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II Summary 

Laura Müller 

“Pseudomonas aeruginosa adaptation to host environment and its impact on 

antibiotic susceptibility” 

 

Pseudomonas aeruginosa is an opportunistic human pathogen responsible for a variety 

of persistent infections. It is a major health threat to individuals with chronic lung 

diseases such as cystic fibrosis (CF) patients. Chronic lung infections with P. aeruginosa 

are associated with biofilm formation resulting in extreme unresponsiveness to 

antibiotic treatment. Persistent P. aeruginosa lung infections, therefore, pose a high 

unmet need for more efficient therapeutic options. However, evaluation of new drugs 

until now has been done in assays so far that neglected P. aeruginosa’s ability to adapt 

to the host environment and forming biofilms thereby eluding antibiotic treatment and 

the host immune system. 

The aim of this thesis, therefore, was to investigate P. aeruginosa adaptation to the 

human lung microenvironment and its impact on antibiotic susceptibility. 

First, a static biofilm culture system was employed to investigate P. aeruginosa biofilm 

formation under static conditions and its impact on antibiotic tolerance. Antibiotic 

susceptibility testing revealed a 500-fold increase in antibiotic tolerance compared to 

the minimal inhibitory concentration (MIC) value. Biofilm cultivation at the air-liquid 

interface with subsequent tobramycin aerosol treatment resulted in a similar antibiotic 

efficacy. 

In a next step, the impact of human airway mucus on biofilm formation and antibiotic 

tolerance was investigated in vitro. Interestingly, biofilms formed in the presence of 

human tracheal mucus were less susceptible to tobramycin, but not to colistin 

treatment. Additionally, there is evidence that tobramycin, but not colistin diffusion 
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was impaired by the biofilm matrix. Confocal imaging revealed a densified and a more 

structured biofilm in the presence of mucus compared to cultures without mucus. 

Lastly, P. aeruginosa infection of viable human lung tissue slices was performed to 

evaluate the influence of an active innate immune response on P. aeruginosa progress 

of infection and development of antibiotic susceptibility. A strong induction of pro-

inflammatory cytokines was observed, which is comparable to those found in CF 

sputum. The repeated administration of tobramycin resulted in a decrease of antibiotic 

susceptibility. 

To sum up, creating advanced in vitro assays more reflective of the in vivo situation in 

the human lung, the critical impact of the human lung microenvironment on P. 

aeruginosa biofilm formation and its antibiotic susceptibility could be shown. This 

highlights that these factors need to be considered for future development of novel 

treatment strategies versus chronic P. aeruginosa lung infections. 
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III Zusammenfassung 

Laura Müller 

“Pseudomonas aeruginosa adaptation to host environment and its impact on 

antibiotic susceptibility” 

 

Pseudomonas aeruginosa ist ein opportunistisches Humanpathogen und verantwortlich 

für eine Vielzahl von persistenten Infektionen. Es stellt besonders für Patienten, die an 

chronischen Lungenerkrankungen leiden, eine große Gesundheitsbedrohung dar, wie 

beispielsweise Zystische Fibrose Patienten (CF – für englisch: cystic fibrosis). 

Chronische Lungeninfektionen mit P. aeruginosa gehen mit der Bildung von Biofilmen 

einher, die zu einer stark verminderten Antibiotikawirksamkeit führen. Durch die 

Persistenz P. aeruginosa Lungeninfektionen besteht daher ein hoher Bedarf an 

effizienteren Behandlungsmöglichkeiten. Herkömmliche Testsysteme für neue 

Therapeutika vernachlässigen jedoch bislang die Anpassungsfähigkeit von P. 

aeruginosa, sowie seine Fähigkeit zur Biofilmbildung und der damit verbundene 

Schutz vor Antibiotika und dem Immunsystem.  

Ziel dieser Arbeit war es, die Anpassung von P. aeruginosa an das Mikromilieu der 

Lunge und ihren Einfluss auf die Antibiotika-Empfindlichkeit zu untersuchen. 

Ein statisches Biofilm-Kultivierungssystem wurde verwendet, um die Biofilmbildung 

unter statischen Bedingungen und ihren Einfluss auf die Antibiotika-Toleranz zu 

untersuchen. Die Testung der Antibiotika-Empfindlichkeit ergab eine um 500-fach 

erhöhte antibiotische Toleranz im Vergleich zum MHK-Wert (Minimale 

Hemmstoffkonzentration). Die Biofilmkultivierung an der Luft-Flüssigkeit 

Grenzfläche und die anschließende Behandlung mit Tobramycin Aerosol führte zu 

einer ähnlichen Antibiotika Effizienz. 

In einem weiteren Schritt wurde der Einfluss von Mukus auf die Biofilmbildung und 

die antibiotische Toleranz untersucht. Biofilmbildung in Anwesenheit von humanem 
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Mukus führte zu einer reduzierten Empfindlichkeit gegenüber Tobramycin, aber nicht 

gegenüber Colistin. Außerdem zeichnete sich ab, dass die Diffusion von Tobramycin, 

nicht aber von Colistin, durch die Biofilmmatrix beeinträchtigt wurde. 

Konfokalmikroskopische Untersuchungen zeigten einen verdichteten und stärker 

strukturierten Biofilm in der Anwesenheit von Mukus. 

Abschließend wurden lebende, humane Lungenschnitte mit P. aeruginosa infiziert, um 

die angeborene Immunantwort und die Antibiotikaempfindlichkeit im Laufe der 

Infektion zu untersuchen. Es wurde eine starke Induktion von pro-inflammatorischen 

Zytokinen beobachtet, vergleichbar mit Zytokinen, die in CF Sputum gefunden 

werden konnten. Die wiederholte Behandlung mit Tobramyzin führte zu reduzierter 

antibiotischer Empfindlichkeit. 

Zusammenfassend konnte in einem weiter entwickelten System, das die Bedingungen 

in der menschlichen Lunge besser nachstellt, der entscheidende Einfluss des humanen 

Lungen Mikromilieus auf die Biofilmbildung von P. aeruginosa und die antibiotische 

Empfindlichkeit gezeigt werden. Dies betont die Notwendigkeit diese Faktoren in 

zukünftiger Entwicklung von neuen Behandlungsstrategien gegen P. aeruginosa 

Lungeninfektionen zu berücksichtigen. 

Diese Ergebnisse unterstreichen, wie entscheidend es ist, die in vivo Bedingungen bei 

der Entwicklung zukünftiger Behandlungsstrategien gegen chronische P. aeruginosa 

Lungeninfektionen zu berücksichtigen. 
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1 Introduction

1 Introduction 

1.1 Pseudomonas aeruginosa 

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative, rod-shaped bacterium 

occurring especially in humid habitats and in soil (Wu et al., 2015). It possesses one 

flagellum and several pili (Figure 1) used for locomotion and adhesion. 

 

Figure 1: Structure and virulence factors of Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a rod-shaped gram-negative bacterium. P. aeruginosa possesses different types 

of adhesins - one flagellum and several pili. The bacterial cell wall has an inner and an outer membrane. 

Lipopolysaccharide (LPS) is located on the outer membrane. The membrane contains different types of 

channels mediating the influx and efflux of substances including efflux pumps and a type III secretion 

system that injects exotoxins (ExoU, ExoS, ExoT and ExoY) into the cytosol of eukaryotic cells. The 

bacterial cytosol harbours the bacterial DNA and additional nucleic acids such as plasmids and 

ribosomes. P. aeruginosa is known to produce pigments that act as virulence factors, including 

pyoverdine, pyocyanin and pyorubin. A major virulence factor is the production of extracellular matrix 

consisting of extracellular polymeric substances (EPS). 

 It produces a distinct odour, which has been reported to resemble grapes or tortillas 

(Wu et al., 2015). Its temperature spectrum ranges from 8°C to 42°C, but it favors 25°C 

to 37°C and is therefore well adapted to the mammalian body temperature. P. 

aeruginosa preferably grows under aerobic conditions, but it can also adapt to 
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anaerobic conditions. This enables the establishment of chronic infections in poorly 

ventilated areas of diseased lungs, like in CF. Due to its large genome, which includes 

a large number of enzymes for various metabolic pathways; it is a non-fastidious and 

very versatile bacterium. Consequently, it can proliferate in diverse environments 

ranging from water supply systems to the human host. The bacterium can regularly 

be found in natural environments such as soil and is also known to infect plants and 

animals (Haenni et al., 2015; Walker et al., 2004). P. aeruginosa is an opportunistic 

human pathogen and a leading cause of nosocomial infections (Obritsch et al., 2005).  

1.1.1 Virulence factors 

Virulence factors are defined as mechanisms that enable colonisation and 

dissemination within a host thereby subverting the host defense (Cross, 2008). 

P. aeruginosa is capable of causing acute and chronic infections in a broad range of 

hosts. Virulence factors are part of the host-pathogen interactions and significantly 

affect the outcome of the infection, as they strongly affect the severity of the disease 

(Francis et al., 2017; Veesenmeyer et al., 2009). Bacterial cultures of P. aeruginosa are 

able to produce at least three different pigments, including pyocyanin, pyoverdine and 

pyorubin, which act as virulence factors, e.g. by impairing mammalian cell functions 

such as cell respiration and ciliary beating or binding of iron (Prince, 2012). Typically 

for gram-negative bacteria, P. aeruginosa expresses the endotoxin lipopolysaccharide 

(LPS) on its outer cell membrane (Figure 1). LPS is known to trigger the host’s immune 

response. However, P. aeruginosa LPS is less toxic than LPS produced by other bacteria, 

which might facilitate the establishment of chronic infections (Cigana et al., 2009). P. 

aeruginosa possesses the adhesins type IV pili, flagella, and the core oligosaccharide of 

LPS (Figure 1). These structures mediate the adhesion to epithelial cells, to mucins and 

to the cystic fibrosis transmembrane conductance regulator (CFTR) of epithelial cells 

(Wu et al., 2015).  

Rapid movement by type IV pili and flagella mediates P. aeruginosa adherence to 

surfaces and is a crucial step for biofilm formation, which is further described in 1.1.3. 
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Flagellin is the primary structural component of flagella and is recognised by the toll-

like receptor 5 (TLR5) expressed on immune cells and epithelial cells. Activation of 

TLR5 triggers the immune system and induces production of pro-inflammatory 

cytokines such as TNF-α, IL-6 and IL-8, which then further stimulate the immune 

system. Both pili and flagella are important in initiating infection. However, once 

bacteria have switched to the biofilm mode of growth, these immunogenic appendages 

are repressed along with multiple transcription factors that modulate metabolism and 

transport functions (Sousa and Pereira, 2014). Nonetheless, flagellin is believed to be 

involved in the initiation of the acute immune response, which then might trigger 

bacterial persistence and biofilm formation. Flagellin was also shown to bind to 

mucins, which is considered to be a crucial step for colonisation of the airways (Wu et 

al., 2015).  

The core oligosaccharide acts as ligand to the CFTR receptor, thereby mediating 

bacterial internalisation by epithelial cells. P. aeruginosa is considered to exist mainly 

as an extracellular pathogen. But, it can also be found intracellularly, e.g. in 

macrophages or epithelial cells (Bernut et al., 2015; Sana et al., 2015). Invasion of 

bacterial cells into nonphagocytic cells is a common technique to evade the immune 

system (Sana et al., 2015). Furthermore, P. aeruginosa secretes different elastases 

including LasA and LasB (Casilag et al., 2015; Wu et al., 2015). LasB (also called 

pseudolysin) is a bacterial metalloprotease that has been shown to cause severe 

damage to the host by degrading components of the innate and the adaptive immune 

systems, such as antibodies and epithelial cells. In addition, it is capable of degrading 

the extracellular matrix and of destroying epithelial and endothelial barriers (Zhu et 

al., 2015), thereby causing severe harm to host tissue.  

P. aeruginosa can both secrete and inject toxins into the cellular cytosol of host cells. 

Direct injection into the host cell is performed using a needle-like appendix called type 

III secretion system (Figure 1). The secreted proteins ExoS, ExoT, ExoU and ExoY 

damage the host cell in multiple ways including disruption of the host cell actin 

cytoskeleton, leading to rapid cell death (Veesenmeyer et al., 2009). Exotoxin A is the 
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most toxic virulence factor released by the type II secretion system (Michalska and 

Wolf, 2015). It binds to receptors of epithelial cells to enter eukaryotic cells leading to 

cell death (Wu et al., 2015).  

P. aeruginosa releases autoinducer to assess local bacterial density, a process called 

quorum sensing (QS). There are three QS systems: the las system, the rhl system and 

Pseudomonas Quinolone Signal (PQS), acting as a link between the first two. QS has 

multiple functions in bacterial pathogenicity: 5% of all P. aeruginosa genes are 

regulated by QS including modulation of the expression of a wide variety of bacterial 

virulence factors such as elastases, exoenzyme S, haemolysin, and lectins (Juhas et al., 

2005). Additionally, QS mediates biofilm formation, which is another important 

virulence mechanism. Further information on QS and biofilm formation can be found 

in the chapter 1.1.3. 

1.1.2 Antibiotic resistance 

P. aeruginosa exhibits different types of antibiotic resistance mechanisms, which can 

generally be divided into intrinsic, acquired, and adaptive resistance mechanisms 

(Breidenstein et al., 2011). Further, the resistance can be of genetic or phenotypic origin. 

The bacterium is intrinsically resistant to a variety of antibiotics. First of all, the low 

permeability of the outer membrane reduces antibiotic uptake. Other intrinsic and 

adaptive resistance mechanisms are the expression and overexpression of efflux 

pumps, respectively, which remove antibiotics from the bacterial cytoplasm. Genetic 

resistance mechanisms can be acquired by horizontal gene transfer and mutational 

resistance. Different DNA elements such as plasmids, transposons and integrons can 

be exchanged via horizontal gene transfer. Transfer of such elements often affects β-

lactam resistance and aminoglycoside resistance and can ultimately lead to multi-drug 

resistance. For example, the binding of aminoglycosides to the 30S ribosomal subunit 

can be disturbed by enzymes located on mobile genetic elements (Vakulenko and 

Mobashery, 2003). Furthermore, the transfer of plasmids can include the acquisition of 

extended-spectrum β-lactamases (ESBLs) (Bush, 2010). Mutational resistance can 
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occur spontaneously or may be induced by certain environmental conditions such as 

subinhibitory antibiotic concentrations or biofilm formation (Breidenstein et al., 2011). 

Genetic changes in genes responsible for repairing DNA replication errors can lead to 

hypermutator strains (Wiegand et al., 2008). Further mutations can result in 

overexpression of efflux pumps, reduced antibiotic uptake or change of the antibiotic 

target (Stickland et al., 2010). An important phenotypic antibiotic resistance 

mechanism is the formation of bacterial biofilms. These structured bacterial consortia 

exhibit strong antibacterial tolerance (further described in chapter 1.1.4). Antibacterial 

tolerance is defined as the ability of bacteria to persist in the presence of an anti-

infective therapeutic, meaning that the bacteria are not killed, but are unable to grow 

(Bjarnsholt, 2013). In contrast, resistance means that bacteria are able to grow in the 

presence of an anti-infective agent. During chronic infections, both tolerance and 

resistance are involved in bacterial persistence. While tolerance occurs due to 

phenotypic changes once a certain bacterial density is achieved, bacterial resistance is 

triggered by external selective pressure and the appropriate intracellular adaptions. 

As resistant bacteria are able to grow in the presence of an antibiotic, resistant bacterial 

cells accumulate during chronic infections. The combination of antibacterial tolerance 

and resistance results in highly refractory infections. Another example of phenotypic 

adaptation is the formation of small colony variants (SCVs) that can be isolated from 

chronically infected CF lungs. Small colony variants are slow-growing subpopulations 

with reduced colony size, associated with poor lung function and can appear following 

inhaled antibiotic therapy (Häussler, 2004). SCVs exhibit impaired antibiotic 

susceptibility and are less virulent, properties contributing to persistence. 

Environmental stress such as limited nutrients and oxidative stress caused in the CF 

lung might favor the appearance of SCVs. Transfer of SCVs to nutrient-rich medium 

leads to reversion to the fast-growing wild-type. 
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1.1.3 Biofilm formation 

Bacteria such as P. aeruginosa were once believed to exist as single cells, however, it is 

now known that bacterial cells prefer to form multicellular communities enclosed in a 

self-produced matrix, commonly referred to as biofilms (Costerton et al., 1999). 

Bacterial aggregates were discovered in the environment and in dental plaque decades 

ago (Henrici, 1933; van Steenbergen et al., 1984). The term “biofilm” was first used by 

Costerton et al. in 1978 for sessile bacteria enclosed in a “glycocalyx”, which were 

adherent to an available surface (Costerton et al., 1978). Nowadays, there is evidence 

that biofilms are the default mode of life for bacterial species, as they provide several 

advantages over the planktonic single-cell lifestyle. The biofilm mode protects 

bacterial cells, among others, from desiccation, therapeutic agents, and immune cells. 

A common idea of biofilm formation is – illustrated in Figure 2 - that in a first step, 

single motile bacteria attach to a biotic or abiotic surface (step 1) and thereby get 

immotile (step 2). Then, the bacteria start to proliferate (step 3) and finally form a 

biofilm (step 4).  

 

 

 

 

 

 

 

Figure 2: Standard surface-associated biofilm model 

The “classical biofilm model” of surface-attached biofilms describes 5 steps of biofilm formation: 1: 

Initial adhesion of planktonic cells; 2: Irreversible adherence and microcolony formation; 3: Biofilm 

formation; 4: Biofilm maturation; 5: Dispersion of bacterial cells. 
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Initial attachment to a surface is thought to be a crucial step for biofilm initiation 

(Bjarnsholt, 2013). In a first step, bacteria reversely adhere to a biotic or abiotic surface 

(Rasamiravaka et al., 2015). Initial surface interaction is mediated by flagellar motility 

(“swarming motility”) (Bruzaud et al., 2015; Kearns, 2010; O’Toole and Kolter, 1998), 

leading to the formation of a bacterial monolayer. Following this, type IV pili are used 

to recruit other bacterial cells and start microcolony (bacterial clones) formation. 

Furthermore, “twitching motility” performed by type IV pili, allows surface migration 

and formation of multicellular aggregates (Kuchma et al., 2005; O’Toole and Kolter, 

1998; Turnbull and Whitchurch, 2014). Once a certain bacterial density is reached, 

bacterial cells start to produce extracellular polymeric substances. Microcolonies start 

to expand, coalesce and thereby start to form three-dimensional structures with non-

colonised spaces in between. After that, a mature biofilm evolves by filling the non-

colonised spaces with bacteria leading to a further densified and structured biofilm 

(Rasamiravaka et al., 2015). Biofilm maturation is associated with several phenotypic 

adaptations such as reduced metabolism and adhesin downregulation (Rendueles and 

Ghigo, 2012). Finally, planktonic bacteria detach from the mature biofilm to colonise 

new surfaces.  

An important mechanism during biofilm formation is the release of QS signals. Among 

the Romans, the Latin word “quorum” designated the smallest number of persons 

who must be present in a group for an official action to be taken. Bacterial QS is cell-

to-cell communication performed by many bacteria to detect their population density 

(Sperandio et al., 2003). QS was found to play an important role in biofilm formation. 

Davies et al. observed the formation of flat and undifferentiated biofilms by the signal 

mutant strain lasl (Davies et al., 1998). 

Biofilms are mainly composed of bacterial cells and extracellular matrix. The matrix is 

often described as hydrated “extracellular polymeric substances (EPS)” (Flemming 

and Wingender, 2010). Interestingly, less than 10% of the dry mass in a biofilm consists 

of bacterial cells, whereas 90% of the dry mass consists of matrix components 
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(Flemming and Wingender, 2010). The exact composition of the extracellular matrix is 

strain-specific. The main matrix components are exopolysaccharides, proteins, 

extracellular DNA, surfactant, lipids and water. P. aeruginosa is known to produce at 

least three different polysaccharides: alginate, Pel and Psl. Mucoid conversion of P. 

aeruginosa in CF lungs is characterised by an overproduction of alginate, which consists 

of uronic acid. Pel and Psl are both involved in the establishment of biofilms; they 

consist mainly of glucose and D-mannose, D-glucose and L-rhamnose, respectively. 

Different types of extracellular proteins can be found within the biofilm matrix, 

including enzymes such as proteases. Certain proteases can degrade EPS and thereby 

promote bacterial dispersion, structural proteins such as lectins that support 

polysaccharides during biofilm formation and stabilization, and proteinaceous 

appendages such as pili, fimbriae and flagella (Flemming et al., 2007; Flemming and 

Wingender, 2010). Extracellular DNA is released by lysed bacterial cells, serving as a 

major structural component of the biofilm matrix. Bacterial surfactant and lipids are 

produced at the air-water interface. They are involved in bacterial surface activity, 

initial microcolony formation and facilitate surface-associated bacterial migration. The 

largest component of the biofilm matrix is water. EPS possess hygroscopic features 

and retain water. The high water content of biofilms causes its viscoelastic properties 

and protects bacteria from desiccation. The biofilm matrix gives biofilms their three-

dimensional architecture; it mediates adhesion to surfaces and cohesion in the biofilm. 

The EPS immobilise bacteria and promote bacterial interactions by keeping them in 

close proximity. They furthermore act as an external digestive system and can also 

serve as nutrient source. 

Biofilms serve as a protected mode of growth for bacterial species in hostile 

environments. They evade both the host’s immune system and anti-infective 

therapeutics via physical and biochemical properties. For example, the matrix was 

found to protect bacteria from degradation by reactive oxygen species secreted by 

phagocytic cells (Svenningsen et al., 2018). 
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1.1.4 Antibiotic tolerance of bacterial biofilms 

Formation of bacterial biofilms is a natural phenomenon that protects bacteria from 

harmful influences including antibiotic agents, which also occur in nature (Olsen, 

2015). Biofilms possess several antibiotic tolerance mechanisms. Firstly, the 

extracellular matrix was shown to act as a penetration barrier (Tseng et al., 2013). 

Positively charged antibiotics can be bound by the negatively charged biofilm matrix. 

Secondly, the nutrient and oxygen gradients within the biofilm lead to a slow growth 

rate of a certain subpopulation. Antibiotics such as aminoglycosides, which target the 

bacterial metabolism are therefore less efficient (Walters et al., 2003). It is believed that 

bacteria in the outer part of a biofilm show higher metabolic activity than bacteria in 

the inner part. The reduced oxygen concentration in the biofilm was shown to alter the 

composition of multidrug efflux pumps, thereby leading to increased antibiotic 

tolerance (Schaible et al., 2012).  

Even in case of efficient antibiotic treatment, there are bacterial cells that persist. 

Persister cells are a slow-growing subpopulation that barely responds to antibiotic 

treatment. These cells may be in a dormant state during treatment and can easily 

repopulate the infectious site afterwards (Lewis, 2012). Persister cells were found to be 

increased in biofilms thereby contributing to antibiotic tolerance (Lewis, 2008). 

Besides, biofilm cells can also possess resistance genes, as described above in chapter 

1.1.2. β-lactamases are also highly prevalent in bacterial biofilms. These enzymes are 

able to inactivate penicillins, which might be prevalent in nature, as they can be 

produced by competing fungal biofilms. Mutability in biofilms was found to be 105-

fold increased when compared to planktonic cells, which might be due to oxidative 

stress (Driffield et al., 2008). In addition, bacterial cells are in close proximity within a 

biofilm, facilitating gene transfer (Olsen et al., 2013). Finally, several genes and operons 

that are associated with biofilm tolerance are highly expressed in biofilms. As an 

example, an operon that encodes for an efflux pump was found to be overexpressed 

in biofilms (Zhang and Mah, 2008). 
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1.1.5 Determination of antibiotic sensitivity 

Bacterial infections are commonly treated with antibiotics. Several types of antibiotics 

are available on the market and can be divided into different groups according to their 

mode of action and their efficacy towards certain bacteria. In the daily routine, 

antibiotics, especially broad-spectrum antibiotics are often prescribed without 

susceptibility testing. However, experts constantly advise physicians to use 

antimicrobials in a responsible manner to prevent the emergence of further bacterial 

resistances (Leekha et al., 2011). Hospitalized patients are often initially treated 

empirically, as microbiological results are only available after 24 h to 72 h (Om et al., 

2016). However, inappropriate treatment regimens have been proven to result in poor 

clinical outcomes (Leekha et al., 2011).  

Laboratory susceptibility testing is routinely done by determination of the minimal 

inhibitory concentration (MIC). This assay determines the minimal concentration of an 

antibiotic that inhibits bacterial growth (bacteriostatic effect) of planktonic bacteria. A 

bacterial suspension is mixed with an ascending concentration of an antibiotic, or 

medium as negative control, and cultivated for 24 h under static conditions. Thereafter, 

bacterial growth is assessed by turbidity and the lowest antibiotic concentration, which 

prevented turbidity is defined as minimal inhibitory concentration (CLSI, 2015). 

However, the clinical predictive value of this in vitro susceptibility test has been raised 

to question (Doern and Brecher, 2011). Doern et al. found that 93 % of patients suffering 

from bacterial infections that had been categorized as “susceptible” responded well to 

antibiotic therapy and 64 % of patients that had been diagnosed to be infected with a 

resistant strain still were responsive to antibiotic therapy based on MIC testing. This 

result is described as “the 90 – 60 rule” (Rex and Pfaller, 2002). However, this rule only 

applies to immunocompetent individuals, infected with monomicrobic infections, 

treated with a single antimicrobial agent and parenterally administered therapeutics 

(Doern and Brecher, 2011). This includes at about 25 % of patients, whereas no 

predictive result can be achieved for 75 % of patients who are immunocompromised, 
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infected with polymicrobial infections and treated with multiple antibiotics that have 

been administered orally. The administration of the antimicrobial agents has been 

found to have an important impact on the therapeutic outcome. Parental 

administration leads to a predictive penetration of the drug to the site of infection, 

whereas oral administration can result in dilution or concentration of the therapeutic 

leading to a less predictive clinical outcome. An advantage of in vitro susceptibility 

testing is the high reproducibility, however predicitvity is low. In a MIC assay, 

susceptibility of pure planktonic bacterial cultures is evaluated against single 

antimicrobial agents. 80 % of bacterial infections are thought to be associated with the 

formation of bacterial biofilms, which is not considered in routine laboratory test 

systems such as MIC testing (Jamal et al., 2018). Pharmacodynamic aspects are 

generally not included in in vitro susceptibility testing. Furthermore, potential 

interactions with the host environment including its immune response are not 

included. These issues should be addressed in future susceptibility testing to improve 

clinical predicitvity. Moreover, Doern et al. suggest that the report of a category 

interpretation of the MIC might be more useful for clinicians than the actual MIC 

value.  

1.2 Pseudomonas aeruginosa infections 

P. aeruginosa is a common commensal on human skin (Cogen et al., 2008) and rarely 

infects immunocompetent persons, but it can become a major threat to 

immunocompromised persons (Wu and Li, 2015). P. aeruginosa is responsible for 12 % 

of all hospital-acquired infections (Bodey et al., 1983). Several conditions predispose 

to pseudomonas infections including diabetes, drug addiction, HIV infection and CF. 

Diabetes patients especially become diseased with malignant otitis externa, whereas 

drug addicts mainly suffer from endocarditis or osteomyelitis (Bodey et al., 1983). 

P. aeruginosa has a particular affinity to the respiratory tract and is known to cause 

progressive and recurrent lung infections in patients suffering from chronic lung 

diseases (Yum et al., 2014). Pneumonia due to P. aeruginosa infection can be divided 



  

 

12 

 

1 Introduction 

into two epidemiological groups: hospital-acquired pneumonia and community-

acquired pneumonia (CAP) (Fujitani et al., 2011). P. aeruginosa lung infections are 

usually caused by hospital-acquired infections occurring in the Intensive-Care Unit 

(ICU), including ventilator-associated pneumonia (VAP) and bronchoscope-

associated pneumonia. CAP is rather uncommon for P. aeruginosa and mainly occurs 

in patients with chronic lung disease including HIV-patients, COPD patients, and 

children with CF. During the past decades, the incidence of P. aeruginosa hospital-

acquired pneumonia has almost doubled (Fujitani et al., 2011; Gaynes and Edwards, 

2005). P. aeruginosa was found to be the most prevalent bacterium isolated from the 

respiratory tract of patients in the ICU (Neuhauser et al., 2003). Furthermore, VAP 

induced by P. aeruginosa is associated with a high mortality rate of 42.1% to 87% 

(Trouillet et al., 2002), whereas community-associated pneumonia is associated with a 

mortality rate of 61.1% (Fine et al., 1996). Chronic lung diseases, previous 

hospitalisation, intubation and enteral tube feeding, and prior antibiotic use are 

thought to be the main risk factors for acquisition of CAP. For hospital-acquired 

pneumonia, the hospital environment was found to serve as a reservoir for P. 

aeruginosa. Especially moist watery environments including tap water can be 

contaminated with P. aeruginosa (Bert et al., 1998; Tassios et al., 1998). Another, less 

prominent source of P. aeruginosa infection is by transmission between patients and 

health-care workers or the endogenous flora of patients. 

1.3 Host response to P. aeruginosa airway infection 

In healthy subjects, the airways, especially the lower respiratory tract remain free from 

infection (Gellatly and Hancock, 2013). Bacterial pathogens e.g. P. aeruginosa enter the 

respiratory tract by inhalation where they first encounter the conducting airways.  

Under physiological conditions, a thin layer of watery secretions permanently covers 

the respiratory epithelium of the conducting airways. Cilia located on top of the airway 

epithelial cells are surrounded by periciliary liquid (PCL) (Figure 3), which is covered 

by the airway surface lining fluid (ASL) – mucus.  
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Figure 3: Airway surface lining 

The thin layer of PCL enables beating of the cilia, which is crucial for mucociliary 

clearance. Mucus is a viscoelastic gel that is mainly composed of water, mucins, DNA 

and lipids. Mucins are a group of large glycoproteins consisting of a protein backbone 

linked with O-glycans. They are the main constituent among the solid compartments. 

MUC5AC and MUC5B are the predominant mucins in the respiratory tract. They are 

synthesised by mucosal or epithelial cells and released into the respiratory lumen to 

form airway mucus by cross-linking, thereby forming a mesh-like structure. Inhaled 

particles, pollutants or microorganisms attach to the polymeric mucous layer. Ciliary 

beating constantly transports mucus upwards towards the pharynx to remove 

contaminated mucus by swallowing or disgorging. Mucus has variable functions and 

is part of the innate immune response in the lung (Voynow and Mengr, 2009). It serves 

as a sieve and physical barrier to macromolecules, humidifies the inhaled air and the 

epithelium, neutralises noxious gases and provides a variety of anti-infectious 

substances such as immunoglobulins, lysozyme and lactoferrin. 

Clara cells located in the lower bronchial passages and type 2 epithelial cells in the 

alveoli secrete pulmonary surfactant, a lipoprotein complex that is able to lower the 

Cross section through respiratory epithelium. Modified from (Button et al., 2012). 

A: Scanning electron microscopic image, 100-fold magnification. Ciliated (Cilia) airway epithelial cells (Cells) 

are covered by periciliary liquid (PCL) surrounding the cilia.  

B: Schematic overview of the airway epithelium and its secretions. 

The scale bars represent 7 µm. 
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surface tension thereby preventing alveoli from collapsing. Surfactant is able to bind 

and opsonise microbial pathogens (Gellatly and Hancock, 2013). 

Bacterial antigens such as LPS and flagellin are recognised by pathogen recognition 

receptors (PRRs). These include TLRs located on airway epithelial cells and on 

phagocytic cells e.g. macrophages and dendritic cells (Yonker et al., 2015). P. aeruginosa 

possesses agonists to TLR2, TLR4, TLR5 and TLR9. LPS was shown to bind primarily 

to TLR4, whereas flagellin mainly binds to TLR5. Binding to TLRs leads to secretion of 

numerous pro-inflammatory cytokines and chemokines including the neutrophil-

attractant chemokine IL-8. Further pro-inflammatory cytokines include TNF-α, IL-1β 

and IL-6. Their secretion leads to the activation and recruitment of innate and adaptive 

immune cells. Moreover, epithelial cells are able to secrete complement proteins, 

which bind microorganisms and promote their phagocytosis. In addition, they are able 

to produce antimicrobial substances such as β-defensins, lysozyme and lactoferrin.  

Cytokine and chemokine release by epithelial cells leads to the recruitment of 

phagocytic cells. Lung infection with P. aeruginosa is dominated by invasion of 

neutrophil granulocytes. Neutrophils are able to kill bacteria by phagocytosis and by 

releasing biocidal substances that are stored in their granules. The release of such 

substances including reactive oxygen species, nitrogen species and neutrophil elastase 

results in highly effective bacterial killing, but is also harmful to host tissue. The life 

span of neutrophils, however, is generally limited to 24 hours. A third method to 

combat microbial pathogens is the formation of neutrophil-extracellular-traps (NETs). 

Neutrophils are able to release DNA, which forms an extracellular net that can trap 

microorganisms. 

Another important phagocytic immune cell is the alveolar macrophage. Macrophages 

are able to phagocytose bacterial cells, apoptotic and necrotic neutrophils and to 

secrete cytokines and chemokines, thereby contributing to the recruitment of 

leukocytes such as neutrophils. In addition, macrophages and dendritic cells (DCs) 

function as antigen-presenting cells (Jensen et al., 2010). Immature DCs mature during 

antigen uptake and cytokine exposure (Moser et al., 2017). DCs prime T-cells into Th1, 
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Th2 or Th17 cells and initiate their proliferation. Th1 and Th2 stimulate either the cell-

mediated immunity or the humoral immunity. DCs secrete pro-inflammatory IL-12 

and IL-6, but also anti-inflammatory IL-10. Th17 cells are able to produce IL-17, which 

can induce the neutrophil attractant IL-8 and the neutrophil mobiliser Granulocyte 

colony-stimulating factor (G-CSF). Additionally, DCs activate naïve B cells, which then 

start to proliferate. They generate plasma cells, which produce antibodies, especially 

immunoglobulin G and A (IgG and IgA). IgA is mainly present in airway secretions to 

prevent bacteria from reaching the airway epithelium, whereas IgG locates mainly in 

the alveoli (Mauch et al., 2017). 

1.4 Cystic fibrosis 

Cystic fibrosis is one of the most common inherited diseases amongst the Caucasian 

population. It is a monogenic, autosomal recessive disorder with approximately 70,000 

patients affected worldwide (Cystic Fibrosis Worldwide, www.cfww.org, accessed 

September 20, 2018). A defective cystic fibrosis conductance regulator (CFTR) gene 

leads to malformation of the consecutive protein, a chloride ion channel that is 

involved in epithelial chloride and bicarbonate secretion. In addition, the CFTR 

channel regulates further membrane proteins such as the epithelial sodium channel 

(ENaC) (Berdiev et al., 2009). CFTR is expressed in many organs of the human body. 

Consequently, the dysfunctional secretion is associated with a multitude of health 

problems. Cystic fibrosis patients suffer, among others, from chronic digestive 

conditions and progressive lung disease. Especially respiratory infections are a leading 

cause of morbidity and mortality with huge losses of life span and life quality, despite 

extensive treatment regimens (Ratjen et al., 2015) including intensive antibiotic 

treatment from early childhood on. Dysfunctional secretion leads to dehydrated 

airway mucus in the respiratory tract with consequently altered biophysical 

properties. Altered mucus secretion results in impaired mucociliary clearance 

(Voynow and Mengr, 2009). Bacteria, once they have entered the lung, cannot be 

cleared and cause infections (Figure 4).  

https://www.ncbi.nlm.nih.gov/pubmed/16301609
https://www.ncbi.nlm.nih.gov/pubmed/16301609
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Figure 4: Healthy airway versus mucus plugging and respiratory infection in CF 

Normal (healthy) airways are lined with a thin layer of mucus, whereas chronically infected lungs of 

CF patients are characterised by viscous mucus plugging leading to infection and inflammation with 

consequent bleeding and bronchiectasis (widened airway) (National Heart, Lung and Blood Institute). 

P. aeruginosa occurs ubiquitously and is amongst the most prevalent bacteria in CF 

patients (Cystic Fibrosis Foundation, 2016). The pathogen rapidly establishes 

persistent infections in CF patients by successful evasion of both antibiotic treatment 

and the host’s immune response. Biofilm formation is one of the key factors for the 

establishment of recalcitrant, chronic infections.  

1.4.1 Host response to P. aeruginosa infection in CF 

P. aeruginosa reaching the respiratory tract in CF patients will first come into contact 

with the airway epithelium of the conducting airways and their mucus secretions. 

Mucus in CF patients significantly differs from physiological mucus. The CFTR defect 

results in a dehydrated periciliary liquid, which impairs beating of the cilia. The 

slowed mucociliary rate leads to mucus plugging. Additionally, dehydration of mucus 

A 

B 
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in combination with hypersecretion of mucins leads to hyperconcentration of mucins, 

resulting in increased mucus viscosity (Kreda et al., 2012; Mall, 2016; Tildy and Rogers, 

2015). Impaired bicarbonate secretion and impaired mucin cross-linking might alter 

mucus structure and further increase mucus viscosity. Consequently, microorganisms 

cannot be removed; instead, they colonise the lung and cause severe inflammation. A 

characteristic of CF patients is obstruction of the small airways and consequential 

development of bronchiectasis by progressive lung damage. 

Once P. aeruginosa starts colonising the lung, large amounts of antigens such as LPS 

and flagellin are released, causing a strong inflammatory reaction. Increased levels of 

TNF-α, IL-1β, IL-6 and IL-8 can be detected in sputum samples and bronchoalveolar 

lavages of cystic fibrosis patients (Bonfield et al., 1999; Courtney et al., 2004). The 

inflammatory process in CF patients is dominated by neutrophilic granulocytes, which 

are attracted especially by the chemokine IL-8. Large numbers of neutrophils exit the 

circulation to infiltrate the lung. Usually, neutrophilia is limited to a short period. 

Persistence of P. aeruginosa in the CF lung, however, leads to chronic neutrophilia that 

consequently causes strong tissue damage and can finally result in emphysema 

formation. Neutrophils were found to be entrapped by biofilms leading to increased 

mobility and ineffective respiratory burst (Jesaitis et al., 2003). Virulence factors 

produced by biofilm cells such as rhamnolipids can induce neutrophil necrosis (Jensen 

et al., 2007). The release of neutrophil elastase damages epithelial cell walls by 

digesting elastin. This leads to additional secretion of mucus and cytokines, resulting 

in a vicious circle of mucus plugging and non-resolving infection (Courtney et al., 

2004). Besides, formation of neutrophil extracellular traps (NETs) by cell death and 

release of DNA, meant to entrap pathogens, leads to further thickening of airway 

mucus, thereby further promoting the lung disease (Martínez-Alemán et al., 2017). In 

addition, the DNA release for NET formation was found to promote P. aeruginosa 

biofilm formation (Parks et al., 2009). Extracellular DNA (eDNA) is one of the main 

components of P. aeruginosa biofilms and eDNA in biofilms has been shown to also 

originate from eukaryotic cells, especially from neutrophil granulocytes (Rada, 2017). 
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Parks et al. observed increased P. aeruginosa biofilm formation in the presence of 

neutrophils with increased antibiotic tolerance (Parks et al., 2009). Neutrophil 

granulocytes limit the P. aeruginosa growth rate, but fail to eradicate the pathogen. It 

is, therefore, believed that they force P. aeruginosa to persist in the biofilm mode of 

growth (Rada, 2017). 

Inflammation in CF is characterised by the innate immune response; however, the 

adaptive immune response is also activated in CF lungs. Large amounts of T-cells were 

found to be accumulated within the subepithelial bronchial tissue. In addition, higher 

numbers of B-cells are present in CF and, consequently, large amounts of IgA in airway 

secretions (Yonker et al., 2015). This immune response, however, seems to be 

inefficient against P. aeruginosa infection. 

There is further evidence that certain parts of the host’s immune response in CF 

patients are dysregulated. Bronchial epithelial cells were found to display aberrant 

pathogen recognition receptors (PRRs) (Yonker et al., 2015), which are involved in 

pathogen recognition and initiation of the host defense. In addition, decreased levels 

of the anti-inflammatory cytokine IL-10 were found in CF sputum, indicating that the 

balance between pro-inflammatory and anti-inflammatory cytokines is disturbed in 

CF. CFTR-deficient macrophages might be unable to properly phagocytose bacteria, 

as they fail to acidify lysosomes and phagolysosomes (Di et al., 2006). 

CF patients receive a broad treatment regime, especially to combat progressive lung 

infection. The majority of CF patients is treated with antibiotics from early childhood 

on (Döring et al., 2012). Anti-pseudomonas treatment includes penicillins with beta-

lactamase inhibitors, cephalosporins, carbapenems, colistin, fluoroquinolones and 

aminoglycosides. Combination therapy has proven to be superior to monotherapy and 

generally includes a beta-lactam antimicrobial and a fluoroquinolone or 

aminoglycoside (Paulsson et al., 2017). As mentioned above, however, a variety of 

genetic and phenotypic adaptations lead to decreased antibiotic susceptibility. 
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Administration of corticosteroids to treat the excessive inflammation has proven very 

efficient in reducing of IgG and cytokine levels; however, long-term use of systemic 

steroids has severe side effects. Inhaled corticosteroids might be a meaningful 

alternative, but efficacy of this treatment has to be further evaluated in clinical trials 

(Balfour-Lynn and Welch, 2016; Dezateux et al., 2000). High doses of ibuprofen 

resulted in improved lung function and improved the patient’s general condition; 

however, insufficient pharmacokinetics data and potential side effects as well as lack 

of clinical trials hinder a more prevalent usage. Treatment with macrolide antibiotics 

resulted in improved lung function, even though the mechanism of action remains to 

be discovered (Courtney et al., 2004). Administration of α1 antitrypsin was believed to 

act as antiprotease treatment, however, no such efficacy could be demonstrated in 

clinical trials (Courtney et al., 2004). There is a need to further investigate of the 

pathophysiology of the inflammatory process and to evaluate of potential anti-

inflammatory therapeutics. 

1.5 Models of P. aeruginosa lung infection 

1.5.1 In vitro models of biofilm formation 

Biofilms in general are a major threat to medical care, as they poorly respond to current 

antibiotic treatment regimes. Current knowledge on biofilm physiology is still 

incomplete. Therefore, there is an urgent need for further research on microbial 

biofilms to improve treatment options for biofilm infections. P. aeruginosa often serves 

as a model organism for biofilm research. A variety of in vitro test systems has been 

used to investigate P. aeruginosa biofilm formation and efficacy testing of potential 

anti-infective substances. All biofilm models possess distinct advantages and 

disadvantages and the most convenient biofilm system is yet to be discovered. 

A common in vitro technique for biofilm growth is the use of microtitre plates (Coenye 

and Nelis, 2010). It is a static cultivation method where biofilms are grown primarily 

on the bottom or wall of plastic well plates (Figure 5).  
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Figure 5: Cultivation methods influence biofilm architecture 

Chemical and physical cultivation conditions strongly influence biofilm architecture. Whereas 

cultivation of motile bacteria under hydrodynamic conditions leads to the formation of mushroom-

shaped biofilms, cultivation of motile bacteria under static conditions results in the formation of flat 

biofilms. The image was modified from (Kim et al., 2013). 

Well plates are inoculated with bacterial suspensions and surface-associated biofilms 

are allowed to form. Once biofilms are treated or harvested, fluid is removed from the 

well plates to get access to the plastic-attached biofilms. The Calgary device, which 

was invented by Ceri et al. (Ceri et al., 1999), includes pegs that are attached to the lid 

and get submerged in the medium once the plate is closed. Biofilms form on the plastic 

pegs, which can easily be removed from the medium. These assays are easy to perform, 

low in cost and highly reproducible. 

Besides the very common plastic surface-associated biofilms, Müsken et al. developed 

a microtitre assay where media is not removed from the well. Instead, the whole 

volume of bacterial suspension is considered to be part of the biofilm (Müsken et al., 

2010). Bjarnsholt et al. detected that bacterial biofilms in CF lungs form within mucus 

with no contact to any surface. The focus of this thesis was on infected CF lungs where 
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ciliary movement is hindered due to intensive mucus plugging. Therefore, a static 

cultivation method, which includes non-surface attached aggregates, was considered 

a suitable technique. 

Based on environmental biofilms formed in water supply systems or in ecological 

environments such as flowing waters, flow displacement biofilm model systems were 

developed (Coenye and Nelis, 2010) (Figure 5). There are commercially available 

devices such as the Modified Robbins Device, and also numerous homemade devices. 

They are open systems, where medium is constantly added and waste is removed. 

Biofilms are formed under fluid flow. A popular type is the flow-cell system. Biofilms 

are grown in glass chambers suitable for real-time non-destructive microscopic 

analyses. A characteristic of biofilm formation in flow-cell systems is the formation of 

mushroom structures (Klausen et al., 2003). These protuberant bacterial accumulations 

consist of a stalk connected to the glass bottom, covered by a hat that also consists of 

aggregated bacterial cells, thus resembling the shape of mushrooms (Figure 5). 

Microfluidics, however, do not mimic the conditions present in the CF lung, which is 

characterised by mucostasis. Moreover, biofilm morphology is strongly influenced by 

the cultivation method (Figure 5). Biofilm mushrooms do not appear in chronic lung 

infections suggesting that this type of cultivation does not mimic the in vivo situation 

very closely. 

1.5.2 Models for host-pathogen interactions 

The modulation of the chronic, misled immune response in CF has become a target for 

therapeutic interventions to retard progression of lung disease (Elizur et al., 2008). 

Different set-ups have been used to mimic, investigate and treat persistent P. 

aeruginosa lung infections. Harrison et al. have listed different model systems for 

studying pathogen social behavior and virulence (Harrison et al., 2014). To mimic the 

host-pathogen interplay, one can either use animal models or co-cultivate tissue or 

cells with P. aeruginosa. Infection of laboratory animals such as rats and mice has been 

a challenge up to now, since P. aeruginosa is easily cleared by immunocompetent 



  

 

22 

 

1 Introduction 

animals (Jackson et al., 1967). Therefore, ingenious inoculation methods or 

suppression of the immune system are needed to establish infection in animals (Cigana 

et al., 2016). In addition, animal models require ethical considerations, specialised 

expertise and occasion high costs. A major disadvantage is the discrepancy between 

the mouse and the human metabolome and gene expression. Therefore, the 

transferability from animal experiments to humans is limited (Wiles et al., 2006). 

1.5.2.1 Cell-based infection models 

Cell-culture based model systems have been developed to include host-pathogen 

interactions into biofilm model systems (Larrosa et al., 2012; Yu et al., 2012). Epithelial 

cell layers were found to serve as biotic surface for biofilm formation (Vasudevan, 

2014). The cell lines A549 or Calu3 have been used to mimic the airway epithelium 

(Bucior et al., 2014; Hawdon et al., 2010). Loss of tight junctions and cellular death 

induced by the release of bacterial toxins can be observed as well as the release of pro-

inflammatory cytokines (Hawdon et al., 2010). Hawdon et al. measured elevated levels 

of IL-1β, IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), and 

tumor necrosis factor-α (TNF-α), which were also found in CF sputa (Bonfield et al., 

1995). In addition, Crabbé et al. found epithelial cells to impact antibiotic efficacy on 

biofilms, which they assume to be connected with the production of anti-infective 

agents such as defensins (Crabbé et al., 2017). However, two-dimensional cell models 

lack the complexity of the respiratory human epithelium. Three-dimensional cell 

system were established offering the advantage of more differentiated cells more 

reflective of the in vivo situation including goblet cells and ciliated cells and prolonged 

life-time of cell complexes (Ulrich and Döring, 2004). The inclusion of the lung 

microenvironment clearly is a valuable tool to investigate the chronic inflammatory 

processes taking place in CF lungs. 
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1.5.2.2 Tissue-based infection models 

The use of human tissue enables the performance of experiments in the host tissue, 

which yields highly predictive results. Moreover, it reduces animal experiments, 

which is in accordance with the three Rs principle (Russell and Burch, 1959). The 

precision-cut lung slices (PCLS) technique provides an organotypic lung model in 

which the lung microstructure including its tissue-resident cells is largely preserved 

(Morin et al., 2013; Sewald and Braun, 2013). The intact lung microenvironment 

provides the native environment for pathogens causing lung infections and enables 

the investigation of host-pathogen interactions, for example, the release of pro-

inflammatory cytokines and adherence to lung tissue. 

1.6 Objectives 

Pseudomonas aeruginosa is an opportunistic human pathogen and a leading cause for 

recalcitrant lung infections in immunocompromised individuals. Phenotypic 

adaptations to the host environment such as biofilm formation are thought to play a 

key role for establishment of chronic infections. Nonetheless, host environmental 

factors are disregarded in current assays used for development of novel treatments 

and therefore lack translational predictivity. The aim of the present work was to 

investigate P. aeruginosa’s adaptation to the human lung environment and its impact 

on antibiotic treatment efficacy. A major focus was set on the role of lung specific 

micro-environment factors by investigating the impact of mucus and the local immune 

response on biofilm formation and the development of antibiotic tolerance. 

The present thesis hypothesises that the human lung microenvironment including 

mucus and immunocompetent lung tissue influences P. aeruginosa biofilm formation 

and antibiotic tolerance. Moreover, it is hypothesised that the host-pathogen 

interactions taking place in the human lung, the adaptation of P. aeruginosa to this 

environment and its response to antibiotic treatment can be mimicked in parts in an ex 

vivo system. 
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To test these hypotheses, a non-surface attached biofilm model was used (Figures 6A, 

B) – in contrast to the standard surface-associated biofilm model (Figure 2) – to mimic 

the in vivo situation of non-surface attached microcolonies in the lung more closely. 

 

Figure 6: Biofilm formation using different conditions mimicking the human lung 

microenvironment and its immune response to bacterial infection. 

A: Biofilm model including non-surface attached bacterial aggregates. 

B: Biofilm formation in the presence of human mucus. 

C: Biofilm formation in human lung tissue microenvironment competent to elicit a local innate immune 

response 

 

Since these microcolonies are mostly embedded in mucus in vivo, the role of human 

mucus was evaluated cultivating P. aeruginosa in the absence and in the presence of 

human tracheal mucus in vitro. Biofilm formation was evaluated with regard to its 

morphology, structure and susceptibility to antibiotic treatment (Figures 6A, B).  
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In a third approach, the impact of the local immune response on P. aeruginosa biofilm 

formation and its adaptation to the host tissue environment was investigated using 

viable immunocompetent human lung tissue ex vivo. The innate immune response 

elicited by P. aeruginosa infection and potential changes in antibiotic susceptibility 

following a repeated treatment regime were investigated (Figure 6C). 
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2.1 Equipment 

Table 1: Equipment 

Devices Company 

Aerogen® Solo Inspiration Medical GmbH, Bochum, 
Germany 

Alpha 2-4 LSC Martin Christ Gefriertrocknungsanlagen 
GmbH, Osterode am Harz, Germany 

Analytical Balance Sartorius, Göttingen, Germany 
Cellspin I Tharmac GmbH, Wiesbaden, Germany 
CO2 Incubator CB 160-UL/CB 220-UL Binder GmbH, Hameln, Germany 
Confocal Laser Scanning Microscope 
LSM Meta 510 

Zeiss, Jena, Germany 

Electric drill Robert Bosch GmbH, Stuttgart, 
Germany 

Freezer, Fridge Liebherr, Ochsenhausen, Germany 
Heraeus Incubator Kentro Laboratory Products, 

Langenselbold, Germany 
Heraeus Cell Culture Hood Kentro Laboratory Products, 

Langenselbold, Germany 
Heraeus Compartment Dryer Kentro Laboratory Products, 

Langenselbold, Germany 
Ice machine Ziegra GmbH, Hannover, Germany 
Krumdieck tissue slicer Alabama Research and Development, 

Munford, USA 
Magnetic Stirrer IK-Werke GmbH & Co K.G., Staufen, 

Germany 
Magnetic Stir Bar IK-Werke GmbH & Co K.G., Staufen, 

Germany 
Multichannel pipette Eppendorf, Hamburg, Germany 
pH 211-microprocessor pH-meter Migge Laborbedarf, Heidelberg, 

Germany 
Pipetboy Integra Biosciences, Fernwald, Germany 
Plate Reader Device Infinite®200 Pro Tecan Group, Männedorf, Germany 
Surgical Instruments F. Ernst GmbH & Co. KG, Hannover, 

Germany 
Shaker Unimax 1010 Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 
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Scalpel Hammacher Instruments, Solingen, 

Germany 
Spectrophotometer Genesys 10S UV-VIS Thermo Scientific, Schwerte, Germany 
Ultrawash Plus Dynex Magellan Biosciences, Chantilly, 

USA 
Vortex VF2 IKA®-Werke GmbH & Co. KG, Staufen, 

Germany 
Waterbath Gesellschaft für Labortechnik, 

Burgwedel, Germany 

2.2 Chemicals 

Table 2: Chemicals 

Product Company 

Aqua dest. Millipore, Schwalbach, Germany 
Bovine Serum Albumin (BSA) Sigma-Aldrich, Munich, Germany 
Calcein AM (4mM) Thermo Fisher Scientific, Landsmeer, 

The Netherlands 
Dimethylsulfoxid (DMSO)  Sigma-Aldrich, Munich, Germany 
EC-Blue® Enhanced™ Substrate 
(Tetramethylbenzidine, TMB)  

Medicago AB, Uppsala, Sweden 
 

Ethanol 70 %  Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Ethidiumhomodimer-1 (EthD-1; 2 mM)  Sigma-Aldrich, Munich, Germany 
Lipopolysaccharid (LPS; 1 mg/ml)  Sigma-Aldrich, Munich, Germany 
Low melting agarose  Sigma-Aldrich, Munich, Germany 
Melsept, Meliseptol  B. Braun Melsungen AG, Glandorf, 

Germany 
Paraformaldehyde (PFA)  Sigma-Aldrich, Munich, Germany 
PBS-Tween tablets  Medicago AB, Uppsala, Sweden 
Penicillin & streptomycin  Lonza Group, Basel, Switzerland 
Proteinase inhibitor cocktail, P1860  Sigma-Aldrich, Munich, Germany 
Sodium azide (NaN3)  Sigma-Aldrich, Munich, Germany 
Sodium hydrogen carbonate (NaHCO3)  Merck , Darmstadt, Germany 
Sulphuric acid (H2SO4; 1 M)  AppliChem GmbH, Darmstadt, 

Germany 
Tobramycin, 20 mg/ml  Sigma-Aldrich, Munich, Germany 
Triton X-100  Sigma-Aldrich, Munich, Germany 
Tween-20  Sigma-Aldrich, Munich, Germany 
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2.3 Kits 

Table 3: Kits 

Product Company 

DuoSet® ELISA Development System 
Human TNF-α, IL-1β, IL-8, IL-6, IL-1α  

R&D Systems, Abingdon, United 
Kingdom 

Pierce™ BCA Protein Assay Kit  Thermo Fisher Scientific Inc., Schwerte 
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2.4 Consumables 

Table 4: Consumables 

Product Company 

µ-plate 96 well Ibidi, Martinsried 
Autoclavable sealing bags Medipack, Schaffhausen, Switzerland 
Cell culture plates (24, 48, 96 well)  TPP Techno Plastic Products AG, 

Trasadingen, Switzerland  
Cell strainer (100µm, nylon) Becton Dickinson, Heidelberg, Germany 
Cellstar® tubes 15 und 50 mL, PP, 
conical bottom, sterile 

Greiner Bio-One GmbH, Bad Nenndorf, 
Germany 

Combitips  Eppendorf, Hamburg, Germany 
Cover slips (24 x 24 mm)  VWR International, Hannover, 

Germany  
Disposable syringes B. Braun Melsungen AG, Glandorf, 

Germany  
ELISA sealing tapes SH Thermo Scientific, Schwerte, Germany 
Falcon tubes Becton Dickinson Labware, Franklin 

Lakes, USA 
Filter tips Brand, Berlin, Germany 
Gloves MaiMed GmbH, Neuenkirchen, 

Germany 
Greiner tubes Thermo Scientific, Schwerte, Germany 
Inoclation loops Copan Diagnostics, Murrieta, USA 
MaxiSorp plates, 96  Nunc, Wiesbaden, Germany 
Microscope slides Menzel GmbH, Braunschweig, 

Germany 
Parafilm®  Nunc, Wiesbaden, Germany 
Petri dishes Falcon™ Corningbrand, Kaiserslautern, 

Germany 
Polyethersulfone (PES) filters VWR, Radnor, USA 
Razor blades Wilkinson Sword, Solingen, Germany 
Reaction tubes Eppendorf, Hamburg, Germany 
Scalpels B. Braun Melsungen AG, Glandorf, 

Germany 
Serological pipettes Sarstedt AG & Co, Sarstedt, Germany 
Transwells® with a surface of 0.33 cm2 
and a pore size of 4 µm 

Corning, Durham, USA 
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2.5 Programs 

Table 5: Programs  

Product Company 

GraphPad Prism 4.03  GraphPad, San Diego, USA 
i-control V1.10  Tecan Austria GmbH, Grödig, Austria 
Imaris 7.6.5. Bitplane AG, Zürich, Switzerland 
Magellan™ V7.1 SP1  Tecan Austria GmbH, Grödig, Austria 
Microsoft Office 2010  Microsoft, Redmont, USA 
ZEN Microscopy- and Imagingsoftware Carl Zeiss, Jena, Germany 

 

2.6 Media and buffer 

Table 6: Media and Buffer 

Product Company 

Cation-adjusted Mueller-Hinton Broth-
Medium (CAMHB)  

Becton Dickinson Labware, Sparks, USA  

Culture medium: DMEM/F-12 +1 % 
(v/v) Pen/Strep 

 

Dulbecco’s phosphate buffered saline 
(DPBS)  

Lonza, Basel, Switzerland 

Dulbecco’s modified eagle’s medium F-
12 nutrient mixture Ham (DMEM/F-12) 
+ L-glutamine + 15 mM HEPES  

Gibco® by Life Technologies, Schwerte, 
Germany  

Earle‘s Balanced Salt Solution (EBSS)  Sigma-Aldrich, Munich, Germany  
Luria-Bertani (LB) medium  Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany  
Medium to fill pulmonary lobe: 
DMEM/F-12 + 1.5 % (w/v) Agarose  

 

Slicing medium for PCLS: NaHCO3 
adjusted EBSS, sterilely filtrated, pH 7.0 
– 7.2 

 

Tryptic soy agar (TSA) Becton Dickinson Labware, Sparks, USA 
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2.7 Pseudomonas aeruginosa 

Table 7: Pseudomonas aeruginosa 

Product Company 

GFP-PAO1 (PAO1 – PGSC (pMRP9), 
GFP-labelled PAO1 

Thomas Bjarnsholt, University of 
Copenhagen, Denmark; Background 
MH340 

PAO1  DSMZ Braunschweig, Germany, DSMZ 
#19880 

2.8 Human lung tissue 

Explanted human lungs and tumour resections were received from patients who 

underwent surgery for lung cancer or transplantation at the Medical School Hannover 

or the KRH clinics. Experiments were performed in accordance with The Code of Ethics 

of the World Medical Association and approved by the Ethics Committee of the Hannover 

Medical School. 

Table 8: List of human donors for lung tissue 

Number Patient (sex, age) Disease 

h1 male, (50 – 80) fibrosis 

h2 female, (50 – 80) tumour 

h3 male, (50 – 80) fibrosis/emphysema 

h4 female, (50 – 80) bronchial carcinoma 

h5 male, (50 – 80) fibrosis 

h6 female, (0 – 20) pulmonary arterial 
hypertension 

h7 male, (50 – 80) tumour 
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h8 male, (50 – 80) fibrosis 

h9 female, (50 – 80) tumour 

h10 female, (50 – 80) fibrosis 

h11 male, (> 80) tumour 

 

2.9 In vitro biofilm formation 

2.9.1 Biofilm cultivation and susceptibility testing 

A frozen aliquot of P. aeruginosa strain PAO1 (stored in LB medium, supplemented 

with 15% of glycerin at -80°C) was cultured aerobically with stirring in 50 ml LB 

medium overnight at 37°C. Bacterial suspension was centrifuged at 3000 g for 10 min, 

the supernatant was removed and the bacterial pellet was resuspended in 10 ml of LB 

medium. Optical density was determined at 600 nm and dilution was calculated and 

adjusted to a final optical density of 0.02 corresponding to 2 x 107/ml. A volume of 100 

µl of bacterial suspension per well was transferred to a 96-well plate. The plate was 

incubated for 24 h under static conditions at 37°C and 100% humidity without CO2. 

After 24 h of incubation, bacterial cultures were treated with 0 mg/ml, 0.02 mg/ml, 0.1 

mg/ml or 0.5 mg/ml tobramycin solved in LB medium. One hundred µl of antibiotic 

solution concentrated twice as much as the final concentrations were administered, 

reaching a final volume of 200 µl, and cultures were further cultivated up to 48 h.  

2.9.2 Confocal imaging of in vitro biofilms 

Biofilms were grown as described in 2.9.1. Bacterial cultures were treated with 

tobramycin after 24 h of incubation and further incubated up to 48 h. Live/dead® 

staining was performed using Syto9 (dye for viable bacteria) and propidiumiodide (PI, 

dye for dead bacteria). Five µl of undiluted Syto9 and undiluted PI were added to 
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biofilm cultures, resulting in final concentrations of 79 µM and 0.476 mM, respectively. 

Samples were stained for 30 min. in the dark. Staining solutions remained in the 

biofilm culture. Confocal imaging was performed using Zeiss LSM 510 Meta. Syto9 

was excited at 488 nm using the argon laser line and emission was assessed using the 

BP filter 505–530. The 543 nm helium Neon 1 laser line was used for excitation of PI 

and the BP filter 560–615 nm was used for emission. To stain the extracellular matrix 

of the biofilm, 48 h-old biofilms were stained with undiluted Flourescein 

isothiocyanate (FITC)-labelled concanavalin A. FITC was excited using the 488 nm 

argon laser line and the BP filter 505–530 was used for emission.  

2.9.3 Biofilm cultivation at the air-liquid interface and susceptibility testing 

In vitro biofilms were grown at the air-liquid interface using 6-well Millipore inserts 

(polycarbonate) with a pore size of 0.4 µm to prevent bacterial loss through the pores. 

A PAO1 suspension with a bacterial density of 2x107/ml was prepared using LB 

medium as described before. Inserts were placed in a 6-well plate. The basolateral 

compartment was filled with 1 ml of LB medium each. A volume of 1 ml was sufficient 

to cover the inserts from below to ensure proper nutrition of bacteria. Each membrane 

was inoculated with 200 µl of bacterial suspension. The volume was placed as a single 

drop in the middle of the membrane to allow formation of a single connected biofilm. 

Inoculated well plates were carefully placed into the incubator without agitation to 

prevent the bacterial suspension from being spread throughout the membrane. Plates 

were incubated for 24 h at 37°C, 100% humidity and 0% CO2.  

After 24 h, well plates were treated using the Aerogen solo® nebuliser. The exposure 

tube was placed on top of the well with direct contact to the wall of the well to prevent 

aerosol loss. Wells were treated one by one, but directly one after the other. Loss of 

substance due to attachment to the condensation tube was determined prior to the 

infection experiments. Tobramycin solutions were prepared in LB medium with 

concentrations 4 times as high as the deposited dose resulting in final concentrations 

in the inserts of 0.02 mg/ml, 0.11 mg/ml, 0.27 mg/ml and 0.5 mg/ml. A volume of 1 ml 
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of aqueous solution was filled into the nebuliser located on top of the exposure tube. 

Samples were treated with aerosol for 3 min, followed by 1 min of deposition time to 

allow the aerosol to settle. A negative control was treated with a mixture of LB medium 

and PBS (vehicle) at a similar ratio as the highest tobramycin aerosol solution. 

2.9.4 Determination of the minimal inhibitory concentration 

The minimal inhibitory concentration was determined according to CLSI guidelines 

(CLSI, 2015). A bacterial suspension of PAO1 was prepared in cation-adjusted Miller-

Hinton Broth (CAMHB) and diluted to a final concentration of 105/ml. Antibiotic 

solutions were prepared by diluting an antibiotic stock solution (solved in PBS) in 

CAMHB, thereby creating descending antibiotic concentrations. Volumes of 50 µl of 

antibiotic solution or medium only were placed in each well of a round bottom 96-well 

plate. A volume of 50 µl of bacterial suspension was added, resulting in final volumes 

of 100 µl with antibiotic concentrations ranging from 0.125 µg/ml to 512 µg/ml. Well 

plates were sealed with self-adhesive strips to prevent suspensions from desiccation. 

Suspensions were incubated at 35°C ± 2°C for 24 h under static conditions. Following 

incubation, the plates were removed from the incubator and visually examined for 

turbidity. Bacterial suspension mixed with medium only was used as growth control 

leading to high turbidity. Well plates were held against the light to facilitate evaluation 

of turbidity. The rounded bottom led to an accumulation of bacterial cells at the bottom 

that facilitated turbidity assessment. The lowest antibiotic concentration preventing 

turbidity was determined as the minimal inhibitory concentration. This method 

detects the bacteriostatic concentration of an antibiotic, preventing bacteria from 

dividing but not necessarily killing the bacteria.  

2.9.5 Determination of the bacterial load 

Bacterial load was assessed by determination of colony-forming units (CFU). Bacterial 

suspensions were harvested following the infection experiments, transferred to glass 

tubes and thoroughly vortexed. Samples were diluted in PBS containing 0.05% of 

Tween for proper dispersion of bacterial cells. Samples were diluted 1:10 in glass 
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vessels by adding 50 µl of suspension to 450 µl of PBS/Tween. Samples were 

extensively vortexed before each dilution step. Native and diluted samples were 

plated on TSA agar plates using 50 µl per sample with double determination and 

incubated for 24 h at 37°C, 100% humidity, and 0% CO2. Colony morphology was 

checked to exclude any bacterial contamination in the samples. Colonies were counted 

and the original number of bacteria was calculated according to the dilution steps.  

2.10 Biofilm formation in the presence of human mucus 

2.10.1 Collection of human airway mucus 

Human tracheal mucus was collected from patients undergoing elective surgeries with 

ventilation during general anaesthesia. Patients were non-related to pulmonary 

conditions. Tracheal tubes were removed, placed in 50 ml centrifuge tubes and mucus 

was collected by centrifugation of the samples at 190 x g for 30 s. Samples were then 

stored at -20°C until further use. Six to ten independent mucus samples were pooled 

to reach an approximate weight of 1 g. Mucus samples were placed on a Teflon surface, 

inserted into an autoclavable sealing bag and stored at -80°C for 4 h. Samples were 

subsequently freeze-dried overnight, sealed and stored at room temperature. Samples 

were weighed before and after freeze-drying to determine the amount of water 

removed. Freeze-dried human mucus pellets were treated with UV radiation for 1 h 

for decontamination and potential contamination was excluded by dilution plating 

and counting of colony-forming units (CFU). Mucus samples were rehydrated with 

PBS overnight with shaking at 100 rpm at room temperature using the same volume 

that had previously been sublimated.  

2.10.2 Biofilm cultivation with mucus and susceptibility testing 

Bacterial suspension was prepared as described in 2.9.1. One hundred µl of either 

rehydrated mucus or PBS as a control were transferred to a 96-well plate and infected 

with 100 µl of bacterial suspension with a concentration of 2 x 107/ml or LB medium 

only for sham infection. The bacterial number of the inoculum was verified by dilution 

plating and counting of CFU described in detail in 2.9.5. Samples were incubated for 



 

37 

 

2 Material and Methods 

2 Material and Methods
24 h at 37°C. To prevent excessive dilution, samples were treated with a volume of 10 

µl of tobramycin or colistin solution. Final doses of 0.1, 0.3 or 0.9 mg/ml of tobramycin 

or colistin in LB medium were administered, representing 100x, 300x, and 900x the 

MIC. Medium only was used as control. Antibiotic efficacy was assessed by reduction 

of the bacterial load in comparison to LB-treated samples, determined by dilution 

plating and enumeration of CFU. 

2.10.3 Tobramycin activity after pre-incubation in mucus  

One hundred µl of rehydrated mucus were treated with 10 µl of tobramycin, resulting 

in a final concentration of 0.3 mg/ml, and incubated for 24 h at 37°C, similar to the 

susceptibility testing. A volume of 100 µl PAO1 with a concentration of 2 x 107/ml was 

added; consequently leading to a final tobramycin concentration of 0.15 mg/ml. PAO1 

treated with 0.15 mg/ml of tobramycin was used as a positive control, whereas sham-

treated mucus infected with PAO1 was used as negative control. After further 

incubation for 24 h, antibiotic efficacy was analysed visually and also by dilution 

plating and determination of CFU. 

2.10.4 Biofilm imaging via laser scanning microscopy 

For confocal imaging, biofilms of a GFP-tagged PAO1 strain were cultivated in 96-well 

plates suitable for fluorescence microscopy as described above. Biofilms of GFP-PAO1 

were cultivated in the presence or absence (PBS) of mucus for 2 days. Non-infected 

mucus was used as control. GFP was excited with the 488-nm argon laser line and 

emission was assessed using the BP 505–530 filter. Z-stacks were performed with 

intervals of 0.5 µm and a range of 30 µm using the Plan-Neofluar 40x/1.3 Oil DIC 

objective. Biomass was quantified with the Imaris software using the surpass module. 

A threshold was set for all images and the surface of all signals above this threshold 

was calculated as bacterial biomass. The obtained values were displayed as surface 

area (in µm2).  
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2.10.5 Antibiotic diffusion studies 

PAO1 biofilms were grown in the presence or absence of human mucus using 

transwell® membranes with a surface of 0.33 cm2 and a pore size of 4 µm. For biofilm 

growth, transwell® inserts were placed on a plastic surface to allow proper biofilm 

formation without any bacterial losses through the pores of the membrane. Each 

transwell® was inoculated with 50 µl of mucus or PBS and 50 µl of PAO1 solution or 

LB medium only. After 24 h of biofilm growth, inserts were placed in matching 

companion plates. One hundred µl of 0.6 mg/ml tobramycin or colistin solution in PBS 

were added to the apical compartment. Thereafter, the basolateral compartment was 

filled with 600 µl of PBS. Samples of 50 µl were taken from the basolateral 

compartment after 15, 30, 60, 90, 120 and 3600 min. The removed volume was 

complemented by adding 50 µl of PBS to the basolateral compartment. Diffusion 

samples were diluted in PBS and filtered sterile. 

2.10.6 HPLC measurement 

HPLC and MS/MS measurements for tobramycin and colistin were done as described 

by Shou et al. and Gobin et al. with minor modifications (Gobin et al., 2010; Shou et al., 

2014). A Dionex Ultimate 3000 HPLC system with a Macherey-Nagel Nucleodur® C18 

Gravity-SB, EC 100 x 2 (3 µm), with a guard column coupled to a TSQ Quantum Access 

Max tandem mass spectrometer was used for the measurements. Samples were 

analysed as single measurements. Concentration determination was performed using 

the areas obtained for the analytes. 
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2.11 Infection of A549 cells and precision-cut lung slices 

2.11.1 Cultivation and infection of A549 cells 

The human alveolar cell line A549 was used for the establishment of infection 

experiments. A frozen aliquot of A549 cells was thawed, suspended in DMEM (with 

10% serum and 0.01% gentamicin) and cultivated in cell flasks (37°C, 5%CO2).  24-well 

transwell membranes (0.4 µm pore size) were conditioned with DMEM containing 

10% serum and 0.01% gentamicin. Once a certain cell density was reached, cell 

suspension was diluted to a density of 1.5 x 105 cells/ml and seeded onto 24-well 

transwells. The basolateral compartment of the transwell was filled with 1 ml of 

DMEM (10% serum, 0.01% gentamicin) and 200 µl of the cell suspension (3 x 104) was 

seeded on the apical compartment of the transwell and cultivated until reaching 

confluency. After 72 h of cultivation, cells were checked for confluency and medium 

was changed to DMEM (5% heat inactivated serum, 550 mg/l Na-Pyruvat, 0.1 µM Na-

Selenit, 0.01% gentamicin).  16 to 22 h prior to infection experiments, cells were set to 

air-liquid conditions with 1 ml DMEM (25mM Hepes, 550 mg/l Na-Pyruvat, 0.1 µM 

Na-Selenit), medium from the apical compartment was removed and cells were gently 

washed with pre-warmed PBS.  

2.11.2 Infection and antibiotic treatment of A549 cells 

Cells were incubated under air-liquid conditions. A frozen aliquot of P. aeruginosa was 

cultivated overnight, centrifuged and suspended in DMEM without antibiotics. A 

bacterial load of 2 x 106/ml was adjusted using photometry. A volume of 50 µl of either 

medium only (DMEM without antibiotics) or bacterial suspension (105 PAO1/cell 

monolayer) was placed on each transwell for one hour. Cells were washed one hour 

post infection with PBS to remove unattached bacteria and further incubated for 5 h. 

Six hours post infection start, cells were treated with 0.02 and 0.1 mg/ml tobramycin 

or medium only and further incubated up to 24 h. For determination of bacterial load, 

cells were lysed with 0.1% Triton X-100 for 30 min, diluted in PBS containing 0.05% 

Tween and plated on tryptic soy agar plates for counting of CFU.  
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2.11.3 Preparation of precision-cut lung slices 

PCLS were generated using fresh human lung tissue originating from tumour 

resections or lung explants. Immediately after surgical resection, lungs were filled with 

1.5% warm agarose-DMEM solution immediately and carefully investigated by a 

pathologist thereafter. Preferably, tumour-free or macroscopically low-affected areas 

were used. PCLS were generated in cold EBSS using a Krumdieck tissue slicer with an 

average diameter of 8 µm and a thickness of 250–300 µm. The slices were washed three 

times to remove cell debris and afterwards cultivated in prewarmed DMEM 

supplemented with penicillin/streptomycin at 37°C, 5% CO2, and 100% humidity 

overnight. 

2.11.4 Infection and antibiotic treatment of lung tissue 

PCLS were washed and further cultivated in 200 µl DMEM without antibiotics to 

remove antibiotics prior to infection start. To prepare the bacterial inoculum, bacterial 

suspension was centrifuged and the bacterial pellet was suspended in prewarmed 

DMEM without antibiotics. The required bacterial density was adjusted using a 

photometer. The slices were treated with either 50 µl of bacterial suspension (105 

PAO1/PCLS) or DMEM only for one hour. After one hour of infection, all slices were 

washed with PBS to remove unattached bacteria and further incubated for 5 h in fresh 

DMEM. Six hours post infection (p.i.) start, infected and non-infected slices were 

treated with tobramycin at doses of 0.01, 0.02 and 0.04 mg/ml or medium only and 

further incubated for up to 24 or 96 h. Slices that were incubated for 96 h received new 

medium containing the same concentration of antibiotic after 24 h, resulting in a final 

volume of 500 µl of medium. For determination of the bacterial load, supernatants and 

tissue lysates following treatment with 1% Triton X-100 for 30 min were diluted in PBS 

containing 0.05% Tween, plated on tryptic soy agar plates, and colony-forming units 

were counted. 
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2.11.5 Cytokine measurement 

Supernatants and tissue lysates were supplemented with 0.2% protease inhibitor to 

prevent protein degradation and stored at -80°C. Contents of the cytokines TNF-α, Il-

1β, IL-8, IL-6 and IL-1α were measured using Duoset ELISA Kits of R&D Systems 

according to the manufacturer’s instructions. The OD was measured at 450 nm and the 

reference wavelength at 570 nm. Cytokine contents were normalised to the total 

protein concentration, which was determined using the BCA Protein Assay Kit 

according to the manufacturer’s specifications.  

2.11.6 Determination of antibiotic susceptibility  

Bacteria were re-isolated after the infection experiments and antibiotic sensitivity was 

assessed via MIC assay. Re-isolated bacteria were suspended to a final concentration 

of 1x106/ml in cation-adjusted Mueller-Hinton broth medium. Bacteria were cultivated 

with tobramycin concentrations ranging from 0.125 to 512 µg/ml for 24 h at 35°C ± 2°C. 

A native bacterial suspension was used as control. 

2.11.7 Assessment of cell or tissue viability 

Cell or tissue viability after P. aeruginosa infection was assessed via fluorescent 

live/dead® staining composed of 4 mM Calcein AM and 2 mM ethidium homodimer-

1 (EthD-1). Confocal images were created using an inverse confocal microscope LSM 

510 Meta with extinction at 488 nm (Calcein AM) and at 543 nm (EthD-1). Emission 

was measured at 503-530 nm for Calcein AM and at 560–615 nm for EthD-1. For 

quantification of fluorescent signals, tissue was lysed for 30 min at 4°C using 1% Triton 

X-100 in PBS to release fluorescent colouring from cytosols. Fluorescence intensity was 

assessed at 517 nm using a photometer. 

2.11.8 Imaging of tissue colonisation using confocal laser scanning microscopy 

Tissue was infected with fluorescent GFP-tagged PAO1 for 24 h as described above. 

Infected PCLS were collected, washed with PBS and fixated in 2% PFA at 4°C 

overnight. Prior to microscopy, slices were washed three times with PBS, placed on 
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microscope slides and covered with cover slips. Colonisation of tissue was visualised 

by confocal microscopy using a 40x objective (Plan-Neofluar 40x/1.3 Oil DIC). The 488-

nm argon laser line was used for excitation and the BP 505–530 filter was used for 

emission. Images were processed using the Imaris 7.4.0 software and converted to TIF 

files. 

2.12 Statistical analysis 

For in vitro studies, three independent runs were performed for each experiment, with 

technical duplicates or technical triplicates (diffusion studies). For PCLS studies, three 

to five runs with technical duplicates were performed for each experiment. All values 

are given as mean ± standard deviation (SD) or mean ± standard error of the mean (SE) 

(diffusion studies). Statistical analysis was performed with the GraphPad Prism 

software using the Mann-Whitney test. Differences were considered statistically 

significant at the level of p<0.05. 
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3.1 Influence of non-surface-attached biofilm formation on antibiotic susceptibility 

3.1.1 Static biofilm cultivation resulted in increased antibiotic tolerance 

CF lungs are chronically infected with bacterial biofilms. Lung clearance and air flow 

are reduced in these lungs and biofilms were found to be aggregates that are 

surrounded by mucus. To mimic these biofilms, P. aeruginosa biofilms were grown 

under static conditions. Submerse biofilms were cultivated in 96-well plates and the 

whole biomass was considered as biofilm including non-surface attached bacteria. To 

confirm biofilm formation, bacterial cultures were macroscopically and 

microscopically characterised and antibiotic susceptibility was assessed and compared 

to planktonic bacteria (MIC). Therefore, biofilms were grown under static conditions, 

and treated with different concentrations of tobramycin after 24 h. After 48 h the 

bacterial load was determined by dilution plating and structural changes were 

assessed microscopically using a live/dead staining (Syto9/propidium iodide) and 

matrix staining (concanavalin A).  

Bacterial suspensions showed pronounced optical changes within 24 h of incubation 

and kept these morphological changes throughout the incubation period of 48 h 

depending on the treatment. During 24 h of incubation, samples changed from yellow, 

clear and liquid to dark green, turbid and viscous. The colour change probably arose 

from the increase in bacterial numbers, leading to turbidity, as well as production of 

the virulence factor pyocyanin, a blue-green pigment produced by P. aeruginosa. The 

increase in viscosity indicated the production of extracellular matrix, which is a typical 

characteristic of biofilm formation. Samples that were treated with 0.02 to 0.5 mg/ml 

tobramycin turned clear again, lost viscosity and changed colour from dark green to 

pale green (0.02 mg/ml) or even yellow (0.1 and 0.5 mg/ml). These optical changes 

indicated reduction of the bacterial load due to tobramycin treatment and disruption 

of the biofilm matrix. 
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3.1.2 Biofilm formation at the air-liquid interface resulted in a decrease in antibiotic 

susceptibility comparable to submerged biofilm formation 

Our submerse biofilms showed pronounced changes in morphology, composition and 

susceptibility indicating biofilm formation (page 44 – 46). However, to more closely 

mimic the in vivo situation, where biofilms are located at the interface of airway 

epithelium and airway lumen, the model was further refined to an air-liquid interface 

system. Therefore, biofilms were grown at the air-liquid interface using transwells and 

treated with antibiotic aerosol, to reflect inhaled antibiotic therapy in CF patients. 

Again, biofilm formation was assessed via analysis of morphology and antibiotic 

susceptibility. In addition, efficacy of aerosol administration was compared to liquid 

administration of tobramycin.  

In contrast to submerged culture biofilms, biofilms at the air-liquid interface formed 

flat, yellowish biofilms with low water content that were adherent to the membrane. 

Biofilms formed at the air-liquid interface reached high bacterial numbers that were 

similar to submerged biofilms, ranging from 10⁹/ml to 1010/ml in untreated samples. 

Tobramycin treatment with final concentrations of 20x, 111x, 190x, 270x and 530x the 

MIC (0. 02 mg/ml, 0.11 mg/ml, 0.19 mg/ml, 0.27 mg/ml and 0.53 mg/ml) led to a dose-

dependent reduction of the bacterial load (Figure 8). Tobramycin treatment resulted 

in significantly reduced bacterial numbers in comparison to the untreated control. 

However, air-liquid biofilms also showed reduced antibiotic susceptibility compared 

to planktonic bacteria, as only the highest concentration of tobramycin (0.53 mg/ml) 

led to complete bacterial killing. Despite the differences in biofilm morphology and 

the different treatments, biofilm susceptibility was comparable to submerged biofilms 

(Figures 7, 9a). 
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decreased antibiotic susceptibility and the production of extracellular matrix, which 

could be visualised by lectin staining. These two characteristics are typical for biofilm 

formation. No differences in antibiotic efficacy could be observed between aerosol and 

liquid administration of tobramycin.  

3.2 Biofilm formation in the presence of human mucus 

In CF lungs, bacterial biofilms in the respiratory tract are usually embedded in the 

thickened mucus present in these patients due to the mutation of the CFTR ion 

channel. This local environment is thought to strongly interact with biofilms and to 

impact the therapeutic outcome, therefore should be considered when testing 

antibiotic therapy efficacy. To integrate mucus as a key component of the local lung 

environment, it was included in the biofilm experiments to assess its impact on biofilm 

formation and antibiotic susceptibility. Therefore, human mucus was inoculated with 

PAO1 and incubated for 48 h. The influence of mucus on biofilms was examined by 

investigating biofilm structure, bacterial load and antibiotic susceptibility and 

compared to biofilms formed in the absence of mucus. 

3.2.1 Characterization of mucus samples 

Mucus was collected from patients with a mean age ranging between 56.6 ± 15.7 years, 

54% of whom were male and 46% female, with 24 smokers out of 85 persons (28%). 

Samples of mucus were collected individually and subsequently pooled to 10 

independent mucus batches. The mean water content of the mucus samples was 95 ± 

1% and mucin concentrations varied between 8 and 22% of the solid content. The pH 

value was found to range between 7 and 8.5 and DNA amounted to less than 1% 

(Murgia et al., 2017). Rheological properties of freeze-dried mucus were assessed prior 

to the present studies and compared to native mucus. Similar results for both types of 

samples were observed by Murgia et al. (Murgia et al., 2017).  
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Autofluorescence of the mucus itself was excluded by imaging of mucus only (Figure 

10c). Quantification via the Imaris software revealed a significantly increased number 

of fluorescence signals (Figure 10d). Biofilm samples were diluted and plated on agar 

for CFU counting in parallel, revealing increased bacterial numbers in the presence of 

human mucus as well (Figure 10e). Confocal images were taken from the same position 

in the well to allow comparison of the biofilm structure. Biofilms formed in the 

presence of human mucus (Figure 10a) seemed to be denser and to have a more 

heterogeneous structure compared to biofilms formed in the absence of mucus (Figure 

10b). 

3.2.3 Biofilm formation in the presence of mucus results in a further decrease in 

susceptibility to tobramycin but not to colistin 

P. aeruginosa biofilms were grown in the presence or absence of human mucus. Biofilm 

formation in the presence of mucus resulted in higher bacterial numbers and a 

different biofilm structure. To examine if biofilms formed in mucus exhibit a different 

antibiotic susceptibility, they were treated with tobramycin or colistin and compared 

to susceptibility of biofilms formed without mucus. Biofilms were cultivated for 24 h, 

treated with antibiotics, further incubated up to 48 h and CFU were determined.  

The MIC values of tobramycin and colistin were 0.5–1 µg/ml and 1 µg/ml, respectively. 

Based on these MIC values, different antibiotic concentrations were chosen according 

to the results of previous experiments (Figure 7). In view of the similar MIC values for 

tobramycin and colistin, the concentrations 0.1 mg/ml, 0.3 mg/ml and 0.9 mg/ml were 

chosen for both antibiotics. These concentrations corresponded to 100x, 300x and 900x 

the MIC values. Both types of biofilms exhibited increased antibiotic tolerance to 

tobramycin and colistin compared to planktonic P. aeruginosa. Treatment of P. 

aeruginosa biofilm grown without human mucus with tobramycin and colistin led to a 

dose-dependent reduction of the bacterial load. An IC50 value (half maximal inhibitory 

concentration, measuring the effectiveness of a substance in inhibiting a specific 

biological or biochemical function) of 0.1 mg/ml (Figure 11a) and a similar tolerance to 
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3.2.4 Tobramycin remained active in human mucus 

Susceptibility testing of P. aeruginosa biofilms to tobramycin and colistin revealed 

decreased efficacy of tobramycin, but not colistin, in the presence of human mucus. 

Therefore, tobramycin activity was investigated in human mucus following incubation 

in human mucus. To investigate if tobramycin remained active throughout the whole 

biofilm experiment, the biofilm protocol was mimicked and tobramycin was pre-

incubated in human mucus for 24 h. Afterwards, mucus and inoculated with native 

planktonic PAO1, subsequently resulting in a final tobramycin concentration of 0.15 

mg/ml (150-fold MIC). As positive control, planktonic PAO1 was treated with the 

identical dose of tobramycin (0.15 mg/ml). In these experiments, both samples 

exhibited bactericidal activity against PAO1 leading to full bacterial killing, confirming 

that tobramycin was still active in human mucus (Figure 12a); however, this 

experimental setup did not give any quantitative results regarding the ratio of 

tobramycin activity. Normal bacterial growth could be observed in the negative 

control with medium only. 
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3.2.5 Planktonic P. aeruginosa re-isolated from biofilms treated with tobramycin show no 

altered antibiotic susceptibility 

Biofilms exhibited increased antibiotic tolerance to tobramycin in the presence of 

mucus. To investigate if this phenomenon is transient or permanent, reversibility of 

the increased antibiotic tolerance towards tobramycin was investigated. The biofilm 

experiment was performed as described above, biofilms were treated with tobramycin 

and bacteria were re-isolated from 48-hour-old biofilms formed in mucus. MIC values 

of re-isolated (planktonic) bacteria were determined to investigate if they also 

exhibited increased antibiotic tolerance in a single cell state. In parallel, a bacterial 

suspension of native PAO1 was also tested as control. The MIC assay of the mucus re-

isolated bacteria yielded a value of 0.5-2.5 µg/ml and the control MIC ranged between 

0.5 and 1 µg/ml. This indicates that the susceptibility of PAO1 was restored and had 

not been the result of genetic modifications induced by the mucus environment.  
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Subsequently, a decline in the tobramycin diffusion rate was measurable in all groups 

until reaching saturation, which was in close proximity to the theoretical maximal 

mass of 45 µg for tobramycin. Tobramycin diffusion through PBS only showed the 

strongest increase, reaching the plateau after approximately 2 h. Tobramycin diffusion 

through PAO1 biofilm formed in PBS showed a similar course of the curve. The 

diffusion rate through mucus only was slightly decreased compared to PBS only. In 

contrast, tobramycin diffusion through PAO1 biofilm formed in mucus was 

significantly decreased at all time points compared to both diffusion through mucus 

only (#) and diffusion through PBS only (*). This indicates a synergistic effect of biofilm 

and mucus, leading to slower tobramycin diffusion rates. The slope of the curve for 

PAO1 biofilm in mucus was markedly reduced, indicating retarded diffusion. Final 

cumulative masses varied. The cumulative mass was significantly reduced in PAO1 

biofilm formed in mucus compared to mucus only and PBS only, but in a similar range 

as in PAO1 biofilm formed in the absence of mucus. Table 9 shows the maximal 

cumulative mass Ymax of tobramycin, which was in a similar range for all experimental 

conditions. The halftime t1/2 of tobramycin was slightly increased for mucus only and 

markedly increased for biofilm in mucus (Table 9). Colistin diffusion was comparable 

for all groups (Figure 13b). The gradient of colistin diffusion was smaller for all groups 

compared to tobramycin diffusion. No phase exponential association fit was 

performed for colistin, as standard deviations were too high. The results of the 

diffusion studies match well with the susceptibility testing. Diffusion of tobramycin 

was reduced and retarded through biofilms formed within mucus and at the same 

time biofilms formed within mucus exhibit significantly increased tolerance to 

tobramycin (Figure 11a). In contrast, no differences in colistin diffusion were 

detectable between the groups (Figure 13b) and no differences in antibiotic tolerance 

could be observed either (Figure 11b). 
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Table 9: Maximal cumulative mass and halftime of tobramycin following diffusion through 

biofilms in mucus. 

  

Tobramycin 
diffusion 

PBS PBS + PAO1 Mucus + Sham Mucus + PAO1 

Ymax in µg 44.75 to 52.13 41.11 to 54.28 46.65 to 58.94 41 to 51.48 

Mean 48.44 47.70 52.80 46.24 

SD 5.22 9.31 8.69 7.41 

t1/2 in hours 0.22 to 0.43 0.24 to 0.66 0.65 to 1.16 1.19 to 1.98 

Mean 0.33 0.45 0.91 1.60 

SD 0.15 0.30 0.36 0.56 

A one-phase exponential association fit was performed using GraphPad Prism 7, described by the 

equation Y = Ymax * (1-e -k*x). Ymax (in µg) and t1/2 (in hours) of tobramycin were calculated for each 

group. The table shows the 95% confidence interval for n = 3 transports with triplicates each. 

Published data (Müller et al., 2018). 
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3.3 Role of lung tissue environment on P. aeruginosa antibiotic susceptibility 

Human mucus was shown to affect biofilm morphology and susceptibility. In the CF 

lung, biofilms are not only surrounded by mucus, but also by lung tissue capable to 

mount host immune responses to the bacterial infection.  To investigate the interaction 

of immunocompetent human lung tissue with P. aeruginosa biofilm, sections of viable 

human lung tissue (PCLS) were infected with P. aeruginosa. 

3.3.1 Establishment of P. aeruginosa infection using A549 cells and lung tissue 

Prior to PCLS infection experiments, P. aeruginosa infection was established using a 

simple epithelial cell model - A549 cell line. Cells were cultivated in 24- well transwells 

until confluency. First experiments were aimed to determine a suitable inoculum. A 

bacterial load of 106 was found to be suitable, however due to the high division rate of 

P. aeruginosa the bacterial load of the inoculum only affected the first hours of infection. 

Infection periods over several hours led to complete loss of cell viability. Therefore, a 

washing step 1 h post infection was included into the infection protocol to remove 

unattached bacteria and reduce the bacterial burden. The removal of planktonic 

bacteria seemed reasonable, as we were mainly interested on bacteria integrated in a 

biofilm. This step allowed an infection period up to 8 hours with mostly maintained 

cell viability. Inclusion of antibiotic treatment 6 h post infection enabled a further 

prolongation of the infection period with sustained cell viability up to 24 h. Suitable 

tobramycin concentrations were explored leading to a medium bacterial load and 

mostly maintained cell viability. A first measurement of the pro-inflammatory 

cytokine IL-8 was performed showing a higher cytokine induction by P. aeruginosa 

than by LPS stimulation which was used as positive control (data not shown).  

Upon successful establishment of cell infection, the infection protocol was transferred 

to PCLS – a more complex and more in-vivo like model. PCLS were more robust to P. 

aeruginosa infection and led to more reproducible results. The infection protocol was 
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Tobramycin treatment 6 h p.i. resulted in a dose-dependent decrease in the bacterial 

count in both supernatant and tissue lysate. Tobramycin treatment led to a dose-

dependent reduction of the bacterial load with an 8-log reduction at a dose of 0.04 

mg/ml in the supernatant (Figure 14a), while a comparable log reduction (2-log 

reduction) was achieved at all doses in tissue lysate (Figure 14b). 

Further incubation for up to 96 h resulted in similarly high bacterial numbers in 

untreated samples as observed 24 h p.i. in both tissue lysate and supernatant of 

untreated samples. A dose-dependent reduction after tobramycin treatment was 

observed for the bacterial load in supernatant and tissue lysate. Interestingly, at a dose 

of 0.01 mg/ml of tobramycin bacterial numbers were higher than after 24 h in both 

supernatant and tissue lysate. This shows that after an initial suppression of bacterial 

growth, bacterial regrowth occurred, leading to full infection. Treatment with 0.02 

mg/ml and 0.04 mg/ml of tobramycin resulted in a decrease in bacterial load compared 

to the untreated control. The dose of 0.02 mg/ml of tobramycin resulted in a marked 

reduction and the dose of 0.04 mg/ml in an even further reduction of the bacterial load. 

Despite the use of concentrations several times the MIC (10x, 20x and 40x), bacterial 

infection could not be eradicated in PCLS. This indicates formation of an early-phase 

biofilm during the acute infection mimicked in the present system, leading to 

increased tolerance to antibiotic treatment. The use of sub-inhibitory tobramycin 

concentrations (according to bacterial susceptibility in the present system) achieved a 

persistent infection, while preventing overgrowth of bacteria and consequential tissue 

necrosis. 

 

3.3.3 Tobramycin treatment preserved tissue viability ex vivo 

PCLS infection resulted in strong bacterial growth and a dose-dependent reduction by 

tobramycin treatment with an increased tolerance compared to MIC, indicating early 

biofilm formation in the lung tissue environment. The influence of P. aeruginosa 
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infection and tobramycin treatment on lung tissue viability was assessed. PCLS 

infection was performed as described above. To measure tissue viability, slices were 

stained with Calcein AM, lysed and fluorescence was measured using photometry. For 

microscopic evaluation of tissue viability, slices were also stained with Calcein AM 

and examined using confocal microscopy.  

Under normal conditions without infection, PCLS remained viable throughout the 

experiment up to 96 h (Figure 15a). Tobramycin treatment alone did not show any 

cytotoxic effects (Figure 15a).  

 

Figure 15: Confocal imaging of tissue viability 

Vital lung tissue was infected with PAO1 for 6h, treated with 0.01, 0.02 and 0.04 mg/ml of tobramycin 

or medium only as control and incubated for up to 24 h. Slices were stained with Calcein AM (yellow) 

and ethidium homodimer-1 (red) to assess tissue viability. Images were taken using an inverse laser-

scanning microscope (LSM 510 Meta, Zeiss) with a 10x objective. The scale bar represents 50 µm. These 

data were generated in cooperation with Nadine Kraemer, contribution as detailed in annex 5.2.1. 

Upon infection, a complete loss of tissue viability 24 h p.i. was observed, probably due 

to tissue necrosis induced by high bacterial numbers and production of exotoxins 

(Figure 15b). Treatment with 0.01 mg/ml, 0.02 mg/ml and 0.04 mg/ml of tobramycin 





 

63 

 

3 Results 

3 Results
tissue viability was mostly maintained, however, several rounded and disconnected 

cells, indicating the beginning of cell death, were found in the alveoli. Tissue structure 

and colour intensity seemed to be in a similar range in all samples except the negative 

control, indicating no major tissue damage that would have led to changes in 

morphology.  
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3.3.4 PAO1 homogeneously colonised lung tissue ex vivo 

Infection of lung slices with P. aeruginosa led to high bacterial numbers. To visualize 

bacterial colonization and distribution in the lung tissue, human lung tissue slices were 

infected with a GFP-tagged PAO1 for 24 h and 96 h. Infected, untreated slices showed 

strong bacterial colonisation homogeneously covering the lung tissue (Figures 17a, f).  
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Figure 17: PAO1 colonised lung tissue ex vivo. 

Human PCLS were infected with fluorescent GFP-tagged PAO1 and treated with 0.01 mg/ml, 0.02 

mg/ml and 0.04 mg/ml of tobramycin. Slices were incubated for 24 h or 96 h. Images were taken with 

an inverse confocal microscope using a 40x objective. Further magnification was achieved using the 

zoom function of the Zen software (Zen 10). Images were processed using the Imaris software (Bitplane). 

Squares indicate single bacterial cells (e). Scale bars represent 25 µm (a, c, d, e, f, g, h, i) and 6 µm (b).  

Autofluorescence of the tissue collagen is visible in several images. The images were performed in 

cooperation with Nadine Kraemer, contribution as detailed in annex 5.2.1. 

All slices were washed prior to imaging to remove unattached bacteria. Thus, all 

visible bacterial cells were attached to the lung tissue. A fourfold magnification (Figure 

17b) showed green rods, which is the typical shape of P. aeruginosa, and formation of 

small bacterial clusters, indicating biofilm formation. Bacterial colonisation was 
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markedly reduced following treatment with 0.01 mg/ml for 24 h, as only spots of 

adherent bacteria could be found (Figure 17c). This indicates a strong reduction of the 

bacterial load, which is in accord with CFU determination (Figure 9). In line with CFU 

data (Figures 14a, b), bacterial colonization in slices treated with 0.01 mg/ml for 96 h 

was markedly increased compared to slices incubated for 24 h (Figures 17c, g). 

Treatment with 0.2 mg/ml showed similar bacterial colonization as slices treated with 

0.01 mg/ml for 24 h (Figures 17d, h), equally with only few visible spots of bacterial 

cells. In slices treated with 0.04 mg/ml only very few small spots of fluorescent bacteria 

were detected via confocal imaging (Figures 17e, i). The results showed that bacteria 

were adherent to lung tissue, colonised the tissue homogeneously and formed small 

bacterial clusters. Tobramycin led to a strong decrease in bacterial numbers, although 

without complete eradication despite the use of tobramycin concentrations way above 

the MIC value. Bacteria treated with 0.01 mg/ml had regrown after 96 h. Determination 

of CFU, however, might be the more appropriate way for detection of small bacterial 

numbers. 
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3.3.5 Antibiotic treatment led to non-reversible reduction of antibiotic sensitivity 

PCLS that had been infected with P. aeruginosa and treated with 0.01 mg/ml 

tobramycin showed a marked reduction of the bacterial load after 48 h. However, 

bacteria treated with 0.01 mg/ml tobramycin had regrown 96 h p.i., reaching high 

bacterial numbers. This indicates a reduction of antibiotic susceptibility. To investigate 

whether the observed antibiotic tolerance was only transient or permanent, bacterial 

suspensions were re-isolated following PCLS infection to perform a MIC assay. A 

bacterial suspension of naïve PAO1 was used as control. Performance of the MIC assay 

revealed a MIC of 0.98 µg/ml for naïve bacteria and a MIC of 3.9 µg/ml for re-isolated 

bacteria. Consequently, tobramycin treatment with 0.01 mg/ml led to a fourfold 

decrease in antibiotic susceptibility of planktonic bacteria. This indicates that the 

increase in antibiotic tolerance observed throughout the PCLS infection experiment 

(Figure 13) was caused not only by biofilm formation, but also by reduced 

susceptibility of single bacterial cells. A similar reduction of antibiotic susceptibility 

could be observed for pure bacterial cultures and infected triton-lysed PCLS. This 

indicates that the increase in antibiotic sensitivity was not related to tissue viability; 

instead, apart from biofilm formation, it seems to be induced by the repeated 

tobramycin treatment.  

3.3.6 Pseudomonas aeruginosa induced an innate immune response ex vivo 

The previous experiments showed, that P. aeruginosa exhibited a strong bacterial 

growth in the lung tissue environment and reduced antibiotic susceptibility, indicating 

early biofilm formation. As chronic infection in CF is characterized not only by 

persistent infection but also sustained inflammation, the inflammatory response in 

PCLS was assessed by analysis of pro-inflammatory cytokines in the tissue 

supernatant (release) and lysate (production, storage). 

PCLS were infected with P. aeruginosa and treated with tobramycin for one or four 

days. Prior to the measurement of cytokines, intracellular protein contents of all tissue 

slices were determined using a BCA assay for normalisation of the cytokine levels. 
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PAO1 infection induced strong production and secretion of the pro-inflammatory 

cytokines TNF-α, IL-1β, IL-8, IL-6 and IL-1α (Figure 19), which are also reported to be 

elevated in patients chronically infected with P. aeruginosa. In vivo, acute and chronic 

P. aeruginosa lung infection strongly activates the innate immune system, with 

neutrophil granulocytes being the predominant type of immune cells at the site of 

infection. 
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Figure 19: Release of pro-inflammatory cytokines in PCLS following infection with PAO1 for 24 h or 

96 h. 

Human PCLS were infected with PAO1 and treated with different tobramycin concentrations. Cytokine 

release was measured 24 h and 96 h p.i.. Intrinsic cytokine contents were assessed by tissue lysis. 

Extrinsic cytokine contents were assessed in supernatants. Cytokine levels were normalised to protein 

contents. Scatter plots show the mean ± SD for n = 3 with duplicates each. These data were generated in 

cooperation with Nadine Kraemer, contribution as detailed in annex 5.2.1. 

Extrinsic (extracellular) cytokine levels exceeded intrinsic (intracellular) cytokine 

levels throughout the experiments, except for IL-1α and IL-6, indicating that secretion 

prevailed over intracellular storage. Only very low or no cytokine levels were 

detectable in infected, untreated slices, except for IL-1α (Figure 18). The measured 

cytokines can be divided into three groups according to their course of production and 

secretion over the infection period (1. group: TNF-α and IL-1β; 2. group: IL-1α; 3. 

group: IL-8 and IL-6). 

High extrinsic and intrinsic levels of TNF-α and Il-1β were detectable in tobramycin-

treated samples 24 h p.i.. Similar extrinsic cytokine contents were detectable 96 h p.i., 
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while intrinsic levels declined markedly. This indicates that treatment with 0.02 mg/ml 

and 0.04 mg/ml leads to persistent infection with moderate bacterial colonisation 

(Figure 13) and maintained tissue viability (Figure 14). A high initial intracellular 

production was induced that declined throughout the experiment, whereas secretion 

was consistent during the infection experiment. A decrease in secretion might be 

measurable at a later time point, as production was already decreased. No cytokine 

levels were detectable in untreated slices. Slices treated with 0.01 mg/ml of tobramycin 

showed high cytokine levels 24 h p.i., but no cytokines 96 h p.i. These results are in 

line with the detected bacterial numbers and tissue viabilities (Figures 14, 15). High 

bacterial load led to loss of tissue viability and consequently decreased intracellular 

protein (Figure 18) and cytokine contents (Figure 19). High levels of IL-8 and IL-6 were 

detectable both intrinsically and extrinsically 24 h p.i. in treated slices. Interestingly, 

intrinsic and extrinsic cytokine contents further increased throughout the experiment, 

indicating that production and secretion of IL-8 and IL-6 had their peaks after several 

days of infection. IL-8 and IL-6 showed a similar course of extrinsic and intrinsic 

contents. No cytokines were detected in infected, untreated slices and a strong decline 

in cytokine levels was detected at a dose of 0.01 mg/ml, probably due to loss of tissue 

viability (Figure 15). Low extrinsic levels of IL-1α were detectable in tobramycin-

treated samples 24 h p.i., with a slight increase throughout the experiment. In contrast, 

high intrinsic levels were measurable in treated slices, with a strong decline over the 

course of infection. This indicates that viable infected tissue (treatment with 0.02 

mg/ml and 0.04 mg/ml) had high intracellular levels of IL-1α at the beginning of the 

infection and almost no secretion, but no intracellular content after 96 h and a low 

cytokine release. In contrast, high extracellular levels and no intracellular cytokine 

content were measurable in untreated slices. IL-1α might be released due to tissue 

necrosis. Treatment with 0.01 mg/ml of tobramycin led to similar intrinsic levels as in 

samples treated with higher doses of tobramycin, with a decline throughout the 

experiment. Extrinsic levels were low after 24 h and increased after 96 h. Intracellular 
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cytokines might have been released throughout the infection experiment due to tissue 

necrosis.  

In summary, time-dependent cytokine secretion (extrinsic) and production (intrinsic) 

could be observed. TNF-α and IL-1β were secreted at the beginning of the infection 

experiments, with high intracellular production 24 h p.i. that declined over the course 

of infection. Elongation of the infection period, therefore, might result in a poor 

secretion of TNF-α and IL-1β. In contrast, IL-8 and IL-6 showed increased secretion 

after 96 h and maintained (IL-8) or even increased (IL-6) production, indicating a later 

secretion in the course of infection than TNF-α and IL-1β. IL-1α is present at high 

intracellular levels at the beginning of the infection and only poorly secreted. Release 

of IL-1α, therefore, might occur mainly due to tissue necrosis. 
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4.1 Non surface-attached biofilm formation resulted in decreased antibiotic 

susceptibility 

Pseudomonas aeruginosa is amongst the most prevalent pathogens causing life-

threatening pneumonias in CF patients (Palmer and Whiteley, 2014). It causes 

recalcitrant infections that are hard to eradicate due to a variety of resistance 

mechanisms such as biofilm formation. Quite a number of in vitro biofilm models have 

been developed to investigate biofilm formation. Many of them focus on a biofilm 

layer formed on plastic surfaces. Others mimic biofilm formation under microfluidic 

conditions. Static biofilms are commonly rinsed, which then, however, removes non-

attached bacteria (O’Toole, 2011). In the present studies, however, the whole biomass 

within the well changed during incubation, indicating that not only a thin layer 

attached to the plastic bottom changed its mode of growth, but the complete bacterial 

suspension underwent morphologic and metabolic changes. In addition, P. aeruginosa 

has been shown to form bacterial aggregates with no contact to the airway epithelium 

in CF lungs; instead, these aggregates were found to be surrounded by respiratory 

mucus (Bjarnsholt et al., 2009). Furthermore, thickened airway mucus and impaired 

ciliary motion result in static conditions in the lung. Biofilms are known to form 

mushroom structures in flow cell systems, however, no such structures could be found 

in in vivo biofilms (Bjarnsholt et al., 2009). Therefore, a static system was chosen, which 

considers the whole suspension as biofilm, suggesting that bacteria not only attach to 

the plastic surface but also to each other (Kragh et al., 2016), similar to the biofilm assay 

used by Müsken et al. (Müsken et al., 2010).  

During culture of these static biofilms, changes in colour, viscosity and antibiotic 

susceptibility were observed. The colour changed from slight yellow resembling the 

colour of the LB medium to dark green, possibly caused by pyocyanin production. 

Strong bacterial growth results in turbidity, but not necessarily in a colour change. 

Pyocyanin is a phenazine molecule, a small, redox-active compound. The blue 
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colouration it causes in sputum actually gave rise to the name P. aeruginosa, originating 

from the Latin word “aerugo”, which refers to the blue-green rust of copper (Price-

Whelan et al., 2006). Phenazines are produced under conditions of high cell density 

and nutrient limitations. Its production is controlled by the QS system just like biofilm 

formation and it can routinely be found in static P. aeruginosa cultures under laboratory 

conditions. Pyocyanin is a virulence factor that is toxic to competing bacteria and to 

mammalian cells. Furthermore, it is thought to control gene expression, to support 

growth and iron acquisition. Phenazines are present in biofilms and can be found in 

high concentrations in CF sputum (Price-Whelan et al., 2006). Das et al. found 

pyocyanin to be able to bind to bacterial DNA, resulting in increased DNA solution 

viscosity (Das et al., 2015). Ramos et al. detected that phenazines influence biofilm 

formation, as pyocyanin addition led to larger microcolony formation and thicker 

biofilms (Ramos et al., 2010). High bacterial numbers and depletion of all nutrients in 

the medium might, therefore, have triggered the release of pyocyanin in the present 

biofilm assay. Interestingly, no colour change was observed in the standard overnight 

culture that reached similar bacterial density. This observation supports the conclusion 

that P. aeruginosa formed biofilms in the static biofilm microtitre assay. Another feature 

that could be detected during static biofilm cultivation, but not in the constantly stirred 

overnight culture, was a strong increase in viscosity. The increased viscosity might 

have resulted mostly from the production of extracellular polymeric substances (EPS) 

during biofilm formation. The extracellular matrix of P. aeruginosa is mainly composed 

of water, polysaccharides, proteins, glycoproteins, glycolipids and eDNA, together 

forming a three-dimensional hydrogel (Flemming et al., 2007). And its production is 

associated with biofilm formation.  

Static biofilm cultivation resulted in approximately 500x decreased susceptibility 

compared to its planktonic counterparts. This is in accordance with numbers that can 

be found in the literature (100x-1000x decreased susceptibility) (Anwar and Costerton, 

1990; Høiby et al., 2010). The observed decrease in antibiotic susceptibility originates 

from distinct biofilm properties associated with biofilm formation as described in 1.1.3. 
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In short, extracellular matrix in biofilms acts as a penetration barrier to antibiotics, 

biofilm cells switch to a dormant state due to limited oxygen and nutrient availability, 

and bacterial cells within biofilms exhibit increased mutability, increasing the 

prevalence of resistance genes (Flemming and Wingender, 2010; Mah and O’Toole, 

2001). 

Live/dead® staining and confocal imaging revealed homogeneous distribution of 

viable and dead bacteria or extracellular DNA, respectively. Dead bacteria and 

extracellular DNA are thought to be regular components of the biofilm matrix 

(Takenaka et al., 2001). Along with the production of pyocyanin and extracellular 

matrix and the decreased antibiotic susceptibility, these are typical biofilm 

characteristics confirming biofilm formation in the static system used. 

No CFU were detectable after treatment with 0.5 mg/ml of tobramycin. However, 

viable bacteria were detectable via confocal imaging following treatment with 0.5 

mg/ml of tobramycin. This indicates a discrepancy between imaging and CFU 

counting regarding the assessment of bacterial viability, which can be due to bacteria 

in a dormant state. Bacterial metabolism might be too low then to form CFU on agar 

plates (Jeanson et al., 2015; Skandamis and Jeanson, 2015), suggesting that confocal 

imaging might be a more sensitive method to assess bacterial viability. 

To mimic the conditions in the human airways, where bacteria might have contact not 

only to the airway surface lining but also to the breathing air and possibly inhaled 

antibiotics, biofilms were cultivated at the air-liquid interface. Biofilm cultivation at 

the air-liquid interface resulted in the formation of solid biofilms strongly attached to 

the membrane. These were less hydrated than the biofilms formed within the 

submerged static culture, probably due to medium loss through the membrane. 

Confocal imaging of biofilms formed on top of membranes revealed an increased 

bacterial density (loss of fluid through pores; data not shown), also indicating a 

reduced water content. Biofilm formation at the air-liquid interface by P. aeruginosa is 
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commonly named pellicle formation (Yamamoto et al., 2011). Bacterial growth at the 

air-liquid interface enables high oxygen availability, which is especially advantageous 

for aerobe pathogens such as P. aeruginosa (Yamamoto et al., 2011). This technique 

might result in biofilm formation comparable to colony formation on agar (Branda et 

al., 2005). In this standard system, bacteria grow at the “air-agar interface”, leading to 

bacterial biofilms with similar appearance as observed at the air-liquid interface. Both 

types of biofilms have much contact with air, have a dry morphology and are adherent 

to the surface. Nutrient and water availability might be similar through agar or the 

membrane pores and probably lower than in broth, leading to a densified biofilm.  

A membrane with a pore size of 0.4 µm was chosen in order to prevent bacterial loss 

through the membrane; however, migration of bacteria to the basolateral compartment 

of the transwell occurred, as indicated by observed bacterial growth (turbidity, 

increased viscosity and pyocyanin formation). P. aeruginosa is known to vary in size in 

the range 0.5–1.0 × 1.5–5.0 µm, yet part of the bacterial population succeeded in moving 

through the 0.4-µm pores, probably due to elasticity of the bacterial cell. Chemical 

gradients can lead to bacterial chemotaxis, meaning that bacteria move towards the 

higher nutrient concentration and are probably willing to overcome barriers such as 

pores (Duffy et al., 1997; Ping, 2012). Despite the migration of bacterial cells through 

the membrane, a solid biofilm with comparable bacterial load formed on the apical 

membrane.  

Interestingly, tobramycin efficacy of the aerosol treatment was equivalent to liquid 

treatment. This indicates that its bioavailability is independent of the application type. 

Both surface application (aerosol treatment) and direct application into the biofilm 

(liquid application) resulted in similar levels of tobramycin efficacy. It is, therefore, 

likely that not only antibiotic diffusion and penetration within the biofilm might pose 

challenges to therapeutics. Instead, there are plenty more biofilm mechanisms 

contributing to antibiotic tolerance, e.g. reduction of the metabolic status or 

overexpression of efflux pumps, as further described in 1.1.4. 
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4.2 Biofilm formation in the presence of mucus led to further reduction of 

tobramycin susceptibility 

Cystic fibrosis patients suffer from mucus overproduction and impaired mucociliary 

clearance, resulting in persistent bacterial colonisation, predominantly with P. 

aeruginosa. P. aeruginosa biofilms were found to be surrounded by host material 

(Bjarnsholt et al., 2013), which might act as a secondary matrix. In the present studies, 

mucus was included in the static biofilm assay to assess its impact on biofilm formation 

and bacterial tolerance towards antibiotic treatment. Airway mucus is a secretion 

originating directly from the respiratory epithelium. Biofilm infection in CF is located 

mainly within the airways; therefore, mucus was considered a relevant secretion to 

mimic the biofilm microenvironment in a cystic fibrosis lung. A relevant alternative is 

the use of CF sputum, which had been included in several studies (Palmer et al., 2005). 

Sputum and mucus are frequently used as equivalents; however, it is worth 

mentioning that there are considerable differences between these two secretions. 

Sputum is an expectorated secretion composed of a mixture of mainly saliva and 

mucus, whereas pure mucus directly originates from the airway epithelium (Voynow 

and Mengr, 2009). Mucus can be collected either during surgery or from explanted 

bronchi and lungs. As mucus from explanted lungs was found to be colonised with 

bacteria and fungi with high variability between donors, the material could not be 

used for reproducible experiments. Mucus from healthy airways, therefore, is a 

valuable tool enabling reproducible experiments. However, there are considerable 

differences between CF mucus and healthy mucus. CF mucus differs in composition, 

hydration and viscosity. The predominant mucins MUC5AC and MUC5B are 

overproduced in CF lung secretions, triggered by P. aeruginosa LPS (Kreda et al., 2012). 

Mucus production in general is part of the innate immune response and increased 

during infection. In CF patients, this mechanism ultimately results in a vicious cycle of 

infection and mucus overproduction. Hydration of secretions is impaired in CF 

patients; this also affects airway mucus, consequently leading to increased viscosity. 

Bacterial infection results in strong infiltration with neutrophil granulocytes that fail 
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to resolve the infection and release vast amounts of extracellular DNA by NET 

formation and cell death. This leads to further thickening of the airway secretions. 

These special features of CF mucus have not been considered in the present system. 

The use of artificial sputum or mucus medium is a further alternative (Kirchner et al., 

2012). Synthetic cystic fibrosis sputum medium developed by Palmer et al. was found 

to be a good substrate for bacterial growth. They detected that CF sputum allows 

strong bacterial growth of P. aeruginosa and influences bacterial physiology. Therefore, 

they analysed the composition of sputum from CF patients to produce a synthetic 

medium (Palmer et al., 2007). However, similar to the artificial sputum medium 

developed by Kirchner et al. this medium mainly consists of amino acids, salts and 

some other components found in CF sputum. These formulas yield relatively low-

viscosity fluids that normally behave like Newtonian fluids, lacking the intermolecular 

interactions and covalent cross-linking that give airway mucus its viscoelastic 

characteristic. Bjarnsholt et al. examined lungs explanted from CF patients and 

detected biofilms to be embedded in mucus with no direct contact to the airway 

epithelium, which was also found by Worlitzsch et al. (Bjarnsholt et al., 2009; 

Worlitzsch et al., 2002).  

Mucus is a hydrogel mainly composed of water and mucins; it is well known to act as 

a barrier to antibiotics. Mucin glycoproteins are negatively charged, offering multiple 

sites for electrostatic interactions especially to polycationic antibiotics such as 

tobramycin and colistin (Huang et al., 2015; Hunt et al., 1995; Lillehoj et al., 2013). 

Biofilms as well can act as a penetration barrier to antibiotics: alginate in the 

extracellular matrix was found to adsorb antibiotic molecules (Cao et al., 2016; Gordon 

et al., 1988). The combination of mucus and biofilms, as it appears in CF lungs, might 

thus lead to further reduction of antibiotic availability.  

In the present study, biofilm cultivation in the presence of mucus resulted in 

significantly decreased antibiotic efficacy of tobramycin but not colistin. Biofilms 

formed in the presence or absence of mucus were treated with tobramycin and colistin 
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concentrations 100x, 300x and 900x the MIC. Interestingly, even the highest 

tobramycin concentration of 0.9 mg/ml could not achieve full bacterial killing in the 

presence of mucus, while this concentration was sufficient to eradicate biofilms formed 

in the absence of mucus. In contrast, no increase in colistin tolerance was observed in 

the presence of mucus. This indicates that human mucus might differentially impact 

antibiotic susceptibility of P. aeruginosa biofilms. Tobramycin sputum concentrations 

have been reported to range between 0.486 and 0.695 mg/ml (Dalhoff, 2014), which is 

similar to the concentrations applied in the present in vitro system. Colistin 

concentrations were measured to be about 0.04 mg/ml in CF sputum (Ratjen et al., 

2006), which is 10 times lower than the concentrations used in the present study. 

Therefore, the applied colistin concentration might have been too high to evaluate 

differences in efficacy and diffusion in the absence or presence of mucus. However, 

colistin concentrations were chosen according to the MIC value and the IC50 values of 

colistin were comparable to the IC50 value of tobramycin in the absence of mucus.  

CF sputum was previously shown to interact with antibiotics. Hunt et al. measured 

tobramycin diffusion through dialysate bags containing CF sputum and observed a 

reduction of the diffusion due to tobramycin binding to sputum components (Hunt et 

al., 1995). Huang et al. measured colistin diffusion through dialysate bags containing 

porcine mucins and detected reduced colistin diffusion. They concluded that colistin 

is bound by porcine mucins and thereby loses its activity (Huang et al., 2015). The 

results of the present studies, however, differ from the findings of Huang et al., as no 

reduced colistin activity was observed in the presence of mucus. As mentioned above, 

the concentrations used in the present study were higher than the concentrations 

found in sputum samples, so one could argue that a reduction of the applied colistin 

doses possibly might result in a different outcome. However, the concentrations used 

were chosen according to the MIC detected in our lab, which was similar to that of 

tobramycin and the lowest concentration applied led to a similar reduction of the 

bacterial load in both groups. Nevertheless, it might be interesting to test the efficacy 

of lower colistin concentrations in the presence of human mucus in future studies.  
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Tobramycin was found to be active in mucus, as it killed planktonic bacteria; however, 

no quantitative measurement was done. Therefore, it cannot be excluded that 

tobramycin might be partly inactivated in mucus. 

Determination of the MIC value following cultivation in mucus did not show any 

considerable differences in comparison to the MIC value of native PAO1. This 

observation indicated that no permanent genetic changes were responsible for the 

decreased susceptibility to tobramycin. Instead, adaptive resistance mechanisms 

resulted in increased antibiotic tolerance. Biofilm formation is an important resistance 

mechanism that protects bacteria from anti-infective treatment in different ways, such 

as production of extracellular matrix acting as a physical barrier to drugs and immune 

cells and the reduced metabolic state of bacterial cells protecting these from antibiotics 

interacting with bacterial metabolism. A characteristic feature of biofilms is the 

presence of dormant bacterial cells, which exhibit a low metabolic status. Pamp et al. 

examined the metabolic status of bacterial cells within a flow cell-grown biofilm and 

observed that bacteria in deeper biofilm layers showed a reduced metabolism, 

whereas bacteria in the top layers were metabolically active (Pamp et al., 2008). In 

addition, Pamp et al. found that the metabolic status affects antibiotic susceptibility. 

For instance, metabolically inactive bacteria responded poorly to treatment with 

ciprofloxacin, but well to colistin treatment, whereas metabolically active bacteria 

respond well to ciprofloxacin, but poorly to colistin. Pamp et al. suggested antibiotics 

interfering with the bacterial metabolism to lose their efficacy towards dormant 

bacteria due to the metabolic shutdown. Tobramycin acts intracellularly by binding to 

ribosomes and might thus be less efficient towards dormant bacteria. On the contrary, 

colistin binds to the bacterial cell wall; it acts independently of the metabolism. Pamp 

et al. supposed that metabolically active bacteria, in contrast to dormant bacteria, are 

able to adapt to colistin. These different mechanisms of action might be one aspect 

contributing to the different efficacies of tobramycin and colistin. An additional factor 

could be the physical barrier of the biofilm/matrix to drug diffusion. 
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An additional factor could be the physical barrier of the biofilm/matrix to drug 

diffusion. The permeation kinetics studies of tobramycin and colistin through human 

mucus revealed significantly reduced and retarded diffusion of tobramycin through 

biofilms formed within mucus. Penetration through mucus alone was only slightly 

hindered. These findings are in accord with the measurement of maintained 

tobramycin activity in mucus. Colistin diffusion was comparable in all groups. Both 

colistin and tobramycin are polycationic antibiotics that might be bound by negatively 

charged mucins, however, these interactions might only be transient and both 

molecules are small enough to diffuse through mucus pores. Antibiotic diffusion 

through biofilms only was hindered only slightly (tobramycin) or not at all (colistin). 

These results indicate that biofilms formed within mucus might have a different 

structure that may further affect their susceptibility to tobramycin. Previous studies 

have revealed interactions between mucus and P. aeruginosa. Cattoir et al. cultivated 

P. aeruginosa strains originating from CF lungs in the presence of mucus and detected 

that mucus controls the expression of virulence factors and influences several 

metabolic pathways, indicating that the host environment strongly affects bacterial 

survival strategies (Cattoir et al., 2013). Vishwanath et al. coated well plates with 

purified human tracheobronchial mucins and detected that P. aeruginosa showed 

increased adherence to the well in the presence of mucins (Vishwanath and Ramphal, 

1984). They assumed that adherence of P. aeruginosa to mucins might facilitate mucus 

colonisation. In line with these findings, Arora et al. stated that “adhesion of P. 

aeruginosa to mucins is one of the earlier steps in the process of P. aeruginosa 

colonisation of the human airways” (Arora et al., 1998). Landry et al. observed that P. 

aeruginosa forms rather inhomogeneous biofilms in contact with mucins, whereas 

biofilms formed on smooth surfaces such as glass are homogeneous (Landry et al., 

2006). Landry et al. concluded that interactions between mucins and P. aeruginosa 

result in enhanced biofilm formation with a more inhomogeneous structure and 

subsequent antibiotic resistance to tobramycin. These findings are in line with the 

observations made in the present studies using complex mucus with a 3-dimensional 
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structure. Furthermore, it had been shown that P. aeruginosa does not only adhere to 

mucins, but is also capable of degrading mucins. Aristoteli et al. measured P. aeruginosa 

production of proteases and glycosidases (Aristoteli and Willcox, 2003) and suggested 

that P. aeruginosa uses proteases to degrade mucins in order to use them as a nutrient 

source, assuming that this might facilitate long-term survival in vivo. Henke et al. also 

observed that P. aeruginosa metalloproteases can degrade mucins in CF sputum 

(Henke et al., 2011). Meadows et al. summarised that the catabolism of host-derived 

compounds is essential for bacterial survival and virulence (Meadows and Wargo, 

2014) and criticised that common infection models lack the interplay between host and 

pathogen, especially as colonisation of mucosal surfaces is often the first step to initiate 

infection in a host. Mucosal surfaces are covered by mucins, which are enriched with 

sialic acids, i.e. negatively charged carbohydrates. They can be used by P. aeruginosa 

as energy source, but also serve as a substrate for sugar-intensive biosynthetic 

processes such as capsule synthesis or biofilm formation (Meadows and Wargo, 2014; 

Palmer et al., 2005). Garber et al. named the host “a growth medium” for pathogens 

(Garber, 1960). Likewise, Ohmann et al. found that alginate-producing P. aeruginosa 

strains use CF sputum components both for growth and production of alginate, an 

important component of the extracellular matrix (Ohman and Chakrabarty, 1982). 

Interestingly, they observed similar bacterial growth and alginate production in CF 

sputum and non-CF sputum, supporting the idea that mucus samples of non-CF origin 

might be relevant for biofilm cultivation as well. In summary, several groups were able 

to show that P. aeruginosa adapts to the host environment, in particular to the human 

lung which is covered by mucus, and intensely interacts with mucus, e.g. by 

degradation and using it as nutrients. 

Strong bacterial growth was observed in the presence of mucus. Bacterial numbers 

were significantly higher in the presence than in the absence of mucus, which might 

indicate that bacteria use mucus components as nutrients. Furthermore, the 3D 

structure of mucus caused by cross-linking of mucins might immobilise bacteria and 

serve as a scaffold. Bjarnsholt et al. showed that biofilms in CF lungs are embedded in 



 

83 

 

4 Discussion 

4 Discussion
mucus, possibly serving as a secondary matrix (Bjarnsholt et al., 2013, 2009). They 

observed biofilms to be small aggregates (microcolonies) with an average size ranging 

between 5 and 100 µm. Formation of microcolonies was also found in an agar bead 

model by Sønderholm et al. (Sønderholm et al., 2017). They generated agar beads, 

inoculated these with P. aeruginosa and observed the formation of bacterial clusters 

within the agar, which they believe to resemble the aggregates found in vivo. In 

contrast, bacteria seemed to form larger aggregates in human mucus, but biofilm 

structure was notably different in the presence of mucus. Several factors such as 

neutrophil granulocytes (Kragh et al., 2014) or macrophages might limit biofilm size 

in vivo, but these were not included in the present study. Fluorescence intensity was 

variable in different areas of the biofilm including denser and lighter areas, possibly 

indicating channel formation, which is known to be present in biofilms for water and 

nutrient supply (Costerton, 1995; Costerton et al., 1999). A more detailed analysis of 

biofilm structure would be needed to evaluate its role in this context, but this was out 

of the scope of this study, which was focused on functional consequences as an impact 

on antibiotic susceptibility. 
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4.3 Ex vivo infection and treatment of lung tissue resulted in a strong inflammatory 

immune response and decreased antibiotic susceptibility 

Nevertheless, the co-cultivation of respiratory epithelial cells with P. aeruginosa was 

found to increase antibiotic efficacy in the presence of airway cells, indicating that host 

tissue plays an important role in infection, suggesting that anti-infective substances 

such as defensins produced by the epithelial cells might augment antibiotic efficacy; 

this will be discussed below (Crabbé et al., 2017). 

P. aeruginosa showed strong bacterial growth in human lung tissue, which in 

consequence led to complete tissue necrosis. Similar results were obtained following 

infection with PAO1 in vital cubes of porcine lung tissue (Harrison et al., 2014). The 

pathogen possesses a broad variety of virulence factors, such as several exotoxins 

damaging host tissue (Hauser, 2011). Grassmé et al. detected that P. aeruginosa is 

capable of inducing apoptosis in lung epithelial cells (Grassmé et al., 2000). Vazquez-

Rivera et al. assessed the cytotoxicity of cyclodipeptides secreted by P. aeruginosa and 

detected that they affect the viability of human cell lines via induction of apoptosis 

(Vázquez-Rivera et al., 2015). P. aeruginosa was cultivated in nutrient-rich cell culture 

medium providing optimal conditions for strong bacterial growth. Furthermore, with 

the high inoculum used for infection, it is likely that the tissue-resident macrophages 

in PCLS were not capable of eliminating all bacteria, due to their high division rate. 

Treatment with all tobramycin concentrations applied led to significantly decreased 

bacterial numbers and significantly sustained tissue viability after 24 h. Nevertheless, 

although concentrations were substantially higher than the MIC (10x, 20x and 40x the 

MIC), full bacterial killing was not achieved. However, the intention was to establish 

a persistent infection with moderate bacterial load and maintained tissue viability; 

therefore, no higher tobramycin concentrations were applied. Biofilms have been 

reported to exhibit 100 to 1000-fold increased antibiotic tolerance (Costerton et al., 

1999; Liao et al., 2013; Macià et al., 2014). Yu et al. co-cultivated CF epithelial cells with 

PAO1 and treated them with tobramycin (Yu et al., 2012). They observed a 
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significantly increased bacterial load, but no complete bacterial killing despite a 

tobramycin concentration of 1000 times the MIC (1 mg/ml).  

Confocal imaging revealed strong adherence to lung tissue and the formation of small 

bacterial clusters. Adherence of P. aeruginosa to the airway epithelium has previously 

been considered to be an initial event in the establishment of chronic lung infection 

(Beachey, 1981; Campodónico et al., 2008; Swanson et al., 2003). Ahmed et al. infected 

A549 alveolar epithelial cells with PAO1 and detected P. aeruginosa adhesion to and 

internalisation into the epithelial monolayer (Ahmed et al., 2014). In health, the 

mucosal surface of the lower respiratory tract is constantly cleared by ciliary 

movement and consequent removal of pathogens attached to airway secretions. In the 

present studies, bacterial infection of lung tissue was performed using high a bacterial 

number (105), however, tissue slices were washed 1 h p.i. to remove non-attached 

bacteria. Therefore, only adherent bacteria were further incubated and subsequently 

treated. Nevertheless, it is likely that adherent bacteria detached at some time point 

during the experiment, leading to a mixture of adherent and non-attached bacteria. 

Several bacterial structures have been found to enable bacterial adhesion to host cells. 

Flagella and type IV pili are two of the major bacterial adhesins initiating attachment 

to host receptors at the apical and basolateral surfaces of lung epithelial cells (Bucior 

et al., 2012). Antibiotic tolerance and adherence to a surface are typical characteristics 

of biofilms, which are defined as bacterial aggregates attached to each other or to biotic 

or abiotic surfaces (Bjarnsholt et al., 2013). In the present studies, concentrations lower 

than 100 times the MIC were applied, resulting in significant reduction of the bacterial 

load but no complete bacterial killing. This enabled investigation of host-pathogen 

interactions of a modest bacterial load in viable lung tissue. Bacteria were treated 

before they could form a mature biofilm (6 h p.i.), which takes at least 24 h and leads 

to increased resistance compared to young biofilms (Bowler et al., 2012), and this is 

probably the reason why they showed higher antibiotic susceptibilities (10x-40x the 

MIC) than mature biofilm cells (100x-1000x the MIC). Further investigations such as 

matrix staining could give further proof of biofilm formation (Flemming et al., 2007).  
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In summary, a persistent infection of human lung tissue with maintained tissue 

viability was successfully established. Removal of unattached bacteria 1 h p.i. and 

early antibiotic treatment (6 h p.i.) with a medium tobramycin concentration enabled 

bacterial attachment to lung tissue and prevented tissue necrosis due to strong 

bacterial growth. This persistent infection could successfully be extended to a total 

infection period of 96 h, thus providing a valuable tool for different investigations 

focusing on chronic pneumonias caused by P. aeruginosa, such as investigation of the 

host’s immune response. 

P. aeruginosa infection induced a strong pro-inflammatory cytokine release in PCLS. 

Cytokines are small proteins produced by various cell types that regulate the host’s 

response to diseases and infections (Dinarello, 2000). Pro-inflammatory cytokines 

trigger disease, whereas anti-inflammatory cytokines suppress inflammation and 

promote healing. The balance between anti-inflammatory and pro-inflammatory 

cytokines determines the outcome of disease. Elevated concentrations of IL-1, IL-6, IL-

8 and TNF-α were found in both sputum and bronchoalveolar lavage (BAL) samples 

of CF patients (Richman-Eisenstat et al., 1996). IL-1β and TNF-α are important pro-

inflammatory cytokines that initiate the cascade of inflammatory mediators. They 

induce adhesion of leucocytes to the epithelium, which is essential for their emigration 

to tissue. IL-1β and TNF-α are thought to act synergistically. IL-8 is a small peptide 

belonging to the group of chemokines. It acts as chemoattractant and activator for 

neutrophils, resulting in degranulation. IL-8 can be produced by neutrophils, 

macrophages and epithelial cells, which are likely to be the major source in CF lung 

disease (Chmiel et al., 2002). IL-6 is known to mediate the acute-phase reaction and is 

involved in the maturation of B-lymphocytes as well as the activation of T-cells, both 

of which play important roles in humoral immunity. 

In P. aeruginosa-infected lung slices, TNF-α and IL-1β showed similar extrinsic levels 

after 24 and 96 h, but strongly decreased intrinsic levels after 96 h, indicating that 

production of these cytokines was discontinued after 96 h. IL-8 and IL-6 showed higher 

extrinsic cytokine levels after 96 h, with similar (IL-8) or slightly (IL-6) reduced 
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intracellular cytokine levels. This indicates that secretion of these cytokine still 

increased throughout the infection period. Almost no extrinsic cytokines were 

detectable in samples with high bacterial numbers (0 mg/ml and 0.01 mg/ml). Extrinsic 

cytokines might be destroyed by bacterial proteases. IL-1α showed high extrinsic 

levels in samples with high bacterial numbers. Unlike the other cytokines, this 

cytokine mainly occurs intracellularly (Al Moussawi and Kazmierczak, 2014). Strong 

bacterial growth resulted in tissue lysis, which probably caused release of the 

intracellular content of IL-1α to the supernatant. Interestingly, high levels of IL-1 α 

were also detectable in the supernatant of untreated slices, whereas no other cytokines 

could be detected in untreated slices. Preparation of PCLS causes mechanical stress. 

This might induce a modest local immune response and lead to cell damage; therefore, 

low cytokine levels might be detectable in control slices. Bacterial proteases might 

degrade cytokine proteins, except for IL-1α, or IL-1α is released much later to the 

supernatant, so that bacterial proteases had less time to degrade this cytokine. P. 

aeruginosa proteases were shown to degrade human cytokines (Parmely et al., 1990), 

however, Parmely et al. observed that cytokines are differentially susceptible to certain 

bacterial proteases. TNF-α was found to be degraded by alkaline protease and elastase, 

whereas IL-1α and IL-1β were resistant to these proteases. This finding could explain 

the high extrinsic IL-1α levels in untreated samples. Additionally, P. aeruginosa elastase 

was found to inactivate human IL-8 and human IL-6 (Potempa and Pike, 2009). 

Intrinsic IL-1α also declined after 96 h, but extrinsic levels increased, meaning that 

their production was strongly stimulated after 24 h of infection. Switalla et al. observed 

strong production of TNF-α and IL-1α in PCLS following stimulation with LPS for 24 

h (Switalla et al., 2010). Neuhaus et al. found that TNF-α secretion is inducible over 15 

days of cultivation by administration of LPS (Neuhaus et al., 2017). Temann et al. 

reported continuous but decreasing secretion of several pro-inflammatory cytokines 

over 13 days (Temann et al., 2017). However, cytokine levels there were lower than the 

values detected in the present experiments. P. aeruginosa possesses a variety of 

virulence factors; as a consequence, it probably activated the immune system much 
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stronger than single administration of LPS (Fensterheim et al., 2017). Fensterheim et 

al. reported that the LPS-elicited cytokine response did not correlate with the host’s 

immune response to infection, suggesting that viable bacteria induce a different 

immune response than single administration of LPS (Fensterheim et al., 2017). In line 

with this, Lagouminitzis et al. stimulated human monocytes with LPS or viable 

bacteria and found that viable bacteria induced a higher TNF-α release than LPS 

(Lagoumintzis et al., 2008).  

Chronic inflammation is a main characteristic of progressive lung disease in cystic 

fibrosis and is critical for morbidity and mortality in CF (Courtney et al., 2004b). Pro-

inflammatory cytokines play an important role in the initiation of inflammation. 

Increased concentrations of TNF-α, IL-1β, IL-8 and IL-6 were found in bronchoalveolar 

lavage fluid (BALF) of CF patients, compared to healthy donors (Bonfield et al., 1999). 

With the study design developed, the time-dependent release of these pro-

inflammatory cytokines in response to P. aeruginosa infection in human PCLS was 

successfully mimicked. Abbas et al. described a time-dependent release of pro-

inflammatory cytokines (Abbas et al., 1996), which could be well simulated in PCLS. 

Bacterial antigens such as LPS or flagellin stimulate cells expressing pathogen 

recognition receptors such as macrophages or epithelial cells (Bruscia and Bonfield, 

2016) by binding to different types of toll-like receptors (TLRs). Stimulated cells 

subsequently release TNF-α and IL-1β, in turn leading to the production of IL-6 and 

IL-8 by epithelial cells (Abbas et al., 1996). IL-8 acts as a strong neutrophil attractant 

and can be found at high levels in sputum from CF lungs, therefore, it can serve as a 

biomarker for neutrophil influx into the lung (Bonfield et al., 1995). However, the 

influence of neutrophils on inflammatory processes could not be investigated in the 

present experiments, as the ex vivo lung tissue was not connected to any blood 

circulation. The addition of neutrophils to this ex vivo system might give further 

insights into the host-pathogen interplay in inflamed tissue. 

Adaptive immunity, is also involved in lung disease of CF patients, but might appear 

at a later time point in the course of infection and was not at the focus of the present 
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studies. The use of human tissue would offer the possibility to also address the T-cell 

response, as low numbers of tissue-resident lymphocytes are present in human PCLS 

(Neuhaus et al., 2013). Decreased concentrations of regulatory T-cells have been found 

in CF patients in the presence of pathogens such as Aspergillus fumigatus. This might 

be associated with imbalances between the anti-inflammatory cytokine IL-10 and the 

pro-inflammatory cytokines IL-17 and IL-18 (Kreindler et al., 2010). P. aeruginosa and 

A. fumigatus have been shown to interact in CF lungs, with P. aeruginosa being a 

precursor for colonisation with A. fumigatus (Briard et al., 2017). Production of IL-17 

by Th17 T-cells has been reported to be associated with the recruitment of neutrophils. 

Furthermore, IL-17 is known to upregulate mucin-producing genes, thereby further 

contributing to the mucus thickening in CF (Decraene et al., 2010). In addition, IL-17 is 

crucial for the host response to gram-negative bacteria (Ling and Puel, 2014). 

Therefore, measurement of T-cell-related cytokines in PCLS might further 

complement the existing cytokine profile.  

The infection period was expanded to 96 h with partly sustained tissue viability. 

Remarkably, tobramycin efficacy was reduced – bacteria treated with 0.01 mg/ml 

tobramycin had regrown, reaching high bacterial numbers. A MIC assay of re-isolated 

bacteria revealed four times reduced antibiotic sensitivity following 96 h of infection 

and treatment (native PAO1: 0.98 µg/ml versus PAO1 after 96-h infection: 3.9 µg/ml). 

According to the European Committee on Antimicrobial Susceptibility Testing (EUCAST), 

the MIC value of 4 µg/ml is regarded as breakpoint between sensitive and resistant P. 

aeruginosa (EUCAST, 2017). The Clinical and Laboratory Standards Institute (CLSI) 

defined values below or equal to 4 µg/ml as sensitive for CF isolates (CLSI, 2015). This 

means that the re-isolated PAO1 strain can still be considered sensitive to tobramycin. 

Nevertheless, a marked increase in antibiotic tolerance was detectable in the present 

studies, which might further decrease over a prolonged infection period. P. aeruginosa 

possesses a variety of resistance mechanisms, which can be classified into intrinsic, 

acquired and adaptive resistance mechanisms (Breidenstein et al., 2011). Intrinsic 

resistance mechanisms include low outer membrane permeability and the expression 
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of efflux pumps. Acquired resistance can be divided into horizontal gene transfer and 

mutational resistance. Horizontal gene transfer includes the exchange of DNA 

elements such as plasmids, transposons or integrons. Intrinsic resistance can be 

excluded, as native PAO1 was sensitive to tobramycin treatment. Immediate 

determination of the MIC following the infection experiments showed the momentary 

antibiotic susceptibility. An incubation period for re-isolated bacteria prior to the MIC 

testing might allow acquired (irreversible) and adaptive (reversible) resistance to be 

distinguished, as bacterial cells will switch back to the planktonic mode of growth. 

Trigger factors such as antibiotics can induce adaptive resistance, removal of the 

trigger factor then results in reversion to the wild type. According to the MIC value 

obtained, however, the re-isolated bacteria cannot be classified as resistant; therefore, 

it can be assumed that adaptive resistance mechanisms are most likely. In the present 

experimental setup, bacteria were exposed to selective pressure by continuous 

antibiotic presence. Intermittent treatment with tobramycin aerosol (28 days of 

treatment and 28 days of treatment-free periods) proved to be superior to continuous 

treatment (Ramsey et al., 1999; Ratjen et al., 2009). Tobramycin-resistant bacteria seem 

to grow more slowly than susceptible bacteria. Intermittent treatment regimens, 

therefore, allow susceptible bacteria to overgrow resistant bacteria. Drug-free periods 

resulted in regaining of bacterial susceptibility, leading to an overall lower increase in 

antibiotic resistance (Ramsey et al., 1999, 1993). Barclay et al. observed the occurrence 

of adaptive resistance mechanisms in sputum from CF patients treated with 

aerosolised tobramycin (Barclay et al., 1996). Interestingly, tobramycin resistance was 

significantly increased at 1 to 4 h after tobramycin treatment and remained present for 

24 h. Initial susceptibility was recovered between 24 and 48 h p.i. treatment. In the 

present studies, susceptibility was determined immediately after treatment (as 

tobramycin was not metabolised in vitro and remained present throughout the 

experiment), therefore, the observed increase in susceptibility matches well with the 

findings of Barclay et al. Cultivation of re-isolated bacteria in the absence of 

tobramycin might lead to reversion of susceptibility as well.  
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4.4 Conclusion 

The working hypothesis of this thesis was that P. aeruginosa adapts to the human lung 

host environment with mucus and immunocompetent human lung tissue affecting 

biofilm formation and antibiotic susceptibility and that this can be mimicked in vitro/ex 

vivo. 

In a non-surface attached biofilm model mimicking microcolonies in the human lung, 

biofilm formation and increase in antibiotic tolerance could be mimicked (Figure 20A). 

The addition of mucus altered the susceptibility to tobramycin (but not colistin) due 

to impaired diffusion and confirmed that this factor present in the human lung has a 

strong impact on biofilm formation and antibiotic treatment (Figure 20B). 

Second, in the lung slice ex vivo model the immune response elicited by P. aeruginosa 

revealed a strong pro-inflammatory immune response comparable to clinical data as 

relevant biomarkers were detectable (Figure 20C). P. aeruginosa was shown to adapt to 

lung tissue via adherence and responded to a repeated treatment regime via reduced 

susceptibility.  
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Figure 20: Impact of the human lung host environment on biofilm formation and its antibiotic 

susceptibility. 

P. aeruginosa biofilms formed under different conditions mimicking the human host.  

A: Bacteria aggregated by attachment to each other, resulting in decreased antibiotic susceptibility to 

both liquid and aerosol treatment.  

B: Biofilm formation in the presence of human mucus led to a strong decrease in antibiotic susceptibility 

to tobramycin (but not colistin) treatment, which was in line with reduced and retarded antibiotic 

diffusion.  

C: Bacterial colonisation and aggregation on human lung tissue was accompanied by a decrease in 

antibiotic susceptibility of early-phase biofilm and a reduction of susceptibility of single bacterial cells 

and induction of a pro-inflammatory immune response. 
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4.5 Outlook 

The work of this thesis showed how different factors of the human lung influence P. 

aeruginosa’s adaptation to the lung microenvironment. Especially human mucus as a 

relevant abundant factor of the human lung environment had a strong impact on 

biofilm formation and its susceptibility to antibiotic treatment depending on the 

chosen antibiotic. However, especially CF patients suffer from chronic P. aeruginosa 

infection, and the use of mucus from healthy (non-CF) patients as applied in this thesis 

does not consider the altered mucus composition and characteristics of CF patients, 

e.g. viscosity. To address how CF mucus impacts biofilm formation and drug diffusion 

in comparison to healthy mucus future studies with more CF-like mucus are needed. 

Mucus viscosity can be increased using smaller amounts of water rehydration of 

freeze-dried mucus portions. The use of CF mucus or sputum (sputum is more likely 

to obtain) is rather problematic as it is highly contaminated with various bacterial and 

fungal species, therefore the use of CF-adapted healthy mucus is favorable. 

Examinations of CF lungs revealed the formation of microcolonies – bacterial 

aggregates of small numbers. Bacterial inoculation of human mucus with a reduced 

bacterial number or the addition of phagocytic cells such as macrophages could lead 

to smaller bacterial aggregates more resembling the in vivo situation.  

Within the frame of this thesis, PCLS infection for up to 4 days could be realized to 

study initiation of infection and biofilm formation. Human PCLS were shown to be 

cultivable for up to 15 days. To further investigate the transition of acute to chronic 

infection and the factors that trigger persistence, extended infection periods need to be 

investigated in the future. Four days of PCLS infection and treatment led to a marked 

decrease in antibiotic susceptibility, presumably due to adaptive tolerance 

mechanisms. DNA sequencing and transcriptomic analysis are needed to determine 

the resistance mechanisms behind and to compare the induced phenotypic/genotypic 

adaptations with in vivo isolates of patients. The cultivation of re-isolated bacteria in 
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medium only prior to MIC testing might allow a distinction between adaptive and 

acquired resistance mechanisms.  

In CF lungs, bacterial infection is accompanied by a strong infiltration with neutrophil 

granulocytes. Neutrophils were found to have a major impact on bacterial numbers 

and on biofilm formation by changing the chemical conditions in the lung 

microenvironment. The addition of neutrophils to the present experimental set-up 

might have a significant impact on the course of infection. NET-formation might 

interfere with biofilm formation; similarly as mucus, it could also serve as an 

additional extracellular matrix and be incorporated into the biofilm. Combination of 

the ex vivo lung slices model with neutrophils as advanced 3D tissue model enables 

the investigation of the role of neutrophils in biofilm formation in future studies.  

Upon chronicity, P. aeruginosa mostly switches to mucoidity, a phenotypic adaptation 

associated with an overproduction of alginate (Bjarnsholt et al., 2010; Boucher et al., 

1997; Hogardt and Heesemann, 2013). In the frame of this thesis, a lab strain was used 

for establishment of the model. The use of different strains and clinical isolates is 

needed in future studies to assess if the observed adaptation is a general principle or 

a strain specific ability to adapt to lung environment. Lorè et al. detected that clinical 

strains are virulent at first (during acute infections), but show reduced virulence upon 

chronicity in CF patients (Lorè et al., 2012). The virulence of clinical strains can be 

tested in the PCLS infection model. Their tissue toxicity and their induction of pro-

inflammatory cytokines can be compared to laboratory strains. In addition, further 

PCLS infection studies could give insights on the influence of the acute immune 

response on the transition from acute to persistent infection. 
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5.1 Abbreviations 

ASL    Airway surface lining 

BCA    Bicinchoninic acid 

Calcein AM    Calcein acetoxymethylester 

CAMHB   Cation-adjusted Mueller-Hinton broth 

CAP    Community-acquired pneumonia 

CF    Cystic fibrosis 

CFTR    Cystic fibrosis transmembrane receptor 

CFU    Colony-forming units 

CLSI    Clinical and Laboratory Standards Institute 

CLSM    Confocal laser scanning microscope 

ConA    Concanavalin A 

COPD    Chronic obstructive pulmonary disease 

DC    Dendritic cell 

DIC    Differential interference contrast 

DMEM   Dulbecco’s Modified Eagle’s Medium 

DNA    Deoxyribonucleic acid 

DPBS    Dulbecco’s Phosphate-Buffered Saline 

DSMZ Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (German Collection of Microorganisms and 

Cell Cultures) 

EBSS    Earle’s Balanced Salt Solution 

eDNA    Extracellular DNA 
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ESBL    Extended-spectrum β-lactamases 

ENaC    Epithelial sodium channel 

EPS    Extracellular polymeric substances 

EthD-1   Ethidium homodimer-1 

EUCAST European Committee on Antimicrobial Susceptibility 

Testing 

FITC    Fluorescein isothiocyanate 

G-CSF    Granulocyte colony-stimulating factor 

GFP    Green fluorescent protein 

GM-CSF   Granulocyte-macrophage colony-stimulating factor 

HIV    Human immunodeficiency virus 

HPLC    High-performance liquid chromatography 

ICU    Intensive care unit 

IC50    Half-maximal inhibitory concentration 

Ig    Immunoglobulin 

IL    Interleukin 

LB    Luria Bertani broth 

LPS    Lipopolysaccharide 

MHK    Minimale Hemmstoffkonzentration 

MIC    Minimal inhibitory concentration 

MS    Mass spectrometry 

NET    Neutrophil extracellular trap 

OD    Optical density 

P. aeruginosa   Pseudomonas aeruginosa 
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PBS    Phosphate-buffered saline 

PCL    Periciliary liquid 

PCLS    Precision-cut lung slices 

PI    Propidium iodide 

p.i.    Post infection 

PFA    Paraformaldehyde 

PQS    Pseudomonas quinolone signal 

PRR    Pathogen recognition receptor 

QS    Quorum sensing 

SCV    Small-colony variant 

SD    Standard deviation 

SE    Standard error of the mean 

Th    T-helper cell 

TLR    Toll-like receptor 

TNF-α   Tumour necrosis factor α 

TSA    Tryptic soy agar 

TSQ    Triple-stage quadrupole 

VAP    Ventilator-associated pneumonia 
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5.2 Own contribution and contribution of others 

I designed all infection experiments and performed most of the experiments, analyzed 

data and wrote the thesis. Sabine Wronski coordinated the experiments, was involved 

in the study design and supervised the PhD project. Armin Braun and Susanne 

Häußler discussed the data and supervised the PhD project. Marius Hittinger 

coordinated the mucus experiments. Human airway mucus was collected from 

patients at the Klinikum Saarbrücken, Germany, in agreement with Dr. Konrad 

Schwarzkopf and was processed, freeze-dried and sent to Fraunhofer ITEM by Xabier 

Murgia, Helmholtz Institute for Pharmaceutical Research, Saarbrücken. Antibiotic 

diffusion studies through biofilms formed within mucus were performed with 

assistance from Sabine Schild and Olaf Macke. HPLC measurements following 

antibiotic diffusion studies were performed by Dr. Carsten Börger and Lorenz 

Siebenbürger, Department of Drug Delivery, PharmBioTec GmbH, Saarbrücken, 

Germany. Within this cooperation, we wrote a publication with shared first authorship 

with Xabier Murgia, which has been published in the Journal of Antimicrobial 

Chemotherapy: 

- Human airway mucus alters the susceptibility of P. aeruginosa biofilms to 

tobramycin, but not to colistin. Müller L, Murgia X, Siebenbürger L, Börger C, 

Schwarzkopf K, Sewald K, Häussler S, Braun A, Lehr CM, Hittinger M, Wronski 

S. Journal of Antimicrobial Chemotherapy, 2018. 

The results section of this thesis includes figures from the above-mentioned 

manuscript. This is also indicated in the figure legends. All texts related to the “mucus 

studies” are similar to the texts in the above-mentioned publication.  

Preparation of human PCLS has been done with the help of current PhD students, 

master students and technicians at Fraunhofer ITEM.  
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5.2.1 Performance of PCLS infection experiments in cooperation with Nadine Kraemer  

Most of the experiments described under 3.3 Role of tissue environment on P. 

aeruginosa susceptibility were performed in close cooperation with Nadine Kraemer – 

a master student working closely with me in this project. The respective contribution 

of Nadine Kraemer and myself is detailed in the following paragraphs. 

1.  Establishment of infection experiments in human cell lines. 

Prior to PCLS infection experiments, P. aeruginosa infection was established using the 

human cell line A549 to determine suitable study designs/parameters for host cell 

infection in vitro.  

I conceptualised the study design, performed the experiments and analysed the data. 

The results of these experiments are now included in the thesis on page 57. These 

experiments were key preliminary studies to find and define a suitable protocol able 

to mimic host infection in vitro without rapid loss of cell viability, which is a 

prerequisite to investigate host-pathogen interaction. 

2. Transfer of infection protocol to PCLS 

 I developed a PCLS infection model using rat and human   tissue. I designed the PCLS 

infection experiments, performed the experiments and analysed the data. The protocol 

was further adapted to achieve suitable readouts (tissue viability, bacterial load). 

These experiments were the fundamental pre-experiments for the later human PCLS 

experiments shown in the thesis.  

3. Performance of the main experiments – shown in the thesis  

Once the PCLS infection was established, the infection period was prolonged and a 

detailed measurement of pro-inflammatory cytokines was performed. These 

experiments were performed together with Nadine Kraemer, as a master student. I 

planned and designed the study, introduced her into the work and experimental lab 
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techniques. Nadine Kraemer adapted the protocol and performed the experiments 

together with me. We both analysed and interpreted the data. The results were also 

included in her master thesis entitled “Pseudomonas aeruginosa induziert eine 

angeborene Immunantwort in frischem Lungengewebe ex vivo”, which was accepted 

by the Hannover Medical School in October 2017. Results that have been performed in 

cooperation with Nadine Kraemer are clearly indicated in the figure legends (figure 14 

– 19). The corresponding texts are similar to the texts in the master thesis. 

 

The GFP-tagged PAO1 strain was kindly provided by Prof. Dr. Thomas Bjarnsholt, 

Department of Immunology and Microbiology, University of Copenhagen, Denmark.  

The thesis has been proof-read by Karin Schlemminger, language service, Fraunhofer 

ITEM, Hannover. 
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Qualitätssicherung 

Erläuterungen zur potentiellen Prüfung  

der vorgelegten Dissertation mit einer Plagiatssoftware  

und zum Nachweis der Kenntnis über Gute Wissenschaftliche Praxis 

Der Senat der Medizinischen Hochschule Hannover hat beschlossen, die Qualität der 

Qualifikationsarbeiten durch stichprobenartige Überprüfungen einzelner, zufällig 

ausgewählter Arbeiten zu erhöhen. Die Überprüfung erfolgt u. a. mittels einer 

Plagiatssoftware. Vor dem Hochladen der Arbeit werden alle persönlichen 

Identifikationsmerkmale aus der Arbeit entfernt. Nach Beendigung der Prüfung wird 

die Arbeit zeitnah und unwiderruflich vom Server des Softwareproviders gelöscht.  

Zur Qualitätssteigerung wird weiterhin die verpflichtende Teilnahme an einem Kurs 

zur Guten Wissenschaftlichen Praxis (GWP) eingeführt. Dies kann entweder durch die 

Teilnahme an einer entsprechenden Präsenzveranstaltung oder durch das Absolvieren 

eines eLearning Kurses erfolgen. Informationen zum GWP-eLearning sind auf den 

Internetseiten der Geschäftsstelle für Ombudswesen (https://www.mh-

hannover.de/ombudsperson.html) und der Kommission für Gute Wissenschaftliche 

Praxis (https://www.mh-hannover.de/gwp0.html) sowie über das 

Organisationshandbuch der MHH erhältlich. Ein Nachweis über die Teilnahme ist 

zusammen mit der Dissertation einzureichen.  

Einverständniserklärung 

Hiermit erkläre ich mein Einverständnis zu einer Überprüfung meiner Dissertation 

mithilfe einer Plagiatssoftware und einer stichprobenartigen Prüfung der 

Primärdaten. Mir ist bewusst, dass im Verdachtsfall ein Ombudsverfahren gemäß § 9 

der MHH-Richtlinien „Grundsätze der Medizinischen Hochschule Hannover zur 
Sicherung guter wissenschaftlicher Praxis und Verfahrensregeln für den Umgang mit 

wissenschaftlichem Fehlverhalten“ eingeleitet werden kann. Während der Dauer eines 
solchen Ombudsverfahrens ruht das Promotionsverfahren.  

 

_____________________________________  __________________________________  

Ort, Datum           Unterschrift 
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Anlage 4 (gemäß § 6 Abs. 2 Nr. 7) 

 

Erklärung:  

Hiermit erkläre ich, dass ich die Dissertation mit dem Titel „Pseudomonas aeruginosa 

adaptation to host environment and its impact on antibiotic susceptibility“ 
selbstständig verfasst habe. Bei der Anfertigung wurden keine Hilfen Dritter in 

Anspruch genommen.  

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten 

(Promotionsberater oder anderer Personen) in Anspruch genommen. Niemand hat 

von mir unmittelbar oder mittelbar entgeltliche Leistungen für Arbeiten erhalten, die 

im Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen. Ich habe die 

Dissertation an folgenden Institutionen angefertigt:  

Fraunhofer Institut für Toxikologie und Experimentelle Medizin (ITEM), Bereich 

Präklinische Pharmakologie und In-vitro Toxikologie. 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen 

ähnlichen Zweck zur Beurteilung eingereicht. Ich versichere, dass ich die 

vorstehenden Angaben nach bestem Wissen vollständig und der Wahrheit 

entsprechend gemacht habe.  

 

_____________________________________  __________________________________  

Ort, Datum           Unterschrift 
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