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Abstract 

The pulmonary epithelial barrier is the first line of defense against pathogens 

invading the lungs. If those are able to overcome this first barrier, myeloid cells 

of the innate immune system are instrumental for the antimicrobial defense and 

can directly eliminate invading microorganisms. This work aimed to identify novel 

mechanisms by which pulmonary epithelial cells and myeloid cells eliminate 

invading bacteria from the lungs. For this, infections with Legionella longbeachae 

were used to investigate a severe and often fatal form of pneumonia in humans 

known as Legionnaires’ disease in a mouse model. 

Following infection, infiltration of immune cells was dominated by 

neutrophils and, to a lesser extent, by monocytes. In addition to this, a 

significantly higher fraction of neutrophils contained L. longbeachae bacteria 

compared with other myeloid immune cells. Within host cells, bacteria 

translocated effector proteins mostly into neutrophils, and were residing in a 

vacuole resembling the Legionella-containing vacuole, as known from infections 

with L. pneumophila. However, neutrophils played an important role in the in vivo 

clearance of L. longbeachae, as mice depleted of this cell type exhibited 

significantly higher bacterial burden in the lungs. Besides neutrophils, monocytes 

also contributed to the control of pulmonary L. longbeachae infections, while 

lymphoid immune cells had no effect on the clearance of the bacteria. 

 Molecularly, it is well known that IL18 is important in anti-bacterial defense 

by inducing lymphocytes to release IFNγ. However, IL18 receptor (IL18R) 

expression on lymphoid cells did apparently not promote L. longbeachae 

clearance. Instead, expression by pulmonary stromal cells was required and 

sufficient for elimination of the bacteria. Stromal expression of the IL18 receptor 

was almost confined to the ciliated epithelial cell compartment in the bronchioles. 

IL18R signaling in those cells did not promote mucus production but it rather 

enhanced the anti-bactericidal activity of neutrophils. Therefore, these results 

indicate a non-canonical role of IL18 in the defense against pulmonary 

L. longbeachae infection, linking non-immune pulmonary epithelial cells with 

inflammatory neutrophils.
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Chapter 1: Introduction 

1.1. Structure and function of the lung 

The lungs are the primary organs of the respiratory system and their main 

function is the exchange of CO2 for O2 in erythrocytes, as they circulate through 

pulmonary capillaries (Porra, 2006; Carroll, 2007). This is a fundamental process 

for cellular respiration, where the provided O2 fuels the aerobic metabolism while 

its waste product CO2 is removed via expiration (Porra, 2006; Carroll, 2007). 

Functionally, the respiratory system can be separated into a conducting zone and 

a respiratory zone (Betts et al., 2013). The components of the conducting zone 

include the nose, pharynx, larynx, trachea, bronchi and conducting bronchioles 

(Murray, 2010; Betts et al., 2013). Their function is to filter out microorganisms 

and other particles from inhaled air, to warm it, humidify it, and direct it into the 

respiratory zone, where gas exchange takes place (Murray, 2010; Betts et al., 

2013). The respiratory zone comprises multiple terminal bronchioles and alveoli 

(Rhoades and Bell, 2009; Betts et al., 2013). An adult human has about 300-500 

million alveoli covering a total inner surface area of about 75 m2, where inhaled 

microbes may attach and enter the body (Bals and Hiemstra, 2004; Rhoades and 

Bell, 2009). The alveoli are surrounded by an extensive network of fine capillaries 

and, together, they form respiratory units that are separated from each other 

through extremely thin membranes, called septa. These septa are formed by the 

capillary endothelium that is lined by squamous epithelial cells with their 

corresponding basement membranes and constitutes a thin air-blood barrier of 

less than 0.5 µm on average, allowing gas exchange by diffusion (Rhoades and 

Bell, 2009; Betts et al., 2013).  

To preserve an efficient gas exchange while avoiding invasion of harmful 

pathogens, the lungs are equipped with different defense mechanisms (Boyton 

and Openshaw, 2002). Those include physical and chemical barriers as first line 

of defense, as well as innate and specific immune responses (Boyton and 

Openshaw, 2002). Pulmonary diseases develop when pathogens overcome 

those initial defense mechanisms and colonize the lung tissue, thereby promoting 

lung injury and inflammatory responses (Eisele and Anderson, 2011).  
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1.2. Pneumonia 

Pneumonia is the fourth cause of mortality worldwide and is caused by diverse 

etiological agents (WHO, 2018). It is characterized by accumulation of fluid in the 

pulmonary alveoli, thereby compromising gas exchange in the lungs and leading 

to respiratory failure in severe cases (Torres and Cillóniz, 2015). Most commonly, 

pneumonia results from acute pulmonary infection, when inhaled pathogens 

breakdown host defense mechanisms and colonize the lower respiratory tract 

(Amalia Alcón, Fabregas, Torres and Fabregas, 2005). Other less common 

causes of pneumonia include sepsis, mechanical ventilation, and trauma (Lively, 

2012; Abdelrazik Othman and Salah Abdelazim, 2017). 

1.2.1. Risk factors and epidemiology 

High risk factors for the development of pneumonia include underlying medical 

conditions, such as cardiovascular diseases, congenital lung diseases and lung 

cancer, as well as immunosuppression, smoking, alcoholism and air pollution 

(Torres et al., 2013). In addition, the incidence of pneumonia differs considerably 

between different age groups and the income level within individual countries 

(Gereige and Laufer, 2013). According to the World Health Organization, 

pneumonia is the leading infectious cause of mortality in children worldwide, 

killing over 800 thousand children under 5 years of age in 2017 alone (WHO, 

2019). Most of those cases have been reported in low- and middle-income 

countries, which occur partly due to limited access to treatment (Tong, 2004; 

Puligandla and Laberge, 2008; Zar et al., 2013). Another population at risk for 

developing pneumonia are people older than 65 years, where the disease 

accounts for a mortality rate of 23-57  % depending on the etiological agent (Tong, 

2004; Schmidt-Ioanas and Lode, 2006). 

1.2.2. Etiology, transmission and pathophysiology 

Although respiratory viruses and fungi can cause pneumonia, most cases result 

from bacterial infections (Gereige and Laufer, 2013; Torres and Cillóniz, 2015; 

Mandell, 2015). Streptococcus pneumoniae is the most common causative agent 

for pneumonia across different age groups and accounts for two-thirds of overall 
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pneumonia-associated deaths (Lynch and Zhanel, 2010; Cilloniz et al., 2011; 

Torres and Cillóniz, 2015). The second most common bacterial causative agent 

is Haemophilus influenzae type b, although a successful vaccine against those 

bacteria is available (WHO, 2019). Besides this, other well-known bacteria that 

can cause pneumonia include Pseudomonas aeruginosa, Chlamydophila 

pneumoniae, Mycoplasma pneumoniae, Klebsiella pneumoniae and Legionella 

spp. (Cilloniz et al., 2011). Amongst viruses, the respiratory syncytial virus and 

influenza virus are the most common causes for pneumonia (Cilloniz et al., 2011; 

WHO, 2019). Infections with those viruses are often followed by secondary 

bacterial infections that may lead to a severe form of pneumonia (Cilloniz et al., 

2011; WHO, 2019). 

For pathogens to cause pneumonia, they need to reach and infect the 

lower respiratory tract. This is often achieved via inhalation of infectious aerosols 

released by patients during normal breathing, coughing and sneezing (Lynch and 

Zhanel, 2010; Singh, 2012; Torres and Cillóniz, 2015). In addition, the upper 

respiratory tract becomes colonized with microorganisms from an early age, 

including by S. pneumoniae, H. influenzae and Staphylococcus aureus (Schenck 

et al., 2016). These organisms may reach the alveoli during normal breathing and 

can cause pneumonia if local host defenses fail (Torres and Cillóniz, 2015). In 

rare cases, pathogens may be able to reach the lung parenchyma and cause 

pneumonia by spreading from other sites of infection, as often occurs for K. 

pneumoniae or during sepsis (Torres and Cillóniz, 2015).  

Independently of its etiology, pneumonia is characterized by inflammation 

of the pulmonary alveoli, vascular leakage and loss of epithelial impermeability, 

resulting in accumulation of fluid, or edema, in the alveolar space (Mandell, 2015; 

Sattar and Sharma, 2019). Different mechanisms are responsible for the 

formation of edema. Those include disruption of tight junctions between alveolar 

epithelial cells, leading to increased permeability and loss of Na+ channel function 

on those cells  (Yanagi et al., 2015; Peteranderl et al., 2017). This causes leakage 

of fluid from capillaries, resulting in pulmonary consolidation (Joannides, 1931; 

Brown et al., 2017). Together with an increased mucus production those 
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mechanisms ultimately compromise the gas exchange, and in severe cases may 

lead to respiratory failure (Joannides, 1931; Torres and Cillóniz, 2015).  

1.2.3. Diagnosis, treatment and prevention 

Pneumonia is diagnosed by evaluation of the clinical symptoms through physical 

examination and, in suspected severe cases, by chest radiology. To identify the 

causative microorganism, standard microbiological tests are commonly used, as 

well as PCR methods (Tong, 2004). Bacterial pneumonia can be successfully 

treated with antibiotics. However, over the past years, there has been a rapid 

increase in antibiotic-resistant bacteria, such as S. pneumoniae, S. aureus, P. 

aeruginosa, K. pneumoniae and M. pneumoniae (Tong, 2004; Torres and Cillóniz, 

2015; Ventola, 2015). With the exception of H. influenzae type b and 

S. pneumoniae, vaccination against bacterial pneumonia is usually ineffective 

(Madhi, 2008). Although influenza virus itself rarely causes pneumonia, 

vaccination against this virus is recommended for high-risk patients in order to 

prevent severe pneumonia caused by secondary bacterial infections (Tessmer et 

al., 2011). 

1.3. Legionella and Legionnaires’ disease 

The genus Legionella belongs to the family Legionellaceae and comprises over 

50 different species of gram-negative bacteria, with about 70 distinct serogroups 

(Percival and Williams, 2014; Cunha et al., 2016). More than 20 of those species 

are pathogenic to humans, with L. pneumophila and L. longbeachae being the 

most common causative agents (Percival and Williams, 2014). In response to 

pulmonary infection with Legionella spp., otherwise healthy individuals often 

develop a mild self-limiting disease called Pontiac fever (Appelt and Heuner, 

2017). However, in susceptible individuals the infection may progress to a serious 

form of pneumonia, called Legionnaires’ disease, constituting a high risk for 

morbidity and mortality in infected patients (Beauté et al., 2013; Brown et al., 

2017). 

It is estimated that Legionnaires’ disease accounts for about 2-9 % of 

reported cases of pneumonia worldwide (Asare, 2006; Brown et al., 2017). 
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However, due to variances in awareness, diagnostics and reporting the precise 

incidence of Legionnaires’ disease is unknown (Cunha et al., 2016). One reason 

for this is that the most commonly used diagnostic tool, the urinary antigen test, 

only detects L. pneumophila serogroup 1, but not other serogroups or other 

Legionella spp. (Chen et al. 2015; Brown et al. 2017). In contrast to the urinary 

antigen test, nucleic-acid amplification methods or sample culture methods allow 

the detection of various Legionella spp. and serogroups, but exhibit a varying 

sensitivity (Cunha et al., 2016). Since vaccines against Legionella spp. are not 

available yet, infected patients are often treated with high doses of antibiotics, 

such as macrolides, ketolides, tetracyclines, and quinolones (Cunha, Burillo, and 

Bouza 2016). However, Legionnaires’ disease still accounts for a mortality rate 

of about 10  % in infected patients (Soda et al., 2017).   

1.3.1. Legionella pneumophila 

L. pneumophila was first identified in 1976 after an outbreak of severe pneumonia 

affecting 182 attendees of a Legion Convention in Philadelphia, USA (Fraser et 

al., 1977). The newly isolated strain of L. pneumophila was then termed 

Philadelphia 1 (Asare, 2006). Today, at least 15 different serogroups of 

L. pneumophila have been described, with serogroup 1 being responsible for 

about 84 % of the known cases of Legionnaires’ disease worldwide (Newton et 

al. 2010). L. pneumophila can be found ubiquitously within natural freshwater 

environments, parasitizing free-living amoeba that serve as a replicative niche  

(Buchrieser, 2011; Brown et al., 2017). In addition, L. pneumophila may form 

complex biofilms in human-made water systems, including air-conditioners, 

cooling towers, fountains and spa baths, from which infectious aerosols may be 

formed (Newton et al. 2010).  

Infection of the lungs with L. pneumophila occurs through inhalation of 

contaminated water droplets and may lead to Legionnaires’ disease if pulmonary 

defense mechanisms fail to clear the bacteria (Percival and Williams, 2014; 

Brown et al., 2017). Generally, L. pneumophila is responsible for about 95 % of 

the cases of Legionnaires’ disease in Europe and the United States, and for 
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approximately 50 % of the cases in Australia and Asia (Montanaro-Punzengruber 

et al. 1999; Newton et al. 2010). 

1.3.2. Legionella longbeachae 

L. longbeachae was first isolated and characterized in 1980 from a patient with 

pneumonia in Long Beach, California (Mckinney, R. M. et al., 1981). Most cases 

of pulmonary disease in humans are associated with L. longbeachae serogroup 1 

(Cazalet et al., 2010). Worldwide it is responsible for about 4 % of the known 

cases of legionellosis, with a high impact in the southern hemisphere (Currie and 

Beattie 2015). In Australia, New Zealand and parts of Asia L. longbeachae 

accounts for over 50  % of the cases of Legionnaires’ disease (Bacigalupe et al., 

2017). In contrast, the incidence of pneumonia caused by those bacteria is 

significantly lower in Europe (5 %). Interestingly, the number of reports of 

pneumonia caused by L. longbeachae have increased worldwide over the past 

decade, although the exact reason for this is not presently known (Bacigalupe et 

al. 2017; Whiley and Bentham 2011).  

Most infections with L. Longbeachae are associated with contact with 

potting soil or compost, e.g. during gardening (Casati, Gioria-Martinoni, and Gaia 

2009; Gobin et al. 2009). This could be partly due to the fact that, in contrast to 

L. pneumophila, L. longbeachae is highly adapted to soil environment, where the 

bacteria are able to infect soil protozoa (Whiley and Bentham, 2011; Dolinsky et 

al., 2014). After inhalation of contaminated soil particles, L. longbeachae may 

induce the development of severe pneumonia similar to that caused by 

L. pneumophila (Whiley and Bentham, 2011). 

1.4. Pathogenesis of Legionella in mammalian cells 

Legionella spp. are facultative intracellular, gram-negative bacteria, which 

replicate inside of host cells in a specialized vacuole, termed Legionella-

containing vacuole (LCV). The bacteria establish this LCV through complex 

mechanisms, which ultimately promote their survival. 
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1.4.1. Attachment and entry 

Tissue-resident alveolar macrophages (AMs) are believed to be the first cell type 

infected by L. pneumophila, serving as a primary replicative niche for the bacteria 

(Brieland et al., 1994; Copenhaver et al., 2014). Additionally, replication of 

L. pneumophila has been described in alveolar epithelial cells and infiltrating 

neutrophils (Baskerville et al., 1983; Mody et al., 1993; Copenhaver et al., 2014). 

Bacterial uptake is mediated by phagocytosis, which is enhanced through 

opsonization with complement components and specific antibodies (Payne, 1987; 

Cabello and Pruzzo, 1988; Asare, 2006). Blocking of either CR1 or CR3 with 

monoclonal antibodies results in a significantly decreased attachment of the 

bacteria to host cells (Payne et al. 1987). Besides this, L. pneumophila-encoded 

factors are involved in the attachment and entry processes. For instance, type IV 

pili (T4P) expressed by the bacteria promote the entry into host cells, since 

mutations in the corresponding genes prevent attachment to macrophages and 

epithelial cells (Stone and Kwaik, 1998; Zhan et al., 2015).  

In contrast to L. pneumophila, although human alveolar epithelial- and 

monocytic cell lines can be infected with L. longbeachae in vitro, it is currently 

unknown which physiological cellular hosts can serve as a replicative niche for 

those bacteria (Wood et al., 2015).  

1.4.2. Virulence factors and intracellular life cycle 

Most of the current knowledge on the intracellular life cycle of Legionella spp. is 

based on studies with L. pneumophila, whereas there have been only few studies 

with L. longbeachae or other Legionella spp. (Oliva et al., 2018). 

Generally, immune cells are able to engulf invading pathogens via 

phagocytosis into intracellular compartments called phagosomes. Phagosomes 

mature along the endocytic pathway and fuse with lysosomes, creating highly 

microbicidal phagolysosomes (Vieira et al., 2002). However, L. pneumophila 

inhibits phagolysosome fusion and generates a specialized vacuole called 

Legionella-containing vacuole (LCV) that provides a safe environment for 

bacterial replication inside of host cells (Newton et al. 2010; Cazalet et al. 2010). 

Highlighting its importance, about 10  % of the bacterial genome encodes for 
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components involved in generating the LCV (Burstein et al., 2016). Those 

comprise specific secretion systems and different virulence effector molecules 

that are translocated into the host cell cytosol to modify cellular mechanisms. 

(Zhan et al., 2015). The most prominent secretion system of L. pneumophila and 

L. longbeachae is the Dot/Icm type IV secretion system (T4SS) (Segal et al., 2005; 

Cazalet et al., 2010; Zhan et al., 2015). It is fundamental for virulence of the 

bacteria, as mutations in key T4SS components result in an inhibition of bacterial 

replication and elimination of the bacteria (Cazalet et al. 2010; Segal, Feldman, 

and Zusman 2005; Newton et al. 2010). The L. pneumophila effector molecules 

LidA and LegA8/AnkX/AnkN are translocated through the T4SS and inhibit fusion 

of the Legionella-containing phagosome with lysosomes (Ensminger and Isberg, 

2009). In addition, the bacteria induce recruitment of components from the 

secretory pathways of the host cell, in order to complete the establishment of the 

LCV (Newton et al. 2010). Although the components of the T4SS are highly 

conserved between L. pneumophila and L. longbeachae, only 34 % of the 

substrates translocated by L. pneumophila are expressed by L. longbeachae 

(Cazalet et al., 2010). Among those are mainly proteins that are involved in 

manipulation of the host cell secretory pathways (Cazalet et al., 2010). For 

instance, the Legionella effector molecule RalF acts as a guanine nucleotide 

exchange factor (GEF) that recruits and activates the small host cell GTPase 

ADP-ribosylation factor (Arf) (Nagai, 2002). Arf proteins can then direct fusion of 

endoplasmic reticulum (ER) with the developing LCV, thereby limiting recognition 

by the cellular autonomous defense system (Roy, 2002; Robinson and Roy, 2006; 

Hubber and Roy, 2010).   

Once the LCV has been established, L. pneumophila undergoes a 

biphasic life cycle. About 4 to 10 hours after phagocytosis, bacteria downregulate 

virulence factors and initiate replication, taking advantage of the LCV nutrient-rich 

environment (Cazalet et al., 2010; Newton et al., 2010a). As nutrients become 

scarce, bacteria slow down replication and increase expression of virulence 

factors, allowing them to exit host cells, survive in the extracellular environment 

and invade new cells (Oliva et al., 2018). Similar to L. pneumophila, 

L. longbeachae has been shown to reside in phagosomes that contain rough ER-
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derived membranes (Cazalet et al., 2010; Wood et al., 2015). However, in 

contrast to L. pneumophila, L. longbeachae only partially inhibits phagosomal 

maturation, as indicated by acquisition of the endosomal makers EEA-1, LAMP-2 

and M6PR (Asare and Abu Kwaik, 2007). Nevertheless, L. longbeachae impairs 

the full maturation of phagolysosomes as demonstrated by exclusion of the 

lysosomal marker Cathepsin D and of the vATPase proton pump from its vacuole 

(Asare and Abu Kwaik, 2007). This ensures a neutral pH within the LCV that 

prevents bacterial degradation (Newton et al. 2010). Another difference to 

L. pneumophila is that intracellular replication of L. longbeachae is independent 

of the bacterial growth phase at the time of infection (Asare and Abu Kwaik 2007).  

1.4.3. Egress from host cells 

When nutrients become scarce, L. pneumophila first spreads into the cytosol of 

host cells by disrupting the LCV membrane (Molmeret and Abu Kwaik, 2002). 

Once in the cytosol, bacteria induce lysis of the plasma membrane and are thus 

released into the extracellular space, where they can start a new infectious cycle 

(Asare and Abu Kwaik, 2007). This two-stage egress of L. pneumophila is 

mediated trough a pore-forming activity, which is believed to be accomplished via 

the bacterial cytolytic toxin Rib (Molmeret and Abu Kwaik, 2002) (Alli et al., 2000). 

Similarly, L. longbeachae also exits from host cells in order to start a new 

infectious cycle (Asare and Abu Kwaik, 2007). However, the mechanisms behind 

this process are still unclear for this bacterial strain. 

1.5. Immune responses in the lungs 

1.5.1. Immune homeostasis of the lungs 

The lungs are constantly exposed to a large variety of inhaled particles and 

microorganisms (Brown et al., 2017). Pulmonary epithelial cells and AMs are the 

first cells interacting with inhaled particles or pathogens (Garbi and Lambrecht, 

2017; Lloyd and Marsland, 2017). In steady state, they ensure that there is no 

overt immune response to innocuous substances. This is facilitated through a 

physico-chemical barrier formed by the continuous layer of epithelial cells, as well 

as the production of the key immunosuppressive molecules TGF and CD200 
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(further details discussed in sections 1.5.1.1 and 1.5.1.2). However, during 

pulmonary invasion of harmful pathogens, the cells become activated and initiate 

an immediate immune response through the release of pro-inflammatory 

mediators, such as type-I IFNs, TNF, IL1 and IFN (Garbi and Lambrecht, 2017). 

1.5.1.1. The pulmonary epithelial barrier 

As a first line of defense, the pulmonary epithelium forms a physico-chemical 

barrier, which separates the airway lumen from the lung tissue (Hallstrand et al., 

2014). The cellular composition of this epithelium varies along the proximal- to 

distal axis of the airways (Rackley and Stripp, 2012).  

The trachea and bronchi of the upper respiratory tract are lined by a highly 

specialized pseudostratified epithelium, consisting of columnar ciliated cells, 

mucus-producing goblet cells and epithelial precursors, called basal cells. The 

bronchi branch further into several pulmonary bronchioles. Those are lined by a 

simple cuboidal epithelium that, in humans, is formed by ciliated cells, goblet cells, 

basal cells, and secretory club cells. In mice, however, the bronchiolar epithelium 

is devoid of goblet and basal cells (Rackley and Stripp, 2012). Further 

downstream, the alveolar epithelium is more simplified, to allow an efficient gas 

exchange. It is formed by surfactant-producing alveolar epithelial type II cells 

(AECII), which are interspersed between thin squamous AEC type I cells (AECI) 

(Rackley and Stripp, 2012).  

The epithelial barrier of the lungs is maintained through intercellular 

epithelial junctions between the different cell types. Those are composed of tight 

junctions, adherence junctions and desmosomes (Hallstrand et al., 2014). 

Together they form a physical barrier that prevents invasion of the lung tissue by 

inhaled pathogens or particles (Soini, 2011). In addition, the lungs are protected 

by different chemical barriers (Fahy and Dickey, 2010). Goblet cells secrete 

highly glycosylated mucin proteins that form the macromolecular matrix of a 

viscoelastic mucus (Duncan F Rogers, 2007; Symmes et al., 2018). The human 

and murine genomes encode for at least 19 different mucins, of which MUC5AC 

and MUC5B are predominantly involved in the formation of mucus (Clarke and 

Pavia, 1980; Symmes et al., 2018). The mucus is essential to keep the pulmonary 
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epithelial surface hydrated, to entrap inhaled particles, and to preserve cilia 

functionality (Duncan F Rogers, 2007; Button et al., 2012; Symmes et al., 2018). 

Between 200-300 cilia can be found on the luminal surface of each pulmonary 

ciliated epithelial cell (Tilley et al., 2015). Ciliary beating allows transport of mucus 

with dust, small particles, cellular debris and microbes towards the pharynx, 

where it can be removed by swallowing and coughing (Rokicki et al., 2016a). This 

process is termed mucociliary clearance of the lungs (Symmes et al., 2018). 

Another type of secretory cells in the cuboidal epithelium of the bronchioles are 

club cells (Rackley and Stripp, 2012) that contain secretory granules and have 

been shown to mainly secrete the protein uteroglobin (Antunes et al., 2013). Its 

function is currently unclear, but it has been proposed that uteroglobin has 

immunosuppressive properties, by modulating the activity of cytokines, such as 

IFNγ or TNF-α (Hayashida et al., 2000). Besides this, club cells also contribute to 

the renewal of the airway epithelial barrier, as they can serve as progenitor cells 

for ciliated epithelial cells (Rokicki et al., 2016a). Altogether, the above described 

physical and chemical barriers constitute an effective first line of defense against 

inhaled substances and microorganisms (Rackley and Stripp, 2012; Brown et al., 

2017). 

In contrast, the alveolar epithelial barrier exhibits a higher susceptibility for 

attachment and entry of pathogens, as it is devoid of the physical and chemical 

protection facilitated by ciliated epithelial cells, secretory club cells or mucus-

producing goblet cells (French, 2009). However, for protection against invading 

microorganisms, alveolar epithelial type II cells (AECII) secrete large amounts of 

surfactant, which, besides preventing alveolar collapse during expiration, has 

potent antimicrobial properties (Wright, 2003). Some of its components, notably 

surfactant protein SP-A and SP-D, function as opsonins and have a direct 

antimicrobial activity (Wright et al., 2003). For further protection, tissue-resident 

immune cells operate as sentinel cells, which can quickly detect invading 

pathogens and initiate an immune response in coordination with epithelial cells 

(Maelfait et al., 2016; Lloyd and Marsland, 2017; Lambert and Culley, 2017). 

Amongst these, AMs play a critical role in protection of the pulmonary alveoli due 

to their high phagocytic activity (Garbi and Lambrecht, 2017). 



12 
 

 

1.5.1.2. Pulmonary tissue-resident immune cells  

Tissue-resident immune cells can be found in different anatomical compartments 

of the lungs during steady state (Pabst and Tschernig, 1995; Sun et al., 2019).  

In the conducting airways, inhaled particles and microorganisms are removed 

through mucociliary clearance (Symmes et al., 2018). However, when the 

physical and chemical barriers are breached, tissue-resident immune cells 

constitute the next line of defense, as discussed in section 1.5.2 (Lloyd and 

Marsland, 2017). However, during homeostasis, those immune cells play an 

important role in maintenance of the epithelial barrier (Lloyd and Marsland, 2017).  

Different populations of tissue-resident lymphocytes are placed within the 

pulmonary epithelium or in the submucosa of the lungs (Stumbles et al., 2003; 

Lloyd and Marsland, 2017). Those include intra-epithelial lymphocytes and other 

unconventional T cells, tissue-resident memory T cells (TRM), and innate lymphoid 

cells (ILCs) (Fan and Rudensky, 2016). Their homeostatic function is usually 

mediated via cytokines. For instance, IL22 and amphiregulin produced by ILC 

subsets promote epithelial repair, whereas IL9 secreted by T cells enhances 

mucus production by goblet cells (Erle and Pabst, 2000; Fan and Rudensky, 

2016). In addition to tissue-resident lymphocytes, the mucosa of the upper 

respiratory tract also contains phagocytic interstitial macrophages and DCs 

(Lloyd and Marsland, 2017), which together with pulmonary epithelial cells, 

remove debris from normal cellular turnover and thus prevent inflammation 

(Juncadella et al., 2013; Grabiec and Hussell, 2016). 

 Although most particles are removed from the conducting airways by 

mucociliary clearance, some still reach the alveolar area and need to be cleared 

in a “silent” manner to avoid inflammation and interference with pulmonary gas 

exchange (Naeem et al., 2019). For this, the alveolar lumen is lined by AMs, 

previously called “dust” cells, because of their high capacity to phagocytose 

inhaled dust particles (Wissinger et al., 2009; Naeem et al., 2019). Besides 

phagocytosis, a critical function of AMs in steady state is the maintenance of 

pulmonary immune tolerance, in order to prevent harmful, overreactive immune 

responses to innocuous substances (Lambrecht, 2006; Brown et al., 2017). This 

is mainly mediated by active suppression of other immune cells through secretion 
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of IL10, TGFβ, nitric oxide and prostaglandins (Garbi and Lambrecht, 2017). At 

the same time, AMs are maintained in a minimal activated state through inhibitory 

effects of the pulmonary microenvironment. This is conveyed through binding of 

specific ligands to a set of inhibitory receptors expressed by AMs, including TGFβ 

receptors, IL10 receptors, CD200 receptors or the signal regulatory protein alpha 

(SIRPα) (Garbi and Lambrecht, 2017). In steady state another essential function 

of AMs is the catabolism of alveolar surfactant, which is continuously produced 

by type-II alveolar epithelial cells (AECII) (Garbi and Lambrecht, 2017). This 

prevents an elevated deposition of surfactant on the luminal surface of the alveoli, 

which could compromise an efficient gas exchange and lead to pulmonary 

diseases (Garbi and Lambrecht, 2017). 

Besides their homeostatic function, tissue-resident immune cells 

positioned in the respiratory tract perform a sentinel function and are able to 

quickly detect harmful invading pathogens, in order to mount pro-inflammatory 

responses for elimination of those and to limit their spread. 

1.5.2. Innate immune response to pathogens 

1.5.2.1. Microbial recognition 

Once pathogens are able to attach to epithelial cells and start to invade the 

pulmonary tissue, a rapid immune response is triggered by immune and non-

immune cells, in order to clear the infection and preserve an efficient gas 

exchange (Rohmann et al., 2011). Microbial recognition is the earliest response 

against invading pathogens. It is mediated by pulmonary non-immune cells and 

immune cells via pattern recognition receptors (PRRs) that sense specific, 

conserved microbial motifs, termed pathogen-associated molecular patterns 

(PAMPs) (Opitz et al., 2010; Rohmann et al., 2011). PRRs include Toll-like 

receptors (TLRs), cytosolic NOD-like receptor (NLRs), RIG-I-like receptors (RLRs) 

and cytosolic DNA sensors, located at strategic compartments of cells, where 

contact with microbes may occur (Takeuchi and Akira, 2010; Sellge and Kufer, 

2015).  

There are 11 different membrane-associated Toll-like receptors (TLRs) in 

humans and 13 in mice, which are located in the plasma membrane and/or in 
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vesicular compartments where they can engage with structures from extracellular 

or intracellular microorganisms (Opitz et al., 2010; Rohmann et al., 2011). TLRs 

recognize a wide diversity of PAMPS, including, for instance, peptidoglycan 

(TLR2), double-stranded RNA (TLR3), LPS (TLR4), flagellin (TLR5), or 

unmethylated CpG-rich DNA (TLR9) (Rohmann et al., 2011; Medzhitov, 2017).  

TLR signaling is mediated through the adaptor proteins MyD88 or TRIF 

and results in an NFκB-dependent expression of pro-inflammatory cytokines, 

chemokines, the costimulatory molecules CD40, CD80 and CD86, and major 

histocompatibility complex (MHC) molecules. Additionally, TLR signaling can 

result in an IRF3/7-dependent production of type I IFNs (O’Neill et al., 2013; 

Medzhitov, 2017). Moreover, mammalian TLR signaling can lead to the 

production of antimicrobial peptides and nitric oxide that directly eliminate 

microbes (Thoma-Uszynski, 2001). 

On the other hand, NOD-like receptors (NLRs) are cytosolic PRRs that 

recognize intracellular PAMPs of infected cells (Rohmann et al., 2011). In 

humans 22 different NLRs (18 in mice) have been identified, of which NOD1 and 

NOD2 are best studied (Rohmann et al., 2011; Corridoni et al., 2014). While 

NOD1 recognizes mainly molecules related to bacterial peptidoglycan, NOD2 

binds muramyl-dipeptide (MDP) and MurNac-L-Ala-D-iso-Gln of microorganisms 

(Rohmann et al., 2011). In addition, some activated NLRs form intracellular 

oligomeric protein complexes, termed inflammasomes (Schroder and Tschopp, 

2010; Rohmann et al., 2011; Howrylak and Nakahira, 2017a). Those comprise, 

for instance, NLRP3 and NAIP5/NLRC4  (Howrylak and Nakahira, 2017b). The 

NLRP3 inflammasome detects various PAMPs, including bacterial cell wall 

components, microbial nucleic acids, and toxins (Opitz et al., 2010). In contrast, 

NAIP5/NLRC4 inflammasomes specifically recognize bacterial flagellin (Opitz et 

al., 2010). After activation, NLRP3 molecules assemble with the adaptor protein 

ASC to form supramolecular structures that mediate recruitment of the cysteine 

protease caspase-1 and its activation via autoproteolysis (Howrylak and Nakahira, 

2017a; Pinkerton et al., 2017). In contrast to this, NAIP5/NLRC4 inflammasomes 

can recruit caspase-1 independently of ASC (Opitz et al., 2010). Activated 

caspase-1 can then cleave the premature forms of the cytosolic cytokines IL-1β 
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and IL18 into their active forms (Mascarenhas and Zamboni, 2017a; Pinkerton et 

al., 2017). Besides this, inflammasome-mediated proteolytic activation of 

gasdermin-D results in cellular death by pyroptosis and in the release of the 

activated cytosolic cytokines into the extracellular milieu (Shi et al., 2015; He et 

al., 2015).  

A third family of PRRs, which specifically sense short and long viral dsRNA 

are RIG-like receptors (RLRs). Those include the RNA helicase retinoic acid-

inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) 

(Opitz et al., 2010). Both proteins signal via the adaptor protein MAVS and 

promote the expression of type I-IFNs in an IRF7-dependent manner. Besides 

this, they can also induce the NFκB-dependent production of pro-inflammatory 

cytokines (Opitz et al., 2010; Loo and Gale, 2011). 

Lastly, cytosolic DNA sensor proteins can recognize viral and bacterial 

DNA. So far, the polymerase III-RIG-I pathway and the protein ZBP1 have been 

identified, both of which signal via the adaptor protein MAVS to induce expression 

of type I-IFNs (Vance, 2016; Abe et al., 2019).  

Expression of TLRs and other PRR is cell-specific, indicating a cellular 

division of labor in microbial recognition and response to pathogens. Sections 

1.5.2.2-1.5.2.5 and 1.5.3 summary the contributions of specific cell populations 

to anti-microbial defenses (Takeuchi and Akira, 2010; Thompson et al., 2011). All 

of the molecules, expressed after recognition of PAMPs via PRRs, are required 

to induce a strong immune response. This includes attraction of further immune 

cells from the circulation via chemokines as well as cytokine-induced activation 

resulting in stronger effector functions (Thompson et al., 2011). 

1.5.2.2. Pulmonary epithelial cells 

Although pulmonary epithelial cells are not immune cells, microbial attachment 

and invasion result in PRR-mediated recognition of invading pathogens and in an 

early secretion of pro-inflammatory mediators that are fundamental for a rapid 

immune response. Currently, it is unknown how pulmonary epithelial cells 

distinguish between innocuous particles or microbes and harmful invading 

pathogens. However, it has been shown that epithelial cells in the gut are 
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polarized and express TLR5 only in the basolateral membrane (Gewirtz et al., 

2001). Therefore, it is likely that flagellin is not detected in the luminal pulmonary 

space, but rather only during inter-epithelial invasion. Another possibility may be 

that only higher concentrations of pathogens are able to sufficiently trigger PRR 

signaling before an immune response is mediated.  

Upon activation, epithelial cells secrete different molecules that either 

attract and activate immune cells or have a direct microbiocidal effect. Different 

epithelial-derived chemokines are involved in the recruitment of immune cells to 

the sites of infection (Nicod, 2005). Those include CXCL1, -2, -5 and -8 (IL8), 

which play a major role in attraction of CXCR2+ neutrophils (Arango Duque and 

Descoteaux, 2014).  In addition, epithelial cells can also produce CXCL9, -10 and 

-11, which stimulate infiltration of DCs, NK cells and T cells, whereas MPC-1 

secretion acts as an attractant for monocytes (Schmeck et al., 2006; Arango 

Duque and Descoteaux, 2014).  

Besides this, pulmonary epithelial cells release different cytokines upon 

stimulation that activate immune cells against invading pathogens. Those include 

IL6, TNFα, IL1β, IL1α and GM-CSF (Øvrevik et al., 2009). While IL6 is mainly 

known to activate lymphocytes, GM-CSF plays a role in activation of DCs and 

neutrophils during infection (Øvrevik et al., 2009; Hernández-Santos et al., 2018). 

On the other hand, IL1β and IL1α can stimulate the production of other 

chemokines and cytokines by immune cells in an NFκB or AP-1-dependent 

manner (Øvrevik et al., 2009). Lastly, TNF-α promotes activation of antigen-

presenting cells (APCs), as well as ROS and RNS production by endothelial cells 

and myeloid cells (Mukhopadhyay et al., 2006). 

Finally, effector molecules secreted by epithelial cells include cathelicidins 

and defensins, which are cationic antimicrobial peptides that rupture negatively 

charged bacterial membranes (Leiva-Juárez et al., 2018). Additionally, ciliated 

epithelial cells and alveolar epithelial type-II cells (AECII)  can produce ROS, 

which have direct antimicrobial properties (Leiva-Juárez et al., 2018). 
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1.5.2.3. Alveolar macrophages and other tissue-resident 

immune cells 

Tissue-resident lymphocytes can become activated in a specific manner via their 

T cell receptor (TCR) (conventional and unconventional T cells) and/or in an 

innate-like manner by pro-inflammatory cytokines, such as IL12, IL18, IL23 or 

IL33 (Fan and Rudensky, 2016; Brembilla et al., 2018). Either type of activation 

results in the release of similar cytokines depending on the expression of specific 

signature transcription factors. For instance, cytotoxic T lymphocytes (CTLs) and 

Th1 cells express T-bet, and innate or TCR-mediated activation of those cells will, 

in both cases, lead to IFN secretion (Bhat et al., 2017; Yoshimoto et al., n.d.). 

Another example is mucosa-associated invariant T (MAIT) cells, which secrete 

IFNγ and IL17 in an MR1-dependent manner (Le Bourhis et al., 2011). IFNγ and 

IL17 promote anti-microbial defenses in the lungs, by activating several immune 

cells, as well as by promoting the production of further pro-inflammatory cytokines 

(Delves and Roitt, 1998; Tan and Rosenthal, 2013; Fan and Rudensky, 2016). In 

addition, subsets of tissue-resident lymphocytes also secrete TNFα, which is 

known to activate APCs during pulmonary infection (Sun et al., 2019). Besides 

this, activated CD8+ T cells and some unconventional T cells can directly induce 

cytolysis of infected target cells, via secretion of cytolytic granules (de la Roche 

et al., 2016). 

 AMs can be directly activated by pathogens (Kopf et al., 2015) or by pro-

inflammatory cytokines produced by other cells, such as epithelial cells, other 

tissue-resident cells or inflammatory immune cells. As for other myeloid cells, 

AMs activation results in different effector mechanisms ranging from an increased 

phagocytic activity, an enhanced microbiocidal function via expression of ROS 

and RNS, to the production of chemokines and pro-inflammatory cytokines 

(Forman and Torres, 2002; Peake et al., 2003; Nicod, 2005; Islam et al., 2013). 

Cytokines secreted by AMs include IL1α, IL1β, IL6, IL12, IL18 and TNFα (Garc 

et al., 1999; Rubins, 2003). IL18 and IL12 can jointly activate T cells or NK cells 

and stimulate production of IFNγ (Arango Duque and Descoteaux, 2014). 

Besides this, AMs secrete chemokines similar to those produced by pulmonary 
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epithelial cells including CXCL9 and -10 (Arango Duque and Descoteaux, 2014). 

In addition, they can secrete CCL5, which attracts T cells, basophils, eosinophils 

and DCs to the lungs and mediates an activation of NK cells (Arango Duque and 

Descoteaux, 2014). Similar to pulmonary epithelial cells, AMs can also produce 

lysozyme, defensins, ROS and RNS, which directly participate in the antimicrobial 

defense (Nicod, 2005; Kopf et al., 2015). 

Altogether, pulmonary epithelial cells and tissue-resident immune cells 

cooperate in order to remove invading pathogens and to promote the 

inflammatory immune response during pulmonary infection by recruiting and 

activating inflammatory immune cells (Herold et al., 2011). 

1.5.2.4. Inflammatory innate immune cells 

During infection different inflammatory immune cells transmigrate from the blood 

circulation into the lungs, instructed by chemokines that are initially produced by 

lung-resident cells (Nicod, 2005; Schmeck et al., 2006; Arango Duque and 

Descoteaux, 2014). Those inflammatory immune cells comprise mainly 

neutrophils, monocytes, and DCs. Neutrophils are short-lived phagocytic cells 

that make up to 40-70  % of all leukocytes in the circulation, where they patrol 

blood vessels for signs of inflammation (Borregaard, 2010; Actor and Actor, 2012; 

Amulic et al., 2012). They are mainly attracted to infected tissues via the 

chemokines CXCL1, -2, -5 and -8 (IL8) (Amulic et al., 2012; De Filippo et al., 

2013; Arango Duque and Descoteaux, 2014). Likewise, circulating dendritic cells 

(DCs) can be recruited via the chemokines CXCL9, -10 and -11 and monocytes 

in the circulation are attracted by MPC-1 (Arango Duque and Descoteaux, 2014).  

In order to enter the tissue, circulating innate immune cells generally bind 

P-selectins and E-selectins on the surface of the pulmonary endothelium, as well 

as the integrins VCAM-1 and ICAM-1. Those interactions allow adhesion of the 

circulating cells to the endothelium ultimately leading to transmigration of those 

into the infected tissue (Schnoor, 2015). 

Once, neutrophils reach the sites of infection, they can take up pathogens 

by receptor-mediated phagocytosis and efficiently kill them through 

phagolysosomal effector mechanisms, such as lysozyme, defensins, serine 
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proteases, ROS, RNS and an acidic pH (Segal, 2005; van Kessel et al., 2014). 

However, neutrophils may also induce immunopathology, due to their high 

cytotoxic capacity causing morbidity and mortality, as it has been described for 

influenza infections (Wang, 2018). 

Circulating monocytes can be further divided into two functional subsets, 

based on their differential expression of Ly6C (Ly6Clow and Ly6Chigh monocytes) 

(Ginhoux and Jung 2014; Brown et al. 2017). Inflammatory Ly6Chigh monocytes 

can be activated after they reach the sites of infection and may develop into 

monocyte-derived macrophages and dendritic cells, or more generally, 

monocyte-derived cells (MCs) (Brown et al., 2017). Like other myeloid cells, MCs 

can directly kill pathogens by phagocytosis and production of ROS and RNS, as 

well as by secretion of a myriad of pro-inflammatory cytokines and chemokines 

(Atkinson et al., 2000; Brown et al., 2016; Paardekooper et al., 2019).  

Lastly, DCs can phagocytose pathogens and participate as APCs in the 

priming of naive T cells in secondary lymphoid organs, or reactivation of T cells 

in the lung during infection (Théry and Amigorena, 2001). 

1.5.3. Adaptive immunity 

Concomitant to the early innate immune response, an antigen-specific T- and B-

cell response is initiated during pulmonary infections. However, this adaptive 

response is slower to become protective, due to a low frequency of antigen-

specific naive T and B cells. Those cells first need to undergo activation-induced 

clonal expansion and differentiation in the draining lymph nodes and the spleen, 

before they are numerous enough to mediate protection in the infected lungs 

(Smith-Garvin et al., 2009). 

    Naïve T cells recirculate between the blood and secondary lymphoid 

organs, where they scan the environment with their antigen-specific T cell 

receptors (TCR), in order to detect antigens presented by specialized antigen-

presenting DCs (Smith-Garvin et al., 2009). Recognition of pathogens by DCs via 

their PRRs results in an upregulation of CCR7 and CCR8 expression, which 

allows them to migrate to the draining lymph nodes, following a CCL19 and -22 

gradient (Théry and Amigorena, 2001). Additionally, activated DCs endocytose 
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and process the detected pathogens into antigen-peptides, that may be 

presented on MHC class-I or MHC class-II molecules on their surface 

(Guermonprez et al., 2002). Once the cells reach the lymph nodes, they provide 

three signals for activation of naïve T cells (Smith-Garvin et al., 2009; Goral, 

2011). The first signal involves interaction of DCs via peptide/MHC complexes 

with the T cell receptor (TCR) (Corthay, 2006). Naïve CD4+ T cells recognize 

peptide/MHC class-II complexes, whereas naïve CD8+ T cells mainly bind 

peptide/MHC class-I complexes (Punt, 2013; Zinkernagel, M Rolf, n.d.). The 

second signal is generated by binding of the costimulatory molecules CD86 and 

CD80 to CD28 expressed by T cells (Linsley et al., 1990). Lastly, the third signal 

is provided by a polarizing cytokine that is released by mature DCs and binds to 

a corresponding receptor on T cells. Depending on the cytokine, differentiation of 

naïve CD4+ T cells is directed towards distinct subsets, including Th1, Th2, Th17, 

TFH and Tregs cells (Punt, 2013). During pulmonary infection those T cells can 

produce different effector cytokines, such as IFNγ, TNFα and IL2, IL4 or IL17A, 

that play an important role in the defense of intracellular pathogens and in the 

activation of further immune cells (Chen and Kolls 2013).  

In addition, naïve CD8+ T cells require a “confirmation” signal referred to as help 

from activated CD4+ T helper cells (Bevan, 2004). The nature of this signal may 

be diverse, but both CD40-CD40L and IL15 have been identified (Grewal and 

Flavell, 1996; Greyer et al., 2016). Upon stimulation, naïve CD8+ T cells 

differentiate into cytotoxic effector T cells, which recognize specific 

peptide/MHC-I complexes on the surface of infected cells and induce apoptosis 

(Charles A Janeway et al., 2001; Punt, 2013). This is mediated by different 

mechanisms, of which the most important are the perforin/granzyme system, 

FAS/FasL interaction, and TNF-mediated cell death (Harty et al., 2000; Zhang 

and Bevan, 2011). 

In addition to T cells, naïve B cells also circulate through secondary 

lymphoid organs until they encounter their specific antigen (Melchers and 

Andersson, 1984; Maddaly et al., 2010; Kato et al., 2013). Cross-linking of the B 

cell receptor (BCR) results in an internalization and intracellular processing of the 

antigen into peptides, by which some of them are bound to MHC class-II 
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molecules and presented on the cell surface (Kato et al., 2013). Interaction with 

T helper cells via this peptide/MHC class-II complex and through CD40L and 

CD40 induces proliferation and differentiation of the B cells into antibody-

secreting plasma cells (Kato et al., 2013). This interaction can also stimulate 

B cells to undergo an antibody isotype switch, that results in the production of 

specific IgA, IgE or IgG antibodies with distinct roles in host defense (Xu et al., 

2012). Besides this, mature B cells undergo affinity maturation, where cells that 

bind their antigen with high affinity for the specific antigen survive, while those 

that bind it with low affinity get eliminated (Kepler and Perelson, 1993; Ersching 

et al., 2017). The fully developed plasma cells can infiltrate infected tissues and 

provide antigen-specific protective antibodies for sterilizing immunity (Levinson, 

2016). 

1.6. The role of interleukin 18 in anti-microbial defense 

Interleukin 18 (IL18) is a cytokine of the IL1 family (Dinarello, 2018). Although 

IL18 has multiple functions, it is best known for its ability to strongly induce IFNγ 

production by T cells and NK cells in the presence of IL12 (Dinarello et al., 2013). 

Because of this, it was first described as ‘IFNγ-inducing factor’ when discovered 

in 1989 (Nakamura et al., 1989). By inducing IFNγ, IL18 enhances microbial 

clearance by stimulating phagocytic cells to produce TNFα, ROS, and RNS 

(Nakanishi et al., 2001).  

IL18 is synthesized as a 24 kDa biologically inactive precursor (proIL18) 

that lacks a secretion signal peptide and, therefore, remains intracellular 

(Nakanishi et al., 2001; Dinarello et al., 2013). ProIL18 is constitutively expressed 

by immune cells such as macrophages, microglia, monocytes, and DCs as well 

as non-immune cells like osteoblasts, keratinocytes and intestinal and pulmonary 

epithelial cells (Nakanishi et al., 2001; Lorey et al., 2004). Following 

inflammasome activation, proIL18 is cleaved into its mature, biologically active 

form by the intracellular cysteine protease caspase-1 (Kaplanski, 2018). The 

mature protein is then released through an inflammasome- dependent cell death, 

likely via activation of gasdermin-D, as recently described for IL1ß (Man et al., 

2017; Dinarello, 2018; Tapia et al., 2019). Inflammasome-independent release of 
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mature IL18 has also been reported, where Fas ligand (FasL) activation of 

Kupffer cells or splenic macrophages induces a caspase-1-independent but 

caspase-8-dependent release of active IL18 (Dinarello et al., 2013; Kaplanski, 

2018). Lastly, proIL18 can be released into the extracellular space from dying 

cells, where neutrophil proteases, such as proteinase-3, can process it into its 

mature form (Sugawara et al., 2001; Dinarello et al., 2013). 

Active IL18 binds to the IL18 receptor, which consists of a ligand-binding 

IL18Rα chain (IL18R1 or CDw218a) and the coreceptor IL18Rβ (IL18R accessory 

protein; IL18RAP or CDw218b). Binding of IL18Rα with low affinity induces 

recruitment of IL18Rβ and allows the formation of a high-affinity trimeric complex. 

The IL18Rα chain is constitutively expressed by most lymphoid cells and in most 

tissues (Smeltz et al., 2001; Kaplanski, 2018). In contrast, expression of the 

IL18Rβ chain is inducible by the pro-inflammatory cytokines IL12 and IL2 

(Boraschi et al., 2018). 

IL18R activation by its ligand triggers recruitment of Myeloid differentiation 

primary response 88 (MyD88), Interleukin-1 receptor-associated kinases (IRAKs) 

and TNF receptor-associated factor 6 (TRAF-6), which ultimately induce nuclear 

translocation of NFκB by degradation of IκB (Novick et al., 2013). In addition, it 

has been shown, that IL18R signaling leads to Signal transducer and activator of 

transcription 3 (STAT3) phosphorylation in NK cells and to an induction of the 

p38 MAP kinase pathway in neutrophils (Kaplanski, 2018). Both pathways result 

in expression of various pro-inflammatory cytokines including IFNγ (Tsutsumi et 

al., 2014).  

Besides its function in promoting IFNγ production, IL18R signaling has 

diverse effects on different cells. It has been shown to support proliferation of 

CD4+ T cells after TCR engagement, Th1 differentiation as well as production of 

IL2 and GM-CSF (Dinarello, 1999; Ogura et al., 2001; Ishikawa et al., 2006; 

Doherty, n.d.). In addition, IL18 directly enhances the cytotoxic activity of NK cells 

and cytotoxic T cells by promoting FasL expression and release of perforin, thus 

inducing apoptosis of infected target cells (Nakanishi et al., 2001; Biet et al., 

2002). In addition to its effect on lymphoid cells, IL18 can also induce IL8 

expression by activated neutrophils, resulting in the recruitment of additional 
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neutrophils to the sites of inflammation (Leung et al., 2001). Moreover, IL18R 

signaling in neutrophils results in the release of lactoferrin from intracellular 

granules, which is a potent bacteriostatic factor by sequestering essential iron 

(Leung et al., 2001).  

In addition to immune cells, IL18R signaling has been demonstrated to 

play a significant role in intestinal epithelial cells, where it influences maturation 

of goblet cells and may promote development of colitis (Nowarski et al., 2015). 

Besides this, studies with epithelial cell lines have shown that IL18R signaling 

promotes the production of pro-inflammatory cytokines such as IL6, IL8, and IL1α 

(Lee et al., 2004). Similarly, during bacterial infection of pulmonary epithelial A549 

cells, IL18 triggers the production of anti-microbial proteins, such as cathelicidins, 

in synergy with IL12 (Yang et al., 2018).  

In L. pneumophila infected murine lungs, it has been shown that IL18 

promotes the production of IFNγ by immune cells (Brieland et al. 2000). However, 

although clearance of L. pneumophila was compromised in mice lacking IFNγ, it 

was not compromised in mice lacking IL18 (Brieland et al., 2000; Brown et al., 

2016). This indicates, that that IL18 is not essential for the defense against 

L. pneumophila (Brieland et al., 2000; Brown et al., 2016). In contrast to 

L. pneumophila, the impact of IL18 on the clearance of L. longbeachae is still 

unknown. 

 

1.7. Animal models of Legionnaires’ disease 

Animal models have been widely used to study Legionnaires’ disease in vivo 

(Brown, 2013). Early research utilized mainly guinea pigs to investigate the 

disease pathogenesis and to develop therapeutic strategies or protective 

antimicrobial treatments (Fitzgeorge et al., 1983). In 1994 researchers started to 

use mouse models to further investigate the molecular and cellular immune 

responses against Legionella spp. (Brown, 2013). However, studies with 

L. pneumophila revealed that infection of most inbred mouse strains was self-

limiting, including  C57BL/6 and BALB/c (Yoshida and Mizuguchi, 1986; Brieland 

et al., 1994). In contrast, A strain mice are strongly susceptible to infections with 

L. pneumophila and develop acute pneumonia that resembles disease 
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development in humans (Brieland et al., 1994). There is evidence that this 

increased susceptibility is due to polymorphisms in the gene encoding for the 

neuronal apoptosis-inhibitory protein 5 (Naip5) (Wright et al., 2003), which 

recognizes bacterial flagellin in the cytosol of infected host cells and assembles 

with NLRC4 to form an inflammasome complex that induces a pro-inflammatory 

response (Tenthorey et al., 2017). In order to generate acute infections in inbred 

mouse strains, researchers often use aflagellated L. pneumophila strains (Brown 

et al., 2017). 

Contrary to L. pneumophila, infection studies with L. longbeachae, which 

naturally lacks a flagellum, demonstrated a high mortality for various mouse 

strains, including C57BL/6 (Gobin et al., 2009; Massis et al., 2017). It has been 

proposed, that this difference is due to the lack of flagella in L. longbeachae, and 

therefore, due to the lack of involvement of the Naip5/NLRC4 inflammasome in 

the clearance of the bacteria (Brown, 2013). In addition, flaA mutants of 

L. pneumophila are less infective as their wild type counterparts, contributing to 

the differences observed (Heuner and Steinert, 2003). 

However, infection of mice with lower doses of L. longbeachae can be 

readily used to investigate innate immune responses and molecular mechanisms 

that are involved in the defense of the bacteria (Gobin et al., 2009; Massis et al., 

2017).  

1.8. Immune responses against Legionella spp. 

Initially, L. pneumophila infection in mice is directly recognized via TLR2, TLR5 

and TLR9. More specifically, TLR2 senses LPS from the outer membrane of 

L. pneumophila and promotes production of proinflammatory cytokines and 

chemokines, as well as the recruitment of neutrophils to the sites of infection 

(Hawn et al., 2006; Brown, 2013). In contrast, TLR5 recognizes flagellin of 

L. pneumophila and also mediates an initial recruitment of neutrophils to the lungs 

(Hawn et al., 2006). However, deficiency of TLR5 only has a moderate effect on 

the bacterial burden, as recruitment of neutrophils is restored after approximately 

24 hours of infection (Hawn et al., 2006). The role of TLR9 in the defense of 

L. pneumophila is less well known and there are conflicting studies about its 



25 
 

 

function during infection with the bacteria. However, TLR9 has been shown to be 

important for an early control of L. pneumophila and stimulates the production of 

the pro-inflammatory cytokines TNFα and IL12 during infection (Bhan et al., 2008; 

Brown, 2013). In agreement with the involvement of those TLRs, deficiency in the 

adaptor molecule MyD88 results in systemic spread of L. pneumophila and 

increased mortality (Brown, 2013). In contrast to L. pneumophila the role of TLRs 

in the defense of L. longbeachae still remains to be fully elucidated. 

Besides TLRs, the NAIP5/NLRC4 inflammasome plays an important role 

in detection of L. pneumophila flagellin in the cytosol, initiating an inflammatory 

response that results in the efficient clearance of the bacteria from the infected 

lungs (Cazalet et al., 2010; Brown, 2013; Mascarenhas and Zamboni, 2017a). 

Interestingly, the adaptor protein ASC-dependent NLRC4 inflammasome 

activation is not required for protection (Mascarenhas and Zamboni, 2017b), 

indicating an ASC-independent role of NAIP5/NLRC4 in protection against L. 

pneumophila (Mascarenhas and Zamboni, 2017a). Unlike L. pneumophila, the 

NAIP5/NLRC4 inflammasome has no effect on the control of L. longbeachae 

during infection, which is likely because those bacteria do not encode for flagella 

(Pereira et al., 2011). Similarly, signal transduction via caspase-1 has no effect 

on the clearance of L. longbeachae after inflammasome activation, suggesting 

that this protease is not critical for protection against the bacteria (Asare et al., 

2007; Pereira et al., 2011). 

AMs serve as a replicative niche for L. pneumophila (Newton et al., 2010a). 

However, activated AMs are still able to restrict replication of this bacterial strain 

by undergoing pyroptotic cell death following flagellin-dependent activation of the 

NAIP5/NLRC4 inflammasome (Newton et al., 2010a). Consistent with this, the 

number of AMs rapidly decreases after infection with L. pneumophila (Brown et 

al., 2017). Although L. longbeachae is able to infect monocytic cell lines in vitro 

(Wood et al., 2015), it is currently unknown which cell, if any, serves as a 

replicative niche for the bacteria in vivo. 

 After recognition of invading Legionella spp., a pro-inflammatory immune 

response is triggered that is characterized by a strong infiltration of immune cells 

into the infected pulmonary tissue. Early after infection with L. pneumophila, 
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mainly neutrophils and monocytes infiltrate the lungs, engulf the bacteria and 

degrade them, resulting in clearance of the infection (Gobin et al., 2009; 

LeibundGut-Landmann et al., 2011; Massis et al., 2017). Consistently, depletion 

of neutrophils causes an increased bacterial burden in the lungs of 

L. pneumophila-infected mice (Brown et al., 2017). The capacity of neutrophils to 

eliminate the bacteria efficiently has been demonstrated to rely mostly on the 

production of ROS, which is triggered through translocation of effector proteins 

by L. pneumophila (Ziltener et al., 2016). Besides this, activated neutrophils 

release TNFα and IL17A during infection with  L. pneumophila, which have an 

influence on IFNγ secretion by lymphoid cells (Cai et al., 2016; Brown et al., 2017). 

The released IFNγ can then stimulate killing of L. pneumophila by monocytes and 

MCs in the infected tissue (Brown et al., 2017). However, the contribution of 

monocytes, including MCs and neutrophils, to the defense against 

L. longbeachae is unknown yet (Gobin et al., 2009; Massis et al., 2017).  

In contrast to the above described inflammatory immune cells, the 

contribution of DCs in the defense against L. pneumophila during infection still 

remains to be elucidated. DCs infiltrate the lungs after infection and phagocytose 

the bacteria (Andrew S. Brown, van Driel, and Hartland 2013). They are key cells 

in the regulation of T cell activity (Steinman and Hemmi, 2006). Therefore, it is 

likely that DCs are responsible for T cell priming during infection with 

L. pneumophila (Brown et al., 2017).  

Besides innate immune responses against L. pneumophila, less is known 

about protective specific immune responses (Brown, 2013). CD4+ T helper cells 

and cytotoxic T cells contribute to the late defense, as demonstrated in T cell 

depletion studies (Susa et al., 1998; Brieland et al., 2000). The CD4+ T helper 

compartment is mainly composed of Th1 and Th17 cells during L. pneumophila 

infection. Th1 cells primarily secrete IFN-γ, which has been demonstrated to be 

essential for the clearance of L. pneumophila from the lungs (Brieland et al., 2000; 

Brown et al., 2016). Th2 cells secrete GM-CSF, which may play a role in further 

recruitment of myeloid cells to the infected lung. In contrast, the role of adaptive 

immunity in protection against L. longbeachae is unknown yet and remains to be 

elucidated in future studies (Zhang et al., 2013). 
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1.9. Aims of this study 

Legionnaires’ disease is a severe form of pneumonia caused by Legionella spp., 

and has been mostly studied in the context of infections with L. pneumophila. 

However, the second most frequent causative agent for the disease are 

L. longbeachae bacteria, of which mainly genomic studies have been performed.  

In contrast, the cellular and molecular host responses against L. longbeachae are 

widely unknown yet. The main goal of this study was to identify cellular and 

molecular mechanisms that are important in the defense against L. longbeachae 

infection. For this, I investigated the following questions: 

 

1.  Which immune cell types infiltrate the lungs and internalize L. longbeachae? 

2.  Which specific immune cells types contribute to clearance of 

L. longbeachae from the lungs? 

3.  What is the role of IL18 and its corresponding receptor in the defense 

against L. longbeachae? 

4.  How does IL18 receptor signaling on immune and non-immune cells 

contribute to the clearance of L. longbeachae? 

 

Uncovering the main cellular and molecular mechanisms against L. longbeachae 

will provide a basic understanding of host immunity during pulmonary bacterial 

pneumonia and deepen our knowledge on how bacteria may persist.  
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Chapter 2: Materials and Methods 

2.1. Materials 

2.1.1. Equipment 

Equipment Manufacturer 

Amnis® ImageStream®X 

Mk II 

Luminex, MV ‘s-Hertogenbosch, Netherlands 

Autoclave Belimed, Cologne, Germany 

Biobeam2000 γ-Irradiator MCP-STS, Braunschweig, Germany 

Cell counting chamber Neubauer improved, BLAUBRAND®, Wertheim, 

Germany 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

CM12 transmission 

electron microscope 

Philips, Hamburg, Germany 

FACS Canto II Becton, Dickinson and Company, Franklin Lakes, 

NJ, USA 

FACSAriaTM Fusion Becton, Dickinson and Company, Franklin Lakes, 

NJ, USA 

FACSAriaTM II Becton, Dickinson and Company, Franklin Lakes, 

NJ, USA 

FastPrep-24™ 5G 

Instrument  

MP Biomedicals, Santa Ana, CA, USA 

Freezer (-20 °C) Liebherr, Biberach, Germany 

Freezer (-80 °C) Heraeus, Braunschweig, Germany 

HERAcell 240 incubator Heraeus, Braunschweig, Germany 

HERAsafe workbench Heraeus, Braunschweig, Germany 

Infrafil red light bulb Phillips, Hamburg, Germany 

IVC mouse cages Tecniplast, Hohenpeißenberg, Germany 

Light microscope BMIL Leica Biosystems, Nußloch, Germany 

LSM 710 confocal 

microscope  

Carl Zeiss Microscopy, Jena, Germany 
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LSM 880 confocal 

microscope with 

Airyscan-Technology 

Carl Zeiss Microscopy, Jena, Germany 

LSR Fortessa Becton, Dickinson and Company, Franklin Lakes, 

NJ, USA 

Luminex MAGPIX® Luminex, MV ‘s-Hertogenbosch 

The Netherlands 

Magnetic Plate Washer  Thermo Fisher Scientific, Waltham, MA, USA 

MicroPulser 

Electroporator 

Bio-Rad Laboratories, Feldkirchen, Germany 

MicroVent Ventilator, 

Model 848 

Harvard Apparatus, Cambridge, MA, USA 

NanoDrop 2000 Thermo Fisher Scientific, Waltham, MA, USA 

Perfect spin 24 table top 

centrifuge 

Peqlab, Erlangen, Germany 

Pipettes (10 µL, 100 µL, 

200 µL, 1000 µL) 

Thermo Fisher Scientific, Waltham, MA, USA 

Pipetus pipette-boy Hirschmann Labortechnik, Eberstadt, Germany 

Preparation instruments Labortec, Göttingen, Germany 

Refrigerators (+4 °C) Bosch, Stattgart and Liebherr, Biberach, 

Germany 

Rodent laryngoscope 

Model LS-2-M 

Penn Century, Wyndmoor, PA, USA 

Tecan Safire2 microplate 

reader 

Tecan Trading AG, Männedorf, Switzerland 

Tissue Lyser LT Qiagen, Hilden, Germany 

TW8 water bath (37 °C) Julabo, Seelbach, Germany 

Ultrospec 10 Cell Densitiy 

Meter  

Biochrom, Berlin, Germany 

Vortex Genie 2 Bender & Hobein, Ismaning, Switzerland 
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VT1000S vibrating-blade 

microtome (vibratome) 

Leica Biosystems, Nußloch, Germany 

Table 1: Equipment 

2.1.2. Consumables 

Consumables Company 

Aesculap® safety scalpels VWR, Darmstadt, Germany 

BD DiscarditTM syringes, 1 mL, 

2 mL, 5 mL, 10 mL and 20 mL 

Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA 

BD Microlance injection needles, 

27G, 25G, 20G 

Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA 

Cryo-tubes, 2 mL TPP Techno Plastic Products AG, 

Transadingen, Switzerland  

Electroporation Cuvettes, 2 mm VWR, Darmstadt, Germany 

Epoxy Embedding Medium kit  Merck, Darmstadt, Germany 

FACS tubes polystyrene, 5mL, 

75 x 12 mm 

Sarstedt, Nümbrecht, Germany 

Falcon® 40 µm Cell Strainer Corning, Corning, USA 

Hypodermic needle 22G x 1” BBraun, Melsungen, Germany 

Inoculation loop, 10 µL Greiner bio-one, Solingen, Germany 

Mediware® TBC syringes, 1 mL Servoprax GmbH, Wesel, Germany 

Micro haematocrit tubes,  

L= 75 +/- 0,5 mm 

Brand, Wertheim, Germany 

Microtiter plates, 6, 12, 24 and 

96-well, round and flat bottom 

TPP, Trasadingen, Switzerland 

Microtome blades, ultra-thin 

0.076 mm 

Ted Pella Inc., Redding, CA, USA 

Parafilm ”M” American National Can TM, Greenwich, 

USA 

Pasteur pipettes, 150 mm and 

230 mm 

Roth, Karlsruhe, Germany 

Petri dishes, 10 cm Greiner bio-one, Solingen, Germany 
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Pipette tips, 10 µL, 200 µL and 

1000 µL 

Greiner bio-one, Solingen, Germany 

Polypropylene tubes, 15 mL and 

50 mL  

Greiner bio-one, Solingen, Germany  

Precellys® 2 mL Soft Tissue 

Homogenizing Ceramic Beads 

Cayman Chemical, Michigan, USA 

Reaction tubes, 1,5 mL and 2 mL Eppendorf, Hamburg, Germany 

Sieves, steel 

 

University of Bonn, Department 

„Feinmechanik”, Bonn, Germany 

Stainless Steel Beads, 3mm Qiagen, Hilden, Germany 

UV-cuvettes 1.5-3 mL Brand, Wertheim, Germany 

Vasofix IV Safety Ported 

Cannula, 22G x 1” 

BBraun, Melsungen, Germany 

Table 2: Consumables 

2.1.3. Chemicals and reagents 

Reagent Company 

4’,6-Diamidino-2phenylindole 

(DAPI) 

BioLegend, San Diego, CA, USA 

Acetone Polysciences, Warrington, PA, USA 

Agarose, low-temperature melting  Promega GmbH, Madison, WI, USA 

Antigenfix Diapath S.p.A., Martinengo, Bergamo, 

Italy 

Bovine serum albumin fraction V 

(BSA) 

Roth, Karlsruhe, Germany 

Brain Heart Broth (BHI) Sigma-Aldich, St. Louis, MO, USA 

Buffered charcoal yeast extract 

agar (BCYE) plates 

Oxoid Limited, Hampshire, United 

Kingdom 

CaliBRITETM Beads  Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA 
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Clodronate liposomes 

 

Liposoma B.V., Amsterdam, The 

Netherlands 

Collagenase type III Worthington Biochemical Corporation, 

Lakewood, NJ, USA  

Collagenase type IV Roche, Berlin, Germany 

Digitonin Sigma-Aldrich, St. Louis, MO, USA 

Dimethylsulfoxide (DMSO) Roth, Karlsruhe, Germany 

Disodiumhydrogenphosphate 

(Na2HPO4) 

Merck, Darmstadt, Germany 

DNAse I Roche, Mannheim, Germany 

Donkey gamma globulin Jackson ImmunoResearch, Ely, UK 

Dulbecco´s modified eagle 

medium (DMEM) 

Sigma-Aldrich, St. Louis, MO, USA 

Ethylene diamine tetra acetic acid 

(EDTA) 

Merck, Darmstadt, Germany 

Fetal calf serum (FCS) Life Technologies, Carlsbad, CA, USA 

Fixable Viability Dye eFluor® 506 eBioscience, San Diego, CA, USA 

Fixable Viability Dye eFluor® 780 eBioscience, San Diego, CA, USA 

Foxp3 / Transcription Factor 

Staining Buffer Set  

eBioscience, San Diego, CA, USA 

Gelatin from cold water fish skin 

(CWFG) 

Sigma-Aldrich, St. Louis, MO, USA 

GeneBLAzerTM In Vivo Detection 

Kit  

Thermo Fisher Scientific, Waltham, MA, 

USA 

Gentamicin Thermo Fisher Scientific, Waltham, MA, 

USA 

Glutaraldehyde 2.5 % in 0.1 M 

Sodium Cacodylate Buffer, pH 

7.4 

Ladd Research, Williston, VT, USA 

Glutaraldehyde 25 % Merck, Darmstadt, Germany 



33 
 

 

Glycine Sigma-Aldrich, St. Luis, MO, USA 

Goat gamma globulin Jackson ImmunoResearch, Ely, UK 

Hoechst 33528  Sigma-Aldrich, St. Louis, MO, USA 

Isoflurane AbbVie, North Chicago, IL, USA 

Ketamine 10 % WDT, Garbsen, Germany 

Lead citrate, 3 % Science Services GmbH, München, 

Germany 

Liquid nitrogen (LN2) Linde, Wiesbaden, Germany 

L-lysine monohydrate  Merck, Darmstadt, Germany 

Mouse gamma globulin Jackson ImmunoResearch, Ely, UK 

Mouse MUC5AC ELISA Kit 

(Colorimetric) 

Novus Biologicals, Centennial, CO, USA 

Mouse MUC5B ELISA Kit 

(Colorimetric) 

Novus Biologicals, Centennial, CO, USA 

Octagam® 10 % normal human 

IgG 

Octapharma, Langenfeld, Germany 

Osmium tetroxide 4 % Merck, Darmstadt, Germany 

Paraformaldehyde 16 % (PFA), 

methanol-free 

Thermo Fisher Scientific, Waltham, MA, 

USA 

PBS liposomes Liposoma B.V., Amsterdam, The 

Netherlands 

Penicillin/Streptomycin Merck, Darmstadt, Germany 

Permeabilization buffer (x10) eBioScienceTM; San Diego, CA, USA 

Phorbol 12-myristate 13-acetate 

(PMA) 

Sigma-Aldrich, St. Louis, MO, USA 

Phosphatase Inhibitor Cocktail 

Set II 

Merck, Darmstadt, Germany 

Phosphate buffered saline (PBS) Life Technologies, Carlsbad, CA, USA 

ProcartaPlex Mouse Basic Kit Thermo Fisher Scientific, Waltham, MA, 

USA 
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ProcartaPlex Simplex Kits 

 

Thermo Fisher Scientific, Waltham, MA, 

USA 

Propidium iodide (PI) Sigma-Aldrich, St. Louis, MO, USA 

Rat gamma globulin Jackson ImmunoResearch, Ely, UK 

Recombinant mouse IL-18 BioLegend, San Diego, CA, USA 

RNeasy Plus Micro Kit (50) Qiagen, Hilden, Germany 

Rompun 2 % (Xylazin) Bayer, Leverkusen, Germany 

Roswell park memorial institute 

medium 1640 (RPMI) 

Invitrogen, Darmstadt, Germany 

RPMI 1640 medium, GlutaMAX Invitrogen, Darmstadt, Germany 

Saponin Sigma-Aldrich, St. Louis, MO, USA 

Sodium azide (NaN3) Roth, Karlsruhe, Germany 

Sodium cacodylate trihydrate Merck, Darmstadt, Germany 

Sodium chloride (NaCl) Sigma-Aldich, St. Louis, MO, USA 

Sodium dihydrogen phosphate  

(NaH2PO4) 

Merck, Darmstadt, Germany 

Sodium hydroxide (NaOH) Thermo Fisher Scientific, Waltham, MA, 

USA 

Sodium periodate (NaIO4) Sigma-Aldrich, St. Luis, MO, USA 

Triton-X 100 Sigma-Aldich, St. Louis, MO, USA 

Trizma® hydrochloride (Tris HCl) Sigma-Aldich, St. Louis, MO, USA 

Trypan blue (0.4 %) Lonza, Cologne, Germany 

Tween® 20 Roth, Karlsruhe, Germany 

Uranyl Acetate Electron Microscopy Sciences, Hatfield, 

PA, USA 

Table 3: Chemicals and reagents 

2.1.4. Buffers, media and solutions 

Buffer Reagents 

ACK Lysis Buffer Double distilled H2O (ddH2O), 150 mM NH4Cl, 10 

mM KHCO3, 0.1 mM EDTA  

BHI Medium ddH2O, 37 g/L BHI (w/v) 
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Cell Lysis Buffer ddH2O, 10 µg/mL Digitonin (w/v)  

Confocal Blocking Buffer PBS, 1 % CWFG (w/v), 1 % FCS (v/v), 0.3 % 

Triton-X 100 (v/v), containing a relevant blocking Ig 

FACS Blocking Buffer PBS, 3 % (v/v) FCS, 0.1 % (v/v) NaN3, 0.05 % 

Octagam® normal IgG 

FACS Buffer PBS, 3 % (v/v) FCS, 0.1 % (v/v) NaN3 

P Buffer ddH2O, 0.2 M NaH2PO4 (w/v), 0.2 M Na2HPO4 

(w/v); adjust to pH 7.4 

PLP Buffer P buffer 0.1 M, 4 % PFA (v/v), 0.2 M L-lysine (v/v), 

1 M NaOH (v/v), 0.01 M NalO4 (w/v) 

RPMI Buffer RPMI Glutamax, 1 % (v/v) FCS, 15 µg/mL 

Gentamicin (v/v) 

Washing Buffer PBS, 0.05 % Tween® 20 (v/v) 

Table 4: Buffers, media and solutions 

2.1.5. Antibodies 

2.1.5.1. Antibodies for flow cytometry analysis 

The following fluorochrome-conjugated antibodies were used for flow cytometric 

analysis of murine antigens: 

Antigen Clone Company 

CD103 2E7 BioLegend, San Diego, CA, USA 

CD11b M1/70 BioLegend, San Diego, CA, USA 

CD11c N418 BioLegend, San Diego, CA, USA 

CD19 6D5, 1D3 BioLegend, San Diego, CA, USA 

CD19 1D3 BD Biosciences, Franklin Lakes, NJ, USA 

CD218a  BG/IL18RA BioLegend, San Diego, CA, USA 

CD218a P3TUNYA eBioscience, San Diego, CA, USA 

CD31 MEC 13.3, 

390 

BioLegend, San Diego, CA, USA 

CD326 G8.8 BioLegend, San Diego, CA, USA 

CD3e 145-2C11 BioLegend, San Diego, CA, USA 
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CD4 GK1.5 BioLegend, San Diego, CA, USA 

CD44 IM7 BioLegend, San Diego, CA, USA 

CD45 30-F11 BioLegend, San Diego, CA, USA; BD 

eBioscience, Franklin Lakes, NJ, USA 

CD45.1 A20 BioLegend, San Diego, CA, USA 

CD45.2 104 BioLegend, San Diego, CA, USA 

CD64 X54-5/7.1 BioLegend, San Diego, CA, USA 

CD8a 53-6.7 BioLegend, San Diego, CA, USA 

CD8b YTS 156.7.7 BioLegend, San Diego, CA, USA 

CD90.1 OX-7 BD Biosciences, Franklin Lakes, NJ, USA 

CD90.2 53-2.1 BioLegend, San Diego, CA, USA 

F4/80 BM8 BioLegend, San Diego, CA, USA 

I-A/I-E M5/114.15.2 BioLegend, San Diego, CA, USA 

L. longbeachae   Rabbit 

polyclonal 

serum 

Provided by Prof. Hartland, Hudson Institute 

of Medical Research 

Ly6C HK1.4 BioLegend, San Diego, CA, USA 

Ly6G 1A8 BioLegend, San Diego, CA, USA; 

BD Biosciences, Franklin Lakes, NJ, USA 

NK1.1 PK136 BioLegend, San Diego, CA, USA; 

BD Biosciences, Franklin Lakes, NJ, USA 

NKp46 29A1.4 eBioscience, San Diego, CA, USA 

Rabbit IgG polyclonal Thermo Fisher Scientific, Waltham, MA, 

USA 

Siglec-F E-50-2440 BD Biosciences, Franklin Lakes, NJ, USA 

TCRβ H57-597 BioLegend, San Diego, CA, USA 

TCRγ/δ GL3 BioLegend, San Diego, CA, USA 

TCRγ/δ UC7-13D5 BioLegend, San Diego, CA, USA 

TER-119 TER-119 BioLegend, San Diego, CA, USA 

Table 5: Antibodies for flow cytometry analysis 
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The following antibodies were used for confocal microscopy analysis of murine 

lung slices:  

2.1.5.2. Antibodies for confocal microscopy 
 
Antigen Label Species/Isotype Clone Company 

Acetylated 

Tubulin 

- Mouse IgG2b 6-11B-1 Sigma-Aldrich, St. 

Louis, MO, USA 

Actin α-

Smooth 

Muscle 

- Mouse IgG2a 1A4 Sigma-Aldrich, St. 

Louis, MO, USA 

Aquaporin 5 - Rabbit IgG Polyclonal Abcam, Cambridge, 

UK 

Aquaporin 5 

 

AF488 Rabbit IgG Polyclonal Bioss Antibodies, 

Boston, USA  

CD31 AF488 Rat IgG2a MEC13.3 BioLegend, San 

Diego, CA, USA 

CD326 

(EpCAM) 

AF647 Rat IgG2a G8.8 BioLegend, San 

Diego, CA, USA 

CD45 BV421 Rat IgG2b 30-F11 

 

BioLegend, San 

Diego, CA, USA 

CD45.2 AF488 Mouse IgG2a 104 BioLegend, San 

Diego, CA, USA 

Mouse 

IgG2a 

AF488 Goat IgG Polyclonal Jackson 

ImmunoResearch, 

Ely, UK 

Mouse 

IgG2b 

DL405 Goat IgG Polyclonal Jackson 

ImmunoResearch, 

Ely, UK 

Prosurfactant 

Protein C  

- Rabbit IgG 07-647 Merck, Darmstadt, 

Germany 



38 
 

 

Rabbit IgG DL405 Donkey IgG Polyclonal Jackson 

ImmunoResearch, 

Ely, UK 

Rabbit IgG AF647 Donkey IgG Polyclonal Jackson 

ImmunoResearch, 

Ely, UK 

Uteroglobin - Rabbit IgG EPR19846 Abcam, Cambridge, 

UK 

Table 6: Antibodies for confocal microscopy 

2.1.5.3. Antibodies for in vivo cell depletion 

In vivo depletion of different immune cell populations was performed using the 

following mAb: 

Antigen Clone Species/Isotype Company 

CD4 GK1.5 Rat, IgG2b BioXCell, Lebenon, NH, USA  

CD8a YTS 169.4 Rat, IgG2b BioXCell, Lebenon, NH, USA 

Ly6G 1A8 Rat, IgG2a BioXCell, Lebenon, NH, USA 

NK1.1 PK136 Mouse, IgG2a BioXCell, Lebenon, NH, USA 

Table 7: Antibodies for in vivo cell depletion 

The following irrelevant isotype-matched mAbs were used as negative controls: 

Antigen Clone Species/Isotype Company 

KLH LTF-2 Rat, IgG2b BioXCell, Lebenon, NH, USA 

Phycoerythrin 2A3 Rat, IgG2a BioXCell, Lebenon, NH, USA 

Unknown  C1.18.4 Mouse, IgG2a BioXCell, Lebenon, NH, USA 

Table 8: Antibodies for in vivo cell depletion 

2.1.6. Vectors 

Name Plasmid Company 

pON.mCherry  84821 Addgene, Watertown, MA, 

USA 

Table 9: Vectors 
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2.1.7. Mouse strains 

C57BL/6 (B6) wild-type mice were bred under specific pathogen-free (SPF) 

conditions and in accordance with institutional animal guidelines in the animal 

facilities (House of Experimental Therapie, HET; Bio21 Institute) of the University 

of Bonn and the University of Melbourne. Experiments were performed with mice 

8-12 weeks of age. All mice were backcrossed to the B6 background for at least 

10 generations. The following mice were used: 

Mouse strain Description 

BL6 C57BL/6J. Non-transgenic wild-type (WT) mice. 

Ccr2-/- B6.129S4-Ccr2tm1Ifc/J. Mice lacking the gene encoding 

chemokine C-C motif receptor type 2 (CCR2). These mice 

consequently have reduced numbers of cells that are 

dependent on CCR2 (Boring et al., 1997). 

CD45.1 B6.SJL-Ptprca Pepcb/BoyJ. Mice expressing the congenic 

pan-leucocyte marker CD45.1 (Mardiney and Malech, 1996). 

Cd4-cre  Tg(Cd4-cre)1Cwi/BfluJ. In this mice expression of a cre 

recombinase is under control of the gene for CD4 from T cells, 

allowing application of the cre/loxP system. (Sawada et al., 

1994) 

Il18-/- B6.129P2-Il18tm1Aki/J. These mice lack the ability to produce 

the cytokine IL-18 (Takeda et al., 1998). 

Il18r-/- B6.129P2-Il18r1tm1Aki/J. These mice do not express the 

receptor for the cytokine IL-18   (Hoshino et al., 1999) 

IL18R1-

tdTomato 

Unpublished. Knock-in reporter mice generated by Ozgene 

(Australia) for Prof. Kastenmüller (University of Würzburg). In 

these mice tdTomato expression is under the control of the 

endogenous Il-18r1 promotor. 

IL18Rflx/flx Unpublished. Mice were generated by Prof. Kastenmüller 

(University of Würzburg). In these mice the gene for the 

IL-18R is flanked by two loxP sites, allowing cell-specific Cre-

mediated recombination. 
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Table 10: Mouse strains 

A maximum of 5 mice were kept under pathogen-free conditions (SPF) in one 

individual ventilated cage (IVC). Ventilation was constant with 22 °C and 50-60 % 

air humidity. The animals were kept in a 12-hour light-dark cycle. Cages and 

beddings were exchanged weekly by qualified animal caretakers and the mice 

received autoclaved water and food. One week before an experiment, animals 

were transferred to the laboratory rooms, exhibiting the same conditions as 

described before. 

2.1.8. Pathogens 

Pathogen Description 

L. longbeachae pXDC61 BlaM  Genetically modified L. longbeachae 

NSW150 expressing the empty vector 

pXDC61 BlaM 

L. longbeachae-mCherry Genetically modified L. longbeachae 

NSW150, expressing mCherry 

L. longbeachae pXDC61 RalF-

BlaM  

Genetically modified L. longbeachae 

strain NSW150 containing the vector 

pXDC61 RalF-BlaM 

Legionella longbeachae Strain NSW150; clinical isolate 

Legionella pneumophila  Strain JR32 ΔflaA with a deletion of the 

flaA gene, resulting in non-flagellated 

L. pneumophila. 

Table 11: Pathogens 

2.1.9. Software 

Software Company 

FACS Diva V8.01 Becton, Dickinson and Company, Franklin Lakes, 

NJ, USA 

FlowJo V10.1 Tree Star, Ashland, OR, USA 

Illustrator CC2018 Adobe Systems, San Jose, CA, USA 

ImageJ/Fiji v.152i Open Source 
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Imaris 7.6.3 Bitplane, Zurich, Switzerland 

MS Office 2016 Microsoft, Redmond, WA, USA 

Photoshop CC2018 Adobe Systems, San Jose, CA, USA 

Prism 8.0.2 GraphPad Software, La Jolla, CA, USA 

ZEN V Carl Zeiss Microscopy GmbH, Jena, Deutschland 

Zotero 5.0.74 Open Source 

Table 12: Software 

2.2. Methods 

2.2.1. Bacterial culture 

Legionella bacteria were exponentially grown on buffered charcoal yeast extract 

(BCYE) agar plates at as previously described (Massis et al., 2017). Briefly, 

bacteria stored at -80 °C in 50 % (v/v) glycerol/BHI solution were plated on BCYE 

agar plates by using the streak plate method. After approximately 72 h at 37 °C, 

3-5 colonies were pooled and resuspended in PBS for intranasal infection.  

2.2.2.  Generation of mCherry-expressing L. longbeachae 

L. longbeachae was grown on BCYE agar plates as described in section 2.2.1. 

Five colonies were picked and resuspended in 200 µL ddH2O containing 10 ng 

pON.mcherry plasmid. Bacteria were then electroporated in 2 mm cuvettes at 

2.5 kV, 200 Ω and 25 µV for 4 ms and 100 µL bacterial suspension was plated 

on BCYE agar plates. Three days after incubation at 37 °C violet colonies were 

picked and stored in 50 % (v/v) glycerol/BHI solution at -80 °C until further use. 

 mCherry expression was confirmed by flow cytometric analysis of 

L. longbeachae-mCherry in 3-5 pooled colonies. Stable mCherry expression was 

confirmed by visual evaluation of L. longbeachae colonies grown in BCYE plates 

after 5 serial passages of single colonies over a period of 15 days in the absence 

of selection for the pON.mCherry plasmid. 

2.2.3. Intranasal infection of mice with Legionella 

Mice were infected with Legionella intranasally, as previously described (Brown 

et al. 2016). Briefly, bacteria were grown on BCYE agar plates as described in 
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section 2.2.1. 3-5 colonies were resuspended in PBS and the absorbance at an 

optical density of 600 nm (OD600) was adjusted to 1, corresponding to 1x109 

CFU/mL L. longbeachae or L. pneumophila. The infection dose was then adjusted 

by dilution in PBS. Mice were anesthetized with 2 % isoflurane/O2 (v/v) and 50 

µL PBS, containing the indicated bacterial dose, was slowly administered 

dropwise into the nostrils of mice kept in supine position. The infection dose used 

in each experiment was confirmed by retrospective CFU quantification.  

 For L. longbeachae studies conducted in Melbourne, mice were infected 

with 2.5x105 CFU i.n. However, that dose proved to be lethal for the same mouse 

strain in Bonn. Therefore, mice in Bonn were infected with 104 CFU i.n. 

Importantly, infected mice at both locations underwent similar weight loss and 

harbored comparable numbers of CFU in the lungs 3 and 5 days after infection 

with their respective doses.  

All infections with L. pneumophila were conducted in Melbourne using 

2.5x105 CFU per mouse.      

2.2.4. Quantification of Legionella CFU in infected organs 

At the indicated times after infection with Legionella, mice were killed by CO2 

asphyxiation. The right lung excluding trachea, the bronchia external side, and 

mediastinal lymph nodes, was then collected into 2 mL Eppendorf tubes 

containing 2 stainless steel beads in 1 mL PBS and homogenized using the 

Tissue Lyser LT (Qiagen) at 50 oscillations/s. After 30 min, cells were lysed by 

adding 1 mL PBS containing 0.1 % saponin for further 30 min at 37 °C. The lung 

homogenate was serially diluted 1/10 in PBS (1 mL final volume) and 100 µL 

(L.pn.) or 25 µL (L.lo.) of each dilution was plated in duplicates on BCYE agar 

plates using the streak plate method. Colonies were manually counted after 

3 days of culture at 37 °C. The CFU was calculated by using the following 

formulae: 

CFU / lung = n x DFa x DFb x DFc 

Where: 

n = average number of colonies from duplicate plates 

DFa = 2 (for total lung -right and left lobes) 
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DFb = factor for sample dilution  

DFc = Factor for plating dilution; DFc = 10 or 4 for L. pneumophila or 

L. longbeachae, respectively. 

2.2.5. In vivo cell depletion 

Neutrophils and NK cells were depleted in vivo to identify their specific role in the 

defense against L. longbeachae following established protocols. 

Depletion of neutrophils was accomplished by i.p. injection of 200 µl PBS 

containing 200 µg anti-Ly6G mAb (clone 1A8) every third day (Daley et al., 2008) , 

starting one day before infection. Control mice were similarly treated with an 

equivalent amount of irrelevant, isotype-matched antibody (rat IgG2a, clone 2A3) 

directed against phycoerythrin. 

Depletion of NK cells was accomplished by i.p. injection of 200 µl PBS 

containing 200 µg anti-NK1.1 mAb (clone PK136) every third day, starting one 

day before infection (Hochweller et al., 2009). Control mice were similarly injected 

with an equivalent amount of an irrelevant, isotype-matched antibody (mouse 

IgG2a, clone 2A3). 

Cell depletion was confirmed by flow cytometry in the blood and lungs for 

each experiment. 

2.2.6. Intravascular leukocyte staining 
Mice were anesthetized with 10 mg/kg body weight (bw) Xylazine and 100 mg/kg 

bw Ketamine. Afterwards, 100 µL PBS containing 5 µg of AlexaFluor 488-labeled 

anti-CD45.2 antibody was injected i.v. into the lateral tail vein. Exactly 5 min later, 

excess antibody in the pulmonary circulation was removed via intracardial 

perfusion with PBS through the right ventricle. Lungs were then removed and 

processed for flow cytometry (Section 2.2.7 and 2.2.8). 

2.2.7. Cell isolation for flow cytometry 
Mice were painlessly killed as described in Section 2.2.1 or 2.2.8. Pulmonary 

blood was removed by perfusion as described in Section 2.2.8, or by severing 

the lower aorta.  
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 Lungs were dissected out excluding trachea, external part of bronchi and 

lymph nodes, injected with 1 mL ice-cold digestion buffer and incubated in a total 

volume of 4 mL digestion buffer. After 5 min at room temperature (RT), lungs 

were disrupted with surgical forceps and incubated in 15 mL tubes for further 30 

min at 37 °C with occasional mixing by pipetting, resulting in complete digestion. 

Cell suspensions were then filtered through a 100 µm cell strainer and washed 

with 10 mL ice-cold PBS at 1500 rpm for 5 min at 4 °C. Cells were resuspended 

in 1- or 2-mL ice-cold PBS and kept at 4 °C until further use. 

 For taking cells in the bronchoalveolar space, tracheas were exposed by 

removing the surrounding skin, tissue, and muscles. Tracheas were then 

cannulated with a 22G x 1” hypodermic needle attached to a 2 cm polyethylene 

tubing with a diameter of 0.85 mm. Cells were collected by three washes with 

1 mL PBS containing 5 mM EDTA at RT, centrifuged at 1500 rpm for 5 min at 

4 °C, resuspended in 1 mL ice-cold PBS, and kept at 4 °C until further use. 

 Spleens were dissected and passed through a 100 µm cell strainer to 

make single-cell suspensions in ice-cold PBS. Cells were then centrifuged at 

resuspended in 1 mL ice-cold PBS and kept at 4 °C until further use. 

For isolation of peripheral blood leukocytes, blood from the facial or tail 

vein was collected into 2 heparinized 70 µL micro-hematocrit capillaries and 

pooled. Red blood cells (RBC) were lysed in 500 µL ACK Lysis Buffer for 12 min 

at RT. Lysis was stopped by adding 500 µL ice-cold PBS containing 3 % FCS. 

Cells were centrifuged at 1500 rpm for 5 min at 4 °C, resuspended in ice-cold 

PBS and kept at 4 °C until further use.  

2.2.8. Flow cytometry 
Depending on the organ of origin, 0.5-2x106 cells were transferred to 96-well U-

bottom plates. Staining of antigens expressed on the cell surface was performed 

in 50 µL of a mAb cocktail in FACS Blocking Buffer for 30 min at 4 °C in the dark. 

Cells were then washed twice with 200 µL ice-cold PBS at 1500 rpm and stained 

with the Fixable Viability Dye eFluor 780 or eFluor 506 according to the 

manufacturer´s instructions in order to exclude dead cells during flow cytometry 

analysis. After washing 3 times in PBS, cells were fixed in 200 µL PBS containing 
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2 % PFA for 30 min at RT. Cells were further washed in 200 µL FACS buffer and 

resuspended in 200 µL FACS buffer containing 2 x 104 fluorochrome-labelled 

CaliBRITETM Beads for quantification of cell numbers by flow cytometry. 

When stated, L. longbeachae bacteria were intracellularly stained with an 

anti-L. longbeachae antibody.  Following staining of surface antigens and dead 

cells as described above, cells were incubated in Fixation/Permeabilization Buffer 

(Foxp3/Transcription Factor Staining Buffer Set, eBioscience) for 30 min at 4 °C. 

Afterwards, cells were washed with Permeabilization Buffer (Foxp3/Transcription 

Factor Staining Buffer Set, eBioscience) for 5 min at 1200 rpm. The cells were 

resuspended in 50 µL Permeabilization Buffer containing rabbit anti-L. 

longbeachae polyclonal serum diluted 1/500 for 30 min at RT in the dark. 

Following this, cells were washed with Permeabilization Buffer for 5 min at 1200 

rpm. Cells were then resuspended in 50 µL Permeabilization Buffer containing 

AlexaFluor488-labeled anti-rabbit antibody for 30 min at RT. Cells were washed 

with 1 mL Permeabilization Buffer (Foxp3/Transcription Factor Staining Buffer 

Set, eBioscience) at 1200 rpm and finally resuspended in 200 µL FACS buffer.  

Cells were acquired on an LSRFortessa or sorted via the FACSAria fusion or 

FACSAria II using FACSDiva version 8.01 for data-acquisition and FlowJo 

version 10.1 for data analysis. 

2.2.9. Quantification of Legionella RalF translocation  
For the RalF translocation assay, mice were infected i.n. with 2.5x105 CFU 

L. longbeachae pXDC61 RalF-BlaM or L. longbeachae pXDC61 BlaM as 

described in section 2.2.3. Mice were painlessly killed with CO2 asphyxiation 2 

days after infection, and cell suspensions were generated from the spleen and 

lungs as described in section 2.2.7. After staining surface antigens and dead cells 

as described in section 2.2.8, cells were loaded with the β-lactamase substrate 

CCF2-AM from the GeneBLAzerTM In Vivo Detection Kit following the 

manufacturer´s instructions.  

The RalF translocation assay works as follows: L. longbeachae pXDC61 

RalF-BlaM expresses the effector molecule RalF as fusion protein together with 

ß-lactamase (BlaM), which can be translocated into the host cell cytosol via the 
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bacterial Dot/Icm type IV secretion system (Wood et al., 2015). The ß-lactamase 

substrate CCF2-AM reaches the cytosol when added exogenously and contains 

the two fluorophores hydroxycoumarin and fluorescein. In the absence of the 

translocated RalF-BlaM in the cytosol, excitation of hydroxycoumarin leads to an 

energy transfer through FRET to the acceptor molecule fluorescein. This results 

in an emission of green light in a wavelength of 530 nm. However, translocated 

RalF-BlaM hydrolyzes CCF2-AM producing 3-fluorescein and causing a shift in 

the emission wavelength from 530 nm to 460 nm (Jones and Padilla-Parra, 2016). 

This change in emission can then be readily detected via FACS analysis. 

2.2.10. Identification of immune cells containing viable 
Legionella 

Cells were isolated from the lungs of mice infected with either L. pneumophila or 

L. longbeachae as described in section 2.2.6 and stained for cell sorting as stated 

in section 2.2.7. Single viable Hoechst–CD45+ cells were FACS sorted into PBS 

at 4-°C. Single viable neutrophils were FACS sorted as Hoechst– 

CD45+CD11b+Ly6G+Ly6C+/– cells into PBS at 4 °C. Single viable monocytes were 

FACS sorted as Hoechst–CD45+CD11b+Ly6G-Ly6C+ cells. Single viable AMs 

were FACS sorted as Hoechst−CD45+SiglecF+CD11c+ cells. Cells in each sorted 

population was immediately lysed in 200 µL Cell Lysis Buffer for 5 min at RT and 

kept on ice until plating on BCYE agar plates. 100 µL of the lysates containing 

104 cells were each plated in duplicates and incubated at 37 °C for 3 days. 

2.2.11. Imaging flow cytometry 

Hoechst–CD45+ cells were sorted as described in section 2.2.10. Cells were then 

visualized using an Amnis® ImageStream®X Mk II machine. 

2.2.12. L. longbeachae killing assay  
The ability of neutrophils to kill L. longbeachae was analyzed using an ex vivo 

killing assay. For this, neutrophils containing L. longbeachae were FACS sorted 

from the lungs of mice, that were infected with 104 CFU L. lo.-mCherry 3 days 

earlier, as Hoechst−CD45+CD11b+Ly6G+ mCherry+ cells into RPMI Buffer at 4 °C. 

The sorted population was split into two equal aliquots in 1.5 mL microcentrifuge 
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tubes and centrifuged at 1200 rpm for 5 min at 4 °C. The cell pellet of one aliquot 

(referred to as T=0 min) was immediately lysed in 200 µL Cell Lysis Buffer for 5 

min at RT and kept on ice until plating on BCYE agar plates. The cell pellet of the 

other aliquot (T=30 min) was resuspended in 200 µL RPMI Buffer supplemented 

with 1 % FCS and incubated for 30 min at 37 °C to allow for ex vivo bacterial 

killing. Cells were then lysed as their T= 0 min counterparts. 100 µL of cell lysate 

was then plated on BCYE agar plates for quantification of L. longbeachae CFUs 

as described in section 2.2.4.  

2.2.13. Cytokine profiling 
Bronchoalveolar lavage fluid (BALF) was isolated from mice as described before 

but with only 500 µL PBS. Afterwards, the sample was centrifuged at 1200 rpm 

and 4 °C for 5 min. The concentration of IFNγ and IL18 in 25 µL of undiluted BALF 

was measured using the ProcartaPlex Mouse Basic Kit and ProcartaPlex Simplex 

Kits for IFNγ and IL18 (Thermo Fisher Scientific). The assay was performed using 

the manufacturer’s instructions and the analysis was done with the Luminex 200 

system. Briefly, 50 µL of magnetic beads coated with anti-IL18 or -IFNγ mAbs 

were added to each well of a 96-well microtiter plate. The plate was secured on 

a hand-held Magnetic Plate Washer and washed with 150 µL Wash Buffer. 

Afterwards, 25 µL of PBS were combined with 25 µL of each sample or diluted 

standard before they were added to the appropriate wells and incubated for 60 

min at RT, shaking at 500 rpm. After washing, 25 µL Detection Antibody Mixture 

containing biotinylated anti-IL18 or -IFNγ mAbs, was added to each well and the 

plate was incubated for 30 min at RT, shaking at 500 rpm. Subsequently, the 

plate was washed 3 times before 50 µL Streptavidin-PE solution (SAPE) was 

added to each well. After shaking at 500 rpm for period for 30 min at RT, the plate 

was washed and 120 µL Reading Buffer were added to each well. The analysis 

was performed using a Luminex MAGPIX® instrument. 

2.2.14. MUC5AC and MUC5B ELISA 

WT, Il18-/- or Il18r-/- mice were infected with L. longbeachae as described in 

section 2.2.3. Three days after infection lungs were collected into 500 µL PBS 
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and homogenized using ceramic beads for 3 min. Homogenates were centrifuged 

at 13000 rpm and 4 °C for 5 min and the supernatant was transferred into fresh 

1.5 mL tubes. Detection of MUC5AC and MUC5B was performed using the 

mouse MUC5AC or MUC5B ELISA kits, according to the manufacturer’s 

instructions. Briefly, a 96-well microtiter plate containing 100 µL Capture Antibody 

Solution with 0.5-4 µg/mL anti-MUC5AC or anti-MUC5B mAbs was incubated 

overnight at 4°C, washed with 400 µL Wash Buffer (1 X PBS containing 0.05 % 

v/v Tween-20) and blocked with 300 µL Reagent Diluent (1 X PBS with 1% BSA 

w/v) for 60 min at RT. After washing, 100 µL of diluted samples and standards 

were added to the appropriate wells and incubated for 2 h at RT. Subsequently, 

the plate was washed and incubated with 100 µL Detection Antibody Solution, 

containing 0.25-2 µg/mL anti- MUC5AC or MUC5B mAbs, for 2 h at RT, before 

another washing step was performed. Next the plate was incubated with 100 µL 

added Substrate Solution, containing 50-250 ng/mL horseradish peroxidase 

(HRP)-conjugated streptavidin, for 30 min. After color development 50 µL of Stop 

Solution was added and the absorbance was measured immediately using the 

Tecan Safire2 microplate reader. 

2.2.15. Transmission electron microscopy 
Hoechst–CD45+CD11b+Ly6G+Ly6C+/– L. longbeachae+ neutrophils were sorted 

as described in section 2.2.10. Cells used for transmission electron microscopy 

were processed using standard methods. Briefly, cells were fixed with 2.5 % 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h and at 37 °C. 

After fixation cells were pelleted and washed in sodium cacodylate buffer. Cells 

were then incubated in 2.5 % osmium tetroxide for 1 h, followed by dehydration 

in a graded acetone series. The pellet was embedded using the epoxy medium 

embedding kit (Merck). Thin (0.5 µm) sections were stained with 10 % uranyl 

acetate and 3 % lead citrate before visualizing under a Philips CM12 transmission 

electron microscope at 60 kV. 
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2.2.16. Confocal microscopy 
Confocal microscopy was performed on 100 µm tick vibratome sections, in order 

to preserve the tissue structure (Holland et al., 2018). Briefly, mice were 

anesthetized with 10 mg/kg bw Xylazine and 100 mg/kg bw Ketamine and 

exsanguinated by cutting the aorta. Immediately after this, lungs were kept in the 

inspiration phase by instilling 2 mL of 2 % low-temperature melting agarose at 

37 °C i.t. Cold PBS was poured over the lungs to polymerize the agarose. 

Afterwards, the lungs were quickly dissected out and kept at 4 °C for 30 min to 

further solidify the agarose. Subsequently, lung lobes were embedded in 4 % low-

temperature agarose and cut with a VT1000S vibrating-blade microtome at a 

frequency of 10 Hz and a speed of 5-7 µm/s. Sections were placed in ice-cold 

PBS for a maximum of 30 min. and were then fixed with PLP Buffer or with 

Antigenfix for 30 min. at 4 °C. Afterwards, sections were washed and incubated 

in Confocal Blocking Buffer for 30 min at 4 °C, which contained 5 µg/mL purified 

Ig of either the same species and isotype as the directly fluorochrome-conjugated 

primary antibody, or as the secondary antibody. Sections were then stained with 

a mAb cocktail in Confocal Blocking Buffer overnight at 4 °C with mild shaking in 

the dark. Slices were washed 3 times in ice-cold Washing Buffer and, when 

necessary, incubated for 2 h at room temperature in Blocking Buffer containing 

fluorochrome-labeled secondary antibody diluted 1/500. Sections were washed 

5 times in ice-cold Washing Buffer and mounted in PBS on microscopy slides. 

When indicated, DAPI was used to counterstain nuclei.  

Imaging was performed with a Zeiss LSM 710 confocal microscope 

equipped with a 20x lens (Zeiss, plan-apochromat 20x/0.8) using the lambda 

mode of acquisition and spectral imaging with linear unmixing in order to remove 

autofluorescence and avoid overlapping of fluorescence signals when using 4 or 

5 different fluorochromes. When indicated, a Zeiss LSM 880 confocal microscope 

equipped with AiryScan detector and a 63x lens (Zeiss plan-apochromat 63x/1.4) 

was used. Images were acquired using Zen V and analyzed using either the 

ImageJ/Fiji v 1.52p or Imaris software version 7.6.3. 
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2.2.17. Data processing and statistical analysis 
Processing of raw data was done with Microsoft Excel v2016, FlowJo v10.1 and 

ImageJ/Fiji v1.52p or Imaris v7.6.3. Statistical significance was determined using 

the Prism v8.0.2 software. A two-tailed unpaired Student´s t-test was used when 

two groups were compared or (repeated-measurements) one-way ANOVA with 

Bonferroni post-test were used when three groups or more were compared. A 

two-way ANOVA was used when two or more groups with two independent 

variables were compared. Statistical significance was set at *P < 0.05 and 

indicated as *P < 0.05; **P < 0.01; ***P < 0.001. 
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Chapter 3: Cellular mechanisms in the defense against 

pulmonary L. longbeachae infection in mice 

3.1. Introduction  

Legionella spp. are facultative intracellular bacteria that cause a severe and often 

fatal form of pneumonia, termed Legionnaire’s disease (Brown et al., 2017). In 

humans, L. pneumophila and L. longbeachae are the most common causative 

agents for this disease (Percival and Williams, 2014). While the cellular immune 

response against L. pneumophila has been widely studied, the defense 

mechanisms against L. longbeachae are far less well understood. Once 

L. pneumophila is phagocytosed by tissue-resident alveolar macrophages (AMs) 

upon infection, it translocates over 300 different effector molecules into the host 

cell cytosol (Newton et al., 2010a), leading to inhibition of phagolysosomal fusion 

and vesicular remodeling to form the so-called LCV (Zhan et al., 2015). Within 

the LCV, L. pneumophila is able to replicate until the bacteria egress from infected 

cells (Molmeret et al., 2004). In contrast, it is currently unknown whether or not a 

specific cell population serves as a replicative nice for L. longbeachae.  

Other immune cell populations have been shown to contribute to the 

clearance of L. pneumophila from the lungs. Those include, neutrophils, 

monocytes, dendritic cells (DCs), NK cells and T cells. Early during infection with 

L. pneumophila, neutrophils infiltrate the lungs, where they engulf the bacteria 

and eliminate them via production of ROS (Gobin et al. 2009; Massis et al. 2017; 

Brown et al. 2013). Similarly to infections with L. pneumophila, neutrophils 

infiltrate the lungs during pulmonary infections with L. longbeachae (Gobin et al., 

2009). However, their contribution to the clearance of this strain of bacteria still 

requires further investigation. DCs are also able to take up L. pneumophila and 

control bacterial replication through caspase-1-dependent pryoptosis and 

classical cell death pathways (Schuelein et al., 2011). Most likely DCs also play 

a role in promoting T cell activation via presentation of Legionella antigens (Brown 

et al., 2017). Whether DCs take up L. longbeachae and their role in clearance of 

those bacteria have not been investigated.  
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T cells and NK cells are amongst the main contributors of IFN-γ after activation, 

which is essential for the clearance of L. pneumophila from mouse lungs (Brieland 

et al., 2000; Brown et al., 2016) by activating monocyte-derived cells (MCs) 

(Brown et al., 2016). Besides this, MAIT cells have been described to contribute 

to the clearance of L. longbeachae in an IFNγ-dependent manner after 10 days 

of infection (Wang et al., 2018). However, the role of T cells, NK cells, and 

monocytes as well as the defense mechanisms against L. longbeachae are still 

not well understood. Therefore, the overall aim of this chapter is to investigate 

the infection kinetics of L. longbeachae and the contribution of different immune 

cell populations to protection. For this, we have generated a novel fluorescent 

L. longbeachae reporter strain and employed established mouse models for cell-

specific depletion. 

 

3.2. Results 

3.2.1.  Generation of genetically modified L. longbeachae 

In order to identify cells that take up L. longbeachae in vivo, bacteria were 

genetically modified with the vector pON.mCherry to constitutively express the 

red fluorescent protein mCherry. After electroporation and growth on BCYE agar 

plates, mCherry expression was evaluated by flow cytometry and confocal 

microscopy (Fig. 1A-B). About 94 % of L. longbeachae bacteria expressed a high 

level of mCherry that was readily detected by flow cytometry (Fig. 1A) and 

confocal microscopy (Fig. 1B). Colonies of mCherry-expressing L. longbeachae 

appeared violet on BCYE agar plates, which allowed us to visually investigate 

whether mCherry expression was stable over time. Serial plating of 

L. longbeachae-mCherry over a period of 12 days demonstrated stable 

expression, since all colonies maintained the violet color (Fig. 1C).  

Next, we tested whether mCherry expression was also stable during in 

vivo infection of mice. For this, lung homogenates from L. longbeachae-mCherry 

infected mice were plated on BCYE agar plates 5 days after infection. All 
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recovered bacterial colonies had the characteristic violet color (Fig. 1D), 

indicating that mCherry expression was stable.  

Altogether, these results demonstrate a successful generation of 

genetically modified L. longbeachae bacterial that stably express mCherry for 

detection by flow cytometry and confocal microscopy. 

 

Figure 1: Stable mCherry expression by genetically-modified 
L. longbeachae-mCherry. (A) Representative flow cytometric histogram of 
mCherry expression by L. longbeachae-mCherry grown in vitro and (B) 
visualization of L. longbeachae-mCherry grown in vitro by confocal microscopy. 
Bacteria used in (A, B) were pooled from 10 randomly picked colonies. Bar, 10 
µm. (C) Violet colonies of L. longbeachae-mCherry or white colonies of native 
L. longbeachae on BCYE agar plates after serial plating of single colonies as 
indicated. Plates were grown for 3 days. (D) Violet colonies of L. longbeachae-
mCherry (white arrowheads) derived from a mouse lung 5 days after infection. 
Shown is a representative of 2 independent experiments. L. lo., L. longbeachae. 
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3.2.2. Internasal inoculation of L. longbeachae establishes 

severe pulmonary infection in mice 

Intranasal inoculation of bacteria is a common route to induce pulmonary infection 

in mice (Ang et al., 2012). We infected WT mice with a dose of 2.5 x 105 CFU 

L. longbeachae to characterize the infection kinetics in vivo, since this dose has 

been widely used for L. pneumophila (Davis et al., 1983; Brown et al., 2016). 

L. longbeachae-infected mice showed a transient decrease in body weight that 

reached a maximum of 20 % at day 4 after infection, while L. pneumophila 

infected mice showed a maximal decrease in body weight of only 13 % peaking 

3 days after infection (Fig. 2A). These results confirm previous studies, indicating 

that L. longbeachae induces more severe symptoms in mice than L. pneumophila 

(Massis et al., 2017).  

The bacterial burden in lungs and spleen was quantified on BCYE agar 

plates. Three days after infection, lungs contained over 100-fold more 

L. longbeachae CFUs than the inoculum initially used for infection, whereas 

L. pneumophila CFU counts were similar to those used for infection (Fig. 2B). 

This suggests that L. longbeachae replicated more rapidly following pulmonary 

infection. However, independently of the Legionella spp. used, CFU counts 

declined steadily beyond day 3 after infection (Fig. 2B), suggesting the induction 

of a protective immune response. During infection, L. longbeachae spread 

systemically and could be detected in the spleen (Fig. 2B), although the bacterial 

burden was very low and close to detection limit. In addition, systemic spread 

was observed in only about half of all the experiments performed for this thesis 

(data not shown).  
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Figure 2: L. longbeachae establishes a productive pulmonary infection in 
mice. Mice were infected i.n. with 2.5 x 105 CFU of the indicated Legionella spp. 
and infection kinetics were compared between both species. (A) Weight of 
infected mice as a percentage of weight on day of infection (day 0). (B) Legionella 
CFU in the lungs (left panel) or spleen (right panel) 3, 5 and 7 days after infection. 
Data are shown as mean ± SEM of 2 pooled experiments (n = 3 mice per group 
and experiment). *P < 0.05; **P < 0.01; ***P < 0.001 (Two-way ANOVA). L. pn., 
L. pneumophila; L. lo., L. longbeachae; CFU, colony-forming unit. 

We next analyzed the distribution of L. longbeachae within the lung tissue. For 

this, WT mice were infected with L. longbeachae-mCherry and lungs were 

analyzed 2 days later by confocal microscopy. Infected lungs exhibited a high 

number of CD45+ leukocytes that clustered together with red fluorescent 

L. longbeachae-mCherry in the alveolar area close to pulmonary bronchioles 

(Fig. 3A). Those clusters were likely infection foci, since most of the CD45+ 

staining resulted from leukocyte debris, as evidenced by lack of a clear cellular 

shape and nuclear staining (Fig. 3A). Outside of those infection foci, 

L. longbeachae could be detected within leukocytes, demonstrating bacterial 

uptake by immune cells (Fig. 3B).  

Altogether, these results demonstrate that i.n. L. longbeachae 

administration establishes a productive infection in the pulmonary alveolar region. 
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Figure 3: Detection of L. longbeachae in the lungs by confocal microscopy. 
Vibratome lung sections were analyzed by confocal microscopy 2 days after i.n. 
infection of WT mice with 2.5 x 105 CFU L. longbeachae-mCherry. (A) 
Representative confocal microscopy images showing a cluster of bacteria and 
leukocyte debris in the alveolar region close to a bronchiole (b). Bar, 200 µm. (B) 
Representative confocal microscopy image showing L. longbeachae-mCherry 
(white arrowheads) internalized by CD45+ leukocytes. Bar, 30 µm. Similar results 
were obtained in 5 independent experiments. L. lo., L. longbeachae.  
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3.2.3. Neutrophils dominate the inflammatory response 

during acute L. longbeachae infection  

Specific immune cell types present in the lung of non-infected mice and after i.n. 

infection with 2.5 x 105 CFU L. longbeachae were identified via flow cytometry 

(Fig. 4 and Fig. 5, respectively). A transient infiltration of immune cells into the 

lungs was observed peaking 5 days after infection, with a 75-fold increase 

compared to uninfected mice (Fig. 6A, B). Independently of the time point 

analyzed after infection, neutrophils dominated the immune cell infiltrate, both in 

percentage of immune cells (Fig. 6C) and number (Fig. 6D). Accordingly, 

neutrophils comprised 81 %, 70 % and 53 % of the leucocyte fraction 3, 5 and 7 

days after infection, respectively (Fig. 6C). The second most frequent cell 

population in L. longbeachae-infected lungs were monocytes, comprising in 

average 15 % of the infiltrating leukocytes (Fig. 6C, D). Numbers of DCs and of 

the investigated lymphoid cells also increased during infection, although together 

they contribute less (about 0,4 %) than neutrophils and monocytes (together 

99,4 %) to the total infiltrate between day 3 and day 5 after infection (Fig. 6D). 

Seven days after infection we observed an increase in the infiltration of 

lymphocytes, particularly CD4+ T cells (18.4 % of all immune cells), which may 

suggest on-going adaptive immune responses in the late phase of 

L. longbeachae infection (Fig. 6C, D).  

Overall, these results demonstrate an early infiltration of innate immune 

cells into the lungs of L. longbeachae-infected mice dominated by neutrophils and, 

to a lesser extent, monocytes followed by an increase in T cell counts during later 

stages of infection.  
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Figure 4: Gating strategy for identification of different cell types in the naive 
lung. Single-cell suspensions of collagenase IV-digested lungs were stained and 
analyzed by flow cytometry. Cell types were identified as follows: 
Alveolar macrophages (AMs) as Live CD45+Siglec-F+CD11c+ cells.  
Dendritic cells (DCs) as live CD45+Siglec-F–CD11c+MHC-II+ events. 
Neutrophils (Neutro) as live CD45+CD11c–CD11b+Ly6G+Ly6C–/+ events. 
Monocytes (Mono) as live CD45+CD11c–CD11b+Ly6G–Ly6C+ events. 
B cells as live CD45+CD11c–CD3–TCR–NK1.1–CD19+ events. 
NK cells as live CD45+CD11c–CD3–TCR–NK1.1+CD19– events. 
CD4+ T cells as live CD45+CD11c–CD3+TCR+CD4+CD8– events. 
CD8+ T cells as live CD45+CD11c–CD3+TCR+CD4–CD8+ events. 
Epithelial cells (EpCs) as live CD45–EpCAM+CD31–/lo events. 
Only single cells were quantified by standard SSC-width versus SSC-area gating 
for each specific cell population (not shown for simplicity reasons). 
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Figure 5: Gating strategy for identification of different cell types in the lung 
following L. longbeachae infection. 5 days after i.n. infection with 104 CFU 
L. longbeachae-mCherry, single-cell suspensions of collagenase IV-digested 
lungs were stained and analyzed by flow cytometry. Cell types were identified as 
follows: 
Alveolar macrophages (AMs) as Live CD45+Siglec-F+CD11c+ cells.  
Dendritic cells (DCs) as live CD45+Siglec-F–CD11c+MHC-II+ events. 
Neutrophils (Neutro) as live CD45+CD11c–CD11b+Ly6G+Ly6C–/+ events. 
Monocytes (Mono) as live CD45+CD11c–CD11b+Ly6G–Ly6C+ events. 
B cells as live CD45+CD11c–CD3–TCR–NK1.1–CD19+ events. 
NK cells as live CD45+CD11c–CD3–TCR–NK1.1+CD19– events. 
CD4+ T cells as live CD45+CD11c–CD3+TCR+CD4+CD8– events. 
CD8+ T cells as live CD45+CD11c–CD3+TCR+CD4–CD8+ events. 
Epithelial cells (EpCs) as live CD45–EpCAM+CD31–/lo events. 
Only single cells were quantified by standard SSC-width versus SSC-area gating 
for each specific cell population (not shown for simplicity reasons). 
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Figure 6: Neutrophils dominate the cellular infiltrate in the lung during 
L. longbeachae pulmonary infection. Mice were infected i.n. with 2.5 x 105 
CFU L. longbeachae and lung cell suspensions were analyzed by flow cytometry 
on the indicated days after infection. (A) Representative flow cytometric dot plot 
of viable cells from the indicated mice 3 days after infection. (B) Number of viable 
CD45+ leukocytes in the lungs of the indicated mice. (C) Proportion of immune 
cells types within the viable CD45+ leucocyte fraction on the indicated days after 
infection. (D) Number of immune cell types in the lung on the indicated days after 
infection. The indicated cell populations were identified as illustrated in Fig. 4 and 
5. Data shown in (B) and (D) represent the mean ± SEM. Data in (C) represent 
the mean percentage. All data are from 2 pooled experiments (n = 3 mice per 
group and experiment). In (B) *P < 0.05; (Two-way ANOVA) and in (D) 
***P < 0.001 (One-way ANOVA). L. lo., L. longbeachae. 
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3.2.4. Neutrophils are the major cell type that phagocytosed 

L. longbeachae  

We investigated the cell types that took up L. longbeachae in the lung during 

infection via flow cytometry. WT mice were infected with 104 CFU 

L. longbeachae-mCherry. As detailed in Section 2.2.3, we used a lower dose of 

bacteria in Bonn (104 CFU) than in Melbourne (2.5 x 105 CFU) due to a different 

susceptibility of BL6 mice between the two locations. Infection with non-

fluorescent L. longbeachae was used as a negative control for the mCherry signal. 

L. longbeachae-mCherry was taken up almost entirely by CD45+ immune cells 

independently of the time point after infection (Fig. 7A; shown for 3 dpi, similar 

results for 5 dpi and 7 dpi). Bacterial uptake by immune cells was further 

confirmed by imaging flow cytometry (Fig. 7B). Consistent with a decrease in CFU 

over time (Fig. 2B), the number of immune cells with internalized L. longbeachae-

mCherry progressively declined (Fig. 7C). Most of the red fluorescent bacteria 

were taken up by neutrophils followed by monocytes and DCs (Fig. 7D). Overall, 

neutrophils were the largest fraction of the whole cell compartment containing 

L. longbeachae-mCherry 3 and 5 days after infection (Fig. 7D). On day 3, about 

70 % of immune cells having internalized L. longbeachae-mCherry were 

neutrophils, while at day 5 after infection about 60 % neutrophils contained the 

bacteria (Fig. 7D). Seven days after infection, however, most of the cells 

containing L. longbeachae were DCs (Fig. 7D), although the total number of cells 

positive for the bacteria at day 7 was negligible compared to days 3 and 5 after 

infection (Fig. 7C). The contribution of other cells such as epithelial cells and 

lymphocytes was minimal (Fig. 7D).  

In addition, AMs comprised about 0.7 % of the total immune cell fraction 

containing L. Longbeachae-mCherry at day 3 and 5 after infection (Fig. 7D). 

These results were surprising because AMs act as a replicative niche for 

L. pneumophila that is important to establish infection (Newton et al., 2010a). In 

order to investigate whether there was a higher frequency of AMs containing 

L. longbeachae-mCherry earlier during infection, we quantified internalization of 

L. longbeachae-mCherry 1 day after pulmonary infection. Again, AMs 
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represented less than 1 % of the total L. longbeachae-containing immune cell 

fraction (Fig. 7E). 

 

 

Figure 7: Neutrophils are the major cell type that phagocytosed 
L. longbeachae. WT mice were infected i.n. with 104 CFU L. longbeachae-
mCherry and lung cell suspensions were analyzed by flow cytometry at the 
indicated days after infection. (A) Representative flow cytometric dot plot of viable 
CD45+ cells from the indicated mice 3 days after infection. (B) Representative 
ImageStream picture of L. longbeachae mCherry-containing CD45+ cells 3 days 
after infection. (C) Number of CD45+ cells in the lungs containing L. longbeachae-
mCherry on the indicated time-points. (D, E) Proportion of cells within the total 
L. longbeachae-mCherry+ cell fraction on the indicated days after infection. Data 
shown in (C-E) represent the mean ± SEM of 2 pooled experiments (n = 5 mice 
per group and experiment). *P < 0.05; **P < 0.01; ***P < 0.001 (One-way 
ANOVA). L. lo., L. longbeachae.  
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Having identified the immune cells taking up L. longbeachae, we investigated the 

efficiency at which each cell type took up L. longbeachae-mCherry by quantifying 

the percentage of cells with bacteria within each specific cell population (Fig. 8A). 

Again, neutrophils comprised the highest fraction, with about 11 % of them being 

mCherry+ (Fig. 8B). In contrast, the percentage of AMs containing bacteria was 

about 1 % (Fig. 8A, B). Although a very small fraction of AMs took up 

L. longbeachae, those that internalized them had higher mCherry MFI than the 

other cell types, indicating more bacteria on a per-cell basis (Fig. 8C).  

 Altogether, these results demonstrate a dynamic uptake of L. longbeachae 

by different myeloid immune cell types with a predominance of neutrophils, most 

likely reflecting distinct phases of the immune response.  
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Figure 8: Neutrophils efficiently take up L. longbeachae during infection. 
Mice were i.n. infected with 104 CFU L. longbeachae-mCherry or L. longbeachae 
and lung cell suspensions analyzed by flow cytometry. (A) Representative flow 
cytometric dot plots of the indicated immune cell populations 3 days after infection. 
(B) Frequency of mCherry+ cells within the indicated populations. (C) mCherry 
mean fluorescence intensity (MFI) of the indicated L. longbeachae+ cells. The 
indicated cell populations were identified as illustrated in Fig. 4 and 5. Data shown 
represent the mean ± SEM of 2 pooled experiments (n = 5 mice per group and 
experiment). Data shown in (B) and (C) represent the mean ± SEM of 2 pooled 
experiments (n = 5 mice per group and experiment). **P < 0.01 ***P < 0.001 
(One-way ANOVA). L. lo., L. longbeachae. 
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3.2.5. Most viable L. longbeachae reside in neutrophils after 

infection of mice 

We quantified how many viable bacteria were contained in different immune cell 

populations. For this, WT mice were infected with 104 CFU L. longbeachae, and 

2 days later different immune cell populations were FACS-sorted, lysed and 

plated on BCYE agar plates. Consistently with our results on L. longbeachae 

internalization (Fig. 7D; Fig.8B), neutrophils contained the highest number of 

viable bacteria followed by monocytes and AMs (Fig. 9A).  

 L. pneumophila can establish a LCV following translocation of bacterial 

effectors into the host cytosol, which is essential for its survival and replication 

(Newton et al., 2010a). Similarly, to L. pneumophila we observed a double-

membrane vacuole containing L. longbeachae in infected neutrophils (Fig. 9B). 

However, unlike the L. pneumophila LCV this vacuole was not studded with 

ribosomes (Fig. 9B). To investigate the ability of L. longbeachae to inject effectors 

into the cytosol of different immune cells, we next performed a L. longbeachae-

encoded RalF β-lactamase translocation assay. Translocation of RalF was 

detectable in myeloid cells by a shift in the emission wavelength of the 

β-lactamase substrate CCF2 from 530 nm to 460 nm (Fig. 9C). All cell 

subpopulations tested harboring L. longbeachae supported effector translocation, 

albeit at a different degree (Fig. 9C, D). Consistent with our results on a dominant 

uptake of L. longbeachae by neutrophils (Fig. 7D and Fig. 8B), about 60 % of all 

cells with translocated RalF were neutrophils (Fig. 9E).  

Altogether these results demonstrate that all infected myeloid cells contain 

viable bacteria, with a predominance of the neutrophil compartment. Similarly, all 

infected myeloid cells also support translocation of L. longbeachae effectors, 

which are likely to mediate the generation of an LCV-like vacuole.   
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Figure 9: L. longbeachae translocates virulence effector molecules into 
myeloid host cells. (A) Quantification of viable L. longbeachae CFU in the 
indicated cell populations isolated from the lungs 2 days after i.n. infection with 
104 CFU L. longbeachae-mCherry. (B) Electron microscopy image of a neutrophil 
containing L. longbeachae (white arrowhead) within a vacuole exhibiting a double 
membrane (blue arrowhead) 2 days after infection. (C) Representative flow 
cytometric dot plots showing translocation of RalF in the indicated immune cells 
2 days after infection with 2.5 x 105 CFU L. longbeachae-RalF or L. longbeachae 
containing an empty vector as indicated. (D, E) Frequency of cells with 
translocated RalF within each cell subpopulation (D) or within the total cell fraction 
with translocated RalF (E). Immune cells were identified as illustrated in Fig. 4 
and Fig. 5. Data shown in (A) represent the mean ± SEM from a representative 
(n = 3 mice per group) of 3 independent experiments or of 3 pooled experiments 
(n = 3 mice per group and experiment) (D, E). *P < 0.05; **P < 0.01; ***P < 0.001 
(One-way ANOVA). L. lo., L. longbeachae. 
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3.2.6.  The role of myeloid cells in the clearance of 

L. longbeachae 

3.2.6.1. The role of neutrophils in L. longbeachae clearance 

We investigated the role of neutrophils in L. longbeachae clearance from lungs 

by antibody-mediated neutrophil depletion starting from 1 day before infection 

with 104 CFU L. longbeachae (Fig. 10A). Neutrophils were efficiently depleted in 

the lungs 3 days after infection (about 98 % depletion) (Fig. 10B, C). Depletion of 

neutrophils from infected mice resulted in a severe weight loss compared to non-

depleted mice (about 20 % and 10 %, respectively, at day 5 after infection) 

(Fig. 11A), suggesting that L. longbeachae infection is more virulent in absence 

of neutrophils. Consistently with this, the bacterial burden in the lungs of 

neutrophil-depleted mice was over 10- and 1000-fold higher than in their non-

depleted counterparts at day 3 and 5 after infection (Fig. 11B).  

During infection we observed an increase in monocyte infiltration into the 

infected lungs of neutrophil-depleted mice that, in addition, took up more bacteria 

than those of their non-depleted counterpart (Fig. 11C and Fig. 11D, respectively). 

These results may be explained as a compensatory mechanism for the lack of 

neutrophils resulting in higher bacterial burden (Fig. 11B). 

Altogether, these results demonstrate that neutrophils are necessary for 

the control of L. longbeachae infection and no other immune cell can fully 

compensate for their absence. 
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Figure 10: Depletion of neutrophils form L. longbeachae infected lungs. (A) 
Cartoon illustrating the experimental plan. (B) Representative flow cytometric dot 
plots of viable, CD45+Ly6G+CD11b+ neutrophils from the lungs of WT mice after 
3 days of infection (A) treated with an isotype control or with depleting antibodies. 
(C) Percentage of neutrophils at the indicated time-points after infection. Data 
shown in (C) represent the mean ± SEM of 2 pooled experiments (n = 5 mice per 
group and experiment). In (C) **P < 0.01; ***P < 0.001 (Two-way ANOVA). Ig, 
Immunoglobulin; Ctrl, control; L. lo., L. longbeachae; CFU, colony-forming unit. 
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Figure 11: Neutrophils promote clearance of L. longbeachae from the lungs. 
(A) Weight of infected mice from as a percentage of weight on day of infection 
(day 0). (B) CFU in the lungs (left panel) or spleen (right panel) at the indicated 
time points. (C) Cell numbers at the indicated times after infection. (D) 
L. longbeachae-mCherry positive immune cells 3 and 5 days after infection. 
Immune cells were identified as illustrated in Fig. 4 and Fig. 5. Data shown 
represent the mean ± SEM of 2 pooled experiments (n = 5 mice per group and 
experiment). *P < 0.05; **P < 0.01; ***P < 0.001 (Two-way ANOVA). L. lo., 
L. longbeachae; Ctrl, control; Ig, Immunoglobulin; CFU, colony-forming unit. 
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3.2.6.2. The role of monocytes in L. longbeachae clearance 

As an increased number of monocytes infiltrated the L. longbeachae-infected 

lungs during neutrophil depletion, we investigated the role of monocytes in the 

clearance of the bacteria. For this Ccr2-/- mice were infected with 2.5 x 105 CFU 

L. longbeachae, in which monocytes lack the ability to exit the bone marrow and 

infiltrate tissues, and WT mice served as a control. Although there was no 

difference in body weight between both groups (Fig. 12C), bacterial burden in the 

lungs of Ccr2-/- mice was over 10-fold higher 5 days after infection compared to 

control mice (Fig. 12D), demonstrating that monocytes were required for optimal 

defense of L. longbeachae.  

 Three days after infection, immune cell infiltration and bacterial 

internalization was comparable between Ccr2-/- and WT mice (Fig. 12E, F). 

However, 5 days after infection an about 10-fold increase in neutrophils could be 

observed in Ccr2-/- mice (Fig. 12E, F), demonstrating that a significant decrease 

of inflammatory monocytes affects immune cell recruitment. 

Overall these results demonstrate that monocytes, like neutrophils 

(Fig. 11B), promote the defense against L. longbeachae during acute infection of 

the lungs. 
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Figure 12: Monocytes promote the clearance of L. longbeachae from the 
lungs. (A) Representative dot plots of single viable CD45+Ly6G- cells from the 
lungs of infected WT or Ccr2-/- mice from. Gated on Ly6C+ CD11b+ monocytes 
(B) Number of monocytes from (A). (C) Weight loss kinetics of Ccr2-/- mice and 
WT mice from (A). (D) CFU in the lungs (left panel) or spleen (right panel) at the 
indicated time points. (E) Cell numbers at the indicated times after infection, 
detected using an anti-L. longbeachae antibody staining (F) L. longbeachae-
containing immune cells 3 and 5 days after infection. Immune cells were identified 
as illustrated in Fig. 4 and Fig. 5. Data shown in (B-F) represent the mean ± SEM 
of 2 pooled experiments (n = 3 mice per group and experiment). *P < 0.05; 
**P < 0.01 ***P < 0.001 (Two-way ANOVA). L.lo., L. longbeachae; CFU, colony-
forming units. 
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3.3. Discussion 

The overall goal of this study was to characterize the pulmonary infection of BL6 

mice with L. longbeachae. Specifically, we aimed to quantify the kinetics of 

infection, identify the cell populations that internalize bacteria, and pinpoint 

immune cells essential for the host defense. Our results demonstrate that 

L. longbeachae was able to establish a productive pulmonary infection in mice, 

as recently described by other groups (Gobin et al., 2009; Massis et al., 2017). 

Three days after infection, the bacterial burden in the lungs had increased about 

100-fold over the infectious dose, demonstrating a productive infection. Past that 

time point, the bacterial CFUs in the lung decreased progressively and mice 

recovered weight. Compared to L. pneumophila, infection with L. longbeachae 

resulted in an increased bacterial burden in the lungs and loss of body weight, 

suggesting a more virulent course of infection, confirming a recent study (Massis 

et al., 2017). Several distinguishing features between the two species may 

explain the increased virulence. First, recent studies have revealed that 

L. longbeachae replicates efficiently independently of the growth phase at the 

time of infection (Newton et al., 2010a), which may result in increased overall 

replication and pulmonary bacterial burden. Second, L. longbeachae can form an 

outer capsule, which might promote survival of the bacteria through inhibiting 

recognition of bacterial components by immune cells (Newton et al., 2010a). 

Finally, Naip5/NLRC4 is fundamental in the protection against L. pneumophila, 

but not against L. longbeachae due to lack of flagellin in the latter (Cazalet et al., 

2010).  

Pulmonary infection of mice with L. longbeachae resulted in a transient 

infiltration of immune cells into the lungs with a peak at day 5 after infection. 

Confocal microscopy imaging using our novel fluorescent L. longbeachae 

revealed the formation of infection foci in alveoli close to pulmonary bronchioles. 

These foci contained a large number of leukocyte clusters, suggesting early local 

defenses to prevent further bacterial spread. The large majority of infiltrating 

leukocytes were neutrophils followed by monocytes to a much lesser extent. 

Neutrophils are rapidly recruited to infected tissues by chemokines such as 

ligands for CCR1 (e.g. CCL5) and CXCR2 (e.g. CXCL5) upon infection (Amulic 
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et al., 2012; Arango Duque and Descoteaux, 2014). However, the precise 

mechanisms driving neutrophil accumulation into L. longbeachae-infected lungs 

remains to be elucidated. CD4+ and CD8+ T cell infiltration became apparent on 

day 7 after infection, possibly reflecting an ongoing adaptive immune response. 

The strong infiltration we observed during L. longbeachae infection is in apparent 

conflict with the recent claim that L. longbeachae is immunologically silent as 

argued by low concentrations of several cytokines in the lungs (Massis et al., 

2017). We could not detect cytokines in the lung due to technical problems, but 

the fact that neutrophils and other immune cells strongly infiltrate into the infected 

lung argue against an immunologically silent infection.  

Consistent with a decrease in the pulmonary bacterial burden over time, 

the overall number of immune cells containing L. longbeachae decreased within 

7 days of infection. Therefore, loss of mCherry signal may derive from 

degradation of the bacteria by those cells. Only myeloid cells had the capacity to 

take up L. longbeachae as demonstrated by L. longbeachae-mCherry infection 

studies. Those comprised mostly neutrophils, followed by monocytes and DCs to 

a much lesser extent. Neutrophils and monocytes exhibit potent microbiocidal 

mechanisms such as ROS, RNS, acidification of endolysosomes, proteases and 

antimicrobial peptides (Segal, 2005). In line with this, they were required for early 

L. longbeachae clearance, as demonstrated in cell-specific depletion 

experiments. Furthermore, depletion of neutrophils resulted in an increased 

infiltration of monocytes, whereas an impaired monocyte recruitment led to a 

higher recruitment of neutrophils. This may suggest a compensatory mechanism 

during infection. On the other hand, the observed higher bacterial burden could 

also stimulate stronger recruitment of neutrophils during infection. 

At later stages of infection (day 7), however, the very few immune cells still 

containing L. longbeachae were basically DCs, which may provide in situ 

restimulation to T cells, thereby contributing to the increased infiltration of T cells 

into the lungs at that time point. T cells are not able to directly kill pathogens, but 

indirectly help to achieve sterilizing immunity by many different mechanisms. For 

instance, CD4+ T cells produce IFN that activates myeloid cells to upregulate 

microbiocidal mechanisms so that vacuolar bacteria may be readily killed, 
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whereas CD8+ T cell have the ability to efficiently kill cells harboring pathogens 

in their cytosol, thus making them available to effectors such as protective 

antibodies (Halle, 2017). However, CD4+ and CD8+ T cells do not apparently play 

major roles in L. longbeachae clearance as will be discussed in Chapter 4.  

It is known that AMs are the primary host for L. pneumophila, serving as a 

niche for survival and replication (Robinson and Roy, 2006). Whether this also 

applies to infections with L. longbeachae is currently not known. Our results 

revealed a very low frequency of mCherry containing AMs (0.5 - 0.7 %) in the 

lungs. Alveolar macrophages are highly auto-fluorescent cells and this attribute 

may mask the positive mCherry signal. Therefore, an alternative option to detect 

bacteria inside of the cells would be a staining with anti-L. longbeachae 

antibodies in further experiments. However, in the few mCherry-containing 

alveolar macrophages we detected, the MFI of mCherry was highest, indicating 

more internalized bacteria. To clarify whether L. longbeachae is potentially able 

to establish an LCV similar to the one of L. pneumophila in immune cells, we 

analyzed the translocation of effector molecules into the host cell. We found that 

the bacteria were able to translocate effector molecules into all myeloid cells, 

indicating that the bacteria may be able to form this specialized vacuole. However, 

further studies are required to fully elucidate this question.  

Altogether, these results highlight the important role of neutrophils in the 

early defense against L. longbeachae during pulmonary infection mice. 
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Chapter 4: The role of IL18 in the defense against 

L. longbeachae 

4.1. Introduction 

Cytokines are major coordinators of the immune response against 

microorganisms (Turner et al., 2014). For instance, IFNγ plays a crucial role by 

enhancing the microbiocidal function of macrophages (Schroder et al., 2004). 

IL18, a member of the IL1 family of cytokines, promotes IFNγ production by 

T cells and NK cells in synergy with IL12 and, thus, it is an important cytokine for 

the defense against invading bacteria (Dinarello et al., 2013). 

IL18 is expressed as an inactive form, called proIL18, in the cytosol of 

myeloid cells and epithelial cells (Nowarski et al., 2015). Cleavage of proIL18 is 

required to generate functionally active IL18. Although inflammasome-dependent 

processing of proIL18 yields functional IL18 (Netea et al., 2000), it is unclear 

whether other inflammasome-independent proteases are also competent in this 

process, as it has been demonstrated for IL1β (Netea et al., 2000). Once 

activated in the cytosol, IL18 is released into the extracellular milieu by a so far 

undefined mechanism. However, it is unclear whether inflammasome-activation 

of gasdermin B, which induces pyroptosis and release of activated IL1β (Liu et 

al., 2016), is also important for the release of active IL18.  

Extracellular IL18 binds to its heterodimeric receptor, which consists of a 

ligand-binding IL18R1 chain and an IL18RAP coreceptor (Dinarello, 2018; 

Boraschi et al., 2018). IL18R activation initiates NFκB- and STAT3-dependent 

intracellular signaling leading to expression of proinflammatory cytokines, such 

as IL-2 (Dinarello et al., 2013). Cytokines expressed in higher concentrations 

during infection with L. pneumophila include IL12, IL1β, IL8, IL10 and IFNγ 

(Brown et al., 2016; Massis et al., 2017).  

Although IL18 expression resulted in higher IFNγ production during 

pulmonary infection with L. pneumophila, it had surprisingly no effect on bacterial 

clearance (Brown et al., 2016). In contrast, the role of IL18 during L. longbeachae 

infection is unknown. Therefore, the main aim of this chapter was to elucidate the 
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function of IL18 and its corresponding IL18R in the defense against 

L. longbeachae during pulmonary infection of mice.  

4.2. Results 

4.2.1. L. longbeachae induces IL18R-dependent IFNγ in the 

lungs 

In order to identify, which cytokines are expressed during pulmonary infection of 

mice with L. longbeachae, WT or Il18r1-/- mice were infected with 104 CFU 

L. longbeachae-mCherry, BALF was collected 5 days after infection and a 

Luminex-based cytokine assay was performed to measure IFNγ and IL18 levels. 

IFNγ levels were very low in uninfected and infected mice (low pg/ml range). On 

average they were about 4-fold higher in infected WT mice compared to their 

uninfected counterparts. (Fig. 13A). Deficiency in the IL18R resulted in reduced 

levels of IFNγ, confirming the role of IL18 in IFNγ induction (Dinarello et al., 2013). 

In contrast, L. longbeachae infection did not alter IL18 levels in the BALF, 

whereas a deficiency in the IL18R lead to a tendency of increased IL18 levels, 

although again, the concentration of IL18 was very low also in WT and in infected 

mice (Fig. 13B).  

 

Figure 13: L. longbeachae infection induces production of IFNγ in the lungs. 
(A, B) IFNγ levels (A) or IL18 levels (B) in the BALF of WT and Il18r-/- mice 5 days 
after i.n. infection with 104 CFU L. longbeachae-mCherry. BALF from uninfected 
WT mice was used as control. Data are shown as mean ± SEM from 2 pooled 
experiments (n = 4-11 mice). WT, wild-type mice. 
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4.2.2. IL18 and its receptor promote clearance of 

L. longbeachae 

We investigated the role of IL18 in the clearance of L. longbeachae from the 

mouse lungs by infecting WT, Il18–/– and Il18r1–/– mice. Infected mice lacking IL18 

expression showed a more severe weight loss (Fig. 14A) and contained about 

10-fold more bacteria in the lungs compared to WT mice 5 days after infection 

(Fig. 14B). Although IL18R-deficient mice did not show differences in weight loss 

(Fig. 14C), they contained more bacteria in the lungs (about 10-fold) than WT 

mice (Fig. 14D). These results demonstrate that IL18 and its receptor are key 

mediators in the reduction of L. longbeachae burden during the early stages of 

infection, which is in contrast to their irrelevance during L. pneumophila infection 

(Brown et al., 2016). 
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Figure 14: IL18 and its receptor promote the defense of L. longbeachae 
from infected lungs. WT, Il18–/– or Il18r1–/– mice were i.n. infected with 104 CFU 
L. longbeachae-mCherry and infection kinetics were compared between groups 
of WT and Il18–/– mice or WT and il18r1–/– mice. (A, C) Weight of (A) Il18r–/– or (C) 
Il18r1–/– mice as a percentage of weight on day of infection (day 0)). (B, D) L. 
longbeachae CFU in the lungs 3 and 5 days after infection of Il18–/– (B) or 5 days 
after infection Il18r1–/– (D) mice. Data shown represent the mean ± SEM of 2 
pooled experiments (n = 5 or 4 mice per group and experiment). In (B-C) 
**P < 0.01; ***P < 0.001 (Two-way ANOVA) and in (D) **P < 0.01 (Student´s t-
test). WT, wild-type mice; CFU, colony-forming unit. 
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Figure 15: Gating strategy for identification of different cell types in the 
lungs. Single-cell suspensions of collagenase IV-digested lungs were stained 
and analyzed by flow cytometry. Cell types were identified as follows:  
Alveolar macrophages (AMs) as Live CD45+Siglec-F+CD11c+ cells.  
Dendritic cells (DCs) as live CD45+Siglec-F–CD11c+ events. 
Neutrophils (Neutro) as live CD45+CD11b+Ly6G+Ly6C–/+ events.  
Monocytes (Mono) as live CD45+CD11b+Ly-6G–Ly-6C+ events.  
B cells as live CD45+CD3–CD19+ events.  
NK cells as live CD45+CD3–NK1.1+–events.  
NK T cells as live CD45+CD3–/+NK1.1+– events.  
CD4+ T cells as live CD45+CD3+TCR+D4+CD8– events.  
CD8+ T cells as live CD45+CD3+TCR+CD4–CD8+ events.  
DN T cells as live CD45+CD3+TCR+CD4–CD8- events.  
ɣδ T cells as live CD45+CD19–CD3+TCRγδ+ events. 
Only single cells were quantified by standard SSC-width versus SSC-area gating 
for each specific cell population (not shown for simplicity reasons). 
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After 5 days of infection with L. longbeachae immune cell infiltration was 

investigated using the gating strategy presented in Fig. 15. Il-18r1-/- mice showed 

a 1.7-fold higher number of neutrophils were present in the lungs compared to 

WT mice (Fig. 16A). In addition, more L. longbeachae-containing neutrophils 

were present in the lungs of Il18r1-/- mice (Fig. 16B). No differences were 

observed in other immune cell compartments (Fig. 16A, B). Altogether, these 

results demonstrate that IL18 and its receptor are contributing control of the 

bacterial burden of L. longbeachae early during infection. 

 

 

Figure 16: Increased infiltration of neutrophils in the lungs of 
L. longbeachae-infected Il18r1-/- mice. (A) Cell numbers in the lungs of Il18r1-/- 
mice 5 days after i.n. infection with 104 CFU L. longbeachae-mCherry. (E) 
L. longbeachae-mCherry positive immune cells 5 days after infection. Immune 
cells and epithelial cells were identified as illustrated in Fig. 15. Data shown 
represent the mean ± SEM of 2 pooled experiments (n = 5 or 4 mice per individual 
experiment). ***P < 0.001 (Student´s t-test). WT, wild-type mice. 
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4.2.3. Role of IL18R expression by immune cells in the 
defense against L. longbeachae 

Having demonstrated that IL18 and its receptor are required for a reduction of the 

L. longbeachae burden from infected lungs, we aimed to identify cells that are 

expressing IL18R by flow cytometry and confocal microscopy. Anti-IL18R 

antibodies yield a very low signal in flow cytometry (Fig. 17A) and, thus, it was 

decided to generate knock-in reporter mice in cooperation with Prof. 

Kastenmüller, (University of Würzburg, Germany) termed IL18R1-tdTomato mice, 

in which tdTomato expression is under the control of the endogenous Il18r1 gene 

(Fig 17B). Heterozygous IL18R1-tdTomato mice expressing tdTomato in one 

allele and Il18r1 in the other allele were used for all experiments involving flow 

cytometry, whereas homozygous (and thus Il18r1 knock-out) mice were used for 

confocal microscopy to increase sensitivity of detection.  

As expected from a knock-in reporter mouse strain, cells expressing higher 

levels of IL18R1 on their cell surface also co-expressed high levels of tdTomato, 

(Fig. 17C). Because IL18R1-tdTomato reporter mice were heterozygous, surface 

IL18R1 expression was weaker compared to their WT counterparts, and thus 

IL18R1 surface staining with anti-IL18R1 antibodies could only be observed on 

those cells co-expressing high levels of tdTomato (Fig.17C). It is currently 

uncertain whether those cells that express lower levels of tdTomato and have no 

detectable IL18R1 surface signal still express functional IL18R1.   
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Figure 17: Detection of Il18r1 expression using IL18R1-tdTomato reporter 
mice. (A) Representative flow cytometry dot plot showing IL18R1 surface 
staining on live, CD45+CD3ε−TCRβ− NK cells. (B) Diagram illustrating the 
transgenic allele used to generate IL18R1-tdTomato knock-in reporter mice. As 
a result, the transgenic allele transcribes tdTomato but not Il18r1. Blue boxes: 
exons; B_SA: branch site and splice acceptor; neo: neomycin cassette for 
selection in embryonic stem cells; FRT: recognition sequence for flp 
recombinase-mediated neo removal; loxP, lox2272: recognition sequence for cre 
recombinase-mediated deletion. (C) Representative flow cytometry dot plots 
showing staining for surface IL18R1 and tdTomato expression in live CD45+ cells 
from the lungs of WT and heterozygous IL18R1-tdTomato mice. In the right panel 
all antibodies minus IL18R1 BV421 (FMO control) were added. Data in (A) and 
(C) are representative of 5 independent experiments. WT, wild-type; FMO, 
fluorescence minus one; AF, autofluorescence 

 



83 
 

 

4.2.4. Analysis of IL18R expression by immune cells in the 

lung 

We conducted a detailed analysis of IL18R1-tdTomato mice to identify immune 

cells with active Il18r1 promoter transcription during steady state, as well as 

during L. longbeachae infection. We focused only on immune cells that had 

infiltrated the lungs, i.e. those that were located extravascular, because they are 

likely the main cells responding to local IL18 production in the lungs. 

Extravascular immune cells were readily identified by performing an in vivo 

intravascular leukocyte staining with AlexaFluor 488-labeled antibodies directed 

against CD45.2 (CD45.2-AF488) (Fig. 18A). Basically, all leukocytes in the blood 

were stained, demonstrating that CD45.2-AF488 administration i.v. reached all 

circulating leukocytes (Fig. 18A). In uninfected mice only about 5 % of all immune 

cells in the lungs were located extravascular and, therefore, did not stain with 

anti-CD45.2 antibody. Three days after infection with L. longbeachae ~50 % of 

cells did not stain with the anti-CD45 antibody and were thus located 

extravascular and lodged in the lung parenchymal tissue (Fig. 18A). The 

proportions and numbers of extravascular cells are shown in Fig. 18B and 18C 

and demonstrate a predominance of neutrophils and monocytes. These results 

were consistent with those obtained by analyzing unfractionated immune cells in 

the lung (Fig. 6C, D). 



84 
 

 

 

Figure 18: In vivo intravascular leukocyte staining to quantify immune cells 
subpopulations in the lung tissue during L. longbeachae infection. WT and 
IL18R1-tdTomato reporter mice were infected i.n. with 104 CFU L. longbeachae 
where indicated. Three days after infection an in vivo intravascular leukocyte 
staining was performed by i.v. injection of anti-CD45.2-AF488 antibodies 5 min 
before isolation of the lungs. (A) Representative flow cytometric dot plots of live 
leukocytes in blood (left panels) or lung (right panels) isolated from 
IL18R1-tdTomato mice that were uninfected (top panels) or infected 3 days 
earlier (bottom panels). Intravascular leukocytes are defined as CD45.2-AF488+ 
cells (red gates); infiltrating, extravascular leukocytes are defined as CD45.2-
AF488– cells (blue gates). (B, C) Proportion (B) and numbers (C) of the indicated 
immune cell types infiltrating the infected lungs. Identification of different immune 
cell populations and abbreviations as indicated in Fig. 15 with an additional gate 
to identify extravascular CD45.2-AF488– cells. Data are shown as mean 
percentage (B) or mean ± SEM (C) from 2 pooled experiments (n = 3 mice per 
group and experiment). In (C) *** P < 0.001 (One-way ANOVA). 
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We could distinguish two different tdTomato expression levels during steady state 

and infection: low and high (Fig. 19A). During infection, most cells (95.5 %) 

expressing high levels of IL18R1-tdTomato were lymphocytes, including CD8+  

T cells (27.3 %), CD4+  T cells (28.9 %), NK cells (17.4 %), ɣδ T cells (16.3 %), 

CD8–CD4– DN T cells (5.6 %) and NK T cells (3.3 %) (Fig. 19A, B), confirming 

previous studies showing IL18R expression by lymphoid cells and its role in 

promoting IFNγ production by those cells (Dinarello et al., 2013). In contrast, most 

cells expressing low levels of IL18R1-tdTomato were neutrophils, comprising 

about 85 % of the total fraction (Fig. 19A, B).  
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Figure 19: IL18R is highly expressed by lymphocytes. WT and 
IL18R1-tdTomato reporter mice were infected i.n. with 104 CFU L. longbeachae. 
Three days after infection an in vivo intravascular leukocyte staining was 
performed by i.v. injection of anti-CD45.2-AF488 antibodies 5 min before isolation 
of the lungs. (A) Representative flow cytometric dot plots showing different 
IL18R1-tdTomato expression levels. Pie charts show the average proportion of 
extravascular immune cells with the indicated expression level of IL18R1-
tdTomato. (B) Number of immune cell subpopulations with low (left) or high (right) 
IL18R1-tdTomato expression. Identification of different immune cell populations 
and abbreviations as indicated in Fig. 15 with an additional gate to identify 
extravascular CD45.2-AF488– cells. Data are shown as mean percentage (A) or 
mean ± SEM (B) of 2 pooled experiments (n = 3 mice per group and experiment). 
In (B) *** P < 0.001 (One-way ANOVA). 
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Having identified cells that express the IL18R1, we assessed whether pulmonary 

infection with L. longbeachae modulated its expression level. We focused our 

analysis on T cells because they expressed high levels of IL18R and were 

detected extravascularly in the lung in steady state, as well as during infection. 

While infection did not affect IL18R1 expression by lung-infiltrating γδ T cells, it 

modulated expression of the receptor in  T cells (Fig. 20). A higher proportion 

of CD4+ T cells and CD8+ T cells expressed high IL18R1-tdTomato levels 

(Fig. 20). In contrast to this, infection induced an about 2-fold increase in the 

proportion of IL18R1-tdTomato negative DN T cells (Fig. 20).  

 

 

Figure 20: L. longbeachae infection modulates the fraction of IL18R1-
expressing in αβ T cells in the lung. IL18R1-tdTomato reporter mice were 
infected i.n. with 104 CFU L. longbeachae or left uninfected. Three days after 
infection, an in vivo intravascular leukocyte staining was performed as detailed in 
legend for Figure 18. Cells were identified as indicated in Fig. 15 with an 
additional gate to identify extravascular CD45.2-AF488– cells. Data is shown as 
mean ± SEM of extravascular cells expressing different levels of IL18R1-tdT 
within the indicated T cell compartments from 2 pooled experiments (n = 3 mice 
per group and experiment). **P < 0.01; ***P < 0.001 (Two-way ANOVA). 
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4.2.5. Role of IL18R expression by non-immune cells in the 

defense against L. longbeachae 

4.2.5.1. IL18R expression by non-immune cells is required and 

sufficient for the defense against L. longbeachae  

Next we investigated whether IL18R expression by non-immune cells is required 

for defense against L. longbeachae. For this, bone marrow chimeras (BMx) were 

generated in which the IL18R was expressed normally (WT BM into WT recipient, 

WT→WT), only by immune cells (WT BM into KO recipient, WT→Il18r1-/-), only 

by non-immune cells (KO BM into WT recipient, Il18r1-/-→WT) or not at all (KO 

BM into KO recipient, Il18r1-/-→Il18r1-/-) (Fig. 21A). After 12 weeks of 

reconstitution, the percentage of cells with the donor CD45 genotype was 

identified.  T cell chimerism was about 70 - 80 %, γδ T cell chimerism about 60 

- 70 %, and neutrophil chimerism was at least 97 % 5 days after L. longbeachae 

infection (Fig. 21B). Any mice with a chimerism below 70 % for αβ T cells or below 

50 % for γδ T cells were excluded from the experiment. Chimerism in neutrophils 

was higher than 95 % in all BMx mice. 
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Figure 21: Generation of IL-18R1 bone marrow chimeras. (A) Bone marrow 
chimeras were generated by 9Gy irradiation of recipient mice and i.v. injection of 
2x106 donor bone marrow cells one day later. Reconstitution was allowed to 
proceed for 12 weeks. CD45 congenics were used to differentiate between donor 
and recipient cells.  (B) Percentage of reconstitution (chimerism) for the indicated 
immune cell populations in the different bone marrow chimeras 5 days after i.n. 
infection with 104 CFU L. longbeachae-mCherry. Data shown as mean ± SEM of 
2 pooled experiments (n = 3 mice per group and experiment). WT, wild-type; KO, 
II18r1−/–; CFU, colony-forming unit. 

 

BMx mice were then infected with 104 CFU L. longbeachae-mCherry to quantify 

bacterial burden in the lungs 5 days after infection. Although all infected BMx 

mice showed a similar loss in body weight (Fig. 22A), there were differences in 

the bacterial load (Fig. 22B). Similar to our previous results using Il18r1-/- mice, 

Il18r1-/-→Il18r1-/- BMx mice contained an about 100-fold higher bacterial burden 

in the lungs compared to their WT→WT counterparts (Fig. 22B), validating the 

use of BMx mice. Surprisingly, narrowing IL18R expression to the immune 

compartment (WT→Il18r1–/–) did not rescue the bacterial burden (Fig. 22B). 

Instead, the Il18r1-/-→WT mice in which IL18R expression was limited to the non-

immune compartment showed a bacterial load similar to WT mice (Fig. 22B). 

These results indicate that IL18R expression by non-immune cells, but not by 

immune cells, is required and sufficient for the normal defense of L. longbeachae 

5 days after infection. 
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Figure 22: L18R expression by non-immune cells is required and sufficient 
for the defense of L. longbeachae. BMx mice as indicated in Fig. 21A were 
infected i.n. with 104 CFU L. longbeachae-mCherry. 5 days after infection lungs 
were dissected and analyzed. (A) Weight loss of the indicated BMx mice following 
infection. (B) CFU in the lungs of the indicated BMx mice 5 days after infection. 
Data shown as mean ± SEM from 2 pooled experiments (n = 3 mice per group 
and experiment). *P < 0.05; **P < 0.01 (One-way ANOVA). CFU, colony-forming 
unit; WT, wild-type. 
 

To confirm our results, we used a cre recombinase/loxP system to examine the 

role of CD4+ T cells and CD8+ T cells in L longbeachae infection. By generating 

heterozygous mice expressing cre recombinase under the cd4 promoter crossed 

to a floxed Il18r1 (IL18R1flx/flx) mice, IL18R1 expression in  T cells (CD4+ T 

cells, CD8+ T cells, and DN T cells) was reduced to less than 1 % of the respective 

population in the lung 5 days after L. longbeachae infection (Fig. 23A), 

demonstrating efficient recombination. As expected, we did not observe 

recombination in the  T cell compartment, confirming that most of those cells 

do not have a history of CD4 expression (Pinheiro et al., 2012). Mice in which 

 T cells lacked IL18R expression showed similar pulmonary bacterial burden 

as their control mice 5 days after infection with 104 CFU L. longbeachae 

(Fig. 23B), suggesting that IL18R expression by CD4+- CD8+- or DN  T cells 

was not required for the early defense of L. longbeachae. 
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Figure 23: IL18R1 expression by CD4+ or CD8+ T cells does not contribute 
to the defense of L. longbeachae in the early phase of infection (A) 
Frequency of IL18R1+ T cells from the indicated mice 5 days after i.n. infection 
with 104 CFU L. longbeachae-mCherry. (B) CFU in the lungs of mice from (A). 
Data shown as mean ± SEM of 1 experiment (n = 4-5 mice per group). 
***P < 0.001 (One-way ANOVA). Ig, Immunoglobulin; Ctrl, control; DN, double-
negative; CFU, colony-forming unit.  
 

To examine the role of NK cells in L. longbeachae control of bacterial burden, 

mice were treated with anti-NK1.1 antibody. NK cells were efficiently depleted 

from the lungs 5 days after infection with L. longbeachae (Fig. 24B). Depletion 

had no effect on the weight of infected mice (Fig. 24C) or bacterial burden in the 

L. longbeachae infected lungs, suggesting that NK cells and NK T cells play no 

protective role at the investigated time point (Fig. 24D). 
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Figure 24: Depletion of NK1.1+ cells does not impair the bacterial burden of 
L. longbeachae in the acute phase of infection.  (A) Diagram illustrating the 
experimental plan. (B) Number of NK cells 5 days after i.n. infection with 104 CFU 
L. longbeachae. Mice were depleted of NK1.1+ NK and NK T cells one day before 
infection. (C, D) Weight loss (C) and bacterial burden in the lungs (D) of mice 
treated as shown in (A). Data shown as mean ± SEM of 1 experiment (n = 4-5 
mice per group). ***P < 0.001 (Student’s t-test). L. lo., L. longbeachae; CFU, 
colony-forming unit; Ig, immunoglobulin; Ctrl, control. 
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4.2.5.2. Bronchiolar ciliated epithelial cells express IL18 

receptor 

As IL18R expression by non-immune cells appeared to be required for pulmonary 

defense of L. longbeachae, we aimed to identify those cells by flow cytometry 

and confocal microscopy using IL18R1-tdTomato reporter mice. Due to 

differences in sensitivity, all flow cytometric experiments were performed using 

heterozygous IL18R1-tdTomato mice, whereas all those involving confocal 

microscopy were performed on homozygous IL18R1-tdTomato mice.   

Within non-immune cells, IL18R1-tdTomato was mainly expressed by 

pulmonary epithelial cells (EpC), as identified through surface staining with anti-

EpCAM antibodies by flow cytometry (Fig. 25A, B). About 90 % of the EpCAM+ 

epithelial cells expressed IL18R1-tdTomato (Fig. 25C). Since bronchiolar EpC, 

but not alveolar EpC, express high EpCAM levels, these results suggest that 

IL18R1+ EpC are located in bronchioles. In contrast, a very low proportion of 

endothelial cells and other stromal cells showed tdTomato, and most of those 

that expressed it did so at lower levels than EpC (Fig. 25B). IL-18R1-tdTomato 

expression by stromal cells was not modulated during infection with 

L. longbeachae (Fig. 25B). These results identify EpC as the main expressors of 

IL18R1 within the non-immune compartment. 
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Figure 25: Pulmonary epithelial cells express the IL18R. (A) Representative 
flow cytometry gates on CD45–Ter119– pulmonary stromal cells to identify 
epithelial cells (EpCAM+CD31–), endothelial cells (EpCAM–CD31+) and other 
stromal cells (EpCAM–CD31–). (B) Flow cytometry dot plots showing 
IL18R1-tdTomato expression by different stromal cell populations identified as in 
(A) from naive mice or 3 days after i.n. infection with 104 CFU L. longbeachae. 
Numbers on the x-axis indicate different mice (1, naive WT mice). (C) Proportion 
of IL-18R1-tdTomato+ cells within the EpC compartment as gated in (A). Data 
shown as mean ± SEM from a representative (n = 3 mice per group) of 5 
independent experiments. L.long. or L.lo., L. longbeachae.  
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To identify the precise location of IL18R1+ EpC in the lungs, confocal microscopy 

was performed on lung vibratome sections from IL18R1-tdT mice. Confirming our 

flow cytometric data, most tdTomato expression by non-immune cells was 

restricted to epithelial cells of conducting bronchioles, with very few single 

tdTomato+ CD45– non-immune cells scattered in the alveolar region (Fig. 26).  
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Figure 26: (legend on next page) 
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Epithelial cells in the mouse bronchioles are mainly ciliated EpC and secretory 

club cells, with a minor contribution of mucus-producing goblet cells (Murray, 

2010). To further identify which type of bronchiolar EpC expresses IL18R1, super-

resolution confocal microscopy was performed. Cilia in epithelial cells were 

identified by staining for EpCAM and acetylated tubulin (Ott and Lippincott-

Schwartz, 2012), whereas club cells were identified by staining for uteroglobin 

(Rokicki et al., 2016b). All IL18R1-tdT+ EpC in the bronchiolar wall were ciliated 

(Fig. 27 and Fig. 28). We did not detect IL18R1-tdT+ club cells (Fig. 27 and 28). 

Only occasionally, we observed epithelial cells in the bronchiolar wall that were 

neither club cells (negative for uteroglobin) nor ciliated cells (negative for 

acetylated tubulin). These cells were presumably rare goblet cells, which did not 

express IL18R1-tdT (Fig. 28). 

 
 

 

 

 

 

 

 

 

________________________________________________________________ 

Figure 26: Bronchial epithelial cells express IL18R1. Confocal microscopy 

image of vibratome lung section from a homozygous IL18R1-tdT mouse. Five 

fluorochrome differentiation as well as autofluorescence removal were performed 

by spectral unmixing. Bronchiolar epithelial cells are EpCAM+; alveolar EpC are 

aquaporin 5 (AQP5)+; leukocytes are CD45.2+. Nuclei are DAPI+. Arrows indicate 

bronchioli; *, blood vessel lumen. Similar results were obtained in 5 independent 

experiments. AF, AlexaFluor; DL, Dylight. Bar, 200µm. 
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Figure 27: (legend on the second next page) 
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Figure 28: (figure legend on next page) 
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______________________________________________________________ 

Figure 27: Bronchial ciliated epithelial cells express IL18R1. Confocal 

microscopy image of vibratome lung section from a homozygous IL18R1-tdT 

mouse. Shown is a detail from the bronchiolar wall. Five fluorochrome 

differentiation as well as autofluorescence removal were performed by spectral 

unmixing. Bronchiolar epithelial cells are EpCAM+; ciliated EpC are positive for 

acetylated tubulin (AcTub); Club cells are uteroglobin+; Nuclei are DAPI+. 

Similar results were obtained in 5 independent experiments. AF, AlexaFluor; 

DL, Dylight. Bar, 50µm. 

_______________________________________________________________ 

Figure 28: Bronchial ciliated epithelial cells express IL18R1. High 

magnification AiryScan confocal microscopy image of vibratome lung section 

from a homozygous IL18R1-tdT mouse. Shown is a detail from the bronchiolar 

wall. Five fluorochrome differentiation as well as autofluorescence removal 

were performed by spectral unmixing. However, due to the set-up of the 

AiryScan microscope, spectral detection for DL405 also detected DAPI signal. 

Bronchiolar epithelial cells are EpCAM+; ciliated EpC are positive for acetylated 

tubulin (AcTub); Club cells are uteroglobin+; Nuclei are DAPI+. Similar results 

were obtained in 5 independent experiments. *, presumably a rare globet cell 

negative for acetylated tubulin, uteroglobin and tdTomato. AF, AlexaFluor; DL, 

Dylight. Bar, 5µm. 
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4.2.5.3. Role of the IL18/IL18R axis on ciliary beating frequency 

and mucus production by pulmonary epithelial cells 

We investigated whether IL18 modulated EpC-autonomous antibacterial 

defenses in bronchioles. Cilia beating by ciliated EpC and mucus production by 

adjacent secretory EpC are amongst the main EpC-autonomous defense 

mechanisms in the bronchiolar wall (Whitsett and Alenghat, 2015). Thus, we 

quantified the effect of IL18 or its receptor on mucus production by goblet cells. 

 Mucus in the lung is mainly produced by goblet cells, which are 

specialized EpC situated in the bronchiolar wall adjacent to IL18R1+ ciliated EpC. 

Mucin (MUC) 5A, B and C are the main mucus components, with MUC5B being 

required for airway defense against bacterial infection (Roy et al., 2014). 

Consistent with their inducible nature, we observed an increase of lung MUC5AC 

and MUC5B upon infection with L. longbeachae (Fig. 29A, B). However, this 

increase was independent of IL18 or IL18R1 expression (Fig. 29A, B), suggesting 

that these molecules did not modulate mucus production.  

 

 

Figure 29: Role of IL18 on mucus production by pulmonary epithelial cells. 
(A, B) MUC5AC and MUC5B concentration in the lungs of the indicated mice. 
Mice were i.n.  infected with 104 CFU L. longbeachae 5 days before analysis. 
Data shown as mean ± SEM of 1 experiment (n = 3-4 mice per group) L.lo., L. 
longbeachae. 
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4.2.5.4. IL18R expression by non-immune cells promotes 

L. longbeachae killing by pulmonary neutrophils 

We investigated whether signaling via the IL18R on pulmonary epithelial cells 

contributes to a reduction of L. longbeachae CFUs by enhancing the bactericidal 

capacity of neutrophils during infection. For this, we generated BMx in which the 

IL18R1 was not expressed in any cells (Il18r1-/-→Il18r1-/-) or only in non-immune 

cells (Il18r1-/-→WT). BMx mice were allowed to reconstitute for 12 weeks. The 

level of reconstitution was similar to that in previous experiments (Fig. 21B): 

about 98 % for the neutrophil compartment and about 70 - 80% for the T cell 

compartment (Fig. 30B). All mice had at least 70 % reconstitution in the T cell 

compartment. 

BMx mice were infected i.n. with 104 CFU L. longbeachae-mcherry, and 3 

days later, pulmonary neutrophils containing similar levels of L. longbeachae 

(similar mCherry expression levels) were FACS sorted (Fig. 30A). Sorted 

L. longbeachae-containing neutrophils were split into two equal aliquots to 

monitor their ability to kill L. longbeachae ex vivo. The first aliquot was lysed and 

plated out on BCYE agar plates, whereas the second aliquot was incubated at 

37 °C for further 30 min before being lysed and plated on BCYE agar plates (Fig. 

30C). Neutrophils from BMx mice expressing the IL18R only in non-immune cells 

eliminated about 40 % more bacteria over the period of 30 min as their 

counterparts deficient in IL18R expression (Il18r1-/-→ Il18r1-/-) (Fig. 30C). These 

results suggest that IL-18R expression by stromal cells enhanced L. longbeachae 

killing by pulmonary neutrophils. 
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Figure 30: IL18R expression by non-immune cells promotes L. longbeachae 
killing by pulmonary neutrophils. (A) Representative flow cytometry gates on 
viable CD45+CD11b+Ly6C˗ cells before (left) and after (right) sorting of mCherry+ 

neutrophils from Il18r-/-→Il18r-/- and Il18r-/-→WT BMx chimeras (B) Percentage of 
reconstitution (chimerism) for the indicated immune cell populations in the 
different bone marrow chimeras 3 days after infection i.n. with 104 CFU 
L. longbeachae-mCherry. (C) Percentage of L. longbeachae CFUs in neutrophils 
of mice without IL18R expression by immune cells or non-immune cells (Il18r-/-

→Il18r-/-) or of mice with expression of the IL18R only by non-immune cells (Il18r-/-

→WT) after 30 min normalized to T0 = 100 %. Data shown in (B, C) represents 
the mean ± SEM of 2 pooled experiments (n = 3 mice per group and experiment). 
In (C) *P < 0.05 (Student’s t-test). WT, wild-type; CFU, colony-forming unit. 
 

 
 

 



104 
 

 

4.3. Discussion 

The main aim of this chapter was to elucidate the function of IL18 and its 

corresponding IL18R in the defense against L. longbeachae during pulmonary 

infection in mice. 

Our results showed that IL18 and its receptor contribute to efficient 

clearance of L. longbeachae from the lungs. This stands in contrast to infections 

with L. pneumophila, where IL18 has no effect on the bacterial burden, indicating 

different mechanisms in protection against the two bacteria (Brown et al., 2016). 

During infection with L. longbeachae we observed increased levels of IFNγ, of 

which about 45 % was dependent on IL18R signaling, while about 55 % was 

produced in an IL18R-independent manner. The role of IFNγ in the defense of 

L. longbeachae is unknown yet. However, a recent study revealed that mucosa 

associated invariant T (MAIT) cells are activated by L. longbeachae and promote 

an IFNγ-dependent clearance of the bacteria in the late phase of infection (10 

days after infection) (Wang et al., 2018). 

IL18 is secreted by macrophages and dendritic cells upon stimulation and 

induces IFNγ production by mostly lymphocytes through binding to its 

corresponding IL18R (Nakahira et al., 2002). Using IL18R1-tdTomato reporter 

mice, we found high IL18R1 expression by αβ T cells, DN T cells, γδ T cells, NK 

cells, and NK T cells, as well as low expression of the receptor by neutrophils. 

This is in line with Il18r1 mRNASeq data (IMMGEN) and supports the reliability 

of the IL18R1-tdTomato reporter. This reporter mouse line is advantageous over 

antibody staining in mice because of the weak signal of the latter.  

The source for IL18R-independent IFNγ during L. longbeachae infection 

may be NK cells, unconventional T cells or, at later stages of infection, by antigen-

specific T cells. NK cells possess activating receptors (e.g. IL12R) which may be 

upregulated during infection and result in IFNγ production after stimulation (Mah 

and Cooper, 2016). Likewise, unconventional T cells, such as NK T cells, γδ 

T cells or MAIT cells may be activated by recognizing specific bacterial 

components via their TCR that induce IFNγ production (Balato et al., 2009; 

Provine et al., 2018).  
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Surprisingly, IL18R expression by non-immune cells, but apparently not by 

immune cells, was required and sufficient for the defense against L. longbeachae 

during pulmonary infection, as indicated using BMx mice. This was further 

supported by the finding that mice in which CD4+ T cells and CD8+ T cells lacked 

IL18R1 expression did not have an altered bacterial burden. Likewise, depletion 

of NK/ NK T cells did not lead to a higher bacterial burden in the L. longbeachae 

infected lungs, indicating that those cells are not required for early control of the 

bacteria. However, we detected an increasing infiltration of CD4+ and CD8+ T 

lymphocytes starting from day 7 after L. longbeachae infection. Therefore, it is 

likely that those T cells contribute to the late defense against the bacteria, 

reflecting an ongoing adaptive immune response.  

Further microscopy imaging revealed that the pulmonary IL18R1 

expressing non-immune were ciliated epithelial cells in the bronchiolar wall of the 

lungs. This was confirmed by flow cytometry analysis, although mild collagenase 

IV digestion resulted in the loss of many epithelial cells, giving the false 

impression that all pulmonary epithelial cells express IL18R1-tdTomato, when in 

fact secretory bronchiolar club cells and goblet cells did not express the receptor 

as demonstrated by confocal microscopy.  IL18R expression has been described 

for epithelial cell lines or intestinal epithelial cells, where signaling via this receptor 

is involved in negative regulation of goblet cell maturation and has to be strictly 

maintained in equilibrium to prevent tissue damage during colitis (Nowarski et al., 

2015). In the lungs, goblet cells promote the defense of pathogens by producing 

mucus, which contains mainly mucin glycoproteins, including MUC5AC and 

MUC5B (Ma et al., 2018). Although overall mucus production was enhanced in 

infected mice, IL18R signaling in pulmonary ciliated epithelial cells did not affect 

the expression of MUC5AC or MUC5B by goblet cells, suggesting that other 

defense mechanisms play a role in reducing L. longbeachae burden in the lungs. 

In this regard, it has been described that L. pneumophila increases expression of 

MUC5AC via ERK-JNK and NFκB pathways after effector proteins are 

translocated (Morinaga et al., 2012). A similar mechanism may also induce 

mucus production by goblet cells during infection with L. longbeachae, although 

this remains to be elucidated. At the level of protection through the pulmonary 
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epithelial barrier, IL18R signaling in ciliated epithelial cells may be able to 

enhance ciliary beating frequency, thereby promoting bacterial clearance. This 

possibility could be tested by quantifying the ciliary beating frequency in infected 

WT and Il18r1–/– mice using high-speed video microscopy in further experiments.  

Using BMx mice which express the IL18R only in the non-immune 

compartment we further investigated whether signaling via this receptor promote 

bacterial killing by other immune cells. IL18R signaling in pulmonary ciliated 

epithelial cells enhanced the L. longbeachae killing by neutrophils. The 

mechanism behind this finding is currently under investigation. A possibility is that 

IL18 induces production of pro-inflammatory cytokines in ciliated epithelial cells, 

which may activate neutrophils and thereby promote the clearance of 

L. longbeachae. For instance, a study with epithelial cell lines has shown that 

IL18R signaling induces IL8 secretion, which may have an impact on neutrophil 

recruitment (Krásná et al., 2005; Kolinska et al., 2008). However, it is unlikely that 

this is the responsible mechanism because BMx mice lacking IL18R1 expression 

in non-immune cells had increased neutrophil recruitment upon infection. Other 

proinflammatory cytokines produced by epithelial cells such as TNFα, IL1ß or 

GM-CSF can, in principle, amplify antimicrobicidal functions in neutrophils, 

including production of ROS (Lee et al., 2004; Kato and Kitagawa, 2006). 

Therefore, to further investigate the mechanism behind our finding, the 

production of ROS and RNS by neutrophils could be analyzed by culturing 

infected neutrophils with supernatant from epithelial cells derived from BMx mice 

in which the IL18R is only expressed on non-immune cells.  

 This chapter highlights a protective pathway of IL18R signaling in epithelial 

cells that promotes the microbicidal activity of neutrophils and thereby clearance 

of L. longbeachae from the lungs.  
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Chapter 5: General discussion 

 

Figure 31: Immune response to L. longbeachae pulmonary infection. (A) 
During infection, L. longbeachae reaches the alveoli of the lungs, where it 
encounters different non-immune cells and immune cells. Mainly neutrophils, but 
also other myeloid cells, take up the bacteria and eliminate them. (B) Pulmonary 
ciliated epithelial cells express IL18R. Binding of IL18 to this receptor induces 
intracellular signaling. While this has no effect on mucus production, IL18R 
signaling in pulmonary ciliated epithelial cells enhances the microbicidal activity 
of neutrophils via a still unknown mechanism. 

 
This work has focused on the cellular mechanisms and the role of IL18 and its 

corresponding receptor in the defense against L. longbeachae.  

Early during infection, we observed infiltration of immune cells into the 

lungs, with neutrophils being the dominant cell population, followed by monocytes 

and dendritic cells, confirming a recent study (Gobin et al., 2009). Recruitment of 

those cells during infections is usually mediated by chemokines initially produced 

by pulmonary epithelial cells or tissue-resident cells (Sokol and Luster, 2015). 

However, the mechanism for recruitment of immune cells during infection with 

L. longbeachae still remains to be elucidated. After reaching the infected tissue, 

myeloid cells internalized L. longbeachae. Confocal microscopy imaging 

revealed the formation of infection foci in the alveoli close to pulmonary 

bronchioles, which has been previously observed (Gobin et al., 2009). Those 
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contained a large number of leukocytes and bacteria, suggesting a local defense 

to possibly prevent further spread of the bacteria. In the acute phase of infection 

mainly neutrophils and monocytes contributed to the clearance of L. longbeachae 

from the lungs. Most likely pulmonary defense by neutrophils is mediated through 

their potent microbiocidal mechanisms. Those include ROS, RNS, acidification of 

endolysosomes, proteases and antimicrobial peptides (Segal, 2005). Monocytes, 

on the other hand, can mature to monocyte-derived cells with functions similar to 

DCs and tissue-resident macrophages  (Brown et al., 2017). During later time 

points lymphocytes increasingly infiltrate the lungs and may promote the late 

defense against L. longbeachae, as it has been shown for MAIT cells (Wang et 

al. 2018).  

During infection with L. longbeachae we observed increased levels of IFNγ 

production. IL18 is known to be a potent inducer of IFNγ in T cells and NK cells, 

thereby promoting microbial clearance (Dinarello et al., 2013). High IL-18R 

expression was identified by αβ T cells, DN T cells, γδ T cells, NK cells and 

pulmonary ciliated epithelial cells using IL18R1-tdTomato reporter mice. 

Surprisingly, IL18R expression by immune cells was apparently irrelevant for the 

defense against L. lo. Rather, expression by non-immune cells was required and 

sufficient to reduce the burden of L. longbeachae from the lungs. Confocal 

microscopy and flow cytometry analysis revealed that pulmonary ciliated 

epithelial cells were the IL18R expressing cells. Signaling via this receptor on 

pulmonary ciliated epithelial cells did not influence mucus production by 

bystander goblet cells. However, IL18R signaling in ciliated epithelial cells 

enhanced the microbicidal activity of neutrophils via a still unknown mechanism 

and thereby promotes clearance of L. longbeachae from the lungs (Fig.19B). 

Overall, this work highlights the role of neutrophils and pulmonary ciliated 

epithelial cells in the defense of L. longbeachae and demonstrated a pathway of 

IL18R signaling for efficient clearance of the bacteria. 
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