Golgi compartment through the removal of the pro-domain and translocation to the surface 

to perform the catalytic activity (Hougaard et al., 2000; Lum et al., 1998; Roghani et al., 1999).  
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Figure 2. 3: Schematic representation of a disintegrin and metalloproteinase (ADAM) protease.  

ADAMs are type 1 transmembrane proteins characterized by a multidomain structure and several functions in cell biogenesis, 

cell migration and inflammation mediated by the catalytic and noncatalytic activity of the different domains. The 

metalloproteinase domain is involved in the proteolytic activity and the cleavage of the transmembrane molecules, the 

disintegrin-like domain is involved in cell adhesion and interaction with integrin, the cysteine-rich domain is involved in the 

characterization of C-shape of the protease as well as recognition of the substrates and regulation of the proteolytic activity 

while the EGF-like domain has no clear function (absent in ADAM10 and ADAM17). Finally, the cytoplasmic domain 

regulates the subcellular localization and maturation of the proteases, cell signaling and the metalloproteinase activity.    

 

ADAMs have shown to play a fundamental role in maintaining body homeostasis through several 

functions such as proteolysis, cell differentiation and fusion, as well as intracellular signaling (Stone et 

al., 1999). Among all the functions, the proteolytic activity of ADAMs is highlighted as a predominant 

process regulating cell migration and proliferation, angiogenesis, tissue inflammation and regeneration 

and neurodegenerative diseases (Deuss et al., 2008; Edwards et al., 2008). Among 34 ADAM genes in 

various species, 22 are well described in humans. 12 of these ADAMs are proteolytically active 

(ADAM8, ADAM9, ADAM10, ADAM12, ADAM15, ADAM17, ADAM19, ADAM20, ADAM21, 

ADAM28, ADAM30, ADAM33) (Andreini et al., 2005; Seals, Courtneidge, 2003). Proteolytically 

active proteases mediate proteolytic cleavage of other transmembrane proteins in a process called 

ectodomain shedding (Schlondorff, Blobel, 1999). The proteolytic activity of ADAM proteases 

mediates the ectodomain shedding of several molecules. For instance, the cleavage of TNF-α by 

ADAM17 drives the inflammatory surrogate, while the cleavage of TNF-α receptor by the same protease 

has an antagonistic effect (Hooper et al., 1997). Furthermore, the cleavage of E-cadherin by ADAM10 

affects epithelial cell-cell adhesion and migration as well as modulates the β-catenin subcellular 

localization and downstream signaling (Maretzky et al., 2005). In addition, the shedding of the 

ectodomain can act as a critical bottleneck for the occurrence of further cleavage events within the 
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plasma membrane. This process, known as regulated intermembrane proteolysis (RIPing), is well-

understood in the context of the proteolytic processing of Notch receptors (Andersson et al., 2011; 

Kopan, Ilagan, 2009). Overall, the inflammatory process, body homeostasis, tissue regeneration, and 

cancer development and progression can be influenced by the actions of ADAMs.  

 

2.2.1 ADAM10  

ADAM10 is synthesized as an inactive zymogen in the ER and maturates by removal of the inhibitory 

pro-domain through furin and/or prohormone convertase 7 in Golgi compartment through furin and 

prohormone convertas7 recognition sequences located between the pro-domain and the 

metalloproteinase domain (Lichtenthaler, 2011). The importance of ADAM10 is highlighted by the fact 

that mice with an ADAM10 knockout die within 10 days of embryonic development due to several 

cardiovascular and neurological complications. ADAM10 cleaves multi-different substrates (Table 2.1), 

however, cleavage of Notch receptor is one of the most important proteolytic activities of ADAM10. As 

a sheddase for diverse substrates, ADAM10 considers to be a therapeutic target for several inflammatory 

diseases, cancer and Alzheimer’s disease (Smith et al., 2020; Wetzel et al., 2017). In addition, ADAM10 

activity promotes the development and progression of several cancer diseases such as breast cancer, 

glioblastoma, T cell acute lymphoblastic leukemia and squamous cell carcinoma (Ko et al., 2007; 

Kohutek et al., 2009; Liu et al., 2006; Tosello, Ferrando, 2013). Cleavage of  the Notch1 in T cell acute 

lymphoblastic leukemia, N-cadherin and L1 in glioblastoma, HER2 and its ligands in breast cancer are 

all examples of the impact of ADAM10 proteolytic activity on diseases progression (Ko et al., 2007; 

Kohutek et al., 2009; Liu et al., 2006; Tosello, Ferrando, 2013).  

Several inflammatory mediators are well documented substrates for ADAM10, such as the receptor for 

advanced glycation end products (RAGE), VE- and E-cadherin, CX3CL1 and CXCL16 (Abel et al., 

2004; Maretzky et al., 2008; Raucci et al., 2008; Schulz et al., 2008; Shimaoka et al., 2003). ADAM10 

catalytic activity on endothelial cells, epithelial cells and leukocytes have been shown to shape and 

control the inflammatory process during several diseases (Dreymueller et al., 2015). Leukocytic 

ADAM10 acts pro-inflammatorily through regulation of adhesion and transmigration of leukocytes both 

in vivo and in vitro (Pruessmeyer et al., 2014). Endothelial ADAM10 sheds VE-cadherin increasing 

protein leakage and facilitating leukocyte trans-endothelial migration (Schulz et al., 2008). Moreover, 

ephrin-A shedding by endothelial ADAM10 prevents the interaction with its ligand and thereby disrupts 

endothelial cell-cell adhesion and increases protein permeability (Coulthard et al., 2012). In addition, 

epithelial ADAM10 processing of RAGE mediates acute lung inflammation (Raucci et al., 2008).  

ADAM10 fulfils several functions during infectious diseases (see table 1), such as pathogen recognition 

and entrance, pathogen phagocytosis, leukocyte recruitment and polarization and finally, initiation and 

resolution of inflammation (Aljohmani, Yildiz, 2020). ADAM10 mediates the release of the soluble 

form of the scavenger receptor CD163 during Staphylococcus aureus (S. aureus) infection resulting in 
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enhanced bacterial clearance (Kneidl et al., 2012). In addition to its role in the initial pathogen 

recognition, ADAM10 acts as a receptor for S. aureus α-hemolysin, increasing the infection severity 

(Wilke, Bubeck Wardenburg, 2010). Moreover, S. aureus, Helicobacter pylori and P. aeruginosa 

mediate ADAM10-dependent shedding of E-cadherin, increasing diseases severity (Inoshima et al., 

2011; Inoshima et al., 2012; Reboud et al., 2017; Schirrmeister et al., 2009). Thus, ADAM10 displays 

important functions during several stages of infection.  

 

2.2.2 ADAM17  

ADAM17 (TNF-α converting enzyme) is one of the most important proteolytically active members of 

the ADAM family. Similar to ADAM10, ADAM17 is inactively resident in the ER as proform that 

needs processing in the Golgi compartment for further maturation and activation (Grotzinger et al., 

2017). ADAM17-mediated shedding of TNF-α plays an important role during inflammatory and 

immune responses such as asthma, chronic obstructive pulmonary disease, rheumatoid arthritis, acute 

respiratory distress syndrome (Barnes, 2003; Scheller et al., 2011), neurodegenerative diseases such as 

Alzheimer’s disease and cancer (Zunke, Rose-John, 2017). More than 77 shedding substrates have been 

described to be shed by ADAM17, including, but not limited to, growth factors of the epidermal growth 

factor (EGF) family, IL-6R, ICAM-1, VCAM-1 and JAM-A (Pruessmeyer, Ludwig, 2009; Scheller et 

al., 2011). The release of the soluble domain of the growth factors transforming growth factor (TGF)-α, 

amphiregulin, heparin-binding (HB)-EGF and neuregulin results in binding to their receptors of the 

ErbB family, a transactivation pathway regulated by ADAM17 activity (Peschon et al., 1998; Rio et al., 

2000). Interestingly, mice with full ADAM17 knockout die during embryogenic development or directly 

after birth due to skin and hair abnormalities, eyelid opening and defect in epithelial tissue of several 

organs, which is similar to phenotypes observed in mice lacking amphiregulin, EGFR, HB-EGF or TGF-

α (Blobel, 2005; Dreymueller et al., 2015; Sahin et al., 2004). In addition, overexpression or 

upregulation of ADAM17 has been linked to inflammatory diseases such as psoriasis, rheumatoid 

arthritis or Crohn’s disease (Cesaro et al., 2009; Kawaguchi et al., 2005).  

Investigations of ADAM17 conditional knockout in several disease models identified ADAM17 as an 

additional major regulator of inflammatory processes. Those include leukocyte chemo-attraction, firm 

adhesion and trans-endothelial migration by cleaving CX3CL1, syndecans, VCAM-1 and ICAM-1 and 

JAM-A as few examples (Garton et al., 2001; Garton et al., 2003; Koenen et al., 2009; Pruessmeyer et 

al., 2010). Deletion of endothelial ADAM17 in an endotoxin-induced acute lung inflammation model 

reduced leukocyte recruitment, cytokine release and edema formation (Dreymueller et al., 2012a). 

Knockout of ADAM17 in myeloid cells reduced the severity of septic shock induced by LPS (Horiuchi 

et al., 2007). In several in vitro studies, epithelial ADAM17 has been shown to be involved in epithelial 

cell activation by ligands of TLR, IL-8 expression, and thereby to regulate leukocyte chemo-attraction, 
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protein permeability, and mucus secretion (Finigan et al., 2011; Koff et al., 2008; Kuwahara et al., 2007; 

Nakanaga et al., 2007).  

In addition to sterile inflammation, ADAM17 plays diver roles in infectious diseases (see table 2.1). 

ADAM17-dependent shedding of TNF-α was shown to regulates bacterial phagocytosis by monocytes 

in a cell-autonomous manner (Seifert et al., 2020). In addition, ADAM17 dependent shedding of L-

selectin enhanced S. aureus clearance by neutrophils (Cappenberg et al., 2019). The absence of 

ADAM17 during polymicrobial sepsis increased leukocyte recruitment and thereby enhanced bacterial 

clearance and improved cell survival (Long et al., 2012; Mishra et al., 2016). Interestingly, cleavage of 

SARS-CoV-2 spike protein (S) by ADAM17 mediated viral entry and pathogenesis (Jocher et al., 2022).  

 

2.2.3 Synthetic inhibitors of ADAM10 and ADAM17 

ADAM10 and ADAM17 are control elements in sterile inflammation and infectious diseases as well as 

chronic diseases such as cancer. Thus, the question of potential targeting by drugs as novel treatment 

options has been raised. Hydroxamate-based small molecules were found to be effective inhibitors, as 

they bind to the protease via residues of their pseudopeptide backbone and coordinate the zinc ion in the 

active site of the proteases via their hydroxamate group (Dreymueller, Ludwig, 2017). While TAPI-1 

acts as a metalloproteinase inhibitor, blocking ADAM17, GI254023X is a potent and preferential 

inhibitor of ADAM10-mediated shedding events (Ludwig et al., 2005; Moss, Minond, 2017), blocking 

shedding of Notch, constitutive and ionomycin-induced shedding of the low-affinity IgE receptor CD23, 

cadherins (N, E, VE), transmembrane chemokines (CXCL16 and CX3CL1) and growth factors (EGF 

and betacellulin) (Abel et al., 2004; Hundhausen et al., 2003; Maretzky et al., 2005; Reiss et al., 2005). 

Batimastat was the first hydroxamate-based inhibitor successfully passing clinical trials. Due to its poor 

bioavailability, the inhibitor was replaced by Marimastat (Folgueras et al., 2004; Hu et al., 2007). 

However, the use of these inhibitors resulted in hepatotoxicity and musculoskeletal side effects, which 

led to the discontinuation of clinical trials in phase I/II (Wetzel et al., 2017). The lack of specificity of 

these substances, which inhibit various metalloproteinases such as MMP-1, -2, -3, -7, and ADAM17, 

may have contributed to their failure in clinical trials (Wetzel et al., 2017). The broad inhibition of these 

metalloproteinases can dysregulate important signaling pathways such as Notch and NF-kB, causing 

harmful off-target effects. In vivo studies have demonstrated that the inhibitor has the potential to hinder 

the onset of inflammatory processes and the development of fibrosis in the lungs (Inoshima et al., 2011; 

Powers et al., 2012). However, the long-term treatment effects of these inhibitors on ADAM10 and 

ADAM17 over a period of several hours or days remain unknown, as most studies have only investigated 

their effects for a short period of time, which is required for shedding. Based on previous experiences 

with the clinical use of hydroxamate-based inhibitors, severe side effects can be assumed. Thus, in-depth 

research on the underlying regulatory mechanisms and novel specific inhibitors is needed. 
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Table 2. 1: Roles of ADAM10 and ADAM17 in infection. 

Step Protease Substrate or non-

proteolytic function 

Effect Reference 

 

 

 

 

 

Pattern recognition 

and entrance 

 

 

ADAM10 

 

CXCL16 

Conversion from membrane 

attached scavenger receptor 

to soluble chemoattractant 

(Abel et al., 

2004; Gough 

et al., 2004) 

CD46 Potentiate apoptosis (Hakulinen, 

Keski-Oja, 

2006) 

TLR4 Reduce inflammatory 

response to LPS 

(Yang et al., 

2017) 

 

 

 

ADAM17 

 

ACE2 Attenuate SARS-COV entry 

Severely worsen the outcome 

symptoms 

(Kuba et al., 

2005) 

Ebola virus surface 

glycoprotein  

Block the antibodies that are 

responsible for virus 

neutralization 

(Dolnik et al., 

2004) 

glucose regulated 

protein 96  

Protect against Ctr recurrent 

infection 

(Paland et al., 

2008) 

Toxin handling ADAM10 receptor alpha-toxin Receptor for Staphylococcus 

aureus α-hemolysin 

potentiating its cytotoxicity 

even at low concentration 

(INOSHIMA 

et al., 2011) 

 

Phagocytosis 

ADAM10 CD163 Amplifies phagocytosis (Kneidl et al., 

2012) 

ADAM17 CD163 Amplifies phagocytosis 

 

(Etzerodt et 

al., 2010; 

Kneidl et al., 

2012) 

Cytokines release ADAM17 TNF-α Receptor 2 Macrophage and neutrophil 

infiltration 

the lethality of lung injury 

(Deberge et 

al., 2013; 

Deberge et al., 

2015) 

 

 

Tissue damage, 

repair and 

regeneration 

 

 

ADAM10 

heparin-binding- 
epidermal growth factor 

Mucin overproduction, 

obstruction and infection 

recurrent 

(Basbaum et 

al., 2002) 

 

E-and VE-cadherin 

Disruption of endothelial and 

epithelial barrier integrity 

Amplify epidermal 

pathogenesis 

(Inoshima et 

al., 2011; 

Inoshima et 

al., 2012; 

Powers et al., 

2012; Reboud 

et al., 2017) 

potentiate tumorigenesis (Schirrmeister 

et al., 2009) 

Endothelial protein C 

receptor 

Dysregulation of coagulation 

and finally thrombosis 

(Lecuyer et 

al., 2018) 

 

chronicity/systemic 

changes 

ADAM10 E-cadherin Endothelial malfunction 

mediated sepsis 

(Powers et al., 

2012) 
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2.3 Exosomes  

In addition to the proteolytic activity on the cell surface, the proteases can also be transported from the 

cell membrane to the extracellular space through the release of membrane vesicles such as exosomes.  

2.3.1 Exosome biogenesis and functions 

Exosomes are plasma membrane-derived extracellular vesicles (EVs) with 50-160 nm diameter that 

have gained increasing attention recently. Exosomes were initially proposed as cellular by-products or 

waste with no significant function. However, recent studies indicate the importance of these EVs as 

vehicles for wide number of potential cargos such as nucleic acids, lipids and proteins (Simpson et al., 

2009; Valadi et al., 2007; Vidal et al., 1989). The biogenesis process of exosomes is initiated by plasma 

membrane invagination to form a cup-shape that includes the cell surface and cell soluble proteins called 

early-sorting endosome (ESE) (Kalluri, Lebleu, 2020). The later one can further mature to late-sorting 

endosomes (LSEs) and finally multivesicular bodies (MVBs), which contain the intraluminal vesicles 

(future exosomes). The destiny of the MVBs can be either to fuse with lysosomes for degradation or to 

fuse with the plasma membrane for the exocytotic release of the exosomes (figure 2.4) (Kahlert, Kalluri, 

2013).  

The exocytosis and endocytosis property of exosomes mediate their crucial roles in intercellular 

communication, particularly, immune response and cancer (Mathieu et al., 2019). Thus, EVs, 

particularly exosomes, show a great capacity in modifying the phenotype of the acceptor cells. The size 

and the surface molecules of the released EVs influence their recognition, capture or even the way of 

delivery of their cargos (Mathieu et al., 2019). The cellular uptake of exosomes is a very organized 

process of three steps: targeting the specific acceptor cell, selecting the entry point, and releasing the 

content.  It has been shown that the tetraspanin-integrin complex is involved in targeting and binding of 

exosomes to their target cells (Nazarenko et al., 2010; Rana et al., 2012). Moreover, ICAM-1 

upregulation on the cell surface during inflammation enhances the adhesion of the exosomes (Clayton 

et al., 2004). Beside the direct fusion with the plasma membrane, exosomes can exert their desired effect 

by acting on the surface of the targeting cell without releasing their cargos (Raposo et al., 1996).  

Exosomes play an important role in manipulating the inflammatory process and cancer progression. 

Oncogenic proteins transfer between cancerous cells facilitates metastasis, the proliferation of cancer 

cells, tumor angiogenesis and induces chemoresistance (Corcoran et al., 2012). Exosomes mediate the 

transfer of membrane EGFR from cancer cell to endothelial cell, supporting tumor angiogenesis via 

vascular endothelial growth factor/receptor (VEGF/VEGFR-2) pathway (Al-Nedawi et al., 2009). Lung 

metastases and endothelial permeability show to be enhanced by exosomes derived from melanoma 

(Peinado et al., 2012).  
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Figure 2. 4: Biogenesis of exosomes.  

The biogenesis process of exosomes starts with plasma membrane invagination to form a cup-shape that includes the cell 

surface and cell soluble proteins called early-sorting endosome (ESE). The ESE further mature to late-sorting endosomes 

(LSEs) and finally multivesicular bodies (MVBs) which contain the intraluminal vesicles (future exosomes). The MVBs can 

be either fuse with lysosomes for degradation or fuse with the plasma membrane for exocytotic release of the exosomes.  

 

2.3.2 Exosomes in inflammation  

In the context of inflammation, exosomes play an important role in manipulating the immune response 

and influencing the performance of immune cells.  The released exosomes from immune cells can load 

pro-inflammatory signals and molecules that stimulate immune cell activation and promote the release 

of cytokines and other signaling molecules involved in the inflammatory process (Li et al., 2022). 

Additionally, exosomes released from inflamed cells can transport signals to trigger inflammation and 

recruit immune cells to the site of infection. The cargos of exosomes derived from lung cancer enhance 

gene silencing of the TLR family in macrophages, and thereby the secretion of pro-inflammatory and 

pro-metastatic cytokines leading to tumor growth and metastasis (Fabbri et al., 2012). CD4+ T and CD8+ 

T cell-derived exosomes induce dendritic cell apoptosis (Fabbri et al., 2012). On the other hand, 

exosomes can also play a role in the resolution of inflammation. Some exosomes carry anti-

inflammatory signals that help to suppress the immune response and promote tissue repair (Suh et al., 

2021). Exosomes derived from bone marrow-derived mesenchymal stem cell improved oxidative stress 

and reduced immune response during acute lung injury (Li et al., 2019). Additionally, exosomes released 



Introduction 

30 
 

from immune cells, such as regulatory T cells, can help to modulate the immune response and prevent 

excessive inflammation (Fang et al., 2020). Thus, the role of exosomes during inflammation is complex 

and multi-faceted and needs further investigations.  
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2.4 Aim of the study  

In spite of the significant progress in the treatment strategies of infectious diseases, it remains one of the 

most leading causes of death worldwide. Among these infectious diseases, pneumonia is a particularly 

severe and life-threatening lung infection that is often caused by S. pneumoniae and P. aeruginosa. 

While the inflammatory response is important to eliminate the infections, an excessive and prolonged 

immune response can lead to chronic inflammation, resulting in tissue damage not only at the site of 

infection but also in distinct organs. ADAM10 and ADAM17 in epithelial cells and leukocytes fulfil 

different functions during several infectious and inflammatory diseases ranging from pathogen 

recognition to resolution of the concurrent inflammation and the development of systemic effects. 

Thereby, both proteases are essential control elements of infectious diseases making them a suitable 

therapeutic target to overcome the unmet medical need. Based on the divergent roles in disease and 

homeostasis, specific targeted approaches are required. This requires in-depth knowledge of the cell-

specific regulation and function during lung infection. Thus, the present thesis aimed to evaluate the 

regulation and function of ADAM10 and ADAM17 in epithelial cells and leukocytes during infection 

with P. aeruginosa. 

 

Part 1: Epithelial ADAM10 and ADAM17 showed to contribute to different aspect during sterile 

inflammation, however, the cell specific-pathogen specific role of both proteases on epithelial cells 

during lung infection still unclear. Therefore, the aim of this part of the thesis was to investigate the 

specific regulation and function of ADAM10 and ADAM17 during the infection of lung epithelial cells 

with different infectious pathogens. To approach this question, a cell-based assays were used to analyze 

the regulation of both proteases in alveolar epithelial cell line and human small airway epithelial cells 

during infection with P. aeruginosa and S. pneumoniae. In addition, the function of ADAM10 and 

ADAM17 during different steps of inflammation (ex., protein permeability, epithelial cells regeneration, 

leukocyte transepithelial migration and adhesion as well as cell survival) was investigated using the 

synthetic inhibitors (GI254023X and TAPI-1) and shRNA mediated gene silencing. 

 

Part 2: Similar to epithelial cell, several studies described the role leukocytic ADAM10 and ADAM17 

during acute lung inflammation. However, a comprehensive study describing the specific role of both 

proteases during acute lung pneumonia and the mediated mechanism is still missing. Thus, the aim of 

this part is to investigate the contribution of leukocytic ADAM10 and ADAM17 during acute lung 

pneumonia. Therefore, I analyzed the exosomal release of both proteases in the serum of pneumonia 

patients and in P. aeruginosa-induced lung pneumonia model of mice lacking either ADAM10 or 

ADAM17 in all hematopoietic cells. Furthermore, the effect of both proteases on the local lung 

environment, cytokines release, ROS generation, cell survival and phagocytosis and the polarization of 

macrophages using the synthetic inhibitors (GI254023X and TAPI-1).   
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3   Materials and Methods  

3.1 Materials  

3.1.1 Devices and Software 

Used devices and softwares are listed in tables 3.1 and 3.2. 

Table 3. 1: Used equipment 

Name Company 

Beckman rotor Type Ti50.2 Beckman Coulter GmbH, Krefeld, Germany. 

Beckman TLA-55 rotor Beckman Coulter GmbH, Krefeld, Germany. 

BioTec autoscratch BioTek, Highland Park, Winooski, VT, USA. 

Buffer Tank Bio-Rad Laboratories, Inc., Hercules, 

USA. 

Cell culture incubator CB170-E7 Binder GmbH, Tuttlingen, Germany. 

Centrifugation device 5418 R Eppendorf AG, Hamburg, Germany. 

Cooled charge-coupled device (CCD) camera Imago, TILL Photonics. 

Genios fluorescence reader Tecan, Grödig, Austria. 

Hemocytometer Invitrogen, Frankfurt, Germany. 

HLC Heating-ThermoMixer TH 21 DITABIS AG, Pforzheim, Germany. 

Inverted microscope Axiovert S100, Carl Zeiss, Jena, Germany. 

Invitrogen™ Minigel Tank and Blot Module Set Fisher Scientific GmbH, Schwerte, Germany. 

LAS3000 Fujifilm, Tokyo, Japan. 

Lionheart (FX) Automated Microscope system BioTec, Highland Park, IL, USA. 

Mini-PROTEAN® Casting Frame Bio-Rad Laboratories, Inc., Hercules, 

USA. 

Mini-PROTEAN® Casting Stand Bio-Rad Laboratories, Inc., Hercules, 

USA. 

Mini-PROTEAN® Tetra Electrode Assembly Bio-Rad Laboratories, Inc., Hercules, 

USA. 

PowerPac™ HC High-Current Power Supply Bio-Rad Laboratories, Inc., Hercules, 

USA. 

Sony SH800 Sony, Berlin Germany. 

The NucleoCounter® NC-200™ ChemoMetec GmbH, Allerod, Denmark. 

Ultrospec 10, cell density meter Biochrom Ltd, Cambridge, United Kingdom. 

 

3.1.2 Softwares  

Table 3. 2: used softwares 

Name Company 

AIDA Image Analysis software 4.27.039 Elysia-raytest, Straubenhardt, Germany 

CorelDRAW x7 19.0.0.491 Corel Corporation, Alludo, Ottawa, Canada 

FlowJo 10.6.2 software Tree Star, Inc., Ashland, OR, USA 

Gen5 software version 3.05.11 BioTek, Highland Park, Winooski, VT, USA 

GraphPad PRISM 9.0 GraphPad Software, La Jollla, CA, USA 

TillvisION software 2.7.0.16 TILL Photonics, Kaufbeuren, Germany 

ZEN 2.3 blue edition Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany 
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3.1.3 Consumable materials 

Special consumables used throughout the study are listed in table 3.3.  

Table 3. 3: Consumable materials 

Name Company 

Bolt™ 4-12% Bis-Tris 1.0mm Mini Protein Gel Invitrogen, Frankfurt, Germany. 

Columbia blood agar with sheep blood medium Thermo Fisher, Karlsruhe, Germany. 

Conical bottom polypropylene tube, 15, 50 ml. Greiner Bio-One GmbH, Frickenhausen, 

Germany. 

Disposable syringes, 5, 10, 20 ml B. Braun Melsungen AG, Melsungen, Gemany. 

DULBECCO''S PHOSPHATE BUFFERED 

SALINE 

Sigma-Aldrich, Taufkirchen, Germany. 

Filtered pipettes tips, 10, 20, 200, 1000 µl. Thermo Fisher, Karlsruhe, Germany. 

Isotonic Saline Solution 0.9% Fresenius Kabi, Bad Homburg, Germany. 

Micro Tube 1.3 ml K3E, 1.6 mg EDTA/ml SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Microplate, 96 wells, flat bottom. SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Microtube, 1.5 ml. SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Nitrocellulose membrane, 0.2 µm. Bio-Rad Laboratories, Inc., Hercules, 

USA. 

Omnican®-F, Fine dosing syringe, 1 ml B. Braun Melsungen AG, Melsungen, Gemany. 

Pipettes, 2.5, 10, 20, 200, 1000 µl. BrandTech Scientific, Inc., NY, USA. 

Polystyrene round-bottom tube (FACS), 5ml. FALCON, corning incorporated, NY, USA. 

Polystyrol cuvette 10*4*45 mm SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Serological pipettes, 2, 5, 10, 25 ml. SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Tissue culture plate, 12 wells, flat bottom. SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Tissue culture plate, 6 wells, flat bottom. FALCON, corning incorporated, NY, USA. 

Tissue culture plate, 96 wells, flat bottom. SARSTEDT AG & Co. KG, Nümbrecht, 

Germany. 

Trans-well insert 5 µm. Corning, Amsterdam, The Netherlands. 

Ultracentrifuge Microtube, 1.5 ml. Laborgeräte Beranek GmbH, Weinheim, 

Germany. 

Ultracentrifuge polycarbonate tube, 25 ml. Beckman Coulter GmbH, Krefeld, Germany. 

Via1-Cassette™ ChemoMetec GmbH, Allerod, Denmark. 
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3.1.4 Chemicals  

All chemicals used in this work have a certified degree of purity pro analysis (p.a). All common 

chemicals were ordered from Carl Roth and Thermo Fisher. Special chemicals and reagents are listed 

in table 3.4.  

Table 3. 4: Chemicals, reagents and recombinant proteins.  

Name Company 

4-Nitrophenyp phosphate disodium salt 

hexahydrate tablet 

Sigma-Aldrich, Taufkirchen, Germany. 

70-kDa Tetramethylrhodamine (TRITC)-dextran Sigma-Aldrich Chemie GmbH, Taufkirchen, 

Germany. 

Accutase solution Sigma-Aldrich, Taufkirchen, Germany. 

Agaros Carl Roth GmbH, Karlsruhe, Germany 

Amersham ECL prime Western blotting reagent PerkinElmer, Waltham, MA, USA. 

Bis-acrylamide 29:1 40 % Thermo Fisher, Karlsruhe, Germany. 

BM blue, POD Substrata Roche Diagnostics Deutschland GmbH, 

Mannheim, Germany. 

Calcein-AM Merck Millipore, Darmstadt, Germany. 

Collagen G Biochrom GmbH, Berlin, Germany. 

Complete protease Inhibitor cocktail tablet Roche Diagnostics Deutschland GmbH, 

Mannheim, Germany. 

DNA Molecular Weight Marker XIV Thermo Fisher, Karlsruhe, Germany. 

FCS (fetal calf serum) Corning, New York, USA 

Fisher BioReagents™ EZ-Run™ Prestained Rec 

Protein Ladder 

Thermo Fisher, Karlsruhe, Germany. 

Fluorescein isothiocyanate (FITC)-albumin Sigma-Aldrich Chemie GmbH, Taufkirchen, 

Germany. 

Fura-2 AM Invitrogen by ThermoFischer Scientific, Eugene, 

OR, USA. 

Gibco™ Opti-MEM™ I Serum Reduced 

Medium 

Thermo Fisher, Karlsruhe, Germany. 

jetPEI® Poly Plus Transfections, Illkirch, France 

KAPA2G Fast HotStart Genotyping Mix Sigma-Aldrich, Taufkirchen, Germany. 

Ketamin  

Lipofectamine™ 3000 Thermo Fisher, Karlsruhe, Germany. 

Mitomycin Abcam, Cambridge, United Kingdom. 

NucRed™ Live 647 Thermo Fisher, Karlsruhe, Germany. 

Paraformaldehyde Carl Roth, Karlsruhe, Germany 

Pancoll human, Density: 1.077 g/ml PAN-Biotech GmbH, Aidenbach, Germany. 

Polybrene Sigma Aldrich, Steinheim, Germany 

Poly-L-lysine Sigma, Steinheim, Germany. 

SYTOX™ green Thermo Fisher, Karlsruhe, Germany. 

Todd–Hewitt–Bouillon (THB) Thermo Fisher, Karlsruhe, Germany. 

Trypsin Neutralizing Solution PromoCell, Heidelberg, Germany. 

Xylazine  

β-glucuronidase Santa Cruz Biotech, Dallas, TX, USA. 
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3.1.5 Kits  

All kits were used according to the manufacturers’ protocols and recommendations.  

Table 3. 5: Kits 

Name Company 

ADAM10 Selective Substrate II (Fluorogenic) – 

PEPDAB063A 

Biozym Scientific GmbH, Hessisch Oldendorf, 

Germany. 

ADAM17 Selective Substrate (Fluorogenic) – 

PEPDAB064 

Biozym Scientific GmbH, Hessisch Oldendorf, 

Germany. 

bicinchoninic acid assay (BCA) Thermo Fisher, Karlsruhe, Germany. 

Mouse CXCL1/KC DuoSet Enzyme-linked 

immunosorbent assay (ELISA) 

R&D System, Wiesbaden, Germany. 

Mouse IL-6 DuoSet Enzyme-linked 

immunosorbent assay (ELISA) 

R&D System, Wiesbaden, Germany. 

Mouse IL-6Ra DuoSet Enzyme-linked 

immunosorbent assay (ELISA) 

R&D System, Wiesbaden, Germany. 

Mouse Myeloperoxidase DuoSet Enzyme-linked 

immunosorbent assay (ELISA) 

R&D System, Wiesbaden, Germany. 

 

3.1.6 Stimulants and Inhibitors  

Stimulants and inhibitors used in this thesis are mentioned in table 3.6. Detailed information’s are 

given in the methods section and the figure legends. 

Table 3. 6: Stimulants and inhibitors  

Name Company Working concentration 

Exotoxin A Sigma-Aldrich, Taufkirchen, 

Germany. 

100 ng/ml 

GI254023X Merck Millipore, Darmstadt, 

Germany. 

10 µM 

Human CCL2 (monocyte 

chemoattractant protein 1) 

Peprotech, Rocky Hill, NJ, USA. 3 nM 

Ionomycin Merck Millipore, Darmstadt, 

Germany. 

1 µM 

P38/SAPK2 Inhibitor (SB 

203580) 

Cell signaling (Danvers, 

Massachusetts, United States) 

10 µM 

Phorbol 12-Myristate 13-Acetat 

(PMA) 

Merck Millipore (Darmstadt, 

Germany) 

1 µM 

SARK inhibitor (PP2) Merck Millipore (Darmstadt, 

Germany) 

10 µM 

TAPI-1 Merck Millipore, Darmstadt, 

Germany. 

10 µM 
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3.1.7 Antibodies 

In Table 3.7, primary and secondary antibodies used for Western blot (WB), fluorescence activate cell 

sorting (FACS) analysis and Immunohistochemistry (IHC) are listed.  

Table 3. 7: Primary and secondary antibodies 

In case, that no information on the stock concentration were given by the supplier, used dilutions are stated. 

Name Company Working 

concentration 

Application 

Allophycocyanin (APC)-

conjugated Mouse Ly6G 

Invitrogen (Frankfurt, 

Germany) 

1:40 FACS 

eFluor450-conjugated 

Mouse Cluster of 

differentiation (CD)11c 

Invitrogen (Frankfurt, 

Germany) 

1:40 FACS 

Fluorescein isothiocyanate 

(FITC)-conjugated Mouse 

CD11b 

Invitrogen (Frankfurt, 

Germany) 

1:40 FACS 

Goat anti-rabbit IgG 

secondary antibody 

Abcam, Cambridge, UK  IHC 

Goat polyclonal anti-

Mouse IgG (H + L) 

secondary antibody 

(Alexa Fluor® 647) 

R&D System, Wiesbaden, 

Germany. 

5 µg/mL FACS 

Mouse monoclonal 

antibody against flotillin-1 

(Clon 18) 

BD Biosciences, 

Heidelberg, Germany. 

0.25 µg/mL WB 

Mouse monoclonal 

antibody against human 

ADAM10 ectodomain 

(clone 163003) 

R&D System, Wiesbaden, 

Germany. 

1 µg/mL FACS 

Mouse monoclonal 

antibody against human 

CD9 (MM2/57) 

Invitrogen, Frankfurt, 

Germany. 

1 µg/mL WB 

Mouse monoclonal 

antibody against human E-

cadherin C-terminus 

BD Biosciences, 

Heidelberg, Germany. 

 WB 

Mouse monoclonal 

antibody against 

Junctional adhesion 

molecule A (JAM-A) N-

terminus 

BD Biosciences, 

Heidelberg, Germany. 

0.25 µg/mL WB 

Mouse monoclonal anti-

Phospho P38 

Cell signaling (Danvers, 

Massachusetts, United 

States) 

1:2000 WB 

Mouse monoclonal IgG2B 

isotype control (Clone 

20116) 

R&D System, Wiesbaden, 

Germany. 

1 µg/mL WB 

PE-Cy7-conjugated 

Mouse F4/80 

Invitrogen (Frankfurt, 

Germany) 

1:40 FACS 

PerCP-Cy5.5-conjugated 

Mouse CD45 

Invitrogen (Frankfurt, 

Germany) 

1:150 FACS 

Peroxidase-conjugated 

anti-mouse IgG 

GE Healthcare, Chicago, 

IL, USA. 

1:20,000 WB 

Peroxidase-conjugated 

anti-rabbit IgG 

GE Healthcare, Chicago, 

IL, USA. 

1:40,000 WB 
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Rabbit polyclonal anti 

CD163 

Abcam, Cambridge, UK 1:200 IHC 

Rabbit polyclonal anti 

CD68 

Abcam, Cambridge, UK 1:300 IHC 

Rabbit polyclonal anti 

CD86 

New England Biolabs, 

Ipswich, Massachusetts, 

USA 

1:100 IHC 

Rabbit polyclonal 

antibody against beta actin 

Abcam, Cambridge, UK. 0.1 µg/ml WB 

Rabbit polyclonal 

antibody against human 

ADAM10 C-terminus 

Invitrogen, Frankfurt, 

Germany. 

0.1 µg/mL WB 

Rabbit polyclonal 

antibody against human 

ADAM17 C-terminus 

Invitrogen, Frankfurt, 

Germany. 

0.1 µg/mL WB 

Rabbit polyclonal 

antibody against human 

Glyceraldehyde 3-

phosphate dehydrogenase 

(GAPDH) 

Santa Cruz Biotech, 

Dallas, TX, USA. 

0.4 µg/mL WB 

Rabbit polyclonal anti-

P38α 

Cell signaling (Danvers, 

Massachusetts, United 

States) 

0.071 µg/ml WB 

Streptavidin horseradish 

peroxidase (HRP) 

Abcam, Cambridge, UK 1:50 IHC 

 

3.1.8 Cells  

Table 3. 8: Primary cells and cell lines  

Name Properties Medium 

A549 Adenocarcinoma human 

alveolar basal epithelial cells, 

adherent cell line. 

DMEM 

HSAEpC Human small airway 

epithelial cells, adherent 

primary cells. 

MV2 medium 

HEK293T Human cell line expresses a 

mutant version of the SV40 

large T antigen, adherent cell 

line. 

DMEM 

Primary neutrophils Neutrophils isolated from 

human blood, suspension 

primary cells. 

RPMI 1640 

THP-1 Human monocytic cell line 

from acute monocytic 

leukemia patient, suspension 

cell line. 

RPMI 1640 
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3.1.9 Plasmids 

Table 3. 9: Plasmids (for vectors map, see appendix).  

Name Properties 

pLVTHM lentiviral backbone vector expressing shRNA 

from H1 promoter and green fluorescence 

protein (GFP) 

pMD2.G VSV-G envelope expressing plasmid 

psPAX2 Lentiviral packaging plasmid 

AP-BTC (Rc/CMV backbone) Alkaline Phosphatase-Betacellulin Fusion 

Vector 

AP-TGF-α (Rc/CMV backbone) Alkaline Phosphatase- transforming growth 

factor alpha Fusion Vector 

 

3.1.10 Buffers and solutions  

In table 3.10, the buffers and solution used for western blot, activity measurements, FACS measurement, 

polymerase chain reaction (PCR) and bacteria preparation are listed.  

Table 3. 10: Buffers and solutions  

Name Composition 

10x PCR buffer 100mM Tris pH 8,4 

500mM KCl  

15mM MgCl2   

10x PCR loading dye 3.9 mL   Glycerol 

0.5 mL   10% SDS 

0.2 mL   0.5M EDTA 

25 mg Bromophenol Blue 

25 mg Xylene Cyanol 

Until 10 ml H2O sterile 

10x Tris/Borate/EDTA (TBE) buffer 108 g Tris 

55 g Boric acid 

9.3 g Na2EDTA 

In 1 L H2O 

PH:8 

ADAM lysis buffer 1 5mM Tris Hcl 

1 mM EGTA 

250 mM sucrose 

0.1% SDS 

1% Tritonx-100 

1x protease inhibitor 

1 mM Na3Vo4 

1 mM PMSF 

10 mM 1,10 phenanthroline monohydrate 

ADAM lysis buffer 2 20mM TrisHcl 

150mM NaCl 

5mM EDTA 

30mM Na3Vo4 

5mM DTT 

1mM PMSF 

10mM pNPP 

1mM benzamidine 

10mM glycerophosphate 

1mM Na3PO4 

1% Triton X-100 



Materials and Methods 

39 
 

Alkaline Phosphatase (AP)-lysis buffer 1% Tritonx in TBS 

Add complete X fresh (1:50) 

Alkaline Phosphatase (AP)-solution 40 mM Tris-HCl 

40 mM NaCl 

10 mM MgCl2 

PH: 9.5 

Add 1 tab of pNPP freshly to each 5 ml 

Blood FACS buffer PBS 

5 µM EDTA 

Enzyme-linked immunosorbent assay (ELISA) 

blocking buffer 

PBS 

1 % BSA 

0.05 % Tween 20 

Enzyme-linked immunosorbent assay (ELISA) 

dilution buffer 

PBS 

0.1 % BSA 

0.05 % Tween 20 

Erythrocyte lysis buffer 10 mM NaHCO3 

155 mM NH4Cl 

5mM EDTA 

pH 7.4 

Enzyme-linked immunosorbent assay (ELISA) 

wash buffer 

PBS 

0.05 % Tween 20 

FACS buffer 1 PBS 

0.2% BSA 

FACS buffer 2 PBS 

5 mM EDTA 

1% FCS 

Fluorescence resonance energy transfer (FRET) 

activity buffer 

20 mM Tris, 0.0006% Brij-35; pH 8 

Lysogeny broth (LB) solid medium 10 g NaCl 

10 g pepton 

20 g agar 

5 g yeast extract 

1 L sterile H2O 

Phosphate buffered saline (PBS) 136 mM NaCl 

2,7 mM KCl 

1,47 mM KH2PO4 

8 mM Na2HPO4 

pH 7,4 

Sodium dodecyl sulphate (SDS) buffer (5x) 0.5M Tris (PH: 6.8) 

45% Glycerol 

5% SDS 

0,25% Bromophenol blue 

12.5% B-mercaptoethanol 

SDS-PAGE separation buffer 1,5M TrisHCl 

0,4% SDS 

SDS-PAGE stacking buffer 0,5M TrisHCl 

0,4% SDS 

Stripping buffer 0,2 M Glycin 

0,1 % SDS 

pH 2,2 

Tris buffered saline/Tween (TBST) TBS 

1 % Tween 20 

Todd–Hewitt–Bouillon (THB) medium 30 g Todd-Hewitt-Bouillion 

5 g of Yeast Extract 

1 L sterile H2O 
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Tris buffered saline (TBS) 500 mM TRIS⋅HCL 

1,5 M NaCl 

pH 7,5 

Tyrode’s solution 140 mM NaCl 

4 mM KCl 

1 mM MgCl2 

10 mM HEPES 

10 mM D-Glucose 

+/− 2 mM CaCl2 

pH 7.4 adjusted with NaOH 
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3.2 Methodology  

3.2.1 Cell culture and in vitro investigations  

3.2.1.1 Cell propagation  

A549 cells, HEK293T, THP-1 cells and HSAEpC were cultured in DMEM (+10% FCS), DMEM (+10% 

heat-inactivated FCS (56 °C, 20 min), 10% Glutamax), RPMI1640 (+10% FCS) and MV2 medium, 

respectively. The cells were maintained in a humidified atmosphere with 5% CO2 at 37°C. Upon 

reaching 80% confluence, adherent cells were sub-cultured using trypsin/EDTA and resuspended in a 

standard medium before being seeded at the desired density in new culture dishes. For suspension cells, 

T25 or T75 cell culture flasks were used at a density of 0.2 to 1 x 106 cells per ml.  

Approval for the use of human samples was granted by the ethics committee of the Landesärztekammer 

des Saarlandes (172/18 by Daniela Yildiz) and the study was conducted in compliance with the 

Declaration of Helsinki. All individuals provided informed consent. Citrated peripheral blood from 

healthy volunteers was sedimented slowly on Pancoll Human and the fractions were generated by 

centrifugation for 30 min without a break. The erythrocyte-neutrophil fraction was directly subjected to 

erythrocyte lysis for 5-10 min at room temperature as described in (Koenen et al., 2009). For 

experiments requiring inhibitor treatment, the cells were pre-incubated with 10 μM GI254023X 

(ADAM10 inhibitor), TAPI-1 (ADAM17 inhibitor), SB 203580 (p38/SAPK2 Inhibitor), PP2 (SARC 

inhibitor) or 0.1% DMSO (vehicle control) for 30 min. 

 

3.2.1.2 Cell counting 

To determine the number of viable cells, live/dead staining with trypan blue dye was performed using a 

hemocytometer. The cell suspension was mixed with a 0.4% trypan blue solution in a 1:1 ratio, and 10 

μl of the resulting cell dilution was added to the hemocytometer. The cells were then counted under a 

microscope, with blue-stained cells indicating those that were dead and excluded from the analysis. 

Total cell numbers in blood and BAL were measured using The NucleoCounter® NC-200™ following 

the manufacturer’s protocol 

 

3.2.1.3 Preparation of lenitival particles and lentiviral transduction 

Short hairpin RNA (shRNA) of ADAM10 or ADAM17 was inserted into the lentiviral expression vector 

pLVTHM (Addgene plasmid 12247) to target ADAM10 or ADAM17 mRNA sequences. Targeted 

sequences are indicated in table 3.11 (Pruessmeyer et al., 2010). Production of lentiviral particles was 

performed by co-transfection of HEK293T cells with the desired pLVTHM-plasmid, psPAX2 (plasmid 

12260, Addgene) and pMD2.G (plasmid 12259, Addgene) in the presence of jetPEI as transfection 

reagent (see table 3.12). HEK293T cells were grown until 70 % of confluence and transfected with the 
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respective plasmid. The medium was changed after 6 h, the supernatant collected after 72 h, and 

centrifuged at 26,000xg for 2.5 h. The pellet containing the lentiviral particles was resuspended in sterile 

PBS, aliquoted and stored at -80°C.  

For transduction of A549 cells, 105 cells were seeded on a 6-well plate, grown until 70% confluence and 

transduced with the desired lentiviral particles in the presence of polybrene (4 µg/ml). The medium was 

changed after 24 h. The efficiency of the transduction was evaluated by counting the number of GFP-

expressing cells using a fluorescence microscope, and the efficiency of the knockdown was evaluated 

by Western blot.  

 

Table 3. 11: shRNA targeted sequences to induce ADAM proteases knockdown (KD). 

Targeted gene shRNA Sequence 

Human ADAM10-650 

(ADAM10-KD1) 

CGCGTCCCCGACATTTCAACCTACGAATTTCAAGAGA 

ATTCGTAGGTTGAAATGTCTTTTTGGAAAT 

Human ADAM10- 1947 

(ADAM10-KD2) 

CGCGTCCCCACAGTGCAGTCCAAGTCAATTCAAGAGA 

TTGACTTGGACTGCACTGTTTTTTGGAAAT 

Human ADAM17-2061 

(ADAM17-KD1) 

CGCGTCCCCAGGAAAGCCCTGTACAGTATTCAAGAGA 

TACTGTACAGGGCTTTCCTTTTTTGGAAAT 

Human ADAM17-2846 

(ADAM17-KD2) 

CGCGTCCCCGAAGGTGAATCTAGCTTATTTCAAGAGA 

ATAAGCTAGATTCACCTTCTTTTTGGAAAT 

Scramble CGCGTCCCCCCGTCACATCAATTGCCGTTTCAAGAGA 

ACGGCAATTGATGTGACGGTTTTTGGAAAT 

 

Table 3. 12: jetPEI® based transfection protocol 

Plasmid solution Transfection-reagent solution 

pLVTHM (desired shRNA) (12,5 µg) 250 μl jetPEI®  

(PolyPlus Transfections, Illkirch, France) 

PsPAX2 (8,13 µg) 625 μl 150 mM NaCl solution 

PMD2.G (4,37 µg)  

250 μl 150 mM NaCl solution  

mixed and incubated for 15 min mixed and incubated for 15 min 

mix together for 15 min 

added dropwise to the cells 
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3.2.1.4 Exosome preparation 

Approval for the use of human samples was granted by the ethics committee of the Landesärztekammer 

des Saarlandes (62/80 by Robert Bals, department for Internal Medicine V – Pulmonology, Allergology, 

Intensive Care Medicine. Saarland University, Homburg, Germany). 2 × 107 of A549 cells, THP-1 cells 

or human neutrophils were cultured in serum free medium and stimulated as indicated in each respective 

figure legend. After stimulation, the cells were lysed and analyzed by Western blot (see 3.2.2.1). The 

serum of Vav-Adam10-/- and Vav-Adam17-/- mice and the serum of healthy volunteers, pneumonia or 

COVID-19 patients, respectively, were diluted in Hanks’ Balanced Salt Solution (1:3). The medium of 

the cells or the diluted serum were differentially centrifuged at 300xg for 10 min, 1000xg for 20 min, 

10,000xg for 30 min at 4 °C. The pellet from each centrifugation step was directly lysed with 50 µl of 

SDS buffer for Western blot analysis while the supernatant was assigned for the next centrifugation step. 

The last supernatant was sterile filtered using 0.22 μm membrane filters and centrifuged at 100,000xg 

for 1 h at 4 °C to collect the extracellular vesicles using a Beckman rotor Type Ti50.2. The extracellular 

vesicles were washed with a high volume of ice-cold sterile PBS and sedimented again at 100,000xg 

and lysed with 50 µL of SDS buffer for Western blot analysis or collected by 100 µL of sterile PBS for 

sub-fractionation. The collected extracellular vesicles were loaded to a sucrose gradient comprising 

layers (2, 1.3, 1.16, 0.8, 0.5 and 0.25 M) and centrifuged at 4 °C for 16 h. Subsequently, the density of 

each of the gradient layers was measured and 1 ml of each gradient was centrifuged at 150,000xg at 4 

°C for 4 h using Beckman TLA-55 rotor. The pellet was resuspended in SDS buffer for Western blot 

analysis, in 100 µL sterile PBS for AP-assay or in 100 µl DMEM medium (phenol red free) for FRET-

based activity measurements (see figure 7.6). 

 

3.2.1.5 Calcium imaging  

Glass coverslips were coated with poly-L-lysine for 24 h and 2 × 105 of A549 cells were seeded, reaching 

70% confluence overnight. The cells were pre-incubated with serum free medium for 2 h, washed two 

times with sterile PBS, incubated with Tyrode’s solution (+/- CaCl2 as indicated in the figure legend) 

and stimulated with Exotoxin A (100 ng/ml) or sterile PBS as vehicle control for 4 h. Subsequently, the 

cells were incubated with 5 μM Fura-2 AM for 45 min at 37 °C, washed two times with Tyrode’s 

solution and the coverslips held in a tight open bottom chamber in the presence of 300 μL Tyrode’s 

solution (+/- CaCl2). The chamber was staged to an inverted microscope equipped with monochromator 

at 21 °C. Fura-2 was excited every 2 s for 20 ms at 340 and 380 nm and the fluorescence was recorded 

with a cooled charge-coupled device (CCD) camera (Imago, TILL Photonics). Ratio changes (F240/380) 

of each single cell were plotted versus time. The same cell number for each sample (minimum 20 cells) 

was labelled as regions of interest (ROI). Monochromator, camera acquisition, and analysis were 

controlled by TillvisION software 2.7.0.16. 
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3.2.1.6 Cell survival assay 

12-well plates were coated with collagen G (40 µg/mL) for 24 h and 2 × 105 of A549 cells were seeded 

and grown in DMEM (+10 % FCS) for 48 h until confluence. Subsequently, the cells were stained with 

NucRed™ Live 647 (plasma membrane permeable nuclear stain) for 15 min. The cells were washed 

three times with sterile PBS, stained with SYTOX™ green (plasma membrane impermeable nuclear 

stain, 200 nM), and infected in parallel with P. aeruginosa for 4 h. The fluorescence of SYTOX™ green 

and NucRed™ Live 647 was analyzed every 30 min at excitation/ emission of 480/520 nm and 638/686 

nm, respectively, using the Lionheart (FX) Automated Microscope system. A primary mask counting 

the green labeled cells over time was applied using Gen5 software version 3.05.11. 

For THP-1 or human neutrophil survival assay, the cells were infected with GFP-labelled P. aeruginosa 

(PA01) for 2 h and collected by centrifugation at 300xg for 5 min at 4 °C. The GFP signals of the non-

phagocytosed P. aeruginosa were quenched by resuspending the cells in 200 µl Trypan blue. Cellular 

survival was analyzed by measuring the median of APC signal of Trypan blue relative to the signal of 

the non-infected cells by flow cytometry. 

 

3.2.2 Bacteria preparation and counting  

3.2.2.1 P. aeruginosa preparation   

P. aeruginosa (PA103 strain (provided by Prof Bastian Opitz, Department of Infectious Diseases and 

Respiratory Medicine, Charité–Universitätsmedizin Berlin, Corporate Member of Freie Universität 

Berlin and Humboldt-Universität zu Berlin, Berlin, Germany) or GFP labeled PA01 (provided by Prof 

Claus-Michael Lehr, Helmholtz Institute for Pharmaceutical Research Saarland, Helmholtz Centre for 

Infection Research, Saarland University Campus, Saarbrücken, Germany)) were kept in frozen stocks 

of 20% glycerol in THB medium at −80 °C. Frozen P. aeruginosa was streaked out on blood sheep agar 

plates, followed by overnight incubation at 37 °C and 0% CO2. In the following day, a single colony 

was used to start a liquid culture in THB medium at 37 °C and 150 rpm overnight. The next day, a new 

culture was established from the previous culture at a starting optical density at 600 nm (OD600) of 0.05 

and cultured for 3 h until the bacteria reached the exponential phase. Consequently, the bacteria were 

centrifuged for 5 min at 6000xg, resuspended in PBS and adjusted to OD600 of 1 (108 colonies forming 

unit (cfu)/ml). 

P. aeruginosa strains were used to infect the cells with a multiplicity of infection (MOI) of 5, or PA103 

was used to induce lung pneumonia by intranasal instillation of 105 CFU. For heat-inactivation, the 

bacteria were incubated in the heat-block at 70 °C for 40 min as described in (Aljohmani et al., 2022b).  
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Figure 3. 1: Preparation of P. aeruginosa (PA103 strain or GFP labeled PA01)  

PA103 or GFP labelled PA01 were streaked out on agar plates and incubated overnight at 37 °C and 0% CO2. Subsequently, a 

single colony was added to 10 ml of THB medium and incubated overnight at 37 °C and 150 rpm. At day 3, a new culture of 

OD600 0.05 was started for 3 h. Consequently, the bacteria were centrifuged for 5 min at 6000 g, resuspended in PBS, and 

adjusted to OD600 of 1 (108 cfu/ml). 

 

 

3.2.2.2 S. pneumoniae preparation  

S. pneumoniae (R6 strain) were kept in frozen stocks of 20% glycerol in THB medium at −80 °C. Liquid 

culture in THB medium was started directly from the frozen stock with a starting OD600 of 0.05 and 

culture for 4 h at 37 °C and 5% CO2. Subsequently, S. pneumoniae were centrifuged for 10 min at 

4000xg, resuspended in PBS and adjusted to OD600 of 1 (4.7*108 cfu/ml). S. pneumoniae were used to 

infect the cells with MOI of 5.  
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Figure 3. 2: Preparation of S. pneumoniae (R6 strain). 

S. pneumoniae (R6 strain) liquid culture in THB medium was started directly from the frozen stock with a starting OD600 of 

0.05 and culture for 4 h at 37°C and 5% CO2. Subsequently, S. pneumoniae cultures were centrifuged for 10 min at 4000xg, 

resuspended in PBS and adjusted to OD600 of 1 (4.7*108 cfu/ml).  

 

3.2.2.3 CFU determination 

Lung tissues (homogenized in 10 ml PBS using a cell strainer), citrated blood or BAL fluid were serially 

diluted in sterile PBS and streaked out on LB agar plates followed by overnight incubation at 37 °C. P. 

aeruginosa CFUs were counted and multiplied by the dilution factor to get the number of CFU per 

organ.  

 

3.2.3 Biochemical methods  

3.2.2.1 SDS-PAGE and Western blot  

A549 cells and HSAEpC were cultured on 6-well plates and lysed with ADAM lysis buffer 1. THP-1 

cells and human neutrophils were cultured in 12-well plates and lysed with ADAM lysis buffer 2 (see 

table 3.10). 106 cells were incubated with 200 µL of the respective lysis buffer supplemented with 1× 

Complete Inhibitor for 10 min on ice. Subsequently, cell debris were pelleted by centrifugation for 10 

min at 16,000xg and the supernatant containing the proteins was subjected to protein concentration 

measurements using the Bicinchoninic acid assay (BCA) kit. Samples were mixed with SDS buffer and 

denaturized in a heat block at 60 °C for 30 min. The proteins of each sample were separated according 

to the molecular weight by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 10 % (1.5 mm) 

self-made gels (see table 3.13) or ready-to-use Bolt™ 4-12% Bis-Tris 1.0 mm Mini Protein Gels 

(Invitrogen, Frankfurt, Germany). Dependent on the gel format, the Mini-PROTEAN gel electrophoresis 

chamber (BIO-RAD, Hercules, USA) or the Invitrogen™ Minigel Tank (Fisher Scientific GmbH, 
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Schwerte, Germany) was used. The electrophoresis was run for 90-100 min (at constant 80 V for 20 

min, followed by 160 V for 80 min) or for 40-50 min (at a constant 200 V) in SDS-PAGE running buffer 

at room temperature. For comparison of the molecular weight, 5 μl Fisher BioReagents™ EZ-Run™ 

Prestained Rec Protein Ladder (Thermo Fisher, Karlsruhe, Germany) was run on each gel, further 

allowing for separation and transfer control. 

Subsequently, the proteins were blotted onto nitrocellulose membrane (0.45 µm), and the membrane 

was blocked with 5% non-fatty milk to prevent any non-specific antibody binding and incubated 

overnight at 4 °C with the desired primary antibody. Next day, the membrane was incubated with the 

desired secondary antibody in 5% non-fatty milk for 1 h followed d by chemiluminescence substrates 

for 1 min, and the signals were detected using luminescent image analyzer LAS3000. Band intensity 

was quantified by densitometry after subtracting the background using AIDA Image Analysis software 

4.27.039.  

Table 3. 13: Composition of separation and stacking gel  

Name Stacking gel 4% Separating gel 10 % 

Bis-acrylamide 29:1 40 % 0.5 ml 2.5 ml 

SDS-PAGE separation buffer - 2.5 ml 

SDS-PAGE stacking buffer 1.25 ml - 

ddH2O 3.21 ml 4.91 ml 

10 % APS (in ddH2O) 37.5 µl 75 µl 

Tetramethylethylenediamine 

(TEMED) 

7.5 µl 15 µl 

 

3.2.3.2 Fluorescence-activated cell sorting  

All steps were done on ice at 4 °C. A549 cells or HSAEPC were collected by accutase detachment and 

resuspended in FACS buffer 1 (table 3.10). The cells were incubated with mouse monoclonal antibodies 

against human ADAM10 N-terminal domain (1 µg/mL) or isotype control (1 µg/mL) for 1 h. 

Subsequently, the cells were washed two times with FACS buffer 1 and incubated with APC-conjugated 

anti-mouse antibody (5 µg/mL) for 45 min. The cells were washed again with FACS buffer 1, fixed with 

1% PFA, and the surface expression of ADAM10 was evaluated by measuring the fluorescence signals 

by FACS analysis and analyzed with FlowJo 10.6.2 software. For each sample, the same cell numbers 

and populations were used to quantify the mean fluorescence before subtraction of the signals of the 

isotype controls.  

FACS analyses of murine primary samples were performed for bronchoalveolar lavage (BAL) cells and 

blood leukocytes. BAL cells were collected by centrifugation for 5 min at 300xg, fixed with 1% PFA, 

washed two times with FACS buffer 2 and finally resuspended in PBS for flow cytometry analysis. 

Blood was subjected to erythrocytes lysis for 5 min, and the collected leukocytes were fixated with 1% 
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PFA, washed two times with FACS buffer 2 and finally resuspended in PBS for flow cytometry analysis. 

Collected BAL or blood cells were stained with FITC-conjugated monoclonal anti-mouse CD11b, 

eFluor450-conjugated monoclonal anti-mouse CD11c, PerCP-Cy5.5-conjugated monoclonal anti-

mouse CD45, APC-conjugated monoclonal anti-mouse Ly6G and PE-Cy7-conjugated monoclonal anti-

mouse F4/80 for 1 h at 4 °C (see table 3.17, for gating strategy see Figure 3.3). Flow cytometry analysis 

was performed using the Sony SH800 and analyzed with FlowJo 10.6.1 software.  

 

 

 

 

Figure 3. 3:  Gating strategy for blood and BAL leukocytes analyzed by flow cytometry.  

Collected BAL or blood cells were stained with FITC-conjugated monoclonal anti-mouse CD11b, eFluor450-conjugated 

monoclonal anti-mouse CD11c, PerCP-Cy5.5-conjugated monoclonal anti-mouse CD45, APC-conjugated monoclonal anti-

mouse Ly6G and PE-Cy7-conjugated monoclonal anti-mouse F4/80 for 1 h at 4 °C, and the fluorescence signals were evaluated 

by flow cytometry. CD45 served as a general leukocyte marker, CD11b to further specify the myeloid cells, while Ly6G was 

used to distinguish neutrophils from other myeloid cells.  F4/80 was used to further distinguish the Ly6G negative cells into 

monocytes and macrophages.   

 

3.2.3.3 Histochemistry and Immunohistochemistry (IHC)  

Lung left lobs were fixated with Roti-Fix® for 48 h, embedded in paraffin and sliced by microtome into 

5 µm sections. Deparaffinization of the sections was done by incubation with xylene (2x for 10 min), 

rehydration by incubation with descending ethanol concentrations (2x for 5 min, 100% EtHO; 2x for 5 

min, 96% EtHO; 2x for 5 min, 70% EtHO). Sections were washed with distilled water (1x for 5 min) 

and 2 times with sterile PBS, followed by antigen retrieval by boiling in citrate buffer (10 mM Citric 

Acid, 0.05% Tween 20, pH 6.0). The sections were blocked by 1% hydrogen peroxide for 30 min to 

block the endogenous peroxidases activity and stained with hematoxylin-eosin according to the standard 

protocol (Cardiff et al., 2014). Slices preparation and hematoxylin-eosin staining were performed by the 

group's technician Maria Rieseweber.  

To evaluate polarization of the macrophages, sections were stained with primary rabbit anti-mouse 

CD68 (general macrophages), anti-mouse CD86 (M1) or anti-mouse CD163 (M2) overnight at room 

temperature. Next day, sections were labelled with biotin-tagged goat anti-rabbit IgG secondary 

antibody for 45 min.  Subsequently, the sections were incubated with peroxidase labeled streptavidin 

for 45 min to capture the biotinylated antibodies.  

Images were taken by Axio scan Z1 slide scanner. The thickness of interalveolar septa was blindly 

analyzed by randomly choosing 10 regions for each section of each mouse using ZEN 2.3 blue edition. 
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General macrophages, M1 and M2 macrophages were counted manually and blindly in each section and 

presented as number per mm2 using ZEN 2.3 blue edition.  

 

3.2.3.4 Enzyme-linked immunosorbent assay (ELISA) 

BAL was centrifuged at 16,000xg for 15 min and 4 °C, and the supernatant was used to analyze the 

BAL content of mTNF-α (1:5), mCXCL1 (KC) (1:5), mIL-6 (1:5) and Myeloperoxidase (MPO) (1:100) 

using commercial ELISA kits following the manufacturers’ protocol (R&D Systems, DuoSet). 

 

3.2.4 Functional assay  

3.2.4.1 Alkaline phosphatase assay 

Plasmid encoding either betacellulin or TGF-α tagged with alkaline phosphatase (AP) on the N-terminal 

domain was used to transfect A549 cells in the presence of Lipofectamine™ 3000 as transfection reagent 

for 24 h (see table 3.14). The next day, 3 × 105 cells were seeded on 12-well plate for 24 h followed by 

incubation in serum free DMEM medium for 2 h. subsequently, the cells were stimulated as indicated 

in each figure legend, the supernatants were collected, and the cells were lysed with 500 µl of AP-lysis 

buffer supplemented with 1x Complete Inhibitor. The supernatant and the cell lysate were centrifuged 

at 16,000xg for 10 min, and 100 µl of each was transferred to 96-well plates followed by 

supplementation with 100 µL of alkaline phosphatase substrate 4-nitrophenyl phosphate (a 2 mg/mL) 

dissolved in AP-solution (see figure 7.7). The activity of AP was analyzed by measuring the absorption 

at 405 nm for both the supernatant and cell lysate every 1.5 min for 4 h at 37 °C using Genios 

fluorescence reader (Sahin et al., 2004). Data are shown as a ratio of AP activity in the supernatant to 

the total activity (lysate and supernatant). 

Table 3. 14: AP-Assay transfection protocol 

Plasmid solution Transfection-reagent solution 

1 ml Optimem 125 µl Optimem 

32 µl Lipofectamine 3000 4 µl P3000 Reagent 

 2,5 µg plasmid AP-BTC or AP-TGF-α 

 

mix Mix 

Mix together for 5 min at room temperature 

Add in a dropwise to the cells 
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3.2.4.2 Protein permeability assay 

2*105 A549 cells were seeded on 5 µm polycarbonate trans-well filters coated with collagen G (40 

µg/mL) for 48-72 h until forming a monolayer. At confluence, the cells were incubated with serum free 

medium for 2 h and stimulated as indicated in each respective figure legend. Subsequently, the medium 

in the upper chamber was replaced by 100 µl of suspension of 70 kDa TRITC-dextran (1 mg/ml) and 

FITC-albumin (0.25 mg/ml) in PBS supplemented with 0.2 % BSA for 90 min at 37 °C. Total and 

paracellular permeability were measured by detecting the fluorescence intensity of FITC Albumin (total) 

and TRITC-dextran (paracellular) in the lower chamber at excitation/ emission of 485/535 nm and 

535/595 nm, respectively, using the Genios fluorescence reader. The results are shown as a percentage 

of the FITC Albumin and TRITC-dextran intensity in the lower chamber relative to an empty insert (see 

figure 3.4).  

Figure 3. 4: Method description for protein permeability assay.  

A549 cells were seeded on 5 µm polycarbonate trans-well filters coated with collagen G until forming a monolayer. 

Subsequently, the cells were stimulated as indicated in each respective figure legend and the medium in the upper chamber was 

replaced by 70 kDa TRITC-dextran and FITC-albumin for 90 min. Total and paracellular permeability were measured by 

detecting the florescence intensity of FITC Albumin (total) and TRITC-dextran (paracellular) in the lower chamber. 

 

3.2.4.3 Transepithelial migration 

2*105 A549 cells were seeded on 5 µm polycarbonate trans-well filters coated with collagen G (40 

µg/mL) for 48-72 h until forming a monolayer (the same number of the cells were seeded on 96-well 

plate to monitor the confluency). At confluence, the cells were incubated with serum free medium for 

2 h and stimulated as indicated in each respective figure legend. After stimulation, the cells were 

washed two times with sterile PBS, the lower chamber filled with 600 µL RPMI/0.2% BSA in the 

presence or absence of human CCL-2 (3 nM) followed by the addition of 2 × 105 THP-1 cells in 100 

µL of RPMI/0.2% BSA to the upper chamber. After 90 min, the trans-wells were removed, and the 

transmigration of THP-1 cells from the upper chamber to the lower chamber was evaluated by lysing 

the cells (addition of 0.1% Triton-X100) and measurement of endogenous β-glucuronidase activity 

(Andrzejewski et al., 2010). To quantify the transmigrated cells, 100 µL of the lysed THP-1 cells were 

transferred to a 96-well plate and supplemented with 100 µL of the substrate solution (0.032 g of p-

nitrophenyl-B-D-glucuronide in 10 ml acetate buffer (0.1 M sodium acetate, PH 4)) and incubated 

overnight at 37 °C. The reaction was stopped by the addition of 100 µL of stop solution (0.4 M 

Glycine, PH 10.3), and the absorption was measured at 405 nm using Genios fluorescence reader. In 
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parallel, a defined number of THP-1 cells were serially diluted and used as a standard to count the 

transmigrated cells. The results are shown as a percentage of the transmigrated cells relative to empty 

insert without cells (see figure 3.5).  

 

 

3.2.4.4 Wound closure assay – Scratch assay  

96-well plates were coated with collagen G (40 µg/mL) for 2 h, and 2 × 104 of A549 cells were seeded 

and grown in DMEM (+10 % FCS) for 48-72 h until the formation of a uniform monolayer. To ensure 

wound closure by solely migration, the cells were incubated with mitomycin (5 µg/ml) for 2 h for 

inhibition of proliferation, followed by washing with sterile PBS for 3 times and stimulation as indicated 

in each respective figure legend. Subsequently, a defined scratch of 1.2 cm2 was performed using the 

certified BioTec autoscratch, the cells were washed three times with sterile PBS, and 100 µL of fresh 

medium were added. Wound closure was monitored by live cell imaging every 2 h for 24 h using the 

Lionheart (FX) Automated Microscope system. To analyze wound closure, a primary mask tracking the 

cells over time was applied using Gen5 software version 3.05.11. The data are shown as a percentage of 

a fully closed wound (see figure 7.8).  

 

Figure 3. 5: Method description for THP-1 cells trans-epithelial migration assay   

A549 cells were seeded on 5 µm polycarbonate trans-well filters coated with collagen G until forming a monolayer. 

Subsequently, the cells were stimulated as indicated in each respective figure legend and the lower chamber was filled with 

RPMI/0.2% BSA in the presence or absence of human CCL-2 (3 nM) followed by the addition of 2 × 105 THP-1 cells in 100 

µL of RPMI/0.2% BSA to the upper chamber. After 90 min, the transmigration of THP-1 cells from the upper chamber to the 

lower chamber was evaluated by measurement of endogenous β-glucuronidase.  

 

3.2.4.5 Adhesion assay 

A 24-well plate was coated with collagen G (40 µg/mL) for 2 h and 1 × 105 of A549 cells were seeded 

and grown in DMEM (+10 % FCS) until confluence and infected with P. aeruginosa (PA103, MOI 5). 

THP-1 cells were labeled with 1 mM Calcein-AM in RPMI1640 serum free medium for 30 min, washed 

with warm sterile PBS, and 5×105 cells were added to the infected A549 cell monolayer. The plate was 

directly centrifuged at 300 g for 3 min, each well washed three times with warm sterile PBS, and finally 

the fluorescence of the adhered THP-1 cells was measured at excitation/emission of 480/520 nm using 

the Lionheart (FX) Automated Microscope system. To analyze the adhesion, a primary mask tracking 

the adhered cells to quantify the GFP signals was applied using Gen5 software version 3.05.11.  
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3.2.4.6 Phagocytosis assay  

The cells were infected with GFP-labelled P. aeruginosa (PA01) for 2 h and collected by centrifugation 

at 300xg for 5 min at 4 °C. The GFP signals of the non-phagocytosed P. aeruginosa were quenched by 

resuspending the cells in 200 µl Trypan blue. The phagocytosis of P. aeruginosa was analyzed by 

measuring the median of GFP signal relative to the signal of the non-infected cells by flow cytometry.  

 

3.2.4.7 Reactive oxygen species (ROS) generation  

Flat bottom, black 96-well plate was coated with collage G (40 µg/mL) for 24 h. 105 of THP-1 or human 

neutrophils were stained with ROS red dye (Cellular ROS detection kit) for 30 min in RPMI140 serum 

free medium, pre-incubated with GI254023X (10 µM), TAPI-1 (10 µM) or 0.1% DMSO for 30 min and 

finally infected with P. aeruginosa (PA103, MOI 5) for 2 h. The generation of ROS was evaluated by 

detecting the fluorescence signals after subtraction of the background at excitation/emission of 520/605 

nm using Genios fluorescence reader. 

 

3.2.4.8 FRET-based activity measurements 

Assessment of ADAM10 or ADAM17 exosomal activity was performed by using polypeptides with 

highly specific substrate cleavage sites. The FRET linked fluorophores can undergo a fluorescence 

induction upon cleavage of the substrate´s peptide. The charged tail of these peptides assures 

measurement of only the surface activity and prevents the plasma membrane entry. Exosomes were 

resuspended in DMEM phenol red free and pre-incubated with GI254023X (10 µM), TAPI-1 (10 µM) 

or 0.1% DMSO for 30 min. Subsequently, 50 µl of exosomes were transferred to 96-well plate followed 

by the addition of 50 µl of 10 µM ADAM10 (PEPDAB063A, Acetyl-dArg(3)-dGlu(3)-hexaminoyl-

K(Dabcyl)-PRYEAYKMGK(5FAM)-NH2) or ADAM17 (PEPDAB064, Dabcyl-

PRAAAHomopheTSPK(5FAM)-NH2) FRET substrate (Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany) in FRET activity buffer (20 mM Tris, 0.0006% Brij-35; pH 8). ADAM10 or 

ADAM17 activity in exosomes was determined by analyzing the absorption at 405 nm at 37 °C every 

2.5 min for 240 min using Genios fluorescence reader (Tecan, Grödig, Austria).  

 

3.2.5 In vivo investigations  

3.2.5.1 Mice  

The Saarland animal welfare and ethics committee granted permission for animal experimentation 

(project identification number 2.4.2.2-42/2018 by Daniela Yildiz). Throughout animal experiments, 6 

to 8 weeks old Vav-Adam10-/- and Vav-Adam17-/- mice with C57BL/6 background were used. These 

mice expressed Cre recombinase under control of the Vav-promotor and were homozygous of floxed 
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Adam10 or floxed Adam17 allele resulting in leukocyte-specific knockout mice (Horiuchi et al., 2007; 

Jorissen et al., 2010). Littermate controls were from the same mouse lines expressing Cre recombinase 

and the wildtype alleles of Adam10 and Adam17.   

 

3.2.5.2 Genotyping of transgenic mice 

DNA isolation, PCR and separation of DNA with agarose gel were performed by the group's technician 

Nina Schnellbach. Mastermix of Vav-cre, Adam10 and Adam17 genotypes were prepared under the 

sterile hood as described in table 3.16, 3.19 and 3.22 followed by the ddition of 2 µl, 0.8 µl and 0.5 µl 

of sample DNA of Vav-cre, Adam10 and Adam17, respectively. PCR reactions were run as described in 

tables 3.17, 3.20 and 3.23.  

The DNA fragments were separated by size using agarose gel electrophoresis, with 1% and 2% agarose 

gels being utilized due to the anticipated size of the amplified DNA fragments being between 200-400 

and 700-1000 base pairs, respectively. The preparation of the agarose gel involved dissolving agarose 

standard (CarlRoth) in 1x TBE buffer and boiling it for 2 to 3 minutes in a microwave. Ethidium bromide 

(0.5 µg/ml) was added after cooling, and the agarose was loaded onto the gel tray. Samples were then 

applied to the gel wells using loading dye (10X) before being run at 100 V for 30 min (Consort EV 261 

Sigma-Aldrich). The resulting bands were visualized using UV light (312 nm) (Herolab B1228-U5), 

and photos were captured using an attached camera (HeroLab UVT-28 ME-HC). Figure 3.6 shows 

exemplary images of the genotyping for each gene.  

 

Table 3. 15: Primers used for Vav-cre, Adam10 and Adam17 genotyping.  

Name Sequence 

Vav-cre primer forward AGA TGC CAG GAC ATC AGG AAC CTG 

Vav-cre primer reverse ATC AGC CAC ACC AGA CAC AGA GAT C 

Adam10 primer forward 5’ ATG GAT TGC CCT TTT ATG TAT TTA 

Adam10 primer reverse 5’ GCC GAT GTG CCA GAT GAG TG 

Adam17 primer forward AC TGG TGG GGA GGG GGA GAG ATT 

ACG AAG GC 

Adam17 primer reverse flox TAC TGC CGG GCC TCT TGC GGG G 

Adam17 primer reverse KO ATG TTC CCC CAG CTA GAT TGT TTG CC 
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Table 3. 16: Composition of master mix used for Vav-cre genotyping.  

Component 1x Reaction 

10x PCR buffer 1,2 µL 

Vav_for 10µM 0,6 µL 

Vav_rev 10µM 0,6 µL 

MgCl 20µM 0,96 µL 

dNTPs 10mM each 0,96 µL 

Taq Polymerase 1:25 0,2 µL 

H2O sterile 5,48 µL 

Total 10 

 

 

Table 3. 17: PCR protocol for Vav-cre genotyping.  

Temperature Time 

94° 90 sec 

94° 30 sec 

64°                  45 sec           30x 

72° 45 sec 

72° 120 cec 

10° ∞ 

 

Table 3. 18: Composition of master mix used for Adam10 genotyping. 

Component 1x Reaction 

10x PCR buffer 2 µL 

SW17 (10µM) 1 µL 

SW18 (10µM) 1 µL 

dNTPs (10mM) 0,4 µL 

Taq Polymerase 1:25 0,4 µL 

H2O sterile  14,4 µl 

Total 19,2 
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Table 3. 19: PCR protocol for Adam10 genotyping. 

Temperature Time 

95° 5 min 

95° 30 sec 

56°                    30 sec             30x 

72° 30 sec 

72° 10 min 

10° ∞ 

 

 

 

Table 3. 20: Composition of master mix used for Adam17 genotyping. 

Component 1x Reaction Component 1x Reaction 

KAPA2G Fast HotStart 

Genotyping Mix 

6,25 µL KAPA2G Fast 

HotStart 

Genotyping Mix  

6,25 µL 

Primer forward 0,625 µL Primer forward 0,625 µL 

Primer reverse flox 0,625 µL Primer reverse KO 0,625 µL 

H2O sterile 4,5 µL H2O sterile 4,5 µL 

Total 12 Total 12 

 

 

 

Table 3. 21: PCR protocol for Adam17 genotyping.  

Temperature Time 

95° 3 min 

95° 15 sec 30x 

62° 15 sec 30x 

72° 15 sec 30x 

72° 7 min 

10° ∞ 
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Figure 3. 6: Examples of Vav-cre, Adam10 and Adam17 genotypes. Genotyping was done by Nina Schnellbach.   

Mastermix of vav-cre, Adam10 and Adam17 genotypes were prepared as described in table 3.16, 3.18 and 3.20 followed by the 

addition of 2 µl, 0.8 µl and 0.5 µl of sample DNA of vav-cre, Adam10 and Adam17, respectively. The DNA fragments were 

separated by size using agarose gel electrophoresis. The resulting bands were visualized using UV light transilluminator 

(HeroLab UVT-28 ME-HC).  

 

3.2.5.3 P. aeruginosa-induced lung pneumonia model 

Ketamine (100 mg/kg)/xylazine (25 mg/kg) were used to anesthetize the mice by intraperitoneal 

injection (250 µl), followed by intranasal instillation of P. aeruginosa (105 CFU in 20 µl PBS) or PBS 

as a control (see figure 3.7). After 12 h of lung infection, the severity of pneumonia and the development 

of hypothermia were evaluated using the Gesellschaft für Versuchstierkunde/Society of Laboratory 

Animal Science welfare (GV-Solas) scoring and Mouse Clinical Assessment Scoring System for Sepsis 

(M-CASS) (See table 3.24 for details, (Conrad et al., 2022; Huet et al., 2013)). Subsequently, the mice 

were sacrificed by intraperitoneal injection of 500 µl of ketamine (500 mg/kg)/xylazine (50 mg/kg) and 

were fixed on a dissection board in a supine position. Blood was directly collected from the inferior 

vena cava for serum isolation, total cell count and CFU determination (100 µl citrated with sodium 

citrate) as well as for flow cytometry analysis of the leukocyte content (100 µl in 1 ml of blood FACS 

buffer).  

The right auxiliary lobe of the lung was pinched off before lavage and incubated at 60 °C for 72 h to 

determine lung wet-dry ratio. To collect bronchoalveolar lavage fluid (BAL), the nick skin was 
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disinfected by 70% ethanol and removed by anatomical scissors to carefully expose the trachea. A 1-ml 

syringe filled with ice-cold sterile PBS was inserted in the trachea to form a straight line in order to 

avoid bleeding or esophagus injury, and the lung was lavaged 2-3 times. The collected BAL was used 

for total cell count, CFU determination, cytokines release evaluation and flow cytometry analysis of the 

leukocytes content. Total cell numbers in blood and BAL were measured using the NucleoCounter® 

NC-200™ following the manufacturer’s protocol. The left lobe of the lung was perfused 2-3 times with 

sterile PBS, filled with Roti-Fix®, ligated and immersed in Roti-Fix® for 48 h for 

(immuno)histochemistry analysis. 

 
Figure 3. 7: Method description for P. aeruginosa-induced lung pneumonia model. 

Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. Subsequently, blood and BAL leukocyte content were evaluated by flow cytometry and cytokine release 

by ELISA.  Lung right auxiliary lobe was used to determine lung wet-dry ratio and left lobe for immunohistochemical analysis 

and macrophages polarization analysis.  
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Table 3. 22: Scoring system for evaluating pneumonia severity in mice. Mouse Clinical Assessment Score for Sepsis 

(M-CASS). Adapted from (Conrad et al., 2022).  

Mouse Clinical Assessment Score for Sepsis (M-CASS) 

Score 1 2 3 4 

Fur Aspect Normal fur Slightly ruffled 

fur 

Ruffled fur Ruffled fur and 

piloerection 

Activity Normal Reduced Only when 

provoked 

Little or none 

with provocation 

Posture Normal Hunched, moving 

freely 

Hunched, 

strained or stiff 

movement 

Hunched, little or 

no movement 

Behavior Normal Slow Abnormal when 

disturbed or 

provoked 

Abnormal, no 

relocation 

Chest Movements Normal Mild dyspnea Moderate 

dyspnea 

Severe dyspnea 

Eyelids Normal, open Opened when 

disturbed 

Partially closed, 

even when 

disturbed 

Mostly or 

completely 

closed, even 

when provoked 

 

3.2.6 Statistical methods 

Data were analyzed using GraphPad PRISM 9.0 (GraphPad Software, La Jollla, CA, USA). Data are 

shown as mean ± SD.  Differences were considered significant with a p-value < 0.05. Statistical analysis 

tests used in this thesis and the p-values are indicated in each figure legend.  
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4 Results 

 
The lung-blood barrier belongs to the first line of defense against exogenous insults such as bacterial 

pathogens. Pneumonia may cause the disruption of this barrier resulting in pulmonary damage. To 

investigate the role of ADAM10 and ADAM17 in lung infection in more detail, a cell- and pathogen-

specific analysis was performed. 

 

4.1 Functional implications of ADAM10 during lung infection in vitro 

4.1.1 Pathogen-specific regulation of ADAM10 in lung epithelial cell infection 

A549 cells and HSAEpC served as model cells and were subjected to sterile inflammation caused by 

bacterial toxins or bacterial infection itself. The cell-associated expression was analyzed by Western 

blot, and the surface expression was detected by immunostaining and subsequent flow cytometric 

analysis. Infection of A549 cells with the Gram-negative bacterium P. aeruginosa (MOI 5) induced 

maturation of ADAM10, defined by an increase in the mature form (70 kDa) and a decrease in the 

proform (100 kDa) after 1 and 4 h of infection (figure 4.1 A). Interestingly, after 2 h of infection, the 

mature form of ADAM10 significantly dropped compared to non-infected control cells (Figure 4.1 A). 

The time-dependence of ADAM10 maturation was further observed by an increase in the surface 

expression of intact cells (figure 4.1 B), with a similar drop after 2 h of infection.   
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Figure 4. 1: Regulation of ADAM10 in A549 cells during infection with P. aeruginosa.  

(A-B) A549 cells were grown in standard medium and infected with P. aeruginosa (MOI 5) for 30, 60, 120 and 240 min. (A) 

ADAM10 maturation was analyzed in the cell lysate by Western blot using an antibody against the C-terminal domain. GAPDH 

served as loading control. Band intensity was quantified by densitometry relative to non-infected cells. (B) The surface 

expression of ADAM10 was analyzed using a primary antibody against the N-terminal domain, followed by incubation with 

an APC-labeled secondary antibody and subsequent flow cytometric analysis. Data are shown after subtraction of the mean 

fluorescence intensity of the isotype control and in relation to non-infected cells. Quantitative data are presented as means + 

SD of three independent experiments. Asterisks reveal significance difference relative to the control analyzed using two tailed 

two samples t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 

 

In contrast to P. aeruginosa, infection of A549 cells with the Gram-positive bacterium S. pneumoniae 

(MOI 5) induced no change of ADAM10 expression on the cell-associated protein expression level 

(Figure 4.2 A) or the surface expression level (Figure 4.2 B).  
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Figure 4. 2: Regulation of ADAM10 in A549 cells during infection with S. pneumoniae.   

(A-B) A549 cells were grown in standard medium and infected with S. pneumoniae (MOI 5) for 30, 60, 120 and 240 min. (A) 

ADAM10 maturation was analyzed in the cell lysate by Western blot using an antibody against the C-terminal domain. GAPDH 

served as loading control. Band intensity was quantified by densitometry relative to non-infected cells. (B) The surface 

expression of ADAM10 was analyzed using a primary antibody against the N-terminal domain, followed by incubation with 

an APC-labeled secondary antibody and subsequent flow cytometric analysis. Data are shown after subtraction of the mean 

fluorescence intensity of the isotype control and in relation to non-infected cells. Quantitative data are presented as means + 

SD of three independent experiments. Asterisks reveal significance difference relative to the control analyzed using two tailed 

two samples t-test. No significant difference was observed.  

 

Several cellular reactions can not only be induced by the direct cell-pathogen interaction, but also by the 

virulence factors and the toxins released by the bacteria. To mimic this, Exotoxin A was chosen as one 

of the most virulent toxins secreted by P. aeruginosa (Michalska, Wolf, 2015). Stimulation with 

Exotoxin A (4 h, 100 ng/ml) increased maturation and surface expression of ADAM10 compared to the 

non-stimulated control (Figure 4.3 A and B).  
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Figure 4. 3: Regulation of ADAM10 in A549 cells during stimulation with Exotoxin A.   

(A-B) A549 cells were grown in standard medium and stimulated with 100 ng/ml Exotoxin A for 4 h. (A) ADAM10 maturation 

was analyzed in the cell lysate by Western blot using an antibody against the C-terminal domain. GAPDH served as loading 

control. Band intensity was quantified by densitometry relative to non-stimulated cells. (B) The surface expression of ADAM10 

was analyzed using a primary antibody against the N-terminal domain, followed by incubation with an APC-labeled secondary 

antibody and subsequent flow cytometric analysis. Data are shown after subtraction of the mean fluorescence intensity of the 

isotype control and in relation to non-stimulated cells. Quantitative data are presented as means + SD of three independent 

experiments. Asterisks reveal significance difference relative to the control analyzed using two tailed two samples t-test (** p 

< 0.01, *** p < 0.001). 

 

To confirm these findings in primary cells, the experiments were repeated with HSAEpC. In general, 

these cells showed a weaker expression of ADAM10 in comparison to A549 cells. Again, P. aeruginosa 

and Exotoxin A induced an upregulation of ADAM10 surface expression, following the same pattern of 

regulation observed in A549 cells (figure 4.4 A and B). In addition, S. pneumoniae had no impact on 

the regulation of ADAM10 (figure 4.4 C).   
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Figure 4. 4: Regulation of ADAM10 in HSAEPC during infection with P. aeruginosa, S. pneumonia or stimulation 

with Exotoxin A.   

(A-C) HSAEPC cells were grown in MV2 medium and infected with P. aeruginosa or S. pneumoniae (MOI 5) for 30, 60, 120 

and 240 min or stimulated with 100 ng/ml Exotoxin A for 4 h. (A-C) The surface expression of ADAM10 was analyzed using 

an antibody against the N-terminal domain, followed by incubation with an APC-labeled secondary antibody and subsequent 

flow cytometric analysis. Data are shown after subtraction of the mean fluorescence intensity of the isotype control and in 

relation to non-stimulated cells. Asterisks reveal significance difference relative to the control analyzed using two tailed two 

samples t-test (** p < 0.01, *** p < 0.001). 

 

4.1.2 P. aeruginosa and Exotoxin A induce ADAM10 shedding activity 

To investigate whether the changes in ADAM10 surface expression have functional implications, the 

shedding activity in response to P. aeruginosa and Exotoxin A was tested after 2 h and 4 h. These time 

points were chosen in correlation to the obtained changes in ADAM10 maturation. The catalytic activity 

of ADAM10 was investigated by the cleavage of alkaline phosphatase-tagged betacellulin (AP-BTC) 

(Inoue et al., 2012) and E-cadherin (an endogenous substrate), as both have been described to be specific 

substrates of ADAM10 (Maretzky et al., 2005; Sahin et al., 2004). Infection with P. aeruginosa (2 or 4 

h, MOI 5) or stimulation with Exotoxin A (4 h, 100 ng/ml) significantly increased AP release to the 

supernatant in comparison to the non-infected or non-stimulated control (Figure 4.5 A and B). Pre-

treatment with GI254023X as a specific inhibitor of ADAM10 reduced this release significantly (Figure 

4.5 A and B). This strong increase in AP-BTC was comparable to the release mediated by ionomycin 

which is considered one of the strongest activators of ADAM10 (Figure 4.5 C). Although the infection 

with S. pneumoniae did not induce any change in the protein expression or maturation, posttranslational 

modification could result in changes of activation. However, infection with S. pneumoniae had no effect 

on ADAM10 activity, again with a reduction of the basal activity by the inhibitor pre-treatment (Figure 

4.5 D).  
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Figure 4. 5: P. aeruginosa and Exotoxin A induce activation of ADAM10.  

(A-D) A549 cells were transfected with AP-BTC. The cells were incubated with 0.1% DMSO or 10 µM GI254023X for 30 

min, followed by (A) infection with P. aeruginosa a (2 and 4 h, MOI 5), (B) stimulation with Exotoxin A (4 h, 100 ng/ml), (C) 

stimulation with ionomycin (1 h, 1 µM) or (D) infection with S. pneumoniae (4 h, MOI 5). The activity of AP was determined 

in both the cell lysate and the supernatant and shown as a ratio of the slope of AP activity in the supernatant to the total activity 

(lysate and supernatant). (A–D) Data are presented as means + SD of three independent experiments. Asterisks reveal 

significance among groups analyzed by two-way ANOVA and Tukey post-test (** p < 0.01, *** p < 0.001, **** p < 0.0001, 

n.s. not significant). 

 

 

Similar to betacellulin, both P. aeruginosa and Exotoxin A induced the cleavage of E-cadherin as shown 

by a decrease in the full-length band (128 kDa) and an increase in the C-terminal fragment (38 kDa) 

(Figure 4.6 A and B). This cleavage was blocked by the inhibitor pre-treatment, while the inhibition was 

more prominent two hours after infection.  
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Figure 4. 6: P. aeruginosa and Exotoxin A induce activation of ADAM10 mediating E-cadherin cleavage.  

(A-B) A549 cells were incubated with 0.1% DMSO or 10 µM GI254023X for 30 min followed by (A) infection with P. 

aeruginosa (2 and 4 h, MOI 5) or (B) stimulation Exotoxin A (4 h, 100 ng/ml). E-cadherin expression was analyzed in the cell 

lysate by western blot using an antibody against the C-terminal domain. Beta actin served as loading control. Representative 

blots of three independent experiments are shown. Data are presented as means + SD of three independent experiments. 

Asterisks reveal significance among groups analyzed by one-way ANOVA and Tukey post-test (** p < 0.01, *** p < 0.001, 

**** p < 0.0001) 

 

4.1.3 P. aeruginosa and Exotoxin A induce epithelial permeability mediated by ADAM10  

Edema formation and an increase in protein permeability are important manifestations of pneumonia 

mediated by disruption of the barrier integrity, which is controlled by junction and adhesion molecules 

such as E-cadherin. Thus, A549 cells were grown on a trans-well system until forming a monolayer and, 

subsequently, the total and paracellular permeability were evaluated by FITC-albumin and TRITC-

dextran diffusion, respectively, upon infection with P. aeruginosa (4 h, MOI 5) or stimulation with 

Exotoxin A (4 h, 100 ng/ml). Both stimuli led to a strong induction of both total and paracellular 

permeability, which was inhibited by either ADAM10 gene silencing/knockdown (knockdown 

efficiency controlled by western blot (figure 4.7 A)) or pharmacological inhibition (figure 4.7 B-E). 
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With respect to the paracellular permeability, the induction by P. aeruginosa was higher than observed 

after Exotoxin A stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. 7: P. aeruginosa and Exotoxin A induce epithelial permeability mediated by ADAM10. 

(A-E) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM10 (A10-KD1 and A10-KD2). An unspecific shRNA (scramble) served as control. (A) ADAM10 expression was 

analyzed in the cell lysate by Western blot to confirm the knockdown using an antibody against the C-terminal domain. GAPDH 

served as loading control. (B-E) A549 cells were grown on a trans-well system until forming a monolayer, incubated with 0.1% 

DMSO or 10 µM GI254023X for 30 min, followed by infection with P. aeruginosa (B/D, 4 h, MOI 5), or stimulation with 

Exotoxin A (C/E,4 h, 100 ng/ml). Subsequently, the medium in the upper chamber was replaced by a suspension of both 70 

kDa TRITC-dextran (1 mg/ml) and FITC-albumin (0.25 mg/ml). After 90 min, paracellular and total permeability were 

determined. Data are presented as means + SD of three independent experiments. Asterisks reveal significance among groups 

analyzed by two-way ANOVA and Tukey post-test (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Leukocyte transmigration is an important step during the elimination of an infection. However, 

excessive recruitment, fostered by loss of barrier integrity, leads to increased organ dysfunction. 

Therefore, the influence of ADAM10 activity on monocyte transepithelial migration during infection 

with P. aeruginosa was investigated using a trans-well assay. For higher reproducibility and the 

possibility of genetic targeting, the well-established monocytic cell line THP-1 was used. The 

transepithelial migration of THP-1 cells was significantly increased during infection with P. aeruginosa 

(4 h, MOI 5) in the presence (14x) or absence (10x) of the monocytes chemoattractant CCL2 (figure 4.8 

A). Targeting ADAM10 by gene silencing or pharmacological inhibition solely reduced the 

transepithelial migration of THP-1 cells (Figure 4.8 A). However, stimulation with Exotoxin A (4 h, 

100 ng/ml) induced much weaker transmigration compared to infection in the presence (2x) or absence 

(4x) of CCL2, with no observed effect of ADAM10 knockdown or inhibition (Figure 4.8 B). In 

conclusion, ADAM10 activation mediated by P. aeruginosa led to partly barrier disruption with 

increased protein and cellular permeability. 

 

4.1.4 ADAM10 inhibition improves epithelial wound healing 

Resolution of barrier disruption and regeneration is strongly dependent on the wound healing capacity 

of the epithelial layer. Epithelial wound closure was investigated using an automated scratch assay after 

stimulation with Exotoxin A (4 h, 100 ng/ml). Treatment with Exotoxin A reduced wound closure by 

20 % in comparison to the non-stimulated control, while inhibition of ADAM10 decreased the closure 

of the wound by about 10% (Figure 4.9 A and B). One could assume that a combined treatment would 

synergistically reduce the wound closure. However, gene silencing or pharmacological inhibition of 

ADAM10 did not synergistically reduce the closure but significantly improved the wound closure 

(Figure 4.9 A and B). These results suggest an ADAM10-dependent cell damage mediated by Exotoxin 

A. To address this hypothesis, the experiment was repeated in the absence of GI254023X pre-incubation 

but with the addition of GI254023X after Exotoxin A stimulation (during the wound closure phase). 

ADAM10 inhibition at this stage did not change the epithelial cell migration upon stimulation with 

Exotoxin A, leading to the hypothesis of a high relevance of ADAM10 in the initial phase of cellular 

damage (Figure 4.9 C and D).  
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Figure 4. 8: P. aeruginosa and Exotoxin A induce THP-1 transepithelial migration mediated by ADAM10. 

(A-B) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM10 (A10-KD1 and A10-KD2). An unspecific shRNA (scramble) served as control. The cells were grown on a trans-

well system until forming a monolayer, incubated with 0.1% DMSO or 10 µM GI254023X for 30 min, followed by infection 

with P. aeruginosa (A, 4 h, MOI 5) or stimulation with Exotoxin A (B, 4 h, 100 ng/ml). Subsequently, THP-1 cells were added 

to the upper chamber, and the transmigration was analyzed by measurement of endogenous β-glucuronidase activity. Data are 

presented as means + SD of three independent experiments. Asterisks reveal significance among groups analyzed by two-way 

ANOVA and Tukey post-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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4.1.5 P. aeruginosa induces the release of ADAM10 in exosomes 

ADAM10 has been shown to be vigorously found in exosome like EVs (Stoeck et al., 2006; Tosetti et 

al., 2018). As mentioned earlier, 2 h of P. aeruginosa infection was associated with a significant increase 

in ADAM10 activity, while the mature form on the cell surface as well as within the cell lysate was 

reduced (Figure 4.1 A and B). One possible explanation could be that P. aeruginosa induces a transit 

exocytotic release of ADAM10 to the extracellular environment. Therefore, EVs were isolated from 

infected cells and non-infected cells and further purified for exosome preparation. Mature ADAM10 

could only be detected in the vesicle fraction purified from 100,000xg after infection with P. aeruginosa 

while it was totally absent in the non-infected cells (Figure 4.10 A). These vesicle fractions were further 

characterized as flotillin-1 and CD9 positive, indicating an increase in EVs release upon by P. 

aeruginosa infection (Figure 4.10 A). Sucrose density gradient centrifugation for fractionation of the 

EVs revealed that the ADAM10, flotillin-1 and CD9 positive EVs were collected at a density of 1.11 

and 1.16 g/ml which represent the typical density of exosomes (figure 4.10 B).  

4.1.6 Exosomal ADAM10 is proteolytically active and mediates shedding on the cell 

surface in trans  

Infection with P. aeruginosa led to an increase of the shedding activity of ADAM10, although the 

surface expression was reduced. This led to the hypothesis that the measured activity could be derived 

from the exosomal ADAM10. Therefore, an in vitro transfer experiment was performed. Exosomes 

derived from non-infected and P. aeruginosa infected cells (without AP-BTC), respectively, was 

transferred to cells expressing AP-BTC. Interestingly, only exosomes derived from P. aeruginosa 

infected cells could enhance the release of betacellulin to the supernatant, while this process was blocked 

by pharmacological inhibition of ADAM10 by GI254023X (figure 4.11 A). Thus, ADAM10 released 

on exosomes upon P. aeruginosa infection is active and mediates the ectodomain shedding of 

betacellulin on distinct cells in trans.    

To exclude the effect of the surface ADAM10 on the cells themself and to confirm that ADAM10 

activity was exosomal based, exosomes were purified from ADAM10 wildtype and knockdown cells, 

respectively, with and without P. aeruginosa infection. These exosomes were used for stimulation of 

AP-BTC expressing wildtype and ADAM10 knockdown cells, respectively. Exosomes purified from 

ADAM10 expressing cells increased the cleavage of AP-BTC on both wildtype and ADAM10 

knockdown cells (figure 4.11 B). However, exosomes purified from ADAM10 knockdown cells did not 

change AP-BTC release in both cell types (figure 4.11 B and C).   
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Figure 4. 9: Role of ADAM10 in epithelium regeneration upon damage by Exotoxin A. 

(A-D) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM10 (A10-KD1 and A10-KD2). An unspecific shRNA (scramble) served as control. (A-D) the cells were incubated with 

mitomycin for 2 h and (A-B) 0.1% DMSO or 10 µM GI254023X for 30 min, followed by stimulation with Exotoxin A (4 h, 

100 ng/ml) or (C-D) stimulated with Exotoxin A (4 h, 100 ng/ml), followed by treatment with 10 µM GI254023X during the 

migration phase. Wound closure was monitored automatically over 14 h. (A,C) Representative images are shown. (B,D. Data 

are presented as means +/- SD of six independent experiments. Asterisks indicate significance between groups analyzed by 

one-way ANOVA and Tukey post-test (*p < 0.05, **p < 0.01**** p < 0.0001). 
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Figure 4. 10: P. aeruginosa induces the release of ADAM10 in exosomes. 

2 × 107 of A549 cells were grown in serum free medium and infected with P. aeruginosa (2 h, MOI 5). Subsequently, the cells 

were lysed, and the medium was assigned for different centrifugation steps as indicated. (A) The pellet of each centrifugation 

step was lysed with SDS buffer, and the expression of ADAM10 (antibody against the C-terminal domain), Flottilin-1 and CD9 

were analyzed by Western blot. (B) The extracellular vesicles (100,000xg) were collected by sterile PBS and loaded to a sucrose 

gradient comprising layers to be separated according to the density. The expression of ADAM10 (antibody against the C-

terminal domain), Flottilin-1 and CD9 in each layer were analyzed by Western blot. Representative blots of three independent 

experiments are shown.   
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Figure 4. 11: ADAM10 in exosomes is active and mediates shedding activity.  

(A) A549 cells were transfected with AP-BTC. The cells were pre-incubated with 0.1% DMSO or 10 µM GI254023X for 30 

min, followed by stimulation with exosomes purified from non-infected or P. aeruginosa (2 h, MOI 5) infected A549 cells. 

The activity of AP was determined in both cell lysate and supernatant. (B) A549 cells were transduced with lentiviral particles 

for delivery of shRNA-carrying vectors for gene silencing of ADAM10 (A10-KD1 and A10-KD2) and an unspecific shRNA 

(scramble) served as control. The cells were infected with P. aeruginosa a (2 h, MOI 5) to purify exosomes. For ADAM10 

activity measurement, A549 cells were transfected with AP-BTC as described earlier and stimulated with exosomes (without 

AP-BTC) derived from scramble or A10-KD cells which were either infected with P. aeruginosa (2 h, MOI 5) or left un-

infected. (C) Schematic description for the experiment in (B). Data are shown as means + SD of three independent experiments. 

Asterisks reveal significance among groups analyzed by two-way ANOVA and Tukey post-test in A and one-way ANOVA 

and Tukey post-test in B (* p < 0.05, *** p < 0.001, **** p < 0.0001). 
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4.1.7 ADAM10 activation mediated by P. aeruginosa infection depends on the released 

toxins and is calcium-dependent 

To investigate whether the activation of ADAM10 is due to the interaction with P. aeruginosa itself or 

due to the released toxins, P. aeruginosa was subjected to heat-inactivation under mild and optimal 

conditions (70 C° for 40 min) to ensure bacterial death without affecting the released toxins (Rabiei et 

al., 2019). In contrast to living bacteria, infection of A549 cells with heat inactivated P. aeruginosa had 

no impact on the expression/maturation of ADAM10 (figure 4.12 A and B).  

 

 

 

 

 

 

 

 

Figure 4. 12: Regulation of ADAM10 in A549 cells during infection with heat-inactivated P. aeruginosa.  

(A-B) A549 cells were grown in standard medium and infected with heat-inactivated P. aeruginosa (MOI 5) for 30, 60, 120 

and 240 min. (A) ADAM10 maturation was analyzed in the cell lysate by Western blot using an antibody against the C-terminal 

domain. GAPDH served as loading control. (B) Band intensity was quantified by densitometry relative to non-infected cells. 

Quantitative data are presented as means + SD of three independent experiments. Asterisks reveal significance difference 

relative to the control analyzed using two tailed two samples t-test. No significant difference was observed.  

 

ADAM10 activation is known to be correlated with an increased cytosolic calcium level [Ca2+]i. As 

Exotoxin A inhibits e-EF2 (Zdanovsky et al., 1993), the dependence of ADAM10 activation by Exotoxin 

A on calcium signaling was investigated. Indeed, Exotoxin A stimulation significantly increased [Ca2+]i 

(figure 4.13 A). To address whether the source of intracellular calcium for the described activation 

would be the release from internal stores (e.g., ER) or the extracellular environment, the experiment was 

repeated in the presence and absence of calcium in the extracellular environment, respectively. Exotoxin 

A stimulation did not increase [Ca2+]i in the absence of calcium in the extracellular environment (figure 

4.13 B). In contrast, a peaked increase in [Ca2+]i was detected upon addition of calcium to the 

extracellular environment (figure 4.13 C). Thus, the P. aeruginosa-specific activation of ADAM10 is 

dependent on the released toxins rather than the particle itself triggered by calcium influx.  
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Figure 4. 13: Exotoxin A induces calcium influx from extracellular environment  

(A-C) A549 cells were grown on a poly-L-lysine coated glass coverslips until 70% confluence and stimulated with Exotoxin 

A (4 h, 100 ng/ml) in (A) Tyrode’s solution (+ CaCl2) or (B,C) Tyrode’s solution (- CaCl2). Subsequently, the cells were 

incubated with 5 μM Fura-2 AM for 45 min and recorded for calcium signaling in (A) Tyrode’s solution with CaCl2, (B) 

Tyrode’s solution without CaCl2 or (C) Tyrode’s solution without CaCl2, followed by an addition of 2 mM CaCl2 after 2 min 

of recording. Quantitative data are presented as means +/- SD for F340/380 ratio and mean + SD for the area under the curve 

of three independent experiments. Asterisks reveal significance difference among groups at the shown time points analyzed 

using two-way ANOVA and Bonferroni post-test for F340/380 ratio and one-way ANOVA and Tukey post-test for area under 

the curve (* p < 0.05, ** p < 0.001, *** p < 0.001, **** p < 0.0001, n.s. not significant). 
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4.2 Functional implication of ADAM17 in lung infection in vitro 

4.2.1 Pathogen-specific regulation of ADAM17 during infection of lung epithelial cells 

As mentioned earlier, lung epithelium is one of the first line defenses against the exogenous pathogens, 

and disturbances in alveolar epithelium integrity can result in organ damage and systemic effects. Again, 

we evaluated the pathogen-specific regulation of ADAM17 in both A549 cells and HSAEpC. 

Infection of A549 cells with the Gram-negative bacterium P. aeruginosa (4 h, MOI 5) induced 

expression and maturation of ADAM17, defined by an increase in both mature form (100 kDa) and 

proform (130 kDa) (figure 4.14 A). In contrast to P. aeruginosa, infection of A549 cells with the Gram-

positive bacterium S. pneumoniae (4 h, MOI 5) induced no change in expression or maturation of 

ADAM17 (Figure 4.14 B). As it was observed earlier that bacterial released toxins participate in the 

regulation of proteases expression and activation, the regulation of ADAM17 during sterile 

inflammation mediated by Exotoxin A was investigated. Stimulation with Exotoxin A (4 h, 100 ng/ml) 

induced expression and maturation of ADAM17 in comparison to the non-stimulated control (Figure 

4.14 C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 14: Pathogen-specific regulation of ADAM17 in A549 cells during infection. 

(A-D) A549 cells were grown in standard medium and infected with (A) P. aeruginosa (4 h, MOI 5), (B) S. pneumoniae (4 h, 

MOI 5), (C) stimulated with Exotoxin A (4 h, 100 ng/ml) or (D) infected with heat-inactivated P. aeruginosa (4 h, MOI 5). (A-

D) ADAM17 expression and maturation was analyzed in the cell lysate by Western blot using an antibody against the C-

terminal domain. GAPDH served as loading control. Band intensity was quantified by densitometry relative to non-

infected/non-stimulated cells. Quantitative data are presented as means + SD of three independent experiments. Asterisks reveal 

significance difference relative to the control analyzed using two tailed two samples t-test (*** p < 0.001, **** p < 0.0001, 

n.s. not significant). 
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To investigate the role of  P. aeruginosa particle itself in regulating the expression and maturation of 

ADAM17, P. aeruginosa was subjected to heat-inactivation under mild and optimal conditions (70 °C 

for 40 min) to ensure bacterial death without affecting the released toxins (Rabiei et al., 2019). Infection 

of A549 cells with heat-inactivated P. aeruginosa had no impact on the expression/maturation of 

ADAM17 (figure 4.14 D). In HSAEPC as primary cells, the same pattern of regulation was observed 

(figure 4.15 A, B and C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 15: Pathogen-specific regulation of ADAM17 in HSAEpC cells during infection. 

(A-C) HSAEpC were grown in MV2 medium and infected with (A) P. aeruginosa (4 h, MOI 5), (B) S. pneumoniae (4 h, MOI 

5) or (C) stimulated with Exotoxin A (4 h, 100 ng/ml). (A-C) ADAM17 expression and maturation was analyzed in the cell 

lysate by Western blot using an antibody against the C-terminal domain. GAPDH served as loading control. Band intensity 

was quantified by densitometry relative to non-infected/non-stimulated cells. Quantitative data are presented as means + SD of 

three independent experiments. Asterisks reveal significance difference relative to the control analyzed using two tailed two 

samples t-test (** p < 0.01, n.s. not significant). 

 

4.2.2 P. aeruginosa and Exotoxin A induce ADAM17 shedding activity 

To investigate the functional implications on the ADAM17 activity level, the ADAM17-mediated 

ectodomain shedding was investigated in response to P. aeruginosa and Exotoxin A at the time points 

that were correlated with the change in expression and maturation. The catalytic activity of ADAM17 

was investigated by the cleavage of alkaline phosphatase tagged transforming growth factor-alpha (AP-

TGF-α) (Inoue et al., 2012). Infection with P. aeruginosa (4 h, MOI 5) or stimulation with Exotoxin A 

(4 h, 100 ng/ml) significantly increased AP-TGF-α release to the supernatant compared to non-
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infected/non-stimulated control (Figure 4.16 A and B). Pre-treatment with TAPI-1 as a specific inhibitor 

of ADAM17 significantly reduced this release (Figure 4.16 A and B). Although the increase in AP-

TGF-α cleavage during Exotoxin A stimulation was lower, the levels were comparable to the release 

mediated by PMA, which is considered one of the strongest activators of ADAM17 (Figure 4.16 C). 

Infection with S. pneumoniae had no effect on ADAM17 activity (Figure 4.16 D). Thus, P. aeruginosa 

and its released toxin Exotoxin A increase ADAM17 catalytic activity in lung epithelial cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 16: P. aeruginosa and Exotoxin A induce activation of ADAM17.  

(A-D) A549 cells were transfected with AP-TGF-α. The cells were incubated with 0.1% DMSO or 10 µM TAPI-1 for 30 min 

followed by infection with (A) P. aeruginosa a (4 h, MOI 5), (B) stimulation Exotoxin A (4 h, 100 ng/ml), (C) stimulation with 

PMA (1 h, 1 µM) or (D) infection with S. pneumoniae (4 h, MOI 5).  The activity of AP was determined in both cell lysate and 

supernatant and shown as a ratio of the slope of AP activity in the supernatant to the total activity (lysate and supernatant). (A–

D) Data are presented as means + SD of three independent experiments. Asterisks reveal significance among groups analyzed 

by two-way ANOVA and Tukey post-test (** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. not significant). 
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4.2.3 P. aeruginosa induces no exocytic release of ADAM17  

I have reported earlier in this thesis that P. aeruginosa induced an exocytic release of active ADAM10 

in exosomes (Aljohmani et al., 2022b). To test if this also holds true for ADAM17, the expression of 

ADAM17 in EVs and in further purified exosomes from infected and non-infected A549 cells was 

probed. In contrast to ADAM10, neither the mature form nor the proform of ADAM17 could be detected 

in extracellular vesicles or in exosomes (Figure 4.17 A and B).  

 

 

 

 

 

 

 

 

 

 

Figure 4. 17: P. aeruginosa induces no release of ADAM17 in extracellular vesicles or exosomes. 

2 × 107 of A549 cells were grown in serum free medium and infected with P. aeruginosa (2 h, MOI 5). Subsequently, the cells 

were lysed, and the medium was assigned for different centrifugation steps as indicated. (A) The pellet of each centrifugation 

step was lysed with SDS buffer, and the expression of ADAM17 (antibody against the C-terminal domain), Flottilin-1 and CD9 

were analyzed by Western blot. (B) The extracellular vesicles (100,000xg) were collected by sterile PBS and loaded to a sucrose 

gradient comprising layers to be separated according to the density.  The expression of ADAM17 (C-terminal domain), 

Flottilin-1 and CD9 in each layer were analyzed by western blot. Representative blot of three independent experiments are 

shown.   

 

4.2.4 P. aeruginosa and Exotoxin A induce epithelial permeability mediated by ADAM17  

To test the role of epithelial ADAM17 in modulating protein permeability during P. aeruginosa 

infection, A549 cells were grown on trans-well system until forming a monolayer and infected with P. 

aeruginosa (4 h, MOI 5) or stimulated with Exotoxin A (4 h, 100 ng/ml). Total and paracellular 

permeability were evaluated by the diffusion of FITC-albumin and TRITC-dextran, respectively. 

ADAM17 gene silencing/knockdown (knockdown efficiency controlled by Western blot (figure 4.18 

A)) or pharmacological inhibition suppressed the increase in total and paracellular permeability 

mediated by P. aeruginosa or Exotoxin A (figure 4.18 B-E).  
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Figure 4. 18: P. aeruginosa and Exotoxin A induce epithelial permeability mediated by ADAM17. 

(A-E) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM17 (A17-KD1 and A17-KD2). An unspecific shRNA (scramble) served as control. (A) ADAM17 expression was 

analyzed in the cell lysate by Western blot to confirm the knockdown using an antibody against the C-terminal domain. GAPDH 

served as loading control. (B-E) A549 cells were grown on a trans-well system until forming a monolayer, incubated with 0.1% 

DMSO or 10 µM TAPI-1 for 30 min, followed by infection with P. aeruginosa (B/D, 4 h, MOI 5), or stimulation with Exotoxin 

A (C/E,4 h, 100 ng/ml). Subsequently, the medium in the upper chamber was replaced by a suspension of both 70 kDa TRITC-

dextran (1 mg/ml) and FITC-albumin (0.25 mg/ml). After 90 min, paracellular and total permeability were determined. Data 

are presented as means + SD of three independent experiments. Asterisks reveal significance among groups analyzed by two-

way ANOVA and Tukey post-test (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). 
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4.2.5 ADAM17 mediates ectodomain shedding of junctional molecules regulating 

epithelium wound healing  

Severe pneumonia can end up in epithelial tissue damage. Stimulation with Exotoxin A decreased the 

closure of the wounded scratch area by about 45% (Figure 4.19 A and B) in comparison to the non-

stimulated control. Interestingly, gene silencing or pharmacological inhibition of ADAM17 significantly 

improved the wound closure by almost 25% (Figure 4.19 A and B).  

 

 

 

 

 

 

 

 

 

 

Figure 4. 19: Role of ADAM17 in epithelium regeneration.  

(A-B) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM17 (A17-KD1 and A17-KD2). An unspecific shRNA (scramble) served as control. The cells were incubated with 

mitomycin for 2 and 0.1% DMSO or 10 µM GI254023X for 30 min, followed by stimulation with Exotoxin A (4 h, 100 ng/ml). 

(A) Representative images are shown. (B) Data are presented as means +/- SD of six independent experiments. Asterisks 

indicate significance between groups analyzed by one-way ANOVA and Tukey post-test (**p < 0.01*** p < 0.001). 

 

Junctional and adhesion molecules maintain the integrity of the barrier through a tight cell-cell 

interaction (Tsukita et al., 2001). Ectodomain shedding of junctional molecules during infection can 

result in impairment of cellular interaction and consequently tissue uniformity. Therefore, the shedding 

activity of ADAM17 on JAM-A was investigated. Both P. aeruginosa (4 h, MOI 5) and Exotoxin A (4 

h, 100 ng/ml) induced the cleavage of JAM-A as demonstrated by a decrease in the full-length form (44 

kDa) (Figure 4.20 A-D). The decrease in the full-length protein was completely blocked by either gene 

silencing or pharmacological inhibition of ADAM17 (Figure 4.20 A-D).  
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Figure 4. 20: P. aeruginosa and Exotoxin A induce activation of ADAM107 mediating JAM-A cleavage.  

(A-D) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM17 (A17-KD1 and A17-KD2). An unspecific shRNA (scramble) served as control. The cells were incubated with 0.1% 

DMSO or 10 µM TAPI-1 for 30 min followed by (A,B) infection with P. aeruginosa (4 h, MOI 5) or (C,D) stimulation Exotoxin 

A (4 h, 100 ng/ml).  JAM-A expression was analyzed in the cell lysate by Western blot using an antibody against the N-terminal 

domain. GAPDH served as loading control. (A,C) Representative blots are shown. Quantitative data are presented as means + 

SD of three independent experiments. Asterisks reveal significance difference relative to the control analyzed using two tailed 

two samples t-test (* p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). 

 

 

4.2.6 ADAM17 mediates transepithelial migration through enhanced leukocyte adhesion 

and improvement of epithelial survival  

ADAM17 is known to regulate most of the leukocyte recruitment steps during inflammation 

(Dreymueller et al., 2012b). Also, in the present thesis, the transepithelial migration of THP-1 cells was 

significantly increased during infection with P. aeruginosa (4 h, MOI 5) in the presence (7x) or absence 

(5x) of the monocytes chemoattractant CCL2 (figure 4.21 A). Targeting ADAM17 by gene silencing or 

pharmacological inhibition significantly increased both random and CCL2-induced transepithelial 

migration of THP-1 cells (Figure 4.21 A). In contrast, stimulation with Exotoxin A (4 h, 100 ng/ml) 

induced weaker transmigration (2-4x) in comparison to infection. Further, no effect of ADAM17 

knockdown or inhibition was observed (Figure 4.21 B).  
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Figure 4. 21: P. aeruginosa induces THP-1 transepithelial migration mediated by ADAM17. 

(A-B) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM17 (A17-KD1 and A17-KD2). An unspecific shRNA (scramble) served as control. The cells were grown on a trans-

well system until forming a monolayer, incubated with 0.1% DMSO or 10 µM TAPI-1 for 30 min, followed by infection with 

P. aeruginosa (A, 4 h, MOI 5), or stimulation with Exotoxin A (B, 4 h, 100 ng/ml). Subsequently, THP-1 cells were added to 

the upper chamber and the transmigration was analyzed by measurement of endogenous β-glucuronidase activity. Data are 

presented as means + SD of three independent experiments. Asterisks reveal significance among groups analyzed by two-way 

ANOVA and Tukey post-test (*p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). 

 

Leukocytes adhesion is a crucial step preceding transmigration. Therefore, the role of epithelial 

ADAM17 on THP-1 cells adhesion during infection with P. aeruginosa (4 h, MOI 5) was investigated. 
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Epithelial cells infection with P. aeruginosa massively reduced THP-1 cell adhesion in comparison to 

the non-infected scramble control while, ADAM17 knockdown or pharmacological inhibition restored 

THP-1 adhesion (Figure 4.22 A and B).  

 

 

 

 

 

 

 

 

 

Figure 4. 22: P. aeruginosa induces THP-1 adhesion mediated by ADAM17. 

(A-B) A549 cells were transduced with lentiviral particles for delivery of shRNA-carrying vectors for gene silencing of 

ADAM17 (A17-KD1 and A17-KD2). An unspecific shRNA (scramble) served as control. The cells were grown until forming 

a monolayer and incubated with 0.1% DMSO or 10 µM TAPI-1 for 30 min followed by infection with P. aeruginosa a (4 h, 

MOI 5). Subsequently, 5×105 of Calcein-AM labeled THP-1 cells were added to the A549 monolayer, the plate was centrifuged, 

washed 3 times with warm PBS and the fluorescence of the adhered cells was measured. Data are presented as means + SD of 

three independent experiments. Asterisks reveal significance among groups analyzed by one-way ANOVA and Tukey post-

test (*p < 0.05, **p < 0.01, *** p < 0.001). 

 

 

Thus, it seems feasible that the increase in THP-1 cell transepithelial migration during ADAM17 

inhibition might be caused by an increase in THP-1 cell adhesion to epithelial cells. To test whether the 

increase in THP-1 adhesion to epithelial cells might be due to differences in epithelial cell survival, 

A549 cell survival was investigated during P. aeruginosa infection (4 h, MOI 5) and Exotoxin A 

stimulation (4 h, 100 ng/ml), respectively.  

Live cell imaging revealed a strong increase in A549 cell death mediated by infection with P. 

aeruginosa, indicated by an increase in green cells and a decrease in red cells (Figure 4.23 A, B, C). 

Interestingly, pharmacological inhibition of ADAM17 by TAPI-1 significantly improved cell survival 

over time (Figure 4.23 A, B, C). However, neither Exotoxin A nor concomitant inhibition of ADAM17 

by TAPI-1 had a significant effect on cell survival (Figure 4.23 D, E, F). In conclusion, in addition to 

cleavage of junctional and adhesion molecules, cell survival improvement due to inhibition of ADAM17 

may explain the increase in THP-1 cells adhesion and transepithelial migration.  
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Figure 4. 23: ADAM17 inhibition promotes A549 cells survival during P. aeruginosa infection.  

(A-F) A549 cells were grown in standard medium, stained with NucRed™ Live 647 for 15 min, pre-incubated with 0.1% 

DMSO or 10 µM TAPI-1 for 30 min, followed by (A,B,C) infection with  P. aeruginosa (4 h, MOI 5) or (D,E,F) stimulation 

with Exotoxin A (4 h, 100 ng/ml) in the presence of SYTOX™ green. The fluorescence of SYTOX™ green and NucRed™ 

Live 647 was analyzed every 30 min. Data are shown as (A,D) representative images, (B,E) SYTOX™ green florescence over 

time and (C,F) area under the curve of SYTOX™ green of three independent experiments. Asterisks reveal significance among 

groups analyzed by two-way ANOVA and Tukey post-test (*** p < 0.001, n.s. not significant). 
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4.3 Functional implication of leukocytic ADAM10 and ADAM17 in P. aeruginosa 

mediated infection in vitro and in vivo 

4.3.1 Exosomal release of ADAM10 and ADAM17 may drive disease severity during 

lung infection 

Signaling, proteins and enzymes are all potential contents that can be transported by exosomes. TNF-α, 

ACE2 and ADAM17 have been shown to play a detrimental effect during COVID-19 infection 

(Hirayama et al., 2017; Jocher et al., 2022). Therefore, the activity of ADAM10 and ADAM17 released 

on exosomes during different stages of COVID-19 infection (mild symptoms and severe symptoms 

required ICU admission) was investigated. Exosomal activity of both ADAM10 and ADAM17 was 

significantly increased during COVID-19 infection (Figure 4.24 A and B, activity over time C and D). 

Interestingly, ADAM17 exosomal activity was significantly increased with increased disease severity 

(Figure 4.24 B and D), comparing hostitalized patients with milder symptoms and patients requiring 

intensive care.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 24: ADAM10 and ADAM17 exosomal activity during COVID-19 infection 

(A-D) The serum of healthy volunteers or COVID-19 patients were diluted in HBSS and assigned for different centrifugation 

steps. The extracellular vesicles (100,000xg) were collected by sterile PBS and loaded to a sucrose gradient comprising layers 

to be separated according to the density. The pellet was resuspended in DMEM medium (phenol red free) for FRET based 

activity measurements for ADAM10 and ADAM17. Data are presented as means +/- SD of the slope of the activity (A-B) or 

the activity over time (C-D) of five donors per group. Asterisks reveal significance among groups analyzed by one-way 

ANOVA and Tukey post-test (**** p < 0.0001). 
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To examine if this increase in the exosomal activity holds true for general hospital pneumonia or specific 

for viral/COVID-19 infection, sera of bacterial pneumonia patients were analyzed. The activity of both 

ADAM10 and ADAM17 were significantly increased on the circulating exosomes in comparison to 

healthy volunteers (Figure 4.25 A and B, activity over time C and D). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 25: ADAM10 and ADAM17 exosomal activity during pneumonia infection 

(A-D) The serum of healthy volunteers or pneumonia patients were diluted in HBSS and assigned for different centrifugation 

steps. The extracellular vesicles (100,000xg) were collected by sterile PBS and loaded to a sucrose gradient comprising layers 

to be separated according to the density. The pellet was resuspended in DMEM medium (phenol red free) for FRET based 

activity measurements for ADAM10 and ADAM17. Data are presented as means +/- SD of the slope of the activity (A-B) or 

the activity over time (C-D) of five donors per group. Asterisks reveal significance among groups analyzed by one-way 

ANOVA and Tukey post-test (*** p < 0.001, **** p < 0.0001). 

 

 

The collaboration of the lung epithelium and leukocytes builds the first line defense against the invading 

pathogens. As shown earlier in this thesis, active ADAM10 but not ADAM17 was released on exosomes 

upon infection of lung epithelial cells with P. aeruginosa (Aljohmani et al., 2022a; Aljohmani et al., 

2022b). In order to investigate the potential source of exosomal activity of ADAM10 and ADAM17 in 

the serum of pneumonia patients, the expression and maturation of ADAM10 and ADAM17 in human 

neutrophils and THP-1 cells during infection with P. aeruginosa (2 h, MOI 5) were analyzed. In both 

cell types, a cellular increase of ADAM10 and decrease of ADAM17 was observed (Figure 4.26 A-D).  
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Figure 4. 26: Regulation of ADAM10 and ADM17 in human neutrophils and THP-1 cells during infection with P. 

aeruginosa. 

(A-D) Human neutrophils or THP-1 cells were infected with P. aeruginosa (2 h, MOI 5). ADAM10 (A,C) or ADAM17 (B,D) 

expression and maturation were analyzed in the cell lyse by Western blot using an antibody against the C-terminal domain. 

Beta actin served as loading control. Band intensity was quantified by densitometry relative to non-infected cells. Quantitative 

data are presented as means + SD of three independent experiments. Asterisks reveal significance difference relative to the 

control analyzed using two tailed two samples t-test (* p < 0.05, ** p < 0.01). 

 

Interestingly, infection with P. aeruginosa strongly increased the release of ADAM10 in exosomes 

derived from these cells, while it was absent in the non-infected control (Figure 4.27 A and B). ADAM17 

expression in exosomes was increased up to 1.5-fold in the infected cells (Figure 4.27 C-F).  

Next, we investigated the exosomal release of ADAM10 and ADAM17 at early time point of infection 

in a murine pneumonia model using mice lacking ADAM10 or ADAM17 in all hematopoietic cells 

(Vav-Adam10-/- mice or Vav-Adam17-/- mice). Pneumonia was induced by intranasal instillation of P. 

aeruginosa (105 CFU) for 12 h. Infection with P. aeruginosa increased ADAM10 but not ADAM17 

activity on exosomes derived from serum of wildtype (littermate) mice compared to non-infected mice 

(Figure 4.28 A and B). The increase in ADAM10 exosomal activity due to infection was significantly 

reduced in Vav-Adam10-/- mice (figure 4.28 A). Interestingly, despite the lack of changes in ADAM17 

activity during infection, Vav-Adam17-/- mice showed a decrease in basal ADAM17 activity on 

exosomes compared to littermate mice (Figure 4.28 B). 
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Figure 4. 27: P. aeruginosa induces release of ADAM10 and ADAM17 in exosomes derived from human neutrophils 

and THP-1 cells. 

2 × 107 of human neutrophils or THP-1 cells were infected with P. aeruginosa (2 h, MOI 5). Subsequently, the cells were lysed 

and the medium was assigned for different centrifugation steps. The extracellular vesicles (100,000xg) were collected by sterile 

PBS and loaded to a sucrose gradient comprising layers to be separated according to the density. The pellet was resuspended 

in SDS buffer for Western blot analysis. The expression of ADAM10 (C-terminal domain), ADAM17 (C-terminal domain), 

Flottilin-1 and CD9 in each layer were analyzed by Western blot. Representative blots of three independent experiments are 

shown. Band intensity was quantified by densitometry relative to non-infected cells. Quantitative data are presented as means 

+ SD of three independent experiments. Asterisks reveal significance difference relative to the control analyzed using two 

tailed two samples t-test (* p < 0.05). 
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The activity of ADAM10 and ADAM17 on exosomes was also displayed on the protein levels indicated 

by an increase in ADAM10 maturation in infected littermate compared to knockout mice, and a decrease 

in ADAM17 maturation in knockout mice comparing to littermate infected and non-infected mice 

(Figure 4.28 C and D). Thus, a high percentage of the exosomal activity of ADAM10 and ADAM17 

seems to be derived from leukocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 28: ADAM10 and ADAM17 exosomal activity in the serum of murine model of P. aeruginosa-induced 

pneumonia  

Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with 105 CFU of P. aeruginosa (PA103) or PBS as control 

by intranasal instillation for 12 h. The serum of littermates, Vav-Adam10-/- or Vav-Adam17-/- mice was diluted in HBSS and 

assigned for different centrifugation steps. The extracellular vesicles (100,000xg) were collected by sterile PBS and loaded to 

a sucrose gradient comprising layers to be separated according to the density. The pellet was either resuspended in DMEM 

medium (phenol red free) for FRET based activity measurements for ADAM10 and ADAM17 (A-B) or resuspended in SDS 

buffer for Western blot analysis ©. (C) The expression of ADAM10 (antibody against the C-terminal domain), ADAM17 

(antibody against the C-terminal domain), Flottilin-1 and CD9 in each layer were analyzed by Western blot. (A-B) Data are 

presented as means +/- SD of the slope of the activity of six mice per group or (C) representative blots of three independent 

experiments are shown. Asterisks reveal significance among groups analyzed by one-way ANOVA and Tukey post-test (**** 

p < 0.0001, n.s. not significant). 
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4.3.2 ADAM10 or ADAM17 in leukocytes regulate the severity of P. aeruginosa induced 

pneumonia  

Vav-Adam10-/-, Vav-Adam17-/- or littermate mice were further investigated to evaluate the effect of both 

proteases on the local and systemic inflammation. Both genotypes had no impact on basal phenotype as 

described previously (Pruessmeyer et al., 2014). M-CASS showed a significant decrease in pneumonia 

manifestations along with reduced hypothermia in Vav-Adam10-/- mice compared to infected littermates 

(figure 4.29 A). Interestingly, Vav-Adam17-/-mice showed a significant increase in both parameters 

(Figure 4.29 B).  

 

 

 

 

 

 

 

 

Figure 4. 29: Role of ADAM10 and ADAM17 in driving pneumonia severity  

Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. (A-B) The severity of pneumonia and the development of fever were evaluated using GV-Solas scoring 

and M-CASS. Data are presented as means +/- SD of six mice per group. Asterisks reveal significance among groups analyzed 

by two-way ANOVA and Tukey post-test (***p < 0.001, n.s. not significant). 

 

In correlation with reduced pneumonia manifestations, lung wet-dry-ratio and thickness of alveolar septa 

(indicators of lung edema development), as well as BAL protein (indicator of barrier disturbance) were 

significantly improved in Vav-Adam10-/- mice (figure 4.30 A, B and C). Again, Vav-Adam17-/- mice 

showed an increase in all parameters, which is in line with the increase in pneumonia severity (figure 

4.30 A, B and C).  

 

 

 



Results 

91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 30: Role of leukocytic ADAM10 and ADAM17 in barrier disruption during P. aeruginosa-induced pneumonia 

Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. (A) Lung right auxiliary lob was used to determine wet-dry-ratio. (B) Lung left lob was embedded in 

paraffin, sliced into 5 µm sections and stained with hematoxylin-eosin to evaluate the thickness of interalveolar septa (thickness 

was evaluated in 10 random regions of interest for each section of each mouse, representative images are shown). (C) BAL 

protein content was quantified using BCA kit. Data are presented as means +/- SD of six mice per group. Asterisks reveal 

significance among groups analyzed by two-way ANOVA and Tukey post-test (*p < 0.05, ***p < 0.001, ****p < 0.0001, n.s. 

not significant). 

 

Leukocyte recruitment to the site of infection is an important step for bacterial clearance, however, 

overshooting inflammation can result in permeant tissue damage. Flow cytometry analysis of BAL 

leukocyte content indicated reduced monocyte recruitment and similar neutrophil and macrophage count 
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in Vav-Adam10-/- mice in comparison to infected littermates (Figure 4.31 A). However, infection of 

Vav-Adam17-/-mice showed a significant decrease in all cell types compared to littermates (Figure 4.31 

B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. 31: Role of leukocytic ADAM10 and ADAM17 in leukocytes recruitment to alveolar space during P. 

aeruginosa-induced pneumonia 

(A-B) Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. Cells of BAL were stained with FITC-conjugated monoclonal anti-mouse CD11b, eFluor450-conjugated 

monoclonal anti-mouse CD11c, PerCP-Cy5.5-conjugated monoclonal anti-mouse CD45, APC-conjugated monoclonal anti-

mouse Ly6G and PE-Cy7-conjugated monoclonal anti-mouse F4/80  to evaluate the content of neutrophils, macrophages, and 

monocytes by flow cytometry. Data are presented as means +/- SD of six mice per group. Asterisks reveal significance among 

groups analyzed by two-way ANOVA and Tukey post-test (*p < 0.05, ***p < 0.001, n.s. not significant). 

 

Despite the decrease in the monocyte content and similar numbers of neutrophils and macrophages in 

Vav-Adam10-/- mice, there was a significant decrease in the pro-inflammatory cytokines TNF-α, 

CXCL1, and IL-6 (Figure 4.32 A) upon infection. Vav-Adam17-/-mice showed a significant decrease in 

TNF-α levels and similar CXCL1 and IL-6 levels (figure 4.32 B). In general, no basic differences in 

non-infected cells were observed. 
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Figure 4. 32: Role of leukocytic ADAM10 and ADAM17 in alveolar cytokines release during P. aeruginosa-induced 

pneumonia 

(A-B) Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. BAL was centrifuged at 16,000xg for 15 min and 4 °C, and the supernatant was used to analyze the BAL 

content of mTNF-α, mCXCL1 (KC) and mIL-6 using commercial ELISA kits following the manufacturers’ protocol. Data are 

presented as means +/- SD of six mice per group. Asterisks reveal significance among groups analyzed by two-way ANOVA 

and Tukey post-test (**p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant). 

 

Trafficking of leukocytes from blood, across the endothelium, to the site of infection is a key step 

regulating the inflammatory process. Flow cytometric analysis of blood cell samples showed a 

significant increase in neutrophils, monocytes and macrophages in both Vav-Adam10-/- and Vav-

Adam17-/-mice compared to infected littermates (Figure 4.33 A and B).   
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Figure 4. 33: Role of leukocytic ADAM10 and ADAM17 in leukocytes recruitment during P. aeruginosa-induced 

pneumonia 

(A-B) Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. Blood was stained with FITC-conjugated monoclonal anti-mouse CD11b, eFluor450-conjugated 

monoclonal anti-mouse CD11c, PerCP-Cy5.5-conjugated monoclonal anti-mouse CD45, APC-conjugated monoclonal anti-

mouse Ly6G and PE-Cy7-conjugated monoclonal anti-mouse F4/80  to evaluate the content of neutrophils, macrophages, and 

monocytes by flow cytometry. Data are presented as means +/- SD six mice per group. Asterisks reveal significance among 

groups analyzed by two-way ANOVA and Tukey post-test (*p < 0.05, **p < 0.01). 

 

The leukocytosis observed in both Vav-Adam10-/- and Vav-Adam17-/-mice was correlated with an 

increase in the systemic clearance of P. aeruginosa observed by a significant decrease in blood CFU 

(Figure 4.34 A and B).  
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Figure 4. 34: Role of leukocytic ADAM10 and ADAM17 in bacteria clearance during P. aeruginosa-induced  

pneumonia 

littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. (A-B) Citrated blood, (C-D) BAL fluid or (E-F) lung tissues were serially diluted in sterile PBS, streaked 

out on LB agar plates and incubated overnight at 37°C. Counted CFUs were multiplied by the dilution factor and adjusted to 

the number per organ. Data are presented as means +/- SD of six mice per group. Asterisks reveal significance among groups 

analyzed by one-way ANOVA and Tukey post-test (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant). 

 

 

4.3.3 ADAM10 changes neutrophil and monocyte properties regulating bacterial 

clearance in an auto-and paracrine/cell-intrinsic manner 

Pneumonia severity was decreased and increased in Vav-Adam10-/- and Vav-Adam17-/-mice, 

respectively (Figure 4.30 A and B). Reduced leukocyte recruitment to the alveolar space in Vav-

Adam17-/-mice led to a local increase in P. aeruginosa CFU (Figure 4.34 D) which may explain the 

increase in pneumonia manifestation. On the other hand, despite equal neutrophil and macrophage 

numbers compared to the littermate mice, Vav-Adam10-/- mice showed higher P. aeruginosa clearance 

in BAL and in the lung tissue, which was in line with decreased pneumonia manifestations (figure 4.34 

C and E). To investigate the underlying mechanisms in more detail, the role of ADAM10 and ADAM17 

on phagocytosis as well as cell survival was investigated using human primary neutrophils and THP-1 

cells. Inhibition of ADAM10 using GI254023X (as pharmacological inhibitor) significantly enhanced 
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the phagocytosis efficiency for GFP-labeled P. aeruginosa (2 h, MOI 5) in both cell types (Figure 4.35 

A). Interestingly, this was associated with a significant increase in the survival of both cell types (Figure 

4.35 B). However, inhibition of ADAM17 using TAPI-1 had no effect on neither phagocytosis nor cell 

survival (Figure 4.35 A and B).  

 

 

 

 

 

Figure 4. 35: Role of ADAM10 and ADAM17 in human neutrophils and THP-1 cells phagocytosis and survival during 

P. aeruginosa infection  

(A-B) Human neutrophils or THP-1 cells were pre-incubated with 0.1% DMSO, 10 µM GI254023X or 10 µM TAPI-1 for 30 

min and infected with GFP-labelled P. aeruginosa (2 h, MOI 5). The GFP signals of the non-phagocytosed P. aeruginosa were 

quenched by Trypan blue. (A) The phagocytosis of P. aeruginosa was analyzed by measuring the median of the GFP signal 

intensity relative to the signal of the non-infected cells by flow cytometry. (B) Cellular survival was analyzed by measuring 

the median of the APC signal intensity of Trypan blue relative to the signal of the non-infected cells by flow cytometry. 

Quantitative data are presented as means +/- SD of six independent experiments. Asterisks reveal significant differences relative 

to the control analyzed using one sample t-test (**p < 0.01, ***p < 0.001, n.s. not significant). 

 

Neutrophils are considered to have a major impact on the pool of ROS in the blood. ROS induced 

oxidative stress can increase the disease severity, contributing to several cell death pathways and further 

effecting the bacterial killing capacity (Villalpando-Rodriguez, Gibson, 2021). As expected, infection 

led to an increase in ROS production in comparison to non-infected cells (Figure 4.36 A). Fitting with 

improved cell survival, inhibition of ADAM10 significantly decreased ROS production in both cell 

types infected with P. aeruginosa (2 h, MOI 5) compared to infected cells without inhibitor treatment 

(Figure 4.36 A). Interestingly, ADAM17 inhibition resulted in an increase in ROS production (figure 

4.36 A). To evaluate the effect of the difference in cell survival and ROS generation on the bacterial 

killing capacity, both cell types were infected with P. aeruginosa (2 h, MOI 5) and the CFU number of 

live bacteria was counted. Only Inhibition of ADAM10 improved P. aeruginosa killing capacity, which 

is corelated with the improvement of the phagocytosis process, whereas inhibition of ADAM17 did not 

display any difference (Figure 4.36 B).  
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Figure 4. 36: Role of ADAM10 and ADAM17 in human neutrophils and THP-1 cells ROS generation and bacteria-

killing capacity during P. aeruginosa infection 

Human neutrophils or THP-1 cells were pre-incubated with 0.1% DMSO, 10 µM GI254023X or 10 µM TAPI-1 for 30 min 

and (A) stained with ROS dye for 30 min followed by infection with P. aeruginosa (2 h, MOI 5) or (B) infection with GFP-

labelled P. aeruginosa (2 h, MOI 5). The GFP signals of the non-phagocytosed P. aeruginosa were quenched by Trypan blue. 

(A) The generation of ROS was evaluated by detecting the fluorescence signals after subtraction of the background at an 

excitation/emission of 520/605 nm. (B) Infected cells were resuspended in PBS and streaked out on agar plates, and the live 

bacteria were counted after overnight incubation at 37C°. Quantitative data are presented as means +/- SD of six independent 

experiments. Asterisks reveal significant differences relative to the control analyzed using one sample t-test (*p < 0.05, **p < 

0.01, ***p < 0.001, n.s. not significant). 

 

Oxidative stress has been shown to activate p38 and Src kinase signaling pathways (Brill et al., 2009; 

Giannoni et al., 2005; Kulisz et al., 2002). Furthermore, this activation was dependent on proteases 

activity (Brill et al., 2009). Therefore, we investigated the involvement of both kinases on the mentioned 

functional properties. Pharmacological inhibition of p38 by SB203580 or Src kinase by PP2 had no 

impact on the phagocytosis process or cell survival of both human neutrophils or THP-1 cells (figure 

4.37 A and B). In contrast, inhibition of Src kinase significantly reduced ROS generation (Figure 4.37 

C). To further investigate whether P. aeruginosa infection contributed to p38 signaling, the 

phosphorylation of p38 during infection with P. aeruginosa (2 h, MOI 5) in the presence or absence of 

ADAM10 or ADAM17 inhibitors was investigated.  However, neither P. aeruginosa infection nor 

ADAM10 or ADAM17 inhibition had any impact on p38 phosphorylation in both cell types (figure 4.37 

D).  
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Figure 4. 37: Role of p38 and Src kinase signaling in human neutrophils and THP-1 cells on ROS generation and 

bacteria killing capacity during P. aeruginosa infection 

(A-C) Human neutrophils or THP-1 cells were pre-incubated with 0.1% DMSO, 10 µM PP2 or 10 µM SB for 30 min and (A-

B) infected with GFP-labelled P. aeruginosa (2 h, MOI 5) or (C) stained with ROS dye for 30 min followed by infection with 

P. aeruginosa (2 h, MOI 5). (A-B) The GFP signals of the non-phagocytosed P. aeruginosa were quenched by Trypan blue. 

(A) The phagocytosis of P. aeruginosa was analyzed by measuring the median of GFP signal relative to the signal of the non-

infected cells by flow cytometry. (B) Cellular survival was analyzed by measuring the median of APC signal intensity of 

Trypan blue relative to the signal of the non-infected cells by flow cytometry. (C) The generation of ROS was evaluated by 

detecting the fluorescence signals after subtraction of the background at an excitation/emission: 520/605 nm. (D) Human 

neutrophils or THP-1 cells were pre-incubated with 0.1% DMSO, 10 µM GI254023X or 10 µM TAPI-1 for 30 min and infected 

with P. aeruginosa (2 h, MOI 5). p38 and pp38 expression was analyzed in the cell lysate by Western blot using an antibody 

against the phosphorylated and non-phosphorylated form of p38. Representative blots of independent experiments are shown. 

Quantitative data are presented as means +/- SD of (A-C) four or (D) three independent experiments. Asterisks reveal 

significance difference relative to the control analyzed using one sample t-test (** p < 0.01, n.s. not significant). 

 

Beside the catalytic activity mediated by the metalloproteinase domain, ADAM proteases compose 

several domains, including but not limited to the disintegrin domain, that participates in a variety of cell-

intrinsic functions. Thus, media transfer experiments were performed to investigate whether the 

observed effects on phagocytosis or ROS generation were due to the release of soluble ectodomains or 

based in cell-intrinsic functions. Human neutrophils and THP-1 cells were infected with P. aeruginosa 

(2 h, MOI 5), respectively, in the absence or presence of ADAM10 or ADAM17 inhibition. 

Subsequently, the soluble factors released from these cells were directly added to GI254023X or TAPI-

1 pre-incubated cells, followed by evaluation of phagocytosis capacity and ROS production, 
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respectively. ADAM10 or ADAM17 inhibition had no effect on the phagocytosis capacity (figure 4.38 

A) and was dependent on the soluble factors transferred. However, the effects on ROS generation 

(decrease by ADAM10 inhibition, increase by ADAM17 inhibition) remained the same (figure 4.38 B). 

Thus, ADAM10 seems to regulate the antimicrobial capacity of neutrophils and monocytes in an 

autocrine/paracrine (phagocytosis and survival) and cell-intrinsic (ROS production) manner, 

respectively. 

 

 

 

 

Figure 4. 38: Autocrine/paracrine and cell-intrinsic function of ADAM10 and ADAM17 in phagocytosis and ROS 

generation during P. aeruginosa infection 

(A-B) Human neutrophils or THP-1 cells were (A) infected with GFP-labelled P. aeruginosa (2 h, MOI 5) or (B) stained with 

ROS dye for 30 min followed by infection with P. aeruginosa (2 h, MOI 5). The soluble factors released from these cells were 

directly added to 0.1% DMSO, 10 µM GI254023X or 10 µM TAPI-1 pre-incubated cells and infected again with the respective 

P. aeruginosa for 2 h. (A) The GFP signals of the non-phagocytosed P. aeruginosa were quenched by Trypan blue. The 

phagocytosis of P. aeruginosa was analyzed by measuring the median of GFP signal relative to the signal of the non-infected 

cells by flow cytometry. (B) The generation of ROS was evaluated by detecting the fluorescence signals after subtraction of 

the background at an excitation/emission: 520/605 nm. Quantitative data are presented as means +/- SD of four independent 

experiments. Asterisks reveal significance difference relative to the control analyzed using one sample t-test (** p < 0.01, *** 

p < 0.001, n.s. not significant). 

 

 

4.3.4 ADAM10-deficiency shapes the local immune response to an anti-inflammatory 

phenotype 

As mentioned earlier, ADAM10 and ADAM17 inhibition decreased and increased, respectively, the 

ROS generation during infection with P. aeruginosa in human neutrophils and THP-1 cells. As MPO 

considers one of the tissues damaging ROS, the MPO level in the alveolar space of Vav-Adam10-/- and 

Vav-Adam17-/-mice infected with P. aeruginosa was analyzed. Despite the equal number of neutrophils 

and macrophages in BAL of Vav-Adam10-/- mice, MPO level was significantly decreased in infected 

mice compared to littermates (figure 4.39 A). In line with the increased ROS production in neutrophils 

and THP-1 cells infected with P. aeruginosa, infected Vav-Adam17-/-mice showed a significant increase 

in MPO level in comparison to littermate mice (figure 4.39 B).  
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Figure 4. 39: Role of leukocytic ADAM10 and ADAM17 in alveolar MPO activity during P. aeruginosa-induced 

pneumonia 

littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as control by intranasal instillation 

for 12 h. (A-B) BAL was centrifuged at 16,000xg for 15 min and 4 °C, and the supernatant was used to analyze the BAL 

content of MPO using commercial ELISA kits following the manufacturers’ protocol. Data are presented as means +/- SD of 

six mice per group. Asterisks reveal significance among groups analyzed by two-way ANOVA and Tukey post-test (*** p < 

0.001, **** p < 0.0001, n.s. not significant). 

 

Polarization of macrophages has been described to shape their phenotype and function, and 

consequently, the inflammatory response (Yunna et al., 2020). Therefore, macrophage polarization in 

the lung tissue of littermates, Vav-Adam10-/- and Vav-Adam17-/-mice infected with P. aeruginosa in 

comparison to the control-treated mice was investigated by immunohistochemistry. As observed for 

alveolar macrophage numbers, lung tissues of infected Vav-Adam10-/- mice showed similar numbers of 

CD68+(general macrophages), and CD86+ (M1) macrophages compared to infected littermates (Figure 

4.40 A and B). Interestingly, CD163+ (M2) macrophages were significantly increased in Vav-Adam10-

/- mice (figure 4.40 C). In contrast, CD68+, CD86+ or CD163+ macrophages were similar in Vav-

Adam17-/-mice (figure 4.40 D-F).  In general, no basic phenotypes based on the genotype were observed.  
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Figure 4. 40: ADAM-dependent macrophage polarization during P. aeruginosa-induced pneumonia 

(A-F) Littermates, Vav-Adam10-/- or Vav-Adam17-/- mice were infected with P. aeruginosa or PBS as a control by intranasal 

instillation for 12 h. (A-F) Lung left lobs were embedded in paraffin, sliced into 5 µm sections and stained with antibodies 

against CD68 (general macrophages), CD86 (M1) or CD163 (M2). General macrophages, M1 and M2 macrophages were 

counted manually and blindly in each section. Data are presented as means +/- SD of macrophages number per mm2 of six mice 

per group. Representative images are shown. Asterisks reveal significance among groups analyzed by one-way ANOVA and 

Tukey post-test (****p < 0.0001, n.s. not significant). 
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5 Discussion  

5.1 Functional implication of ADAM10 and ADAM17 in P. aeruginosa mediated 

epithelial cells infection in vitro 

In the present study it was observed that ADAM10 and ADAM17 display a pathogen and toxin 

dependent effect during the inflammatory response. During P. aeruginosa infection or Exotoxin A 

stimulation, ADAM10 and ADAM17 modulated several key inflammatory manifestations, including 

leukocyte transepithelial migration, total and paracellular protein permeability as well as epithelial tissue 

regeneration and survival. Further, the pathogen-dependent maturation and activation of both proteases 

was mainly mediated by the toxins released by P. aeruginosa. In Addition, P. aeruginosa induced an 

exocytic release of active ADAM10 but not ADAM17 in EVs like exosomes mediating shedding activity 

at a distinct site in trans position. These findings add evidences that ADAM10 and ADAM17 may be 

promising targets for the development of novel anti-infective treatment strategies.  

Lung pneumonia caused by invading pathogens and their released toxins can result in ARDS and sepsis. 

The secreted toxins from Gram-negative or Gram-positive bacteria represent a sophisticated weapon 

predisposing to several molecular malfunctions (Kumar et al., 2019). The proteolytic activity of 

ADAM10 and ADAM17 has been shown to regulate sterile inflammation both in vitro and in vivo. 

Studies have shown that ADAM10 cleaves TLR4 and the receptor for advanced glycation end products 

(RAGE), suggesting an activation by cell wall components (Raucci et al., 2008; Yang et al., 2017). The 

role of ADAM10 during lung inflammation was highlighted through the discovery that it serves as a 

receptor for the pore-forming α-hemolysin toxin produced by S. aureus (Wilke, Bubeck Wardenburg, 

2010). In addition, the shedding of the TNF-receptor 1 by ADAM17 is the initiating event of TNFα-

induced necroptosis in endothelial cells, which promotes tumor cell extravasation and metastasis 

formation (Bolik et al., 2022). The toxin stimulated the expression of ADAM10 in pulmonary epithelial 

cells, eventually leading to bacterial invasion and death in mice models of α-hemolysin induced lung 

inflammation (Inoshima et al., 2011). In addition, lung endothelial ADAM17 regulated the 

inflammatory response during LPS-induced acute lung injury (Dreymueller et al., 2012a). Despite the 

vital role of ADAM10 and ADAM17 proteolytic activity in sterile inflammation, the regulation and 

clinical impact in epithelial cells during lung infections remain poorly understood.  

S. pneumoniae, a Gram-positive bacterium, did not affect ADAM10 or ADAM17 expression or activity. 

In contrast, exposure to the Gram-negative bacterium P. aeruginosa led to a significant increase in 

ADAM10 and ADAM17 activity and related pathogenic processes, such as cleavage of E-cadherin and 

JAM-A as endogenous substrate as well as betacellulin and TGF-α as exogenous substrate, respectively. 

As bacterial inactivation aims to suppress bacterial growth and preserves the integrity (Smelt, Brul, 

2014), the results suggest that the activation of epithelial ADAM10 and ADAM17 in response to P. 

aeruginosa, is primarily driven by the secretion of toxins and can occur independently of the interaction 
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with pattern recognition receptors. P. aeruginosa has been observed to display an elevated influx of 

calcium following the infection (Tran Van Nhieu et al., 2018), which is thought to be the result of the 

presence of the pore-forming toxin Exolysin A. The pore-forming ability of Exolysin A promotes 

calcium entry to the host cell which leads to ADAM10 release from the ER (Huber, 2022). In contrast, 

Exotoxin A is a potent ADP-ribosyltransferase that can modify and inhibit protein biosynthesis by 

inactivating eEF2 on the ribosomes (Zdanovsky et al., 1993). This leads to a reduction in protein 

synthesis and a subsequent decrease in the overall growth and survival of the cell (Michalska, Wolf, 

2015). Despite the fact that the pore-forming property of Exotoxin A has not been proven yet, calcium 

imaging experiment showed an increase in intracellular calcium during stimulation with Exotoxin A. 

Moreover, it was shown that the increased calcium levels in the cytoplasm were due to calcium influx 

rather than a release from the intercellular storage, such as the ER. In line with this finding, Exotoxin A 

has been shown to block calcium efflux from ER through the interaction with the α-subunit of sec-61 

(Schauble et al., 2014). Exotoxin A gains entry into cells through endocytosis by the interaction cognate 

receptor, CD91 (Kounnas et al., 1992). Once bound to the receptor, Exotoxin A is internalized into the 

cell via either clathrin-coated pits or the lipid-sorting pathway (Michalska, Wolf, 2015). This process 

may result in alterations of the membrane fluidity and reorganization of membrane microdomains, such 

as lipid rafts, and the activation of G protein-coupled receptors (GPCR), which may then activate 

calcium ion channels. However, in-depth investigations are needed to test the hypothesis that Exotoxin 

A-mediated activation of ADAM proteases is at least in parts through GPCR-activation. 

ADAM17 activation takes place via a kinase-mediated mechanism, specifically through the involvement 

of Protein kinase C (PKC) and Mitogen-activated protein kinase (MAPK) signaling pathways, with 

calcium influx playing a less significant role (Le Gall et al., 2009). ExoS, ExoT, and ExoA are known 

to exhibit ADP-ribosyltransferase activity, with ExoS and ExoT additionally containing a RhoGTPase 

activating domain on their N-terminus (Barbieri, 2000; Goehring et al., 1999). ADAM17 activation has 

been observed to depend on the redox state, which could be altered through the generation of reactive 

oxygen species involving GTPases (Wang et al., 2009; Willems et al., 2010). This suggests that the 

induction of ROS production could potentially be a mechanism of ADAM17 activation during P. 

aeruginosa infection. However, the current understanding of these aspects is speculative, and further 

studies are warranted to provide more conclusive evidence. In addition, the inhibition of ADAM17 was 

found to significantly increase the cell survival of lung epithelial cells during P. aeruginosa infection, 

thereby preserving the integrity of the epithelial barrier. This finding aligns with previous findings that 

demonstrated the pivotal role of ADAM17 in regulating cell survival. For example, it has been shown 

that the shedding of the TNF-receptor 1 by ADAM17 is the initiating event of TNFα-induced necroptosis 

in endothelial cells, which promotes tumor cell extravasation and metastasis formation (Bolik et al., 

2022). 
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The interplay between the tight and adherence junction molecules helps to maintain the structural 

integrity of the cell and contributes to the regulation of various physiological processes, including cell 

migration and differentiation (Shen et al., 2011). Thus, the proteolytic cleavage of these molecules can 

result in the loss of intercellular adhesion, leading to the disruption of tight and adherence junctions and 

a subsequent increase in cell permeability (Frank, Hostetter, 2007; Yuksel et al., 2021). E-cadherin, a 

transmembrane glycoprotein that plays a key role in intercellular adhesion, is a well-known substrate of 

ADAM10 (Izaguirre et al., 2010; Maretzky et al., 2005). In studies of α-hemolysin, ADAM10 has been 

found to play an important role in the activation of the NLRP3 (nucleotide-binding domain, leucine-

rich–containing family, pyrin domain–containing-3) inflammasome (Ezekwe et al., 2016). Inhibition of 

ADAM10 showed to mitigate the upregulation of MMP2 and MMP9 expression in cases of traumatic 

brain injury (Appel et al., 2021). Moreover, the ADAM10-TIMP-1 (tissue inhibitor of 

metalloproteinases) complex is responsible for the binding and processing of pro-MMP9, further 

highlighting the importance of ADAM10 in wound repair processes (Li et al., 2017). Thus, the 

improvement of wound repair observed in this thesis through inhibition of ADAM10 and concomitant 

stimulation with Exotoxin A can likely be attributed to the reduction of the earlier mentioned 

downstream effects. On the other hand, the reduction in wound closure resulting from the 

pharmacological inhibition of ADAM10, both in general and after stimulation with Exotoxin A (the 

inhibition only during the migration phase), is likely a consequence of the decreased ability to cleave E-

cadherin.  JAM-A as substrate of ADAM17 is a multifunctional cell surface protein modulating many 

cellular functions, including migration, polarity, paracellular permeability and proliferation. Despite that 

the role of JAM-A in tissue cell migration is a topic of debate and discussion in the scientific community, 

some studies have shown that reducing the levels of JAM-A in keratinocytes leads to an increase in cell 

proliferation and wound closure (Wang et al., 2018). In this thesis, Exotoxin A stimulation impaired 

epithelial cells wound closure and regeneration, while co-inhibition of ADAM17 improved epithelial 

migration and regeneration. The ability of Exotoxin A to alter epithelial integrity and impede repair 

processes supports this observation (Heggers et al., 1992). It has been demonstrated that an increase in 

full-length JAM-A is correlated with a decrease in soluble JAM-A (Severson, Parkos, 2009). The latter 

form of JAM-A not only impedes tissue cell migration but also contributes to the transmigration of 

leukocytes (Koenen et al., 2009). Thus, the improved wound closure due to ADAM17 inhibition could 

be attributed to the inhibition of JAM-A cleavage. The general disturbance of wound repair in response 

to infection with the bacterium P. aeruginosa is regulated, in part, through the ERK/p38 signaling 

pathways (Muller et al., 2009) and the generation of reactive oxygen species. Additionally, an 

imbalanced ratio of pro- and activated forms of matrix metalloproteinases, such as MMP2 and MMP9, 

contributes to the impaired wound repair. 

The disruption of barrier integrity is a critical aspect in the development of a range of pathological 

conditions (Carlier et al., 2021). The breakdown of barriers, such as the epithelial layer, increases the 

permeability of proteins, as observed in this study and others (Azghani, 1996), and creates avenues for 



Discussion 

105 
 

the systemic invasion of pathogens, as well as the reverse migration of immune cells, such as alveolar 

macrophages and leukocytes, into the inflamed lung (Brune et al., 2015). In the present study, gene 

silencing and inhibiting ADAM10 or ADAM17 decreased and increased the transepithelial migration 

of monocytic cells during P. aeruginosa infection, respectively. The increased transmigration mediated 

by ADAM17 inhibition is facilitated by the increased adhesion of these cells to the epithelial layer, 

which is an early milestone event in the transmigration process. Infection with P. aeruginosa strains 

with intact pilli leads to the upregulation of integrins and adhesion molecules, such as ICAM-1, which 

are essential for the adhesion of leukocytes to the inflamed tissue and the subsequent transmigration 

across the epithelial layer and at the same time they are within the substrate spectrum of ADAM17 

(Gravelle et al., 2010; Qin et al., 1996). This could explain the stronger induction of transepithelial 

migration that occurs during infection with P. aeruginosa comparing to Exotoxin A. The strain used in 

this thesis, PA103, produces high amounts of Exotoxin A and shows a cytotoxic phenotype dependent 

on ExoU (Hirakata et al., 2000). Furthermore, other virulence factors and secretion systems, such as 

LasB, pyocyanin, and T3SS, may also contribute to changes in epithelial integrity. The synergistic 

impact of different exotoxins is further amplified by the higher induction of ADAM10 and ADAM17 

activity seen during infection with P. aeruginosa compared to stimulation with Exotoxin A alone.  

The role of ADAM10 and ADAM17 in cellular communication and signaling is complex and still not 

fully understood. ADAM10 has been shown to be present in exosomes, which are small vesicles that 

are released by cells and play a critical role in cellular communication and signaling (Scharfenberg et 

al., 2020; Stoeck et al., 2006; Tosetti et al., 2018). Despite some evidence suggesting that ADAM10 can 

be proteolytically cleaved (by other proteases) and released as a soluble ectodomain, there have only 

been a few studies that have proposed cleavage to occur in trans, or on a different cell surface (Althoff 

et al., 2000). In addition, ADAM17 may not only function in its cell-associated form but may also be 

released as a soluble ectodomain by the action of other proteases like ADAM8 (Scharfenberg et al., 

2020). This has been observed in breast cancer cells, where the rapid release of the ectodomain led to 

the formation of a cell-associated remnant form (Scharfenberg et al., 2020). In the present study, a 

significant portion of the measured ADAM10 activity was found to be released on exosomes. The results 

clearly showed that the ADAM10 on exosomes is proteolytically active and capable of cleaving 

substrates on other cells. Although it is not possible to exclude the possibility that the exosomes first 

fuse with the plasma membrane and then mediate cleavage in cis, the limited rate time of uptake (max. 

2 h in our study) (Franzen et al., 2014) suggests that the cleavage is triggered by P. aeruginosa infection 

and occurs primarily in trans via exosomal ADAM10. In contrast to these observations, no degradation 

or remnant forms of ADAM17 were observed, nor was there any evidence of release on exosomes, 

indicating that epithelial ADAM17 functions in a cell-associated manner during P. aeruginosa infection. 

Exosomes play a role in cellular communication and signaling in the human body (Welton et al., 2010), 

and their stability in the bloodstream makes them well-suited for transporting products between cells 

and tissues (Boukouris, Mathivanan, 2015; Zeringer et al., 2015). The release of exosomes upon local 
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infection in the lung, triggered by P. aeruginosa, has the potential to result in systemic effects, including 

the spread of inflammatory and pro-inflammatory mediators or the transport of proteases to other tissues, 

where they can mediate proteolytic activity (Rahn, Becker-Pauly, 2022). The release of ADAM10 on 

exosomes in response to P. aeruginosa infection has the potential to play an important role in the 

development of systemic inflammation in patients suffering from P. aeruginosa-induced pneumonia. 

This mechanism of pathogenesis could be a key factor in causing widespread inflammation in the body, 

making it imperative to understand its underlying mechanisms. To verify this hypothesis, it is important 

to conduct translational studies that isolate exosomes from patient serum samples with microbiologically 

characterized infections. This will provide valuable insights into using of exosomal ADAM10 as a 

predictive marker in P. aeruginosa infection. 

As antimicrobial and multi-drug resistance becomes more widespread, there is a growing need for 

developing novel anti-infective agents that target either inter-bacterial communication or the interaction 

between bacterial toxins and their host membrane partners (Krueger, Brown, 2019; Liu et al., 2020; 

Otto, 2020). This study has demonstrated that the regulation of ADAM10 and ADAM17 is largely 

dependent on the released toxins, rather than the bacterial particles themselves, as evidenced by the use 

of heat-inactivated bacteria. This finding is consistent with prior reports on the release of cytokines and 

cytokine receptors following exposure to P. aeruginosa LPS and flagellin infections (Gomez et al., 

2005; Raoust et al., 2009). Despite the strong functional effects of Exotoxin A stimulation living P. 

aeruginosa possessed a higher activation capacity in comparison to heat-inactivated bactieria. In 

addition to the T2SS-derived ExoA, the bacteria secrete virulence factors such as ExoS, ExoT, ExoY, 

and elastase through the T3SS system. These virulence factors play an essential role in the regulation of 

lung barrier integrity. It was also demonstrated that the absence of ExoS and ExoT resulted in ExoU 

being the primary cytotoxin responsible for lung epithelial cell death. The production of ExoU has been 

linked to rapid and severe lung injury and is frequently associated with the most severe pathological 

outcomes in both experimental animal models and clinical patients (Hauser, 2009; Juan et al., 2017). 

ExoY has been found to be highly prevalent in clinically isolated strains of P. aeruginosa, and its role 

as a key edema factor has been well established. The impact of this toxin on critically ill patients with 

P. aeruginosa lung infection is significant, with a marked contribution to end-organ dysfunction 

(Feltman et al., 2001; Morrow et al., 2017). This indicates that the cytotoxic effect of P. aeruginosa is 

a multifactorial process that involves several virulence factors working in a coordinated manner. Indeed, 

the investigations in this thesis revealed that the effect of Exotoxin A on epithelial cell survival was 

negligible, in contrast to the impact of P. aeruginosa infection. Thus, it is highly probable that the 

activation of ADAM10 or ADAM17 is influenced by a variety of toxins released by P. aeruginosa 

during infection. 
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5.2 Functional implication of ADAM10 and ADAM17 in P. aeruginosa mediated 

leukocyte cells infection in vitro and in vivo  

In the present study, a release of ADAM10 and ADAM17 in exosomes to the serum was observed for 

viral and bacterial pneumonia patients, which correlated with the disease severity. In addition, 

leukocytes could be identified as key contributors to the release of ADAM10 and ADAM17 on 

exosomes, possibly shaping the systemic immune response during pneumonia. Moreover, this study has 

uncovered new insights into the mechanisms governing the inflammatory response within the 

microenvironment of the lung, highlighting the contrasting roles played by leukocytic ADAM10 and 

ADAM17. ADAM10 seems to be a key orchestrator of pro-inflammatory signaling promoting M1 

polarization, increasing the production of ROS, releasing cytokines, and inducing tissue damage. In 

contrast, ADAM17 appears to play a critical role in regulating the intensity of the initial immune 

response, serving to maintain a necessary and protective level of inflammation and ROS production. As 

such, the balance and activity of ADAM10 and ADAM17 may hold critical implications for the 

progression and outcome of a diverse range of diseases that impact multiple organs and systems. 

Several studies have demonstrated that a deficiency of ADAM10 on leukocytes can impede their 

recruitment and reduce edema formation in models of sterile lung inflammation (Pruessmeyer et al., 

2014). Additionally, this deficiency has been associated with improved survival rates during S. aureus-

induced pneumonia. Notably, this survival benefit was observed despite the absence of alterations in 

bacterial clearance or protein leakage but rather was linked to decreased release of the pro-inflammatory 

cytokine IL-1beta (Becker et al., 2014). In contrast to the mentioned studies, in the present study no 

changes in the number of recruited cells in Vav-Adam10-/- mic, but increased bacterial clearance and 

reduced protein leakage were observed. These results suggest that tissue damage is reduced in these 

mice, indicating a potential protective effect of ADAM10 deficiency in leukocytes. Leukocytes lacking 

ADAM17 exhibited increased neutrophil accumulation during peritonitis due to impaired L-selectin 

cleavage (Long et al., 2012). This finding is consistent with the current observations during P. 

aeruginosa-induced pneumonia, where ADAM17 deficiency is associated with increased neutrophil 

accumulation in the blood.  

Furthermore, the activation of ADAM proteases occured in a pathogen and toxin-dependent manner 

(Aljohmani et al., 2022a; Aljohmani et al., 2022b). S. aureus and P. aeruginosa are two types of bacteria 

with different characteristics. S. aureus is a Gram-positive bacterium with a thick peptidoglycan cell 

wall, while P. aeruginosa is a Gram-negative bacterium with a thinner peptidoglycan layer and an 

additional outer membrane containing LPS (Lichtenberg et al., 2022). These differences in cell surface 

composition can have significant implications for how these bacteria interact with their environment, 

including how they are recognized and cleared by the immune system. S. aureus α-hemolysin used 

ADAM10 as a pore-forming receptor (Wilke, Bubeck Wardenburg, 2010), whereas P. aeruginosa-

Exotoxin A induced a strong calcium influx activating ADAM10 (Aljohmani et al., 2022b). Taken 
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together, the distinct cell surface composition and toxin repertoire may help to explain the differential 

activation and relevance of ADAM proteases in the clearance of these bacteria (Seifert et al., 2020).   

Adequate clearance of bacterial infection is dependent on the number of phagocytes recruited to the site 

of infection, as well as their ability to survive (Li et al., 2002). These factors, in turn, affect the total 

number of leukocytes and their efficiency in clearing the infection. Indeed, ADAM10 deficiency can 

improved the clearance capacity of leukocytes. This was due to an increase in both the phagocytosis 

capacity and survival of phagocytes, resulting in a higher number of active and functional leukocytes 

that are able to effectively eliminate bacterial pathogens. A murine model of polymicrobial sepsis 

revealed a beneficial impact of ADAM17 inhibition in reducing disease severity (Mishra et al., 2016). 

In contrast, in this thesis, deficiency of ADAM17 resulted in a deleterious increase in bacterial burden 

and exacerbated disease progression, as evidenced by the notable M-CASS and GV-Solas scoring. The 

observed detrimental effects may, in part, be attributed to the compromised ability of immune cells to 

cross the endothelium, as evidenced by the reduced diapedesis. ROS production is tightly regulated in 

the body under normal physiological conditions, and it is typically maintained in a state of equilibrium, 

which is essential for achieving a state of redox homeostasis (Herb, Schramm, 2021). However, when 

this equilibrium is disrupted, either by an increase in ROS production or a decrease in scavenging 

capacity, it can result in a state of oxidative stress that can have serious consequences such as alveolar 

damage or thrombosis (Laforge et al., 2020). Based on the recent findings, it appears that inhibiting 

ADAM17 can lead to an increase in the cellular production of ROS. This increase in ROS generation 

could also potentially explain the observed tissue damage and severity in vav-Adam17-/- mice. 

Several studies have employed various models to explore different aspects of infection and the potential 

formation of sepsis. For instance, the P. aeruginosa model that was used in this thesis focused on the 

development of lung infection and pneumonia. In contrast, a cecum ligation and puncture model was 

employed to simulate sepsis as a systemic disease caused by Gram-positive bacteria. As the disease 

progresses, there is a shift in the bacterial composition from Gram-negative and anaerobic to aerobic 

bacteria (Hyde et al., 1990). Indeed, this shift from local to systemic disease in patients with manifested 

pneumonia might be reflected at the exosomal level. This thesis has revealed an intriguing correlation 

between the severity of pneumonia and the activity of ADAM10 and ADAM17 on exosomes. The 

exosomal activity of ADAM10 was increased in early murine pneumonia. However, in manifested 

pneumonia (pneumonia in hospitalized patients), the exosomal activity of ADAM17 became more 

dominant. The shift from active ADAM10 to ADAM17 at the exosomal level likely reflects a change in 

the cellular processes that occur as the disease progresses from a more localized to a more systemic 

inflammatory response.  

COVID-19 pandemic has further emphasized the importance of exosomes in triggering the adaptive 

immune response and inducing multi-organ failure. In addition, studies have shown that the SARS-CoV-

2 virus, which causes COVID-19, can exploit the exosomal pathway to evade the immune system and 
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spread throughout the body (Gurunathan et al., 2021; Pesce et al., 2021). Proteolytic active exosomes 

have the ability to induce proteolysis in trans, potentially affecting distinct organ sites through 

paracrine/endocrine signaling (Aljohmani et al., 2022b). Moreover, the circulating substrate 

angiotensin-converting enzyme 2 has been identified as a predictor of mortality in hospitalized COVID-

19 patients (Fagyas et al., 2022). Given these findings, exosomal ADAM proteases could contribute to 

the pathogenesis of COVID-19. Indeed, a general increase of ADAM10 activity and a severity 

dependent increase of ADAM17 on the exosomes of COVID-19 patients was observed. Thus, the ability 

of proteolytic active ADAMs on exosomes to induce proteolysis in trans raises the possibility that 

ADAM proteases may regulate the progression of COVID-19 and the development of multi-organ 

failure. Given the potential importance of ADAM proteases in the context of infectious lung diseases, it 

is important to conduct further translational, preclinical, and clinical studies to evaluate their diagnostic, 

prognostic, and therapeutic value. Specifically, these studies should focus on assessing how ADAM 

proteases affect the immune response in infected lungs as well as how they impact the use of exosomes 

as cargo systems for drug delivery. Overall, by conducting these investigations, we can gain a more 

comprehensive understanding of the potential applications of ADAM proteases in the prevention, 

diagnosis, and treatment of infectious lung diseases. This knowledge can help guide the development of 

new therapies and ultimately improve outcomes for patients affected by these conditions. 
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Figure 7. 1: Vector map of pLVTHM  

The pLVTHM vector is used for the expression of the targeting shRNA or the unspecific shRNA (scr). 
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Figure 7. 2: Vector map of psPAX2  

The psPAX2 vector is viral packaging vector, encodes the HIV gene gag-pol and additional auxiliary proteins 
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Figure 7. 3: Vector map of pMD2.G 

The pMD2.G vector Contains the information for the surface protein vsv-G, which is responsible for the infection of 

mammalian cells of different species. 
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Figure 7. 4: Vector map of AP-BTC 

The AP-BTC vector contains Rc/CMV backbone constructed with human placental alkaline tagged with human betacellulin 
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Figure 7. 5: Vector map of AP-TGF-α 

The AP-BTC vector contains Rc/CMV backbone constructed with human placental alkaline tagged with human TGF-α 
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Figure 7. 6: Method description for exosomes preparation.  

A549 cells, THP-1 cells or human neutrophils were cultured in serum free medium and assigned for exosome preparation as 

described in 3.2.1.4  
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Figure 7. 7: Method description for AP activity assay  

A549 cells were transfected with plasmid encoding either betacellulin or TGF-α tagged with alkaline phosphatase on the N-

terminal domain and assigned for AP activity assay as described in 3.2.4.1 
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Figure 7. 8: Method description for epithelial wound closure assay  

96-well plates were coated with collagen G for 2 h, and 2 × 104 of A549 cells were seeded and grown in DMEM (+10 % FCS) 

for 48-72 h until the formation of a uniform monolayer and assigned for wound healing assay as described in 3.2.4.4 
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