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Abstract 
 

Legionnaires’ Disease is a severe type of pneumonia most commonly caused by 

the bacterial species Legionella pneumophila and Legionella longbeachae. 

Epidemiological studies show that cigarette smoke is a major risk factor for 

susceptibility to Legionnaires’ Disease, but the underlying mechanisms for this 

connection are not known. During pneumonia, efficient oxygen uptake in the lung 

is compromised due to pathogen invasion and the resulting immune response. 

Some types of immune cells are known to resolve inflammation and promote 

regeneration of lung structure and function. However, the underlying mechanisms 

by which immune cells aid in lung recovery from bacterial pneumonia are not well 

understood.  

We used a mouse model of acute cigarette smoke exposure and Legionella 

infection to assess how cigarette smoke could impact the immune response 

towards Legionella and confer more severe disease. This work provides evidence 

that acute cigarette smoke exposure alone depleted alveolar macrophages (AM) 

in lungs of wild-type mice, which is contrary to the currently accepted view that 

smoking causes accumulation of AM within the airways. We investigated the cell 

death pathways that could be activated by cigarette smoke in AM and found that, 

in smoke-treated ASC-/- and NLRP3-/- mice, the smoke-induced AM depletion 

observed in wild-type mice was reversed. These results suggest an important 

role of NLRP3-dependent pyroptosis, a type of inflammatory cell death, in driving 

smoke-induced AM death in vivo. 

Legionella sp. subvert host immunity to establish a protected vacuole for bacterial 

replication within AM. Concurrent infection of smoke-treated mice with L. 

pneumophila caused more severe disease progression and significantly delayed 

bacterial clearance. In a model of clodronate-induced AM depletion, L. 

pneumophila clearance was similarly delayed in later stages of infection, despite 

limited bacterial replication early after infection due to the depletion of the 

bacteria’s replicative niche. In contrast, after concurrently infecting smoke-

exposed mice with L. longbeachae, bacterial clearance was slightly accelerated. 

Therefore, smoke-induced AM death may be a risk factor for Legionnaires’ 
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Disease caused by L. pneumophila. How AM mediate bacterial clearance under 

normal circumstances remains subject of future investigation. 

Using the mouse model of Legionnaires’ Disease, we assessed how immune 

cells impacted functional lung recovery. Surprisingly, we observed that 

neutrophils play an important role in the re-establishment of efficient oxygen 

uptake during the recovery phase from L. longbeachae infection. Neutrophils 

promoted the proliferation of type II alveolar epithelial cells, local progenitor cells 

that regenerate the alveolar epithelium. Mechanistically, neutrophils contributed 

to the production of several cytokines and growth factors associated with 

epithelial cell proliferation after pulmonary infection such as amphiregulin, TNFa, 

or IL-1b. These results provide novel insights into a regenerative role of 

neutrophils in the recovery phase of bacterial pneumonia.  
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1 Literature review 
 

1.1 Lung structure and function 
 

The lungs are the primary organ of the respiratory system, and their main function 

is to provide the organism with oxygen to fuel its metabolism while eliminating 

excess carbon dioxide (Cloutier, 2019). Inhaled air first passes through the upper 

respiratory tract which includes the nose, pharynx, larynx, trachea, bronchi and 

conducting bronchioles (Cloutier, 2019). There, it is filtered for environmental 

particles or microorganisms, warmed and moistened, before it reaches the lower 

respiratory tract. This distal part of the lungs consists of terminal bronchioles, 

alveolar ducts, alveolar sacs, and individual alveoli where the oxygen exchange 

takes place (Cloutier, 2019). The human lung is estimated to contain more than 

100 million alveoli, comprising an alveolar surface area of approximately 70 m2 

(Ochs et al., 2004; Vasilescu et al., 2020), whereas in a mouse lung, up to 10 

million alveoli and an alveolar surface area of more than 80 cm2 have been found 

(Knust et al., 2009; Vasilescu et al., 2013; Schulte et al., 2019). 

Alveoli consist of thin, squamous type I alveolar epithelial cells (AEC) 

representing approximately 95 % of the entire alveolar area, and of cuboidal type 

II AECs that possess secretory functions (Knudsen and Ochs, 2018). Alveoli are 

surrounded by an extensive network of fine pulmonary capillaries to form the 

individual respiratory units. Together, the capillary endothelium, alveolar 

epithelium and their respective basal membranes constitute the air-blood-barrier 

across which gases are exchanged between the air space and erythrocytes 

within the capillaries via diffusion (Knudsen and Ochs, 2018). 

Lungs are constantly exposed to potentially harmful microorganisms and 

environmental particles in the inhaled air. Therefore, lungs also possess 

important immunological functions and are equipped with a range of defence 

mechanisms, including physical and chemical barriers, as well as innate and 

adaptive immune responses in order to prevent disease and to maintain efficient 

oxygen uptake. 
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1.2 Pneumonia 
 

1.2.1 Epidemiology and aetiology of pneumonia 
 

Pneumonia can be defined as the invasion and overgrowth of one or more 

pathogens in the lower respiratory tract and lung parenchyma, causing 

accumulation of immune cells and fluid within alveoli, as well as compromising 

respiratory function (Alcón et al., 2005; Quinton et al., 2018). Pneumonia 

represented a major global health burden even before the COVID-19 pandemic 

started at the beginning of 2020. Lower respiratory tract infections affected almost 

500 million people in 2019, and were responsible for more than 65 million 

hospitalizations and approximately 2.5 million deaths that year (Troeger et al., 

2018; Vos et al., 2020). Depending on the type of pneumonia, numerous risk 

factors such as sex, young and old age, an immunocompromised state or 

pulmonary comorbidities, as well as lifestyle factors like smoking are linked to the 

disease (Torres et al., 2013; Barbagelata et al., 2020; Torres et al., 2021). 

Pneumonia can be classified based on the circumstance and location of 

acquisition, e.g. community- or hospital-acquired, or the causative etiological 

agent, e.g. bacterial, viral or fungal (Torres et al., 2021). Aside from SARS-CoV2, 

viral pneumonia is most frequently caused by human rhinovirus, influenza virus 

and the respiratory syncytial virus, while the main causes of bacterial pneumonia 

are Streptococcus pneumoniae and Haemophilus influenzae (Jain et al., 2015; 

Prina et al., 2015; Troeger et al., 2018; Torres et al., 2021), despite the existence 

of vaccines against these two bacteria (Kelly et al., 2004; Masomian et al., 2020). 

Other bacterial species that commonly cause pneumonia are Staphylococcus 

aureus, Pseudomonas aeruginosa, Mycoplasma pneumoniae, and Legionella 

pneumophila (Prina et al., 2015; Torres et al., 2021). However, the individual 

contribution of viral and bacterial species towards the overall disease incidence 

is difficult to assess as in many cases of pneumonia the causative pathogen is 

not identified (Quinton et al., 2018; Torres et al., 2021).  
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1.2.2 Pathophysiology of pneumonia 
 

Pathogens that cause pneumonia colonize the airways by adhering to mucosal 

surfaces and by resisting pulmonary defence mechanisms before they reach the 

lower respiratory tract via inhalation (Siegel and Weiser, 2015). The lung is not a 

sterile organ, but harbours a microbiome which, under normal circumstances, 

does not cause disease (Dickson et al., 2014). Thus, the transition from 

colonization to active infection and development of subsequent pneumonia 

depends on additional factors such as virulence and abundance of the causative 

pathogen, and the host lung’s state of health and immune response (Quinton et 

al., 2018; Torres et al., 2021).  

Examples of pathogens that directly contribute to pneumonia development are 

respiratory viruses like influenza which can infect and thus damage the alveolar 

epithelium, and bacteria like S. pneumoniae or S. aureus which secrete toxins 

that cause AEC death by pore formation in cell membranes (Short et al., 2014; 

von Hoven et al., 2019; Nishimoto et al., 2020). However, it is the immune 

resistance directed against invading pathogens which predominantly causes 

disease (Quinton et al., 2018). Recruitment of immune cells that infiltrate the 

alveoli in order to eradicate pathogens coincides with a breakdown of epithelial 

and endothelial barriers, resulting in significant vascular leakage into the airspace 

(Zemans et al., 2009; Schulte et al., 2011; Broermann et al., 2011; Short et al., 

2016). During the acute phase of pulmonary inflammation, enhanced mucus 

production and dysregulated ion transport compromise the removal of fluid from 

the airspace (Chen et al., 2004; Lee et al., 2007; Peteranderl et al., 2017). 

Activated immune cells like neutrophils or mononuclear phagocytes can cause 

additional tissue injury by releasing agents such as reactive oxygen species 

(ROS), tissue-degrading proteases or neutrophil extracellular traps (NETs) into 

the surrounding environment (Saffarzadeh et al., 2012; Bhattacharya and 

Matthay, 2013; Kruger et al., 2015). Together, these processes heavily 

compromise pulmonary oxygen uptake and, in severe cases, can lead to acute 

respiratory distress syndrome (ARDS) or respiratory failure. 
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1.2.3 Pulmonary repair mechanisms 
 

It is essential that excessive tissue damage is prevented during infection and that 

the alveolar epithelium recovers to re-establish efficient oxygen uptake. This is 

achieved by dampening the inflammatory response in the airways and tissue 

repair, mediated through the induction of epithelial cell proliferation. 

A range of anti-inflammatory molecules, including transforming growth factor 

(TGF)β, interleukin (IL)-10 and IL-1RA are secreted by immune cell populations 

such as alveolar macrophages (AM) and regulatory T (Treg) cells to control 

ongoing immune responses and reduce recruitment of immune cells to sites of 

inflammation (D’Alessio et al., 2009; Wynn and Vannella, 2016; Allard et al., 

2018). AM actively phagocytose and remove dying immune cells from the 

airspace to limit the release of pro-inflammatory intracellular contents into the 

alveolar environment (Allard et al., 2018). This process, termed efferocytosis, 

triggers the secretion of growth factors and pro-resolving lipid mediators that 

display anti-inflammatory and tissue-regenerative features (Serhan and Levy, 

2018; Croasdell Lucchini et al., 2021a). 

Different populations of epithelial progenitor cells replenish damaged epithelium 

in different locations within the lung (Hogan et al., 2014). In alveoli, Sftpc+ type II 

AEC serve as local stem cells able to self-renew and differentiate into type I AEC 

(Barkauskas et al., 2013; Desai et al., 2014). Additional progenitor populations 

that can give rise to type I AEC after tissue injury are integrin-a6b4-expressing 

epithelial cells (Chapman et al., 2011), Krt5+Trp63+ basal cells (Zuo et al., 2015), 

lineage-negative progenitor cells (Vaughan et al., 2015), or stem cells located at 

the bronchioalveolar duct junction (Liu et al., 2019). The signalling pathways and 

molecules inducing progenitor cell proliferation and differentiation appear to 

depend on the type of lung insult, and are subject of intense research since they 

provide potential therapeutic avenues in acute lung disease (Standiford and 

Ward, 2016; Zepp and Morrisey, 2019). 

A variety of growth factors, cytokines and soluble lipid mediators produced by the 

damaged epithelium itself or immune cell populations have so far been implicated 

in driving AEC proliferation (Croasdell Lucchini et al., 2021b). Key growth factors 
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include epidermal growth factor (EGF) (Mu et al., 2020), vascular endothelial 

growth factor (VEGF) (Varet et al., 2010), insulin-like growth factor (IGF) (Ghosh 

et al., 2013), and other molecules that bind to the EGF receptor such as 

amphiregulin (Monticelli et al., 2011; Zaiss et al., 2015; Lucas et al., 2022). 

Similarly, soluble lipid mediators like prostaglandin E2 or lipoxin A4 can induce 

epithelial cell proliferation to restore efficient oxygen uptake in the lungs after 

tissue damage (Savla et al., 2001; Zheng et al., 2016), and cytokines such as IL-

22 and IL-33 can influence regeneration of the epithelium in the resolution of 

infection (Monticelli et al., 2011; Kumar et al., 2013). 

Importantly, lung regeneration itself has to be controlled, since dysregulated 

repair mechanisms and extensive production of anti-inflammatory cytokines like 

TGFβ can lead to lung pathologies such as fibrosis (Bartram and Speer, 2004; 

Murray et al., 2011). Thus, pulmonary repair has to be a tightly regulated interplay 

of several mechanisms that promote tissue regeneration while, at the same time, 

providing sufficient immune resistance towards invading pathogens. 

 

1.3 Legionnaires’ Disease and Legionella 
 

1.3.1 Legionnaires’ Disease  
 

Members of the bacterial genus Legionella sp. cause one type of bacterial 

pneumonia called Legionnaires’ Disease. While most infections with Legionella 

remain asymptomatic, or cause the relatively mild Pontiac fever, it can lead to an 

acute and potentially fatal pneumonia in susceptible people (Cunha et al., 2016). 

Legionnaires’ Disease was first described after an outbreak in the USA in 1976 

(McDade et al., 1977; Fraser et al., 1977) and remains a significant health burden 

today. It is responsible for an estimated 2 – 9 % of community-acquired 

pneumonia cases (Cunha et al., 2016). Despite surveillance and prevention 

measures, epidemiological studies from Europe (Beauté, 2017), USA (Barskey 

et al., 2022), and Australia (Chambers et al., 2021) demonstrate that the 

incidence of Legionnaires’ Disease is rising globally. Risk factors associated with 

Legionnaires’ Disease are old age, tobacco smoking or chronic lung disease, as 
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well as immunosuppression. In the case of disease caused by L. longbeachae, 

the use of potting soil is an additional risk factor (Marston et al., 1994; Che et al., 

2008; Kenagy et al., 2017; Chambers et al., 2021). The mortality rate of patients 

ranges between 5 – 10 % (Isenman et al., 2016; Soda et al., 2017) and better 

survival is dependent on early discovery of disease (Dominguez et al., 2009). 

Even though initial cases of antibiotic-resistant cases have been reported (Bruin 

et al., 2014), the disease can usually be treated with antibiotic regimens that 

include macrolides, quinolones, or tetracyclines (Cunha et al., 2016). 

 

1.3.2 Legionella 
 

Legionella sp. are Gram-negative, pleomorphic bacteria that can be classified 

into more than 60 different species and more than 80 different serogroups 

(Miyashita et al., 2020). More than half of Legionella species have been reported 

to cause disease in humans (White and Cianciotto, 2019).  

L. pneumophila, which was responsible for the first ever outbreak of Legionnaires’ 

Disease, is the predominant causative species worldwide, accounting for 80 – 

90 % of all Legionnaires’ Disease cases (Yu et al., 2002; Miyashita et al., 2020; 

Beauté et al., 2020). It comprises 15 individual serogroups of which L. 

pneumophila serogroup 1 is responsible for most cases (Miyashita et al., 2020; 

Beauté et al., 2020). However, since L. pneumophila serogroup 1 is the only 

species reliably diagnosed by urinary antigen test, which is the most commonly 

used diagnostic approach, this data may be prone to bias (Mercante and 

Winchell, 2015). L. pneumophila is mainly found in aquatic environments 

including freshwater lakes or human-made water reservoirs such as air-

conditioning cooling towers. There, the bacteria parasitize protozoans such as 

Acanthamoeba and Naegleria, but may also survive and replicate in biofilms 

(Fliermans et al., 1979; Rowbotham, 1980; Rogers et al., 1994; Taylor et al., 

2009; Boamah et al., 2017). 

L. longbeachae was first isolated in California in 1980 (McKinney et al., 1981) 

and currently represents the second most frequent species isolated from patients 

with Legionnaires’ Disease. It is particularly prevalent in Australia and New 
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Zealand, where it accounts for approximately 50 % of cases (Chambers et al., 

2021). Clinically, there is no specific variance in progression or outcome of the 

disease caused by the two different species (Amodeo et al., 2010). In contrast to 

L. pneumophila, L. longbeachae is usually found in a soil environment, for 

example in potting mixes, and isolated strains could efficiently infect and replicate 

within the ciliate Tetrahymena pyriformis (Steele et al., 1990; Steele and 

McLennan, 1996; Whiley and Bentham, 2011). L. longbeachae appears to have 

adapted to this specific environment, since its genome encodes for enzymes that 

enable the use of plant cellulose as a source of nutrients (Cazalet et al., 2010).  

Additional species shown to cause disease in humans are L. micdadei, L. 

bozemanii, L. dumofii, or L. sainthelensii, but together, they combine only for a 

minor proportion of all reported cases (Beauté, 2017; Miyashita et al., 2020; 

Chambers et al., 2021). 

 

1.3.3 Legionella infection 
 

1.3.3.1 Transmission and uptake of Legionella 
 

Legionella are transmitted to humans via inhalation of contaminated aerosols or 

particles (Cunha et al., 2016). It is believed that human-to-human transmission of 

Legionella does not occur. However, one case of human-to-human transmission 

of Legionella has been reported (Correia et al., 2016). While some Legionella 

species have been found to additionally infect alveolar epithelial cells as well 

(Mody et al., 1993; Maruta et al., 1998), the bacteria reaching the distal airways 

are mainly phagocytosed by AM (Mondino et al., 2020). After uptake of 

pathogens, phagosomes of AM usually mature along the endocytic pathway 

leading to the formation of phagolysosomes. These vesicles are progressively 

acidified and contain several degrading enzymes like proteases and hydrolases, 

resulting in the subsequent degradation of ingested microbes (Uribe-Querol and 

Rosales, 2017).  
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1.3.3.2 Intracellular replication of Legionella 
 

When Legionella are engulfed by AM, the bacteria secrete more than 25 effector 

proteins via a type II secretion system (White and Cianciotto, 2019), and more 

than 300 effector proteins via a type IV secretion system, called “defect-in-

organelle-trafficking/intracellular-multiplication” (Dot/Icm), into the host cell (So et 

al., 2015; Mondino et al., 2020). The main purpose of the injected effector 

proteins is the generation of the so-called Legionella-containing vacuole (LCV), 

a protected intracellular niche allowing for bacterial replication. To achieve LCV 

formation, translocated effector proteins subvert host cell secretory and trafficking 

pathways, autophagy and cell death pathways, as well as host transcription and 

protein ubiquitination (Newton et al., 2010; So et al., 2015; Mondino et al., 2020). 

The translocation of effector proteins is essential for Legionella survival and 

replication. Strains that lack the dot and/or icm genes are processed along the 

regular endocytic pathway, and bacteria are degraded by the host cell (Berger 

and Isberg, 1993; Andrews et al., 1998). 

After initial uptake, L. pneumophila-containing phagosomes evade fusion with 

lysosomes, and phagosome acidification is prevented by an effector called SidK 

which inhibits the proton pump vacuolar ATPase (Horwitz, 1983; Xu et al., 2010). 

Additional markers of normal endosomal maturation, for example the small 

GTPase Rab5 or lysosome-associated membrane glycoproteins, remain absent 

from the LCV as well (Clemens et al., 2000; Newton et al., 2010; Gaspar and 

Machner, 2014). Instead, different proteins such as the small GTPases Rab1 and 

Arf1, or the protein Sec22b, are recruited to the vacuole membrane by effector 

proteins including SidM and RalF (Nagai et al., 2002; Kagan et al., 2004; 

Robinson and Roy, 2006; Machner and Isberg, 2006; Murata et al., 2006). These 

recruited host proteins then mediate the redirection and attachment of 

endoplasmic reticulum-derived vesicles to the LCV, thus masking it from cellular 

defence mechanisms. Additional effector proteins mediate the translocation of 

nutrients for the bacteria into the LCV. Important examples include AnkB, which 

directs ubiquitinated proteins to the LCV where they are degraded to provide 

essential amino acids, and MavN, which transports iron across the LCV 
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membrane (Price et al., 2011; Isaac et al., 2015). Within the protected, pH-neutral 

and nutrient-rich LCV, Legionella can successfully replicate, a process that starts 

from approximately 4 – 10 hours after initial phagocytosis (Newton et al., 2010; 

Mondino et al., 2020). 

Notably, most of our knowledge on LCV formation results from studies using L. 

pneumophila. Even though some minor differences have been observed, the 

mechanisms involved in LCV formation and replication of L. longbeachae appear 

to be mostly similar, despite species-specific effector protein repertoires and 

virulence factors (Asare and Abu Kwaik, 2007; Kozak et al., 2010; Wood et al., 

2015). 

 

1.3.3.3 Cell egress of Legionella 
 

Although the exact mechanisms by which Legionella egress from AM in vivo 

remain to be identified, the bacteria must escape both the LCV and the host cell. 

Central to L. pneumophila egress is the ability to acquire a more virulent and 

transmissive phenotype which appears to be associated with metabolic changes 

as a result of exhausted nutrient supply for the bacteria (Bruggemann et al., 2006; 

Dalebroux et al., 2009; O’Connor et al., 2016; Oliva et al., 2018). In their 

transmissive state, L. pneumophila are able to induce pore formation and exit the 

LCV into the cytoplasm, where they display cytotoxic traits (Kirby et al., 1998; Alli 

et al., 2000; Molmeret et al., 2004). Cytotoxicity in these studies was initially 

attributed to contact-dependent pore formation within the host cell membrane, 

but more recently has been associated with the activation of the NLRC4-

inflammasome (Silveira and Zamboni, 2010). Once liberated from the host cell, 

the bacteria are distributed throughout the lung, where they are taken up by a 

range of additional immune cells (Brown et al., 2017). 
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1.4 The innate immune response in the lung 
 

1.4.1 Pathogen recognition receptors 
 

For an immune response to be generated, pathogens that successfully invade 

tissues such as the lung must be recognized. This is achieved by different classes 

of extra- and intracellular pattern recognition receptors (PRR) that sense 

conserved molecular structures called pathogen-associated molecular patterns 

(PAMP) or damage-associated molecular patterns (DAMP) in case of cellular 

stress or damage. PRR include Toll-like receptors (TLR), RIG-I-like receptors 

(RLR), NOD-like receptors (NLR), C-type lectin receptors (CLR), and cytosolic 

nucleic acid sensors, all of which are strategically located to rapidly recognize the 

presence of a pathogen (Takeuchi and Akira, 2010; Cai et al., 2014). In the naïve 

lung, PRR are expressed by non-immune cells such as bronchial or alveolar 

epithelial and endothelial cells, as well as by AM and dendritic cells, the two main 

types of immune cells that probe the airways for inhaled microorganisms and 

particles (Rohmann et al., 2011; Guilliams et al., 2013; Leiva-Juárez et al., 2018). 

Ten functional TLRs exist in humans, and 12 in mice, all of which are 

transmembrane proteins expressed on the cell membrane or in intracellular 

vesicles (Kawasaki and Kawai, 2014). Each TLR recognizes specific PAMP, 

ranging from microbial lipoproteins (TLR1/2) to double-stranded RNA (TLR3), 

lipopolysaccharide (LPS) (TLR4), flagellin (TLR5), and CpG-rich DNA (TLR9) 

(Takeuchi and Akira, 2010). TLR activation induces the recruitment of the adaptor 

proteins MyD88 or TRIF, which in turn trigger signalling cascades that activate 

transcription factors including NF-kB and interferon-regulatory factors (IRF) that 

translocate to the nucleus (Kawasaki and Kawai, 2014). This leads to the 

expression of pro-inflammatory cytokines and chemokines, the production of 

antimicrobial peptides, and the upregulation of major histocompatibility complex 

(MHC) receptors and other co-stimulatory molecules required for antigen 

presentation (Gong et al., 2020; Fitzgerald and Kagan, 2020). 

RLR are cytosolic sensors of viral nucleic acids, and thus particularly important 

in antiviral defense. Activated RLR signal through the adaptor protein 
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mitochondrial antiviral-signalling protein (MAVS), which in turn activates NF-kB 

and IRFs to induce the production of type I interferons (IFN) and other pro-

inflammatory cytokines (Rehwinkel and Gack, 2020). 

NLR are a diverse class of cytosolic PRR that includes NOD1 and NOD2, which 

are able to sense bacterial peptidoglycan derivatives and activate the 

transcription factor NF-kB (Girardin et al., 2003). It also contains several NLR 

proteins and the non-NLR proteins AIM2 and Pyrin, all of which are able to form 

multi-protein complexes called the inflammasomes (Platnich and Muruve, 2019). 

The inflammasomes consist of its specific receptor, the adaptor protein ASC, and 

pro-caspase-1, which gets activated and cleaves the effector molecule 

gasdermin D. Gasdermin D translocates to the cell membrane to form pores and 

causes pyroptosis, an inflammatory type of cell death associated with the release 

of the pro-inflammatory cytokines IL-1b and IL-18 (Schroder and Tschopp, 2010). 

NLR sense a large variety of PAMP and DAMP including microbial DNA or toxins, 

cellular stress, changes to cellular metabolism, ion or protein composition, or 

crystalline or particulate matter (Broz and Dixit, 2016; Zheng et al., 2020). 

Members of the CLR family, including Dectin-1 and -2, DC-SIGN, or Mincle, 

mainly sense components of fungal cell walls such as b-glucan or mannan. They 

are thus particularly important in antifungal immunity but are also able to 

recognize bacterial or viral PAMP (Hardison and Brown, 2012; Hoving et al., 

2014). CLR can be classified into activating or inhibitory receptors based on the 

intracellular signal transduction pathways which can impact a range of cellular 

processes like NF-kB-mediated cytokine production, IFN production, 

inflammasome activation, and antigen presentation (Hoving et al., 2014; Drouin 

et al., 2020). 

Furthermore, cGAS has been identified as an important cytosolic sensor of viral 

or bacterial DNA (Sun et al., 2013). DNA-sensing by cGAS activates the 

messenger molecule cGAMP and stimulator of interferon genes (STING), which 

in turn leads to IRF3-dependent type I IFN production and activation of interferon-

stimulated genes (Hopfner and Hornung, 2020). 
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1.4.2 Pulmonary cytokines and chemokines 
 

Activation of PRR triggers multiple intracellular pathways that lead to the 

production of signalling molecules required to initiate and orchestrate an immune 

response. In the lung, the initial cell types to secrete pro-inflammatory molecules 

are epithelial cells, endothelial cells and AM, and recruited immune cells further 

contribute the cytokine and chemokine landscape.  

Chemokines that are produced upon activation at the site of infections can be 

bound by their corresponding receptors expressed on immune cells, followed by 

cell migration along a chemokine concentration gradient and transmigration into 

infected tissues (Lee et al., 2018; Hughes and Nibbs, 2018). Each immune cell 

population displays a specific repertoire of chemokine receptors. Neutrophils, for 

example, express high levels of CCR1 and CXCR2, and are attracted to the lung 

by several chemokines like CXCL1, CXCL2, and CXCL8 (Rossaint and Zarbock, 

2013). Monocyte infiltration to the lung largely depends on the production of the 

monocyte chemoattractant protein (MCP)-1, also called CCL2, and the binding to 

its receptor CCR2 (Griffith et al., 2014), whereas NK cells and T lymphocyte 

recruitment is predominantly mediated by the axis of CXCR3 and its ligands 

CXCL9, CXCL10 and CXCL11 (Groom and Luster, 2011). 

Furthermore, pulmonary epithelium, endothelium and AM also produce a wide 

range of pro-inflammatory cytokines early after infection, including IL-1a, IL-1b, 

IL-6, IL-12, GM-CSF, and TNFa (Arango Duque and Descoteaux, 2014; Byrne et 

al., 2015). These cytokines promote cellular recruitment by inducing or further 

amplifying chemokine signalling, and can also activate immune cells to execute 

their microbicidal functions. 

IL-1a, which is constitutively expressed by epithelial cells, can increase CXCL8 

(IL-8) production by bystander cells in response to an inflammatory stimulus 

(Dinarello, 2018). IL-1b is a pro-inflammatory molecule that is, together with IL-

18, released after inflammasome and caspase-1 activation (Schroder and 

Tschopp, 2010). Similar to IL-12, IL-18 is an important contributor to cell-

mediated immunity by inducing the secretion of IFNg from NK cells or T cell 

subsets (Trinchieri, 2003; Kaplanski, 2018). IFNg in turn activates antimicrobial 
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effector mechanisms such as ROS production in myeloid cells, upregulates 

antigen presentation by dendritic cells, and contributes to T cell effector functions 

(Schroder et al., 2004; Kak et al., 2018). IL-6 and GM-CSF both display a wide 

range of functions and are involved in cellular recruitment and activation of 

myeloid and lymphoid immune cell populations (Fleetwood et al., 2005; Scheller 

et al., 2011). Lastly, TNFa is a rapidly produced cytokine that mediates an acute 

response towards pathogens, causes vasodilation of blood vessels to support 

cellular migration and, together with IL-17, triggers the release of CXCL1 and 

CXCL2 in order to recruit neutrophils to the lung (Griffin et al., 2012; Brenner et 

al., 2015). AM and epithelial cells also produce type I and type III IFNs, critical 

groups of cytokines that are particularly produced after recognition of viral 

pathogens. They aid in preventing spread of infection by promoting antigen 

presentation and T cell responses, and by maintaining epithelial barrier function 

(Crotta et al., 2013; Crouse et al., 2015; Stanifer et al., 2020). 

While rapid production of these pro-inflammatory cytokines is essential in 

pathogen clearance, immune responses must be controlled in order to prevent 

excessive tissue damage. Therefore, anti-inflammatory molecules like TGFβ, IL-

10 and IL-1RA, are secreted in the lungs to dampen inflammatory responses and 

enabling the return to homeostasis (D’Alessio et al., 2009; Wynn and Vannella, 

2016). 

 

1.4.3 Innate cellular immune responses in the lung 
 

The innate cellular immune response directed against invading pathogens in the 

lung is mediated by epithelial cells, AM, dendritic cells, neutrophils, monocytes, 

and innate lymphoid cells (ILC). 

Epithelial cells not only secrete inflammatory mediators to recruit and activate 

immune cells, but also produce antimicrobial peptides and enzymes when 

sensing an invading pathogen. These include lysozyme and lactoferrin, defensins 

such as a- and b-defensin, and cathelicidins like LL-37, all of which predominantly 

function by targeting and disrupting bacterial membrane components (Bals et al., 

1998; Lecaille et al., 2016; Leiva-Juárez et al., 2018). Additionally, the surfactant 
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proteins SP-A and SP-D secreted by type II AEC promote microbial phagocytosis 

and clearance by myeloid cells (Wright, 2005). 

AM are a lung-specific subtype of macrophages, a highly diverse group of tissue-

resident phagocytes with specific functions depending on the tissue they are 

located in. AM account for more than 90 % of macrophages present in the lung, 

where they are ideally positioned to sample the alveolar space (Kopf et al., 2015). 

Macrophages are able to adapt to their environment in that they display distinct 

phenotypes, leaning either towards a classically activated (M1) macrophage or 

alternatively activated (M2) macrophage (Hussell and Bell, 2014). In 

homeostasis, AM tend to resemble M2 macrophages and contribute to 

maintaining immune homeostasis (Garbi and Lambrecht, 2017). Upon encounter 

of invading pathogens, they rapidly switch to an M1 phenotype and upregulate 

antimicrobial mechanisms. In response to microbial uptake, they initiate immune 

responses through pro-inflammatory cytokine signalling as discussed previously, 

but also directly mediate bacterial, fungal, and viral clearance (Ibrahim-Granet et 

al., 2003; Arredouani et al., 2004; Schneider et al., 2014; Kopf et al., 2015). Direct 

AM effector mechanisms include the production of ROS and reactive nitrogen 

species (RNS), as well as the activation of enzymes, proteases and peptides able 

to eliminate pathogens (Uribe-Querol and Rosales, 2017; Szulc-Dąbrowska et 

al., 2020; Herb and Schramm, 2021). 

Dendritic cells are a diverse group of cells that includes two types of conventional 

dendritic cells and the plasmacytoid dendritic cells (Heath and Carbone, 2009). 

Each subset secretes a specific range of pro-inflammatory cytokines including 

type I IFN, TNFa, IL-1 or IL-6. But their main task is to sample the airways for 

invading pathogens and present pathogen-derived antigens on MHC class I or II 

molecules to prime or reactivate T cells in the lung during infection (Guilliams et 

al., 2013). 

Neutrophils and monocytes are recruited along chemokine gradients to sites of 

infection where they transmigrate from the blood vessels into the tissue after 

attaching to adhesion molecules expressed on the endothelium and specific 

counterparts on their own cell membrane (Gerhardt and Ley, 2015; Schnoor et 

al., 2021). 
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Neutrophils represent the largest proportion of leukocytes in the blood, and are 

potent phagocytic cells equipped with an array of microbicidal mechanisms. 

Aside from direct phagocytosis, neutrophils release neutrophil extracellular traps 

(NETs) in order to engulf pathogens (Brinkmann et al., 2004). One main avenue 

of neutrophils to degrade phagocytosed pathogens is to generate ROS and RNS 

via the enzyme complexes NADPH oxidase and nitric oxide synthase (McKenna 

et al., 2021). Neutrophils also contain different classes of granules and secretory 

vesicles that harbour specific groups of antimicrobial enzymes and peptides that 

can directly eliminate pathogens. Well-known examples are myeloperoxidase, 

neutrophil elastase, cathepsin G or lysozyme, all of which are stored in 

azurophilic granules, and lactoferrin or neutrophil gelatinase associated lipocalin, 

which are stored in specific granules (McKenna et al., 2021). However, while 

degranulation of these contents into the phagolysosome mediates the desired 

pathogen destruction, their release into the pulmonary environment can cause 

significant tissue damage and contribute to disease (Grommes and Soehnlein, 

2011). 

Monocytes are circulating myeloid cells that can be subdivided in classical and 

non-classical monocytes based on their Ly6C expression in mice, or on their 

CD14 and CD16 expression in humans (Guilliams et al., 2018). Upon CCR2-

dependent infiltration of infected tissues, classical CD14+CD16- and Ly6Chi 

monocytes display pro-inflammatory properties and functionally resemble 

macrophages or dendritic cells, which led to their designation as monocyte-

derived cells (MC) (Guilliams et al., 2018). MC employ antimicrobial strategies 

similar to macrophages to eliminate pathogens including phagocytosis, 

production of ROS and RNS, as well as secretion of pathogen-degrading 

enzymes (Serbina et al., 2008; Brown et al., 2017; Sampath et al., 2018). They 

were found to be a major source of TNFa and thus important contributors to 

bacterial clearance in the lung and other tissues (Serbina et al., 2003; Hackstein 

et al., 2013; Brown et al., 2016), but are also capable of antigen presentation and 

modulating T cell responses (Jakubzick et al., 2017). 

Lastly, ILC are a diverse group of immune cells that do not express rearranged 

antigen receptors like classical lymphoid cells, and are divided based on their 
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functions, which are similar to specific T cell subsets (Spits et al., 2013). Group I 

ILCs are important producers of IFNg, and include NK cells which execute direct 

cytotoxicity against antibody-coated target cells (Vivier et al., 2008). Group II ILCs 

secrete IL-5, IL-9 and IL-13, cytokines that are characteristic of type II immune 

responses directed against multicellular parasites, and contribute to tissue 

homeostasis and the development of allergies (Xiong et al., 2019). Furthermore, 

the heterogenous group III ILCs share the ability to produce the pro-inflammatory 

cytokines IL-17 and IL-22 (Melo-Gonzalez and Hepworth, 2017). Even though 

each ILC subset displays distinct immune functions, all members have been 

found to contribute to the eradication of specific pulmonary pathogens, including 

viruses, bacteria, fungi or helminths (Stehle et al., 2018). 

Importantly, the pulmonary immune response contains a second major branch, 

the adaptive immunity. It is mediated by T and B lymphocytes, and is highly 

specific and able to generate immunological memory. However, it will not be 

discussed here, since the focus of this thesis is on the function of innate immune 

cells, and the role of the innate immune response during bacterial pneumonia. 

 

1.5 The pulmonary immune response against Legionella 
 

1.5.1 Recognition of Legionella 
 

Legionella-associated PAMP are primarily recognized by TLR2, TLR5, and TLR9 

(Girard et al., 2003; Hawn et al., 2006; Archer et al., 2009). Interestingly, 

Legionella-derived LPS has been shown to be recognized by TLR2 as well, rather 

than by TLR4, which was originally identified to sense bacterial LPS (Fuse et al., 

2007). TLR2-deficient mice displayed a more severe phenotype after infection 

with L. pneumophila, as it resulted in increased bacterial load and delayed 

cytokine production as well as reduced neutrophil recruitment (Archer and Roy, 

2006; Hawn et al., 2006). TLR5-deficiency has also been implicated in impaired 

early neutrophil recruitment, but overall bacterial clearance and cytokine 

production appeared to be unaffected by its absence (Hawn et al., 2007; Archer 

et al., 2009). Conflicting reports exist on the role in TLR9, but it appears to be 
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involved in the production of pro-inflammatory cytokines IL-12 and TNFa, both of 

which contribute to Legionella clearance (Bhan et al., 2008; Mascarenhas et al., 

2015). A critical role in the defence against Legionella infection can be attributed 

to the shared adaptor protein MyD88. In its absence, reduced cytokine and 

chemokine production, as well as limited leukocyte infiltration into the lungs was 

observed, resulting in increased bacterial load and dissemination, as well as 

higher mortality in mice (Spörri et al., 2006b; Archer et al., 2009; Archer et al., 

2010; Mascarenhas et al., 2015). However, when infecting TLR2- and TLR9-

double-deficient mice with non-flagellated L. pneumophila and thus avoiding the 

stimulation of TLR2, TLR5, NAIP5/NLRC4, and TLR9, mice were still able to clear 

the bacteria (Archer et al., 2009). This indicates that additional sensors of 

microorganisms and other signalling pathways are likely to play a critical role in 

the immune response towards Legionella.  

These include, for example, cytosolic nucleic acid sensors such as cGAS, which 

binds Legionella-derived DNA (Stetson and Medzhitov, 2006; Lippmann et al., 

2011), and RIG-1 or MDA5, which are able to bind bacterial RNA (Monroe et al., 

2009). Their specific downstream signalling pathways lead to the induction of 

IRF3 and subsequent production of type I IFNs by infected epithelial cells or 

macrophages, thus contributing to optimal restriction of Legionella (Schiavoni et 

al., 2004; Opitz et al., 2006; Lippmann et al., 2011; Naujoks et al., 2018). In vivo 

studies confirm the importance of nucleic acid sensing after infection, as 

increased loads of L. pneumophila were found in lungs of both cGAS- and 

STING-deficient mice (Ruiz-Moreno et al., 2018). Furthermore, the NLRs NOD1 

and NOD2 were both linked to neutrophil recruitment and Legionella clearance, 

but the exact underlying mechanisms are not yet fully determined (Frutuoso et 

al., 2010; Berrington et al., 2013). The main NLR involved in the immune 

response against L. pneumophila is NAIP5, which is able to recognize bacterial 

flagellin expressed by several Legionella species including L. pneumophila (Ren 

et al., 2006). Flagellin recognition leads to heterodimerization of NAIP5 with 

NLRC4, inducing an NLCR4 inflammasome-driven immune response which was 

able to quickly clear bacteria from the lungs of mice without detectable symptoms 

of disease (Molofsky et al., 2006; Pereira et al., 2011). However, inflammasome 



 18 

activity can be initiated in a flagellin-independent manner via caspase-11 

activation as well (Case et al., 2013). It was found that the family of guanylate 

binding proteins (GBPs), which are able to sense cytosolic LPS derived from L. 

pneumophila, are critical mediators of caspase-11 and inflammasome activation 

(Pilla et al., 2014). Mice deficient in the cluster of GBP encoded on chromosome 

3 displayed significantly delayed pro-inflammatory cytokine signalling and 

impaired restriction of L. pneumophila replication (Liu et al., 2018). 

In contrast to L. pneumophila, the genome of L. longbeachae does not encode 

for flagellin but other potential virulence factors. These differences are one 

possible explanation for the observation that L. longbeachae is more virulent in a 

number of mouse strains when compared to L. pneumophila, and results in 

significant mortality (Asare et al., 2007; Massis et al., 2017). The specific immune 

response towards L. longbeachae is an ongoing current subject of research. 

 

1.5.2 Cytokines in anti-Legionella defence 
 

Early after Legionella infection, AM are the main cell type that take up the 

bacteria, and thus are key to initiate cytokine and chemokine production to attract 

further innate pulmonary phagocytes like neutrophils, dendritic cells and 

monocyte-derived cells (MC) (Brown et al., 2017). Similarly, these cells are able 

to recognize and engulf Legionella, and contribute to the secretion of pro-

inflammatory mediators.  

After phagocytosis, AM produce IL-1a and IL-1b despite translocation of 

antagonizing effector proteins by Legionella (Barry et al., 2013a; Asrat et al., 

2014; Copenhaver et al., 2015). IL-1 and IL-1 receptor signalling initiated by AM 

activates bystander epithelial and immune cells to produce the pro-inflammatory 

cytokines GM-CSF (Liu et al., 2020), TNFa (Copenhaver et al., 2015; Ziltener et 

al., 2016), or IL-12 (Copenhaver et al., 2015; Brown et al., 2016). These cytokines 

attract several innate immune cells to the lung, particularly MC and neutrophils 

(LeibundGut-Landmann et al., 2011; Ziltener et al., 2016; Brown et al., 2017). 

Mice deficient in IL-1 receptor signalling displayed reduced neutrophil recruitment 

and bacterial clearance (Mascarenhas et al., 2015; Copenhaver et al., 2015). 
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Similarly, mice either depleted in IL-12p40 (Brieland et al., 1998) or deficient in 

TNFa and TNF-receptor 1 signalling (Fujita et al., 2008; Ziltener et al., 2016) are 

significantly impaired in their capability to eradicate the bacteria. 

Further cytokines associated with either driving lung infiltration of inflammatory 

cells or triggering release of IFNg are IL-17 (Cai et al., 2016), IL-18 (Brieland et 

al., 2000), and IL-23p19 (Fontana et al., 2011). Although Legionella-infected AM 

produce type I IFN, its exact contribution during infection in vivo remains unclear, 

since IFNa receptor-deficient mice are readily able to clear bacteria (Ang et al., 

2010; Lippmann et al., 2011; Naujoks et al., 2016). 

IFNg is of major importance in eradicating L. pneumophila. Mice lacking IFNg or 

the IFNg-receptor are unable to restrict bacterial replication, leading to systemic 

dissemination and increased mortality (Shinozawa et al., 2002; Spörri et al., 

2006a; Lippmann et al., 2011). Previous work by our group demonstrated that IL-

12 stimulates IFNg-production by NK cells and a variety of T cell subsets, which 

in turn induced IFNg-dependent bacterial killing specifically by MC (Brown et al., 

2016). Human patients with acute Legionnaires’ Disease showed elevated serum 

levels of IFNg and IL-12, suggesting that these cytokines are of relevance in 

human disease as well (Tateda et al., 1998). 

Since L. longbeachae is morphologically different and encodes species-specific 

virulence factors, other cytokines and chemokines may play a critical role during 

the immune response as well. While it has been demonstrated that TNFa, IFNg 

and IL-12 are required for efficient clearance of L. longbeachae as well (Massis 

et al., 2017), IL-18 appears to be of special relevance in the elimination of L. 

longbeachae from the lung (Oberkircher et al., 2022, in preparation). 

 

1.5.3 Cellular immune responses towards Legionella 
 

Programmed cell death is an effective way of the host immune response to 

eliminate infected cells. AM, the first cells to encounter Legionella, can sense L. 

pneumophila-derived flagellin and, in response, undergo NAIP5/NLRC4-

dependent pyroptosis (Zamboni et al., 2006; Molofsky et al., 2006; Case et al., 
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2009). Accordingly, NLRC4-deficient mice have been shown to clear infection 

less efficiently (Zamboni et al., 2006; Case et al., 2009). Interestingly, infection 

with non-flagellated L. pneumophila, which are not sensed by NAIP5, still induces 

transient AM depletion (Brown et al., 2016), which may be attributed to caspase-

1-independent pyroptosis (Case et al., 2013). Additionally, AM were reported to 

display direct bactericidal activity mediated by TNFa (Ziltener et al., 2016). 

Aside from this, the clearance of Legionella from the lung highly depends on a 

quickly mounted innate immune response. Infiltrating neutrophils phagocytose 

Legionella and generate ROS via NADPH oxidase activity in response to 

bacterial effector translocation, and display antimicrobial protease activity 

(Ziltener et al., 2016; Anderson et al., 2019). Thus, they are one key cell type in 

clearing Legionella, and neutrophil-deficient mice are highly susceptible to 

infection (Tateda, et al., 2001; LeibundGut-Landmann et al., 2011). Neutrophils 

also dominate the immune response against L. longbeachae (Massis et al., 

2017). A second major cell population required for resolving infection and 

degrading Legionella are MC. During L. pneumophila infection, they engulf 

bacteria and contribute to their clearance by killing them in an IFNg-dependent 

manner. CCR2-deficient mice are unable to efficiently recruit these cells to the 

lung, and are significantly impaired in their ability to clear L. pneumophila (Brown 

et al., 2016). 

While dendritic cells have been found to engulf L. pneumophila as well (Brown et 

al., 2016), their contribution to bacterial clearance is not clear. An adaptive 

immune response, and thus antigen presentation by dendritic cells, appear to be 

of lesser importance, since mice lacking T and B lymphocytes readily eliminate 

L. pneumophila (Cai et al., 2016). Nevertheless, T cell subsets, along with NK 

cells, represent an important source of IFNg to induce bactericidal activity in 

myeloid cells such as MC (Brown et al., 2016). The presence of Legionella-

specific IgG and IgA antibodies identified in later stages of infection suggests at 

least some B cell activity (Joller et al., 2007). One recently identified type of 

innate-like lymphocytes, namely mucosal associated invariant T (MAIT) cells, 

was shown to be enriched and activated in the lungs of mice infected with L. 

longbeachae, where they mediated IFNg-dependent protection and reduction of 
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bacterial load (Wang et al., 2018). This study also reported that in Rag2-/-gC-/- 

mice, which lack conventional T cells, B cells, and NK cells, were highly 

susceptible to L. longbeachae infection and were unable to clear the bacteria. 
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Figure 1.1: The pulmonary immune response against L. pneumophila. 
(1) Upon inhalation, Legionella are engulfed by AM, in which they replicate by 
establishing a Legionella-containing vacuole. 
(2) AM initiate an immune response, inducing the production of pro-inflammatory 
cytokines such as IL-1a, IL-1b, TNFa, or GM-CSF by epithelial cells and 
bystander AM. Inflammatory AM death enhances the pro-inflammatory cytokine 
production.  
(3) Neutrophils are recruited and infiltrate the lung, phagocytosing and killing 
Legionella in an NADPH-oxidase-dependent manner. 
(4) Monocyte-derived cells (MC) are recruited and infiltrate the lung. They 
phagocytose Legionella and secrete IL-12.  
(5) IL-12 in turn activates recruited NK cells and T cell subsets to secrete IFNg, 
which feeds back to MC and induces IFNg-dependent bactericidal activity of MC. 
Figure adapted from (Brown et al., 2017), created with biorender.com.  
AM = alveolar macrophage, MC = monocyte-derived cell. 
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1.6 Impact of cigarette smoke on pulmonary immune responses 
 

1.6.1 Cigarette smoking 
 

1.6.1.1 Cigarette smoking as a global health burden 
 

Cigarette smoking is one of the most relevant environmental risk factors 

associated with morbidity and mortality in humans. According to recent 

estimations, cigarette, i.e., tobacco smoking accounts for more than 8.5 million 

deaths each year (Murray et al., 2020; Reitsma et al., 2021). This includes 

approximately 1 million deaths of non-smokers that are only indirectly exposed to 

cigarette smoke. Smoking-related deaths are distributed between a wide variety 

of conditions like malignant neoplasms (cancer), lower respiratory tract infections, 

cardiovascular diseases and chronic respiratory diseases (Murray et al., 2020). 

Despite considerable efforts to reduce the size of the smoking population, more 

than one billion people worldwide are estimated to be current smokers, thus 

making smoking a major global health burden (Jha and Peto, 2014; Reitsma et 

al., 2021). 

 

1.6.1.2 Cigarette smoke components 
 

Cigarette smoke itself is a highly variable and complex mixture consisting of a 

particulate phase and a gaseous phase generated via combustion, pyrolysis, 

sublimation and condensation processes (Borgerding and Klus, 2005). In total, 

cigarette smoke contains more than 7,000 components, many of which have 

been classified as toxic, carcinogenic or otherwise harmful substances. These 

substances include toxic gases like carbon monoxide or hydrogen cyanide, ROS 

and free radicals, aldehydes and ketones like formaldehyde, aromatic amines 

and nitrosamines such as aminobiphenyl, polycyclic aromatic hydrocarbons, 

trace metals like mercury or lead, addictive substances such as nicotine, and tar 

(Talhout et al., 2011; Soleimani et al., 2022). These components are not only 

present in the so-called mainstream smoke which is directly inhaled into the 



 24 

lungs, but also in the sidestream smoke that forms at the tip of the cigarette and 

is released into the environment (Borgerding and Klus, 2005). Sidestream smoke 

and exhaled mainstream smoke can distribute through the air and persist for 

hours in closed areas, thus exposing non-smokers to cigarette smoke as well 

(Van Deusen et al., 2009; Kraev et al., 2009; Soleimani et al., 2022). 

 

1.6.2 Impact of cigarette smoke on pulmonary immune responses 
 

Cigarette smoke and its individual components strongly contribute to the 

development, progress and outcome of a wide range of disease (Reitsma et al., 

2021). This is particularly the case in the lung which is directly exposed to inhaled 

smoke. Here, smoking is associated with the development of chronic obstructive 

pulmonary disease (COPD) (Kirkham and Barnes, 2013), lung cancer (de Groot 

et al., 2018) or asthma (Polosa and Thomson, 2013). Additionally, cigarette 

smoke increases the susceptibility to microbial infections due to its major effects 

on pulmonary immune functions (Arcavi and Benowitz, 2004; Bagaitkar et al., 

2008). Importantly, the impact of cigarette smoke on the pulmonary immune 

response is of dual nature. While smoking can act as a pro-inflammatory stimulus, 

it is mostly associated with a suppressed innate immune response towards 

invading pathogens (Stämpfli and Anderson, 2009; Strzelak et al., 2018). 

 

1.6.2.1 Pulmonary epithelium 
 

Cigarette smoke can cause a sustained persistence of invading pathogens within 

the airways by impairing the mucociliary transport machinery. Smoke 

dysregulates the ion transport across the pulmonary epithelium and causes 

mucus overproduction that is driven by excessive epithelial secretion of the mucin 

MUC5AC (Innes et al., 2006; Cohen et al., 2009; Xavier et al., 2013). Smoke 

exposure also reduces the number and function of cilia, small protrusions on 

epithelial cells that constantly beat to transport mucus from distal parts of the 

airways to the pharynx (Cohen et al., 2009; Tamashiro et al., 2009; Leopold et 

al., 2009). Furthermore, the integrity of the epithelial barrier is disrupted due to a 
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smoke-induced downregulation of cell-cell interactions and the development of 

paracellular gaps (Gangl et al., 2009; Shaykhiev et al., 2011; Heijink et al., 2012; 

Moazed et al., 2016).  

Smoking also leads to defects in the secretory functions of AEC, resulting in 

decreased production of surfactant proteins (Honda et al., 1996) or antimicrobial 

peptides like b-defensin (Herr et al., 2009; Zhang et al., 2011). Similarly, the 

production of chemokines and cytokines by the epithelium are affected by smoke. 

Bronchial and alveolar epithelial cells were, on the one hand, reported to strongly 

produce pro-inflammatory cytokines such as IL-6, IL-8, or TNFa in response to 

smoke exposure (Mio et al., 1997; Vlahos et al., 2006; Gao et al., 2015). On the 

other hand, in presence of bacterial or viral pathogens, the initiation of an immune 

response by the epithelium was diminished. Lower cytokine production of type I 

and type II IFNs (Bauer et al., 2008; Modestou et al., 2010), or IL-6 and IL-8, as 

well as delayed cellular recruitment (Kulkarni et al., 2010; Manzel et al., 2011) 

were observed as a result of decreased nuclear presence of IRF3 and NF-kB due 

to smoke. 

In summary, pulmonary epithelium tends to display functional deficiencies in the 

context of a pulmonary infection, even though it is capable of mediating pro-

inflammatory processes. 

 

1.6.2.2 Alveolar macrophages 
 

AM are the major phagocyte within the airways, yet their ability to phagocytose 

invading microorganisms appears to be reduced due to cigarette smoke. This 

was shown for a number of bacterial pathogens including S. pneumoniae, H. 

influenzae, or L. monocytogenes (King et al., 1988; Berenson et al., 2006; Martí-

Lliteras et al., 2009; Phipps et al., 2010). Mechanistically, limitations in bacterial 

uptake was attributed to disrupted cytoskeletal function and the accumulation of 

oxidised phospholipids in the cell membrane due to smoke exposure (Kimura et 

al., 2012; Thimmulappa et al., 2012). Cigarette smoke also decreases 

macrophage efferocytosis capability due to a down-regulation of surface 

recognition molecules, and these defects remained present for months after 
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cessation of smoke exposure (Hodge et al., 2007; Richens et al., 2009; Noda et 

al., 2013). Notably, pharmacologic activation of nuclear erythroid-related factor 

(Nrf) 2 signaling was able to restore phagocytic capacity of H. influenzae and P. 

aeruginosa by AM from COPD patients and smoke-exposed mice, thus 

presenting an avenue for pharmacological intervention in infected smokers 

(Harvey et al., 2011). 

Furthermore, pathogen recognition and subsequent pro-inflammatory signalling 

cascades can be impaired in AM due to smoke exposure. For example, TLR2 

and TLR4 signalling after LPS stimulation, and TLR3 signalling after polyI:C 

stimulation was shown to be decreased in AM from smokers (Droemann et al., 

2005; Chen et al., 2007; Todt et al., 2013). In mouse models, presence of 

cigarette smoke diminished production of TNF-a, IL-6 and the T cell attracting 

chemokine CCL5 in response to TLR stimuli due to reduced nuclear NF-kB 

translocation (Gaschler et al., 2008). In models of P. aeruginosa or M. 

tuberculosis infection, a similar inhibition of cytokine secretion could be observed, 

coinciding with delayed bacterial clearance that further underscores the 

immunosuppressive role of cigarette smoke during infection (Drannik et al., 2004; 

O’Leary et al., 2014). 

 

1.6.2.3 Neutrophils 
 

Neutrophils are actively recruited to the lung during smoke exposure by 

inflammatory mediators and via increased expression of adhesion molecules 

required for transmigration across the epithelium (Mio et al., 1997; Overbeek et 

al., 2011; Pouwels et al., 2016). Within the airways, neutrophils are a major driver 

of the tissue damage and chronic inflammation associated with COPD, for 

example by secreting serin proteases and matrix metalloproteinases (MMP). 

Despite this increased activity, neutrophils were reportedly unable to improve 

bacterial clearance in the context of infection. This has mainly been attributed to 

limited phagocytosis of pathogens including E. coli, S. aureus or Candida species 

(Prieto et al., 2001; Stringer et al., 2007; Guzik et al., 2011), and to reduced 

microbial killing capacity (Pabst et al., 1995; Dunn et al., 2005). Cigarette smoke 



 27 

was also shown to influence the formation and function of NET by neutrophils, 

but how this may impact specific immune responses has yet to be examined in 

more detail (Qiu et al., 2017; White et al., 2018).  

 

1.6.2.4 Dendritic cells, NK cells and monocytes 
 

The main function of dendritic cells, which is the presentation of pathogen-derived 

antigens to prime T cell responses can be significantly impacted by cigarette 

smoke. Reduced surface expression of MHC class II, as well as downregulation 

of co-stimulatory molecules and the maturation markers CD80 and CD86 were 

observed in vitro, and in a murine model of smoke exposure (Robbins et al., 2008; 

Givi et al., 2015). Additionally, a range of cytokines normally secreted by dendritic 

cells in response to pathogen sensing were produced less efficiently because of 

smoke. These include IL-12 and IL-23 (Kroening et al., 2008), as well as IL-1b 

and type I IFN due to reduced IRF7 activation (Castro et al., 2011). 

The impact of cigarette smoke on NK cells is currently still in debate since some 

studies reported an increased activity (Motz et al., 2010; Bozinovski et al., 2015), 

while others observed a reduction in NK cell cytotoxicity and pro-inflammatory 

TNFa and IFNg production, mechanisms that usually contribute to pathogen 

clearance (Mian et al., 2008; Mian et al., 2009). However, decreased NK cell 

function and immunosurveillance was also associated with pulmonary tumour 

development (Lu et al., 2007). 

The impact of cigarette smoke on monocyte activity in the lung is more difficult to 

assess due to the different phenotypes they obtain upon infiltration of tissues. 

Like other immune cells, however, the pro-inflammatory effect of cigarette smoke 

causes their enhanced recruitment to the lung (Barnes, 2009; Barnes, 2016). 

Cigarette smoke also changes the proportion of different monocytes subsets in 

the lung and skews their cytokine profile to resemble that of pulmonary 

macrophages (Pérez-Rial et al., 2013; Oliveira da Silva et al., 2017; da Silva et 

al., 2020). It is thus likely that the smoke causes the same functional differences 

in monocytes and monocyte-derived macrophages infiltrating the lung as AM.  
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Additional to the innate immune response, cigarette smoke also modulates 

adaptive immunity in the lung (Stämpfli and Anderson, 2009; Strzelak et al., 

2018). But similar to the effects on innate immune mechanisms, the complexity 

of cigarette smoke induces both pro- and anti-inflammatory effects in T and B 

lymphocytes. Further investigations are therefore essential to increase our 

understanding on how smoking renders the individual components of the immune 

system less capable of fighting invading pathogens. 

 

1.7 Thesis aims 
 

Cigarette smoke has diverse effects on the pulmonary microenvironment and on 

the components of pulmonary immune responses. Cigarette smoke is capable of 

inducing cell death, but in vivo, this has never been demonstrated for AM. 

Cigarette smoke is a major risk factor associated with the bacterial pneumonia 

Legionnaires’ Disease, but it is not known how smoke mechanistically renders 

individuals more susceptible to disease. 

Therefore, the aims of the first two parts of this thesis were 

(i) to investigate if cigarette smoke caused AM depletion in vivo, and 

to identify the cell death pathways that mediated a potential 

cigarette smoke-induced AM death, 

(ii) to assess how smoke exposure impacted disease progression and 

the immune response after infection with two Legionella species, L. 

pneumophila and L. longbeachae. 

 

Recently emerging evidence suggested that several immune cell populations are 

able to promote tissue regeneration after infection or injury. However, little is 

known about the mechanisms by which immune cells contribute to lung recovery 

from bacterial pneumonia.  

Therefore, the aim of the third part of this thesis was 

(iii) to investigate the contribution of different immune cells to the 

functional recovery of lungs from Legionnaires’ Disease. 
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2 Materials and Methods 
 

2.1 Material 
 

2.1.1 Mouse strains 
 

Mice were bred and maintained under specific pathogen-free conditions and in 

accordance with institutional animal guidelines in the animal facilities House of 

Experimental Therapy (HET) of the University of Bonn, Biological Research 

Facility at Bio21 Molecular Science and Biotechnology Institute, and Biomedical 

Science Animal Facility (BSAF) of the University of Melbourne. Mice bred in other 

animal facilities indicated below were imported to the BSAF of the University of 

Melbourne and maintained there for at least one week prior to the start of 

experiments. All animal experiments were performed at these facilities under 

approval of the ethics committees of the associated universities. 

C57BL/6J mice were used as wild-type strain, and either bred as described above 

or purchased from Charles River Laboratories (Sulzfeld, Germany). Knock-out 

strains were either created on a C57BL/6 background or were backcrossed to a 

C57BL/6 background for at least 10 generations. Experiments were performed 

with mice 7 – 14 weeks of age. 

 

Table 2.1: Mouse strains 
Strain Source and description 

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

ASC-/- B6.129S5-Pycardtm1Flv mice (Sutterwala et al., 2006) were bred 

as homozygotes in the BSAF, and were a kind gift from Eva 

Dimitriadis. Mice of this strain are deficient in the adaptor 

protein ASC which is required for inflammasome formation and 

activation of Caspases and Gasdermin D. These mice are 

deficient in all forms of Caspase-1-dependent pyroptosis. 
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NLRP3-/- B6.129S5-Nlrp3tm1Flv mice (Sutterwala et al., 2006) were bred 

as homozygotes in the Peter-Doherty-Institute animal facility, 

and were a kind gift from Julie McAuley. Mice of this strain are 

deficient in the intracellular sensor NLRP3 which is specifically 

required for NLRP3 inflammasome formation. These mice are 

deficient in NLRP3-dependent pyroptosis. 

MLKL-/- B6-Mlkltm1.2wsa mice (Murphy et al., 2013) were bred as 

homozygotes in the Walter and Eliza Hall Institute animal 

facility in Parkville, and were a kind gift from Kathryn Lawlor. 

Mice of this strain are deficient in the pseudokinase MLKL. 

These mice are deficient in necroptosis. 

 

2.1.2 Pathogens 
 

Legionella strains used in this study were kindly provided by Elizabeth Hartland, 

Hudson Institute of Medical Research.  

The vector pON.mCherry was a gift from Howard Shuman (Addgene plasmid 

#84821; RRID:Addgene_84821) (Gebhardt et al., 2017). 

 

Table 2.2: Legionella strains 
Species Description 

L. pneumophila Strain 130b ΔflaA; containing a deletion of the flaA gene, 

resulting in non-flagellated L. pneumophila 

Heat-inactivated  

L. pneumophila 

See above; inactivated by incubation at 95 ºC  

for 60 minutes 

L. longbeachae Strain NSW150; clinical isolate 

L. longbeachae-

mCherry 

Genetically modified L. longbeachae NSW150; transformed 

with pON.mCherry to constitutively express the fluorescent 

protein mCherry (Oberkircher et al., 2022, in preparation). 
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2.1.3 Equipment 
 

Table 2.3: Equipment 
Device Manufacturer 

Amnis® ImageStream® Mk II Luminex, Seattle, WA, USA 

Anaesthetic machines Harvard Apparatus, Holliston, MA, USA 

DarvallVet, Gladesville, Australia 

Neubauer cell chamber BRAND, Wertheim, Germany 

Centrifuges Eppendorf, Hamburg, Germany 

ChemiDoc XRS+ BioRad, Hercules, CA, USA 

Dissection equipment Fine Science Tools, Foster City, CA, USA 

FACSCantoTM II, 

LSRFortessaTM flow cytometer 

Becton-Dickinson, Franklin Lakes, NJ, USA 

FlexMap 3D System Luminex, Seattle, WA, USA 

Gel electrophoresis equipment BioRad, Hercules, CA, USA 

Gyratory rocker Stuart Equipment, Stone, UK 

Heat block HTA-Biotec, Bovenden, Germany 

HERAsafe workbench Heraeus, Braunschweig, Germany 

Incubators Heraeus, Braunschweig, Germany 

Thermo Fisher Scientific, Waltham, MA, USA 

IVC mouse cages Tecniplast Smartflow, Hohenpleißenberg, 

Germany 

MoFlo Astrios EQ Cell Sorter Beckman Coulter, Brea, CA, USA 

QuantStudio 6 RT-PCR system Thermo Fisher Scientific, Waltham, MA, USA 

Spectrophotometers 

(NanoDrop™, OD600 nm) 

Thermo Fisher Scientific, Waltham, MA, USA 

BioRad, Hercules, CA, USA 

Implen, Munich, Germany 
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Thermocycler  

(Mastercycler Nexus) 

Eppendorf, Hamburg, Germany 

Tissue Lyser LT Qiagen, Hilden, Germany 

Tissue Homogenizer IKA, Staufen, Germany 

Typhoon 5 GE Healthcare 

UltraMicroscope II LaVision Biotec, Bielefeld, Germany 

 

2.1.4 Consumables and reagents 
 

Table 2.4: Consumables 
Consumable Manufacturer 

BCYE Agar plates Media Preparation Unit, Peter Doherty Institute, 

Melbourne, Australia, 

ThermoFisher Scientific, Waltham, MA, USA 

Cannulas & Catheters Braun, Melsungen, Germany, 

Terumo, Somerset, NJ, USA 

Cell strainers  

(40 µm & 70 µm) 

Corning, Corning, NY, USA, 

Miltenyi, Bergisch-Gladbach, Germany 

FACS tubes 

polystyrene, 5 ml 

Corning, Corning, NY, USA 

Sarstedt, Nümbrecht, Germany 

FACS tubes 

polypropylene, 5 ml 

Corning, Corning, NY, USA 

Sarstedt, Nümbrecht, Germany 

BD Biosciences, Franklin Lakes, NJ, USA 

Injection needles 

(23 G, 25 G, 27 G) 

Becton-Dickinson, Franklin Lakes, NJ, USA 

Braun, Melsungen, Germany 

Microcentrifuge cups Eppendorf, Hamburg, Germany 

Microtiter plates 

(6-well, 96-well) 

TPP, Transadingen, Switzerland 

Greiner bio-one, Solingen Germany 
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Petri dishes Greiner bio-one, Solingen, Germany 

Polypropylene tubes 

(15 ml, 50 ml) 

Greiner bio-one, Solingen, Germany 

Corning, Corning, NY, USA 

Surgical thread Fine Science Tools, Foster City, CA, USA 

Syringes Becton-Dickinson, Franklin Lakes, NJ, USA 

Terumo, Somerset, NJ, USA 

Three-way taps Terumo, Somerset, NJ, USA 

 

Table 2.5: Chemicals and reagents 
Chemical/Reagent Manufacturer 

1-propanol Sigma-Aldrich, St. Louis, MO, USA 

1-propanol (anhydrous) Sigma-Aldrich, St. Louis, MO, USA 

7-AAD BioLegend, San Diego, CA, USA 

ACK buffer Lonza, Cologne, Germany 

Ammonium chloride (NH4Cl) Sigma-Aldrich, St. Louis, MO, USA 

Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, MO, USA 

Calcium chloride (CaCl2) Sigma-Aldrich, St. Louis, MO, USA 

CaliBRITE™ beads BD Biosciences, Franklin Lakes, NJ, 

USA 

Collagenase III & IV Worthington Biochemical Corporation, 

Lakewood, NJ, USA 

Dimethylsulfoxide (DMSO) Roth, Karlsruhe, Germany 

DNase I Sigma-Aldrich, St. Louis, MO, USA 

Ethanol Roth, Karlsruhe, Germany 

Ethlylene diamine tetra acetic acid 

(EDTA) 

Merck, Darmstadt, Germany 
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Ethyl cinnamate Sigma-Aldrich, St. Louis, MO, USA 

FACSLysing solution BD Biosciences, Franklin Lakes, NJ, 

USA 

Foetal 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 

HEPES Merck, Kenilworth, NJ, USA 

Isoflurane AbbVie, North Chicago, IL, USA 

Paraformaldehyde (PFA) 

16 %, methanol-free 

ThermoFisher Scientific, Waltham, MA, 

USA 

Pentobarbital (Narcoren) Covetrus, Portland, ME, USA 

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

Potassium hydrochloride (KHCO3) Merck, Kenilworth, NJ, USA 

RPMI 1640 medium Invitrogen, Darmstadt, Germany 

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

Sodium azide (NaN3) Roth, Karlsruhe, Germany 

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

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

Trypan Blue (0.4 %) Lonza, Cologne, Germany 

Xylazine Bayer, Leverkusen, Germany 
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2.1.5 Buffers and media 
 

Table 2.6: Buffers and media 
Buffer Composition 

Annexin V Binding 

Buffer 

10 mM HEPES (pH7.4), 140 mM NaCl, 2.5 mM 

CaCl2 in double distilled water 

Digestion Buffers 1 mg/ml Collagenase IV, 1 mg/ml DNase I in PBS; 

1 mg/ml Collagenase III, 1 mg/ml DNase I, 3 % (v/v) 

FCS in RPMI-1640 

Erythrocyte lysis buffer 

(ACK buffer) 

150 mM NH4Cl, 10mM KHCO3, 1 mM EDTA in 

double distilled water 

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

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4 in double distilled water (pH 7.4) 

Perm/Block buffer 5 % (w/v) BSA, 10 % (v/v) DMSO, 2 % (v/v) TritonX-

100, 0.05 % (v/v) NaN3 in PBS 

 

 

2.2 Methods 
 

2.2.1 Treatment of mice 
 

2.2.1.1 Cigarette smoke exposure 
 

Cigarette smoke exposure was conducted in class II biosafety hoods as 

described previously by the group of Gary Anderson, University of Melbourne 

(Bozinovski et al., 2015). Mice were exposed to cigarette smoke from 

commercially available cigarettes containing 1.2 mg nicotine and 16 mg tar per 

cigarette (Winfield Red, British American Tobacco Australia, Woolomooloo, 

Australia). For each smoking treatment, a maximum of 20 mice were transferred 
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into an 18-liter plastic container connected to a 50 ml syringe and one lit cigarette 

via a three-way tap. The lit cigarette’s smoke was repeatedly drawn into the 

syringe at a rate of 8 seconds per draw and pushed into the container until the 

cigarette was used up. Mice were exposed to the smoke of one cigarette within 

the container for a total of 15 minutes before the lid was removed for 5 minutes 

of fresh air. This procedure was repeated three times for each treatment, and 

mice received three such treatments per day, equalling 9 cigarettes per day. Mice 

were returned to their housing cages for at least 2 hours between treatments. 

Control animals were likewise transferred between housing cages and identical 

plastic containers but not exposed to cigarette smoke. 

 

2.2.1.2 Intranasal delivery of Legionella and liposomes 
 

Legionella strains were grown on selective buffered charcoal yeast extract 

(BCYE) agar plates for 72 hours at 37 ºC. For intranasal infections, between 10 

and 20 Legionella colonies were collected from BCYE agar plates, pooled and 

resuspended in sterile PBS. The absorbance of the bacterial suspension at an 

optical density of 600 nm was adjusted to 1, corresponding to 1x109 CFU/ml 

Legionella. The infectious dose was then adjusted by dilution in sterile PBS. For 

infections with L. pneumophila, mice received 2.5x106 CFU. For infections with 

L. longbeachae, mice received 2.5x105 CFU in experiments performed in 

Melbourne, or 2.5x104 CFU in experiments performed in Bonn. The infectious 

dose used in each experiment was confirmed by retrospective CFU quantitation. 

Legionella was delivered to mice under controlled isoflurane-induced 

anaesthesia (2 % isoflurane/O2 (v/v)) by intranasal administration of 50 µl PBS 

containing the infectious dose. Control mice received 50 µl PBS only. 

Likewise, mice were administered 50 µl sterile PBS, PBS liposomes, or 

Clodronate liposomes (Liposoma B.V., Amsterdam, Netherlands) under 

controlled isoflurane-induced anaesthesia. 
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2.2.1.3 In vivo cell depletion 
 

In vivo depletion antibodies were diluted in sterile PBS prior to injection. For the 

depletion of neutrophils, mice received one i.p. injection of 200 µg anti-Ly6G 

antibody (clone 1A8) and 50 µg of anti-rat Kappa Immunoglobulin light chain 

antibody (clone MAR18.5) in 150 µl PBS on day 5 after infection (Boivin et al., 

2020). Control mice were treated with an equivalent amount of irrelevant, isotype-

matched antibody (rat IgG2a, clone 2A3). For the depletion of specific T cell 

populations, mice received either one i.p. injection of 300 µg anti-CD4 antibody 

(clone GK1.5) in 150 µl PBS, or one i.p. injection of 300 µg anti-CD8 antibody 

(clone YTS169.4) in 150 µl PBS, on day 5 after infection. Control mice were 

treated with an equivalent amount of irrelevant, isotype-matched antibody (rat 

IgG2b, clone LTF-2). 

 

Table 2.7: Antibodies for in vivo cell depletion 
Antibody Clone Isotype Company 

Anti-CD4 GK1.5 Rat IgG2b BioXCell, Lebanon, NH, USA 

Anti-CD8 YTS169.4 Rat IgG2b BioXCell, Lebanon, NH, USA 

Anti-Ly6G 1A8 Rat IgG2a BioXCell, Lebanon, NH, USA 

Anti-rat Kappa 

Immunoglobulin 

Light Chain 

MAR18.5 Mouse IgG2a, k BioXCell, Lebanon, NH, USA 

Phycoerythrin 

(isotype control) 

2A3 Rat IgG2a BioXCell, Lebanon, NH, USA 

KLH 

(isotype control) 

LTF-2 Rat IgG2b BioXCell, Lebanon, NH, USA 
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2.2.1.4 Respiratory mechanics 
 

Respiratory mechanics in mice were measured using a FlexiVent™ system and 

flexiware v8.2.0 software (SciReq, Montreal, Canada) according to 

manufacturer’s instructions. Mice were anesthetized by i.p. injection of 8 mg/kg 

Xylazine diluted in 100 µl sterile PBS and 90 mg/kg Pentobarbital diluted in 100 µl 

sterile PBS. Mice were tracheotomised by exposing the trachea and inserting an 

18 G catheter, fixed with a surgical thread. Mice were then attached to the 

FlexiVent™ system via the catheter and a sequence of protocols as indicated in 

table 2.8 was initiated. After the completed measurement, the catheter was 

removed from the trachea, mice were killed by i.p. injection with an overdose of 

Pentobarbital, and lungs were retrieved for subsequent processing. 

 

Table 2.8: FlexiVent™ protocol 
Order  Name Description Measured 

Parameters 

1 Baseline 

Breathing 

Ventilation at frequency of 150 

breaths per minute 

 

2 Recruitment 

Manoeuvre 

Deep inflation of the lung to 

recruit all areas for measuring 

 

3 Baseline 

Breathing 

Ventilation at frequency of 150 

breaths per minute 

 

4 Lung Mechanics Three subsequent rounds of 

below respiratory manoeuvres 

 

4.1 Baseline 

Breathing 

Ventilation at frequency of 150 

breaths per minute 

Tidal volume 

4.2 Deep Inflation Inflation of lungs to reach total 

lung capacity 

Inspiratory 

capacity 
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4.3 Single-Frequency 

Forced Oscillation 

Perturbations to evaluate the 

lung as whole compartment 

Resistance; 

Elastance; 

Compliance 

4.4 Broadband 

Forced Oscillation 

Perturbations to separate 

central airways from alveolar 

tissues 

Newtonian 

resistance; 

Tissue damping; 

Tissue elastance 

4.5 Pressure-Volume 

Loop 

Slow, stepwise inflation to total 

lung capacity and deflation to 

functional residual capacity 

Inspiratory 

capacity; Quasi-

static compliance 

 

 

2.2.1.5 Blood oxygen saturation 
 

Blood oxygen saturation (%SpO2) in arterial blood of mice was determined via 

pulse oximetry using a MouseOx® Plus Pulse Oximeter system and MouseOx® 

Plus software (Starr Life Sciences, Oakmont, PA, USA). 

Mice were anesthetized as previously described and attached to the system by 

clipping the infrared sensor that communicated with the software to the left thigh 

of mice. After a calibration period to ensure stable signal recording, %SpO2 was 

continuously monitored for a period between 3 – 5 minutes. At regular intervals 

within this timeframe, five-second-long measurements were initiated at least four 

times per mouse. From each measurement, the five-second average %SpO2 

value was calculated and recorded by the software. For data visualisation, the 

%SpO2 level for each mouse was calculated by averaging all individual %SpO2 

values recorded for that mouse.  

 

2.2.2 Isolation of cells and organs 
 

Prior to isolation of cells or organs, mice were humanely killed by CO2 

asphyxiation or by i.p. injection with an overdose of Pentobarbital.  
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2.2.2.1 Lung isolation for wet/dry ratio 
 

As an indicator of pulmonary edema, lungs were isolated to determine the ratio 

of wet weight and dry weight. Right lungs were dissected from the mice, briefly 

rinsed in PBS to remove residual blood and dried on paper towels to remove 

excess PBS. Lungs were weighed to determine the wet weight and subsequently 

dried for 48 hours at 95 ºC on a heat block before determining the dry weight. 

 

2.2.2.2 Bronchoalveolar lavage 
 

To isolate cells specifically from the bronchoalveolar space, mice were 

tracheotomised by exposing the trachea and inserting a 20 G catheter, fixed with 

a surgical thread. Bronchoalveolar lavages (BAL) were performed by instilling 

and retrieving 3 x 1 ml PBS using a 1 ml syringe attached to the catheter. The 

collected samples were pooled, centrifuged for 5 minutes at 500 g and 4 ºC, 

washed with ice-cold PBS, and resuspended in 1 ml ice-cold PBS for further 

processing. 

 

2.2.2.3 Lung digest 
 

Left lung lobes or whole lungs were dissected from the mice and collected in 

3.5 ml or 4 ml digestion buffer, respectively. Lungs were manually disrupted using 

dissection tools and incubated in digestion buffer for 30 minutes at 37 ºC. 

Samples were regularly mixed by pipetting, resulting in complete digestion. Cell 

suspensions were filtered through 70 µm cell strainers, centrifuged for 5 minutes 

at 500 g and 4 ºC, washed with ice-cold PBS, and resuspended in 1 ml ice-cold 

PBS for further processing. 
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2.2.3 Flow cytometry 
 

Unless specified otherwise, all washing and centrifugation steps were carried out 

for 5 minutes at 500 g and 4 ºC. All incubations were carried out in the dark.  

Single cell suspensions generated from BAL or enzymatic lung digests were 

distributed to 96-well U-bottom plates and centrifuged. For lung digestion 

samples, erythrocyte lysis was performed by resuspending cells in FACSlysing 

solution or ACK buffer for up to 10 minutes at room temperature. Cells were 

washed with 200 µl ice-cold PBS and pelleted by centrifugation. Cells were then 

incubated with Fixable Viability Dye eFluor506 or eFluor780 diluted 1:1000 in 

50 µl PBS for 30 minutes at 4 ºC to distinguish viable and dead cells. After 

washing with ice-cold PBS, surface staining of cells was performed in a 50 µl 

monoclonal antibody cocktail in FACS buffer for 30 minutes at 4 ºC. After washing 

with ice-cold FACS buffer, cells were fixed in 200 µl PBS containing 2 % PFA for 

30 minutes at room temperature. Cells were washed in ice-cold FACS buffer and 

resuspended in 200 µl FACS buffer containing a pre-determined amount of 

fluorochrome-labelled BD CaliBRITE™ Beads for quantification of cell numbers 

by flow cytometry. 

Where indicated, L. pneumophila or L. longbeachae bacteria were intracellularly 

stained using a Foxp3/Transcription Factor Staining Kit (eBioscience, San Diego, 

CA, USA). Following viability staining and staining of surface antigens as 

described above, cells were incubated in Fixation/Permeabilization Buffer for 30 

minutes at 4 ºC. Cells were washed with Permeabilization Buffer and incubated 

in 50 µl Permeabilization Buffer, containing either FITC-conjugated anti-L. 

pneumophila antibody or rabbit anti-L. longbeachae polyclonal serum, for 30 

minutes at room temperature. In case of L. longbeachae, cells were washed with 

Permeabilization Buffer and incubated in 50 µl Permeabilization Buffer containing 

AlexaFluor488-conjugated anti-rabbit antibody for 30 minutes at room 

temperature. Legionella-stained cells were washed once with Permeabilization 

Buffer, once more with FACS buffer, and resuspended in 200 µl FACS buffer 

containing CaliBRITE™ Beads for quantification of cell numbers by flow 

cytometry. 
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Where indicated, cell proliferation of alveolar epithelial cells was determined by 

intracellular staining with Ki67 (Gerdes et al., 1983) using a Foxp3/Transcription 

Factor Staining Buffer Set (eBioscience, San Diego, CA, USA). Following viability 

staining and staining of surface antigens as described above, cells were 

incubated in Fixation/Permeabilization Buffer for 30 minutes at 4 ºC. Cells were 

washed with Permeabilization Buffer and incubated in 50 µl Permeabilization 

Buffer containing anti-Ki67 antibody for 60 minutes at room temperature. Cells 

were washed once with Permeabilization Buffer, once more with FACS buffer, 

and resuspended in 200 µl of FACS buffer. 

All samples were acquired on an LSRFortessa™ using FACSDiva v.8.0.1 

software (BD Biosciences, Franklin Lakes, NJ, USA) for data acquisition and 

FlowJo v10.8 software (Tree Star, Ashland, OR, USA) was used for data analysis. 

 

Table 2.9: Antibodies for flow cytometry 
Antigen Clone Conjugates Company 

CD11b M1/70 BUV395, 

BV711 

BioLegend, San Diego, CA, USA 

CD11c N418 FITC, PB,  

PE-CF594 

BD Biosciences, Franklin Lakes, 

NJ, USA, 

BioLegend, San Diego, CA, USA 

CD16/32 

(FcgII/III) 

93 

2.4G2 

 BioLegend, San Diego, CA, USA 

WEHI monoclonal facility 

CD169 3D6.112 AF647 BioLegend, San Diego, CA, USA 

CD19 6D5 BV786, PE BioLegend, San Diego, CA, USA 

CD24 M1/69 BV510 BioLegend, San Diego, CA, USA 

CD31 390 BV605 BioLegend, San Diego, CA, USA 

CD326 G8.8 BV421 BioLegend, San Diego, CA, USA 

CD3e 17A2  

145-2C11 

BV650  

PerCP-Cy5.5 

BioLegend, San Diego, CA, USA 
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CD4 GK1.5 

 

RM4-4 

BUV737,  

eFluor450 

FITC 

BD Biosciences, Franklin Lakes, 

NJ, USA 

BioLegend, San Diego, CA, USA 

CD45 30-F11 AF700, V500,  

PE-Cy7, PO 

BD Biosciences, Franklin Lakes, 

NJ, USA,  

BioLegend, San Diego, CA, USA 

CD49f GoH3 PE-Cy7 BioLegend, San Diego, CA, USA 

CD64 X54-5/71 AF647 

BV421, BV605 

BD Biosciences, Franklin Lakes, 

NJ, USA, 

BioLegend, San Diego, CA, USA 

CD8a 53-6.7 BV711  

BUV805 

BD Biosciences, Franklin Lakes, 

NJ, USA, 

BioLegend, San Diego, CA, USA 

CD8b YTS156.7.7 PerCP-Cy5.5 BioLegend, San Diego, CA, USA 

FcεRIα MAR-1 PE-Cy7 eBioscience, San Diego, CA, 

USA 

I-A/I-E M5/114.15.2 AF700, APC 

eFluor 450 

BioLegend, San Diego, CA, USA 

eBioscience, San Diego, CA, 

USA 

Ki67 16A8 PE BioLegend, San Diego, CA, USA 

Legionella 

longbeachae 

Rabbit 

polyclonal 

serum 

 Kind gift from Prof. Hartland, 

Hudson Institute of Medical 

Research 

Legionella 

pneumophila 

polyclonal FITC ViroStat, Westbrook, ME, USA 

Ly6C AL21 

HK1.4 

BV605 

PE-Cy7 

BioLegend, San Diego, CA, USA 

BioLegend, San Diego, CA, USA 

Ly6G 1A8 APC, BV711, 

PB,  

BD Biosciences, Franklin Lakes, 

NJ, USA, 
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PerCP-Cy5.5 BioLegend, San Diego, CA, USA 

NK1.1 PK136 APC, FITC BioLegend, San Diego, CA, USA 

Rabbit IgG polyclonal AF488 Invitrogen, Waltham, MA, USA 

Siglec-F E-50-2440 AF647, PE, 

BV421 

BD Biosciences, Franklin Lakes, 

NJ, USA 

TCRβ H57-597 AF700 BioLegend, San Diego, CA, USA 

TCRγ/δ GL3 PE-Cy7, PE BD Biosciences, Franklin Lakes, 

NJ, USA 

 

2.2.4 Fluorescence-activated cell sorting (FACS) 
 

Whole lungs were enzymatically digested as described in section 2.2.2.3. Single 

cell suspensions of 2 or 3 mice were pooled in 5 ml polystyrene tubes to ensure 

sufficient yield of cells. Erythrocyte lysis was performed using 1 ml of ACK buffer, 

and surface antigen staining was carried out by resuspending cells in 300 µl of 

antibody cocktail diluted in FACS buffer as described in section 2.2.3. Cells were 

washed twice in 1 ml FACS buffer and resuspended in 500 µl PBS. Shortly before 

sorting, 7-AAD was added to samples to a final concentration of 0.5 µg/ml to 

distinguish viable and dead cells. Samples were filtered through 35 µm nylon 

mesh cell strainer caps into 5 ml polystyrene tubes prior to acquisition and sorted 

using a MoFlo Astrios EQ Cell Sorter at the Flow Cytometry Core Facility of the 

Peter-Doherty-Institute, Melbourne. 

AM were sorted as 7-AAD– CD11c+ Siglec-F+ cells, neutrophils were sorted as 

7-AAD– Siglec-F– Ly6G+ CD64– cells, and MC were sorted as 7-AAD– Siglec-F– 

Ly6G– CD64+ cells. Gating strategies are shown in the relevant results section. 

Specific cell purities were after sorting were assessed using the same gating 

strategy. Sorted cell fractions were recovered in 5 ml polypropylene tubes 

containing 50 µl FCS and kept on ice until further use. 
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2.2.5 Imaging flow cytometry 
 

Single cell suspensions from digested lungs were generated as described in 

section 2.2.2.3. Red blood cell lysis was performed by resuspension in water for 

10 seconds, immediately followed by addition of 10X PBS buffer to restore 

isotonicity. Cells were washed in PBS and incubated with FITC-conjugated 

Annexin V and Fixable Viability Dye eFluor506 diluted in 1X Annexin V Binding 

Buffer (AVBB) for 15 minutes at room temperature. Cells were then surface 

stained with lineage-specific antibodies diluted in AVBB for 30 minutes at 4 ºC. 

Fixation of cells was performed in a 1:1 mixture of 4 % PFA in PBS:AVBB for 30 

minutes at room temperature. To reduce autofluorescence, cells were treated 

with 1X Fixation/Permeabilization buffer (BD Cytofix/Cytoperm™ Fixation/ 

Permeabilization Kit, BD Biosciences, Franklin Lakes, NJ, USA) for 30 minutes 

at room temperature and subsequently washed and resuspended in AVBB for 

acquisition. Data was acquired using an Amnis ImageStream®X MkII (Luminex, 

Seattle, WA, USA) at low speed and 40X magnification for imaging, and analysed 

using IDEAS Image Analysis v.6.2 software (Luminex, Seattle, WA, USA).  

 

2.2.6 Quantitation of Legionella CFU 
 

Legionella CFU were quantified from homogenized lungs or FACS-purified cells. 

Right lungs or whole lungs were dissected from mice and collected in ice-cold 

PBS. Lungs were homogenized using either a T10 Basic Ultra Turrax 

Homogenizer (IKA) or a TissueLyser LT (Qiagen) with spheric stainless steel 

beads at 50 oscillations/s. 1 ml of lung homogenate was incubated with 0.1 % 

saponin (w/v) for 30 minutes at 37 ºC, and lysed lung homogenates were serially 

diluted in sterile PBS in 1:10 steps.  

Individual cell populations were FACS-sorted as described in section 2.2.4. 

Recovered cells were diluted 1:2 in Trypan Blue and counted using a Neubauer 

cell counting chamber. From each cell fraction, 2x104 viable cells were incubated 

in 200 µl sterile PBS containing 0.1 % saponin (w/v) for 30 minutes at 37 ºC. 

Lysed cell fractions were serially diluted in sterile PBS in 1:10 steps. 
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From a range of relevant dilutions, 25 µl of homogenate were plated in 

quadruplicates, or 50 µl of homogenate were plated in duplicates on selective 

BCYE agar plates using the spot plating method. Legionella were grown for 72 

hours at 37 ºC after which colonies were counted manually. CFU/lung was 

calculated based on the average number of counted colonies, multiplied by the 

specific factors from sample dilution. 

 

2.2.7 Cytokine profiling 
 

Cytokine levels were determined from lung homogenates prepared as described 

in section 2.2.6. Prior to saponin lysis, an aliquot of lung homogenate was 

collected and stored at -20 ºC or -80 ºC until further use. Cytokine levels in lungs 

were measured using either custom Cytometric Bead Array Mouse Flex Kits (BD 

Biosciences, Franklin Lakes, NJ USA), custom ProcartaPlex™ Mouse Mix & 

Match Panel Kits (ThermoFisher Scientific, Waltham, MA, USA), or a 

ProteomeProfiler™ Mouse XL Cytokine Array Kit (R&D Systems, Minneapolis, 

MN, USA). For each method, samples were processed as per manufacturer’s 

instructions. 

In case of cytometric bead arrays, prepared samples were resuspended in a total 

volume of 100 µl FACS buffer and acquired on an LSRFortessa™ using 

FACSDiva v8.0.1 software. Data was analysed using FlowJo v10.6 and 

GraphPad Prism v9.1.2 software. For each cytokine in the assay, a standard 

curve was calculated based on known standard concentrations and the 

corresponding MFI recorded by flow cytometry using a nonlinear, sigmoidal 

regression model. For each cytokine, concentrations in individual samples were 

back calculated from the recorded MFI based on the fitted standard curves. 

In case of ProcartaPlex™ assays, prepared samples were resuspended in 120 µl 

Reading Buffer and acquired using a FlexMap3D system (Luminex). The 

acquired data was exported and analysed based on the same principles 

described above, using the online tool provided by the manufacturer. 

The ProteomeProfiler™ assay was used to screen a larger panel of cytokines, 

chemokines and growth factors. For this, 25 µl lung homogenate from five mice 



 47 

per experimental group were pooled, choosing those mice closest to the group 

average. Following manufacturer’s instructions, the pooled samples were 

incubated on nitrocellulose membranes overnight at 4 ºC while shaking on a 

gyratory rocker, binding to specific capture antibodies spotted in duplicates on 

the membrane. After several washing steps, relative quantification of each 

analyte was performed using the chemiluminescence signal detected with a 

ChemiDoc XRS+ system (BioRad, Hercules, CA, USA). Data was analysed using 

Image Lab v6.0.1 software (BioRad, Hercules, CA, USA). The average pixel 

density of the duplicate spots for each analyte of the array was determined and 

background signal was subtracted. Relative changes in the analyte levels were 

calculated by comparing the average pixel intensity values from the array for 

neutrophil-depleted samples with those from the array of undepleted samples. 

 

2.2.8 Light-sheet microscopy 
 

2.2.8.1 Preparation of lungs 
 

The protocol for preparation and staining of lungs for light-sheet microscopy was 

modified and optimized from previously published studies (Masselink et al., 2019; 

Salwig et al., 2021). 

Lungs of mice were perfused with 10 ml of PBS and 10 ml of 4% PFA diluted in 

PBS through the right heart chamber. An incision was made into the upper part 

of the trachea, and a 20 G catheter was inserted and fixed with a surgical thread. 

Lungs were filled with 1 ml of 4 % PFA, removed entirely and kept in 4 % PFA for 

further fixation at 4 ºC overnight. Lungs were briefly washed in PBS and 

permeabilized in Perm/Block solution containing 2 % TritonX-100, 10 % DMSO, 

5 % BSA, and 0.05 % NaN3 diluted in PBS for 2 days (Masselink et al., 2019). 

Lungs were separated into individual lobes and incubated in Perm/Block solution 

containing 4 µg/ml APC-conjugated rat anti-CD169 antibody for 5 days at room 

temperature while shaking on a gyratory rocker. After 2 days of washing in 

Perm/Block solution, lung lobes were incubated in Perm/Block solution containing 
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4 µg/ml of a goat-anti-rat-AlexaFluor790 antibody for 5 days at room temperature 

while shaking on a gyratory rocker.  

After washing with Perm/Block for 2 days, lung lobes were stepwise dehydrated 

in 30 %, 50 %, 70 %, 99 % 1-propanol diluted in PBS, and in anhydrous 1-

propanol (99.7 %) at 4°C. Each dehydration step took 4 hours, except for 50 % 

1-propanol in PBS, which was carried out overnight. Optical clearing was 

achieved by overnight incubation in ethyl cinnamate at room temperature. 

 

Table 2.10: Antibodies for light-sheet microscopy 
Antigen Clone Conjugate Company 

CD169 3D6.112 AF647 BioLegend, San Diego, CA, USA 

Rat IgG polyclonal AF790 Jackson ImmunoResearch, 

Westgrove, PA, USA 

 

2.2.8.2 Recording of lung lobes 
 

Optically cleared lung lobes were imaged in ethyl cinnamate using an 

UltraMicroscopeII and Biotec Imspector software (LaVision Biotec, Bielefeld, 

Germany) at the Biological Optical Microscopy Platform (BOMP) of the University 

of Melbourne. The microscope was equipped with an Olympus MVX-10 Zoom 

body, a bi-directional triple light sheet module, a LaVision LVMI-Fluor dipping 

objective, and an Andor Neo sCMOS camera. Sample were excited with LASOS 

Diode Lasers at 488 nm, 639 nm, and 785 nm, and fluorescence was spectrally 

filtered using classical emission filters at 525/50 nm (autofluorescence), 680/30 

nm (AF647) and 845/55 nm (AlexaFluor790). Multicolour stacks of samples were 

acquired in increments of 8 µm or 10 µm by sequentially recording each colour 

channel. Images were saved as .tiff files and analysed as described below. 

 

2.2.8.3 Software-based AM quantitation 
 

Imaris Software v8.4.1 (Bitplane, Zurich, Switzerland) was used to analyse the 

images recorded by light-sheet microscopy. Individual .tiff files were 
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reconstructed into 3D images of lung lobes and AM were quantitated from the 

AlexaFluor790 channel using the software’s “Spot” tool. All acquired lung lobes 

were treated in an identical and blinded manner to prevent bias during analysis. 

AM spots were defined within three 3D regions of interest using the regional 

contrast of the fluorescent signal in the AlexaFluor790 channel (CD169 staining) 

and applying an estimated XY diameter of 15 µm. AM diameters of 15 µm have 

been reported in the literature (Haley et al., 1991) and were confirmed in our 

group during imaging flow cytometry experiments. Selected regions of interest 

were distributed across the lobes to include areas both in the centre and on the 

edge of the lobes. Based on events identified in the regions of interest, the 

software detected AM throughout the entire lobe. AM spots were further filtered 

for their size, excluding events with a diameter larger than 30 µm. Absolute AM 

numbers from each lung lobe were then exported and displayed for each mouse. 

 

2.2.9 qPCR 
 

2.2.9.1 RNA isolation and cDNA synthesis 
 

RNA was extracted from 1x106 neutrophils that were FACS-sorted on day 3 after 

infection with L. pneumophila using a RNeasy© Mini Kit (Qiagen, Hilden, 

Germany) and spin technology according to the manufacturer’s instructions. RNA 

was eluted from the columns in 30 µl RNase-free water and the concentration of 

RNA was determined using a NanoDrop™ spectrophotometer.  

cDNA was generated from 150 ng isolated RNA using a Reverse Transcription 

System (Promega, Madison, WI, USA) according to manufacturer’s instructions. 

The reaction mix contained 4 µl GoScript™ Reaction Buffer, 2 µl GoScript™ 

Reverse Transcriptase Enzyme Mix, 0.5 µl Oligo(dT) Primer (0.25 µg), the 

required volume for 150 ng of isolated RNA per sample and was filled to a total 

volume of 20 µl with nuclease-free water. Reverse transcription was performed 

on a Mastercycler Nexus thermocycler (Eppendorf) for 60 minutes at 42 ºC, and 

enzyme was inactivated at 95 ºC for 5 minutes. Samples were kept on ice and 

were directly processed for qPCR. 
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2.2.9.2 qPCR and data analysis 
 

The subsequent qPCR reaction contained 5 µl 2x GoTaq® qPCR Master Mix 

(Promega, Madison, WI, USA), 0.8 µl of cDNA generated as described above, 

0.8 µl of specific forward and reverse primers (0.2 µM), and was filled to a total 

volume of 10 µl with nuclease-free water. Negative controls contained nuclease-

free water instead of cDNA. Primers were designed to amplify the genes Spi1, 

Tlr2, CybA, and the reference gene Rpl32, with their sequences indicated in 

below table 2.11 (Integrated DNA Technologies, Coralville, Iowa, USA). 

The qPCR reaction was run using a QuantStudio 6 Real-Time PCR system 

(ThermoFisher Scientific, Waltham, MA, USA). After hot-start activation of 

polymerase enzyme at 95 ºC for 2 minutes, 40 amplification cycles were run 

including a denaturation step at 95 ºC for 15 seconds and an annealing/extension 

step at 60 ºC for 60 seconds. Fluorescence of the DNA-binding dye was 

measured after the extension step at the end of each cycle. After amplification, a 

gradual melting curve with temperature increments from 60 ºC – 95 ºC was 

performed as quality control for the reaction.  

For each sample, Ct values for each gene of interest and the reference gene 

Rpl32 were determined by the software based on the fluorescence signal. The 

relative expression of the genes of interest was then calculated using the delta-

delta Ct method. 

 

Table 2.11: qPCR Primers 
Primer (Gene) name Sequence 

Cyba_forward ACTTCCTGTTGTCGGTGCC 

Cyba_reverse CCTCACTCGGCTTCTTTCGG 

Rpl32_forward GAGGTGCTGCTGATGTGC 

Rpl32_reverse GGCGTTGGGATTGGTGACT 

Spi1_forward CTCGATACTCCCATGGTGCC 
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Spi1_reverse CTCCCCGTGCAGAAGACC 

Tlr2_forward ACCGAAACCTCAGACAAAGC 

Tlr2_reverse TTCATGGCTGCTGTGAGTCC 

 

2.2.10 Neutrophil elastase activity 
 

The activity of neutrophil elastase in neutrophils was assessed using the specific 

chemical probe PK105b as previously described (Anderson et al., 2019). PK105b 

was a kind gift from Laura Edgington-Mitchell, University of Melbourne. 

Briefly, 1x106 neutrophils from air- and smoke-exposed, L. pneumophila-infected 

mice purified by FACS as described in section 2.2.5 were lysed on ice in PBS 

containing 0.1 % Triton X-100. Lysates were cleared by centrifugation at 21,000 g 

at 4 ºC for 10 minutes and total protein was labelled with 1 µM PK105b at 37 ºC 

for 30 minutes. Proteins were then solubilized, boiled and run on a 15 % SDS-

PAGE under reducing conditions, and the amount of probe-labelling was 

detected by scanning the gel for Cy5 fluorescence using a Typhoon 5 laser 

scanner (GE Healthcare). Gel images were analysed by determining the intensity 

of the Neutrophil Elastase-specific band for each sample using densitometry. 

 

2.2.11 Data processing and statistics 
 

Raw data was analysed using Microsoft Office 365, v16 (Microsoft, Remond, WA, 

USA), FlowJo v10.8, or Imaris v8.4.1 software. Statistical significance was 

determined using GraphPad Prism v9.1 software (GraphPad Software, La Jolla, 

CA, USA). Mann-Whitney test was used for the statistical analysis of differences 

between two groups, and repeated-measurements one-way ANOVA with 

Dunnett post-test was used for the statistical analysis of differences between 

more than two groups. Stars indicate statistical significance (* p ≤ 0.05; ** p ≤ 

0.01; *** p ≤ 0.001). 
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3 Cigarette smoke exposure depletes alveolar macrophages 
in vivo with the contribution of NLRP3-dependent 
pyroptosis 

 

3.1 Introduction 
 

AM are lung tissue-resident cells located in the alveolar space where they are 

critical for maintaining tissue homeostasis, initiating and resolving pulmonary 

immune responses, and repairing damaged tissue (Hussell and Bell, 2014; Garbi 

and Lambrecht, 2017). Cigarette smoke is one of the main environmental risk 

factors associated with disease worldwide (Murray et al., 2020) and most of its 

components have been classified as toxic, carcinogenic, or otherwise harmful 

substances (Talhout et al., 2011). As AM are located in the airways alongside 

bronchial and pulmonary epithelial cells, they are directly exposed to inhaled 

cigarette smoke which can have profound effects on the function and viability of 

these cells. In particular, high levels of cigarette smoke-derived ROS, which are 

often further amplified by ROS from lung-infiltrating immune cells, were shown to 

induce significant oxidative stress in cells. This in turn can change cellular 

metabolism, cause DNA damage, and ultimately induce a variety of cell death 

pathways in smoke-exposed cells (Nakayama et al., 1985; Kirkham and Barnes, 

2013; Zuo et al., 2014; Sauler et al., 2019). Accordingly, in vitro studies provide 

evidence that cigarette smoke-induced cellular damage initiates AM death 

pathways (Aoshiba et al., 2001; Park et al., 2018; Wang et al., 2020). 

In contrast, others consistently reported higher yields of AM in BAL from human 

smokers and animal models of cigarette smoke exposure (Harris et al., 1975; 

Jimenez Ruiz et al., 1998; D’hulst, 2005; Morris et al., 2008; Karimi et al., 2012; 

Strzelak et al., 2018). This observation has been attributed to the pro-

inflammatory properties of cigarette smoke, causing the release of DAMP or 

chemokines that attract immune cells, including macrophages, to the lung 

(Barnes, 2016). While differences in duration and intensity of smoking in humans 

and animal models may introduce some variance between studies (Morris et al., 
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2008; Karimi et al., 2012), such directly contradicting results between in vitro and 

in vivo studies are unexpected. 

Since AM are the pulmonary immune system’s front line to eliminate invading 

pathogens, their cellular function and abundance can have significant impact on 

the development of disease and the outcome of pulmonary infection. We 

therefore investigated if acute cigarette smoke exposure indeed causes an 

accumulation of AM in the lung, or if cigarette smoke induces AM death in vivo. 
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3.2 Results 
 

3.2.1 Acute cigarette smoke depletes alveolar macrophages in vivo 
 

We assessed the impact of cigarette smoke on the abundance of AM in the lung 

by using an established mouse model of acute, daily cigarette smoke exposure 

(Bozinovski et al., 2015) (Figure 3.1A). Daily exposure to cigarette smoke caused 

slight weight loss in mice (Figure 3.1B) which may be attributed to the well-

documented, appetite-suppressing effects of certain components in cigarette 

smoke (Audrain-McGovern and Benowitz, 2011). After 10 days of smoke 

exposure, AM were quantified in BAL and enzymatically digested lungs by flow 

cytometry (Figure 3.1C-E). AM were identified using common lineage markers 

CD11c and Siglec-F, and gated as single live CD45+CD11c+Siglec-F+ cells 

(Misharin et al., 2013). 

Surprisingly, when we quantified AM in digested whole lungs, we detected 

substantially decreased numbers of AM in smoke-treated mice (Figure 3.1F), as 

well as a lower percentage of AM in total CD45+ leukocytes (Figure 3.1G). This 

finding directly contradicted previous reports from the literature that investigated 

AM in the bronchoalveolar compartment of smoke-exposed mice (D’hulst, 2005; 

Vlahos et al., 2006). 

We specifically quantified AM in the BAL of air- and smoke-exposed mice as well. 

We observed an almost 5-fold increase in the number of AM in the BAL of smoke-

exposed mice when compared to control mice (Figure 3.1H), consistent with 

previous studies in literature. As expected, the CD45+ leukocytes retrieved by 

BAL were almost exclusively AM in control mice. This percentage of AM in total 

immune cells was reduced in smoke-exposed mice due to airway infiltration of 

additional immune cells such as neutrophils or dendritic cells (Figure 3.1I). 

Notably, we yield much higher overall amounts of AM from lung digests, 

suggesting that this method represents the actual number of AM in the entire lung 

more accurately than BAL (Figure 3.1F/H). 

 



 55 

 
Figure 3.1: Reduced number of AM in whole lung digests of cigarette 
smoke-exposed mice. 
(A) Scheme of cigarette smoke exposure. Mice were exposed to cigarette smoke 
or room air daily for 10 days. (B) Relative body weight of air- and smoke-exposed 
mice. Statistical significance compares the area under the curve. (C) 
Representative flow cytometry gating strategy to identify single live CD45+ 
leukocytes, (D) AM in enzymatic lung digests, and (E) AM in BAL. (F/H) AM were 
quantified from lung digests and BAL from air- and smoke-exposed mice. (G/I) 
Percentage of AM of total CD45+ leukocytes from lung digests and BAL from air- 
and smoke-exposed mice. (B) Curves are shown as mean ± SEM. (F-I) Graphs 
show medians, with each dot representing an individual mouse. Data is pooled 
from two independent experiments (n ≥ 8 mice per group). *p<0.05, ***p<0.001, 
Mann-Whitney-U test.  
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We next used quantitative light-sheet microscopy (LiSM) as an independent 

method to enumerate AM in lungs of air- and smoke-exposed mice since it does 

not suffer from the potential artifacts associated with cell extraction procedures 

(Steinert et al., 2015; Amich et al., 2020). We first assessed the utility of CD169 

as a single, definitive marker for AM in the smoking model. CD169 is a 

transmembrane protein involved in cell-cell interactions and has previously been 

reported to distinguish AM from other pulmonary macrophage populations 

(Bharat et al., 2016). Using flow cytometry, we confirmed that CD169 was not 

expressed by pulmonary CD45+ leukocytes other than AM, and AM-specific 

expression of CD169 was maintained in smoke-treated mice (Figure 3.2A-C). We 

next isolated entire lungs from air- and smoke-exposed mice and stained 

individual lung lobes with an CD169-specific antibody before imaging the optically 

cleared lobes by LiSM (Figure 3.2D). CD169+ AM (green) could be readily 

identified above background autofluorescence used to visualize lung structure 

(red) in 3D-reconstructed lung lobes (Figure 3.2E). 

To quantitate CD169+ AM in whole lung lobes, z-stacks were recorded at a 

magnification able to visualize the entire lobe (Figure 3.3). Z-stacks were then 

reconstructed into 3D models (Figure 3.4A/B) and CD169+ AM were identified by 

automated digital analysis of images. Signal intensity was measured based on 

local contrast in individual segments across the lung lobe to account for variation 

of staining efficiency in different depths and areas of the tissue. Additionally, AM 

were identified based on an estimated diameter of 15 µm (Haley et al., 1991), 

and a size filter was applied to exclude AM spots smaller than 8 µm and larger 

than 30 µm, removing potential staining artifacts. Quantitation revealed that AM 

numbers in lungs were significantly reduced when mice were exposed to 

cigarette smoke (Figure 3.4C). The relative extent of this reduction closely 

reflected our findings from enzymatically digested, whole lungs (Figure 3.4D). 

Taking into account the estimated distribution of volume and alveoli within the 

mouse lung (Knust et al., 2009; Hoang et al., 2018), our results suggest that 

approximately 8 – 9x105 AM could be detected in an entire lung from an air-

exposed mouse using LiSM-based quantitation, more than twice the average 

number of AM found in lung digests from air-exposed controls. 
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In summary, these results provide convincing evidence that acute cigarette 

smoke exposure causes a depletion of AM and not an accumulation as others 

have previously observed by exclusively analysing BAL. 

 

 

 
Figure 3.2: CD169 is an AM-specific marker suitable for detection of AM 
using light-sheet microscopy.  
Mice were exposed to cigarette smoke or room air daily for 10 days. (A) Single 
cell suspensions were generated by enzymatic lung digest. Representative flow 
cytometry gating strategy for AM and non-AM. (B/C) CD169 expression in non-
AM and AM of air- and smoke-exposed mice, compared to unstained 
fluorescence-minus-one control (FMO). (D) Scheme of workflow to prepare lung 
tissue samples for light-sheet microscopy. (E) Representative z-stack of a partial 
right superior lung lobe, stained for CD169, and recorded by light-sheet 
microscopy. Green dots represent individual AM and autofluorescence is shown 
in red. Scale bar, 100 µm. 
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Figure 3.3: Representative sections from CD169-stained lungs acquired by 
light-sheet microscopy.  
Mice were exposed to cigarette smoke or room air daily for 10 days and lungs 
were prepared for imaging by light-sheet microscopy. (A/B) Representative, 
individual sections taken across a lung lobe from an air- or smoke-exposed 
mouse, stained for CD169 and recorded by light-sheet microscopy. Green dots 
represent individual AM and autofluorescence is shown in red. Scale bar, 1000 
µm. 
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Figure 3.4: Light-sheet microscopy-based quantitation confirms cigarette 
smoke-induced depletion of AM in vivo.  
Mice were exposed to cigarette smoke or room air daily for 10 days and lungs 
were prepared for imaging by light-sheet microscopy. (A/B) Representative, 
software-based 3-D reconstruction of entire right superior lung lobes. Green dots 
represent individual AM and autofluorescence is shown in red. Scale bar, 1000 
µm. (C) Software-based enumeration of AM from 3D-reconstructed right superior 
lung lobes from air- and smoke-exposed mice. (D) Comparison of methods used 
to quantitate AM. Results were normalised to the air-exposed control group for 
each method. (C/D) Data is pooled from two independent experiments (n ≥ 7 mice 
per group). Graphs show median (C) and average (D), respectively, with each 
dot representing an individual mouse. *p<0.05, ***p<0.001, Mann-Whitney-U 
test. 
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3.2.2 Alveolar macrophage morphology suggests an inflammatory type of 
cigarette smoke-induced death 

 

We next investigated which cell death pathways could be involved in AM 

depletion following acute cigarette smoke exposure. To assess induction of AM 

death in vivo, we used imaging flow cytometry (George et al., 2004) and stained 

lung single cell suspensions from air- or smoke-exposed mice with fluorescently 

labelled annexin V (AnnV) and a live/dead dye (LD) that binds to proteins (Figure 

3.5A/B). Annexin V was restricted to cell membranes in AnnV+LD- AM (Figure 

3.5B, middle panel), whereas it was distributed throughout the entire cell in most 

AnnV+LD+ double-positive AM, together with the intracellular LD dye (Figure 

3.5B, lower panel). 

We also quantified the size of each AM subset based on the cell area from the 

recorded brightfield images (Figure 3.5C/D). The size of AnnV+LD- AM was 

increased in smoke-exposed mice compared to viable AnnV-LD- AM in these 

mice, and AnnV+LD+ AM were significantly larger than both of these AM subsets 

in smoke-exposed mice (Figure 3.5D). Additionally, AnnV+LD- and AnnV+LD+ AM 

in smoke-treated mice were found to be significantly enlarged compared to their 

specific counterparts from air-exposed controls (Figure 3.5D). This size increase 

suggested the involvement of an inflammatory type of cell death in smoke-treated 

AM (Galluzzi et al., 2018). 
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Figure 3.5: Cell morphology suggests an inflammatory type of cigarette 
smoke-induced AM death.  
Mice were exposed to cigarette smoke or room air daily for 10 days. Lung single 
cell suspensions were generated for imaging flow cytometry analysis. (A) Gating 
strategy to classify viable and dead AM by imaging flow cytometry based on 
staining with annexin V (AnnV) and intracellular live/dead (LD) dye. (B) 
Representative events for each AM subset, recorded by imaging flow cytometry, 
including brightfield (BF) and fluorescent channels. (C) Representative brightfield 
images for each AM subset from smoke-exposed mice. (D) Average cell size 
(area) of each AM subset from air- and smoke-exposed wild-type mice, quantified 
based on recorded brightfield images. Data is pooled from two independent 
experiments (n ≥ 6 mice per group). Graph shows median, with each dot 
representing an individual mouse. ***p<0.001, Mann-Whitney-U test. 
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3.2.3 NLRP3-dependent pyroptosis contributes to cigarette smoke-
induced alveolar macrophage death in vivo 

 

Previous in vitro studies have linked the inflammatory cell death pathways 

pyroptosis and necroptosis to cigarette smoke-induced cell death (Wang et al., 

2020; Zhang et al., 2021; Ma et al., 2021). We therefore repeated flow cytometry-

based quantitation of AM in lungs of air- and smoke-exposed mice, using 

necroptosis-deficient MLKL-/- mice, pyroptosis-deficient ASC-/- mice, and NLRP3-

dependent pyroptosis-deficient NLRP3-/- mice. Moreover, we used the viability 

staining approach and imaging flow cytometry analysis to assess if the 

proportions of AnnV+LD- and AnnV+LD+ AM in these knockout mice were 

changed in comparison to wild-type mice after cigarette smoke exposure. 

Once again, we observed a substantial and significant reduction of the number 

of AM in lungs of smoke-exposed, wild-type mice (Figure 3.6A/D), and the 

percentage of dead AnnV+LD+ AM was on average twice as high in smoke-

exposed mice (Figure 3.6C/F), providing further evidence of smoke-induced 

death of AM in vivo. 

In smoke-exposed MLKL-/- mice, the percentages of AnnV+LD- AM and AnnV+LD+ 

AM were significantly increased, as was the percentage of AnnV+LD- AM (Figure 

3.6B/C). Although not statistically significant, a trend towards reduced AM 

numbers in smoke-exposed MLKL-/- mice was present (Figure 3.6A). These 

results suggested that necroptosis does not contribute greatly to the increased 

rate of AM cell death induced by cigarette smoke exposure. 

In contrast, AM death was clearly decreased in smoke-treated, pyroptosis-

deficient mice. Unlike wild-type mice, we did not observe a depletion of AM after 

smoke exposure in ASC-/- and NLRP3-/- mice (Figure 3.6D). A small increase in 

AnnV+LD- AM was detected in ASC-/- mice, but not in NLRP3-/- mice (Figure 3.6E). 

Additionally, the percentages of AnnV+LD+ AM in both ASC-/- and NLRP3-/- mice 

were similar between air- and smoke-treated mice (Figure 3.6F). 

In summary, these findings indicate that NLRP3-dependent pyroptosis is a 

pathway involved in driving cigarette smoke-induced AM death in vivo.  
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Figure 3.6: Pyroptosis contributes to cigarette smoke-induced AM 
depletion in vivo.  
Mice were exposed to cigarette smoke or room air daily for 10 days. Lung single 
cell suspensions were generated for flow cytometry or imaging flow cytometry 
analysis. (A/D) AM counts in lungs from air- and smoke-exposed, wild-type and 
indicated knock-out mice were quantified by flow cytometry. (B/E) Percentages 
of AnnV+LD- AM and (C/F) percentages of AnnV+LD+ AM from air- and smoke-
exposed, wild-type and indicated knock-out mice were determined by imaging 
flow cytometry. (A-C) Data is from one experiment (n ≥ 4 mice per group). (D-F) 
Data is pooled from two independent experiments (n ≥ 9 mice per group). Graphs 
show median, with each dot representing an individual mouse. *p<0.05, **p<0.01, 
***p<0.001, Mann-Whitney-U test. 
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3.3 Discussion 
 

The work in this chapter demonstrates that acute cigarette smoke induces death 

of AM in vivo, and suggests that smoke-induced AM death is, at least in part, 

driven by NLRP3-dependent pyroptosis. 

These findings are in contrast to the generally accepted view that cigarette smoke 

causes an accumulation of AM in the airways of mice and humans. Previous 

studies, which to our knowledge all analysed cells in BAL, consistently suggest 

that smoke exposure results in an expansion of AM (Harris et al., 1975; D’hulst, 

2005; Vlahos et al., 2006; Morris et al., 2008; Karimi et al., 2012). While we were 

able to replicate this in our model, retrieving approximately 5-fold higher AM 

numbers from BAL after smoke exposure, we found that this increase was not 

representative of the actual number of AM in the whole lung. Assessment of 

immune cells in whole lung digests by flow cytometry and in situ by LiSM revealed 

a depletion of AM in smoke-exposed mice. Imaging-based techniques such as 

LiSM have been shown to obviate potential artifacts caused by cell extraction 

from tissues, including the lung, to quantify immune cells (Steinert et al., 2015; 

Amich et al., 2020). 

The fact that analysis of cells in BAL underestimates total AM counts in lungs of 

mice has been reported previously (Bhattacharya and Westphalen, 2016), and 

efforts have been made to significantly improve the yield of AM extracted from 

murine lungs by BAL (Busch et al., 2019). With regard to cigarette smoke-

exposed AM, it is conceivable that smoke-induced changes to mucus 

composition (Innes et al., 2006; Kanai et al., 2015), the alveolar epithelium (Jones 

et al., 1980), or surface expression of cellular adhesion molecules increases the 

number of AM found in BAL, despite lower overall numbers in the lung. Several 

studies reported reduced expression of AM surface markers mediating cell-cell 

interactions such as CD11a or ICAM-1 in smokers compared to non-smokers 

(Sköld et al., 2003; Löfdahl et al., 2006). Additionally, macrophages obtained from 

the airways of smokers, or smoke-treated mice, displayed increased expression 

of surface markers like CD11b or CD14, which are highly expressed by 

monocytes (Hodge et al., 2007; Cass et al., 2021; Lugg et al., 2022). In response 
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to inflammatory stimuli such as cigarette smoke, monocytes are attracted to the 

airways where they can assume a macrophage-like phenotype (Barnes, 2016; 

Kapellos et al., 2018). Since tissue-resident AM express low levels of CD11b or 

CD14 (Misharin et al., 2013; Bharat et al., 2016), this suggests that the lung 

harbours a heterogenous pool of AM due to cigarette smoke, comprising a large 

proportion of monocyte-derived AM. These cells may be easier to retrieve by BAL 

even though the total number of AM is reduced due to cigarette smoke. 

Our data indicate that the lower overall numbers of AM in smoke-treated mice 

are a result of cigarette smoke-induced inflammatory cell death. Imaging flow 

cytometry revealed a substantial size increase of dead AnnV+LD+ AM from 

smoke-treated mice, a key morphological characteristic of inflammatory cell 

death (Galluzzi et al., 2018). Necroptosis and pyroptosis, two types of 

inflammatory cell death, have recently been linked with cigarette smoke-induced 

death of pulmonary epithelial cells (Pouwels et al., 2016; Sauler et al., 2019; 

Zhang et al., 2021). Furthermore, increased levels of IL-1β and IL-18 found in 

smoke-exposed mice and human smokers indicate inflammasome activity 

(Barnes, 2009; Botelho et al., 2011; Dima et al., 2015). However, there are as yet 

no in vivo reports on inflammatory death pathways being induced by smoke in 

AM. 

In this study, we provide evidence that NLRP3-dependent pyroptosis is a major 

driver of the smoke-induced, pro-inflammatory death of AM in vivo. Specifically, 

we observed partial reversal of AM death in smoke-treated NLRP3-/- and ASC-/- 

mice, suggesting involvement of pyroptosis, whereas AM from smoke-exposed 

MLKL-/- mice still underwent cell death. However, further experiments are 

required to dissect the potential involvement of other cell death pathways in 

smoke-induced AM death. These could include apoptosis, which has previously 

been observed in smoke-treated AM in vitro (Aoshiba et al., 2001; Park et al., 

2018), or ferroptosis which has recently been linked to smoke-induced death of 

pulmonary epithelial cells (Yoshida et al., 2019). 

It is not clear how cigarette smoke could activate NLRP3 inflammasome 

formation in this system. However, there are several plausible possibilities. 

NLRP3 has been reported to sense DAMP that are commonly associated with 
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cigarette smoke exposure, such as cellular oxidative stress and changes to 

cellular metabolism, ion, lipid or protein composition (Schroder and Tschopp, 

2010; Yang et al., 2019; Swanson et al., 2019). Potassium efflux from cells which 

can be induced by uptake of particulate matter has also been identified as an 

upstream trigger of the NLRP3 inflammasome and caspase-1 activation (Pétrilli 

et al., 2007; Muñoz-Planillo et al., 2013). In isolated murine alveolar 

macrophages, cigarette smoke exposure has been demonstrated to induce such 

potassium efflux. This in turn caused NLRP3 inflammasome assembly and 

caspase-1 activation mediated by ATP release and signalling through the 

purinergic P2RX7 receptor (L. Zhang et al., 2018). Moreover, increased levels of 

oxidized low density lipoprotein have been found in cigarette smokers (Linna et 

al., 2008), and oxidized low density lipoproteins in turn activated the NLRP3 

inflammasome in human monocyte-derived macrophage cultures (Lin et al., 

2013). Additionally, NLRP3 activation induced by ROS has been described in 

epithelial and endothelial cells in vitro (Wang et al., 2019; Zhang et al., 2021), 

and continuous oxidative stress in the lungs induced by cigarette smoke is known 

to contribute to cell death and chronic disease (Rahman and Kinnula, 2012).  

AM are the frontline immune cell in the defense against pathogens invading the 

airways, and are essential in initiating immune responses and mediating 

microbial clearance (Kopf et al., 2015). Functional deficiency and eventual cell 

death due to smoke-induced oxidative stress is therefore likely to contribute to 

the increased susceptibility of cigarette smokers towards pulmonary infection 

(Bagaitkar et al., 2008; Bauer et al., 2013). Further investigations to identify how 

cigarette smoke causes NLRP3-dependent pyroptosis in AM may provide 

insights towards a new therapeutic avenue to prevent smoke-induced AM loss. 

For example, in case of an oxidative stress-related NLRP3 activation induced by 

cigarette smoke, intervention strategies using antioxidants or small molecules 

targeting the antioxidative Nrf2 signalling pathway could be explored to retain AM 

function and prevent smoke-induced AM death (Rangasamy et al., 2004; Harvey 

et al., 2011). Eventually, these strategies may be able to reverse the increased 

susceptibility of cigarette smokers to lung disease and infection. 
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4 Cigarette smoke-induced depletion of alveolar macrophages 
delays clearance of L. pneumophila but not L. longbeachae 

 

4.1 Introduction 
 

As with many other pulmonary bacterial infections (Arcavi and Benowitz, 2004; 

Bagaitkar et al., 2008), cigarette smoking is one of the main risk factors linked to 

Legionnaires’ Disease (Straus et al., 1996; Den Boer et al., 2006; Che et al., 

2008; Kenagy et al., 2017). The detrimental effects of cigarette smoke on 

numerous components of local immune responses in the lung are well 

established (Stämpfli and Anderson, 2009; Strzelak et al., 2018), but it remains 

unclear, how cigarette smoke mechanistically renders individuals more 

susceptible to Legionnaires’ Disease. 

One possible explanation is that cigarette smoke delays the immune response 

towards Legionella. Smoke can cause a downregulation of extra- and intracellular 

pattern recognition receptors in AM as well as impair cytokine secretion 

(Droemann et al., 2005; Chen et al., 2007; Gaschler et al., 2008). Additionally, 

reduced phagocytosis by AM has been described in human cigarette smokers 

and in mouse models of cigarette smoke exposure (Martí-Lliteras et al., 2009; 

Phipps et al., 2010; Taylor et al., 2010; Berenson et al., 2013). This observation 

has been suggested to play a central role in the delayed clearance of extracellular 

bacteria such as S. pneumoniae, non-typeable H. influenzae, or P. aeruginosa 

(Drannik et al., 2004; Martí-Lliteras et al., 2009; Phipps et al., 2010). However, 

there is little evidence to show which of these deficiencies caused by cigarette 

smoke exposure actually contributes to impaired clearance of infection. 

The increased susceptibility towards Legionnaires’ Disease and Legionella 

infection in smokers could also be due to enhanced intracellular bacterial 

replication resulting from smoke-induced defects in cell intrinsic immunity. 

Insufficient control of L. pneumophila replication has been reported in vitro, using 

a smoke-treated and infected AM cell line (Matsunaga et al., 2001; Matsunaga et 

al., 2002). Legionella have also been shown to translocate effector proteins into 

neutrophils (Copenhaver et al., 2014), which during cigarette smoke exposure, 
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could potentially provide an expanded niche for bacterial replication. It is also 

conceivable that, due to cigarette smoke, Legionella persist in other pulmonary 

phagocytes that usually take up the bacteria, for example dendritic cells or 

monocyte-derived cells (Brown et al., 2016). 

While cigarette smoke clearly suppresses some aspects of host immunity, it 

paradoxically induces secretion of pro-inflammatory cytokines and chemokines. 

In vivo, smoke-induced activation of the respiratory epithelium increases levels 

of cytokines such as TNFa, IL-6, IL-8 or MCP-1, causing the accumulation of 

immune cells such as neutrophils in the lungs of smokers (Mio et al., 1997; de 

Boer et al., 2000; D’hulst, 2005; Barnes, 2009). 

In this study, we investigated how cigarette smoke affected disease progression 

and the pulmonary immune response towards Legionella after concurrently 

infecting cigarette smoke-exposed mice. From these studies, we aimed to gain 

mechanistic insights into how cigarette smoke increases susceptibility to 

Legionnaires’ Disease. 
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4.2 Results 
 

4.2.1 Cigarette smoke exposure causes more severe disease after 
infection with L. pneumophila  

 

We used a mouse model of acute cigarette smoke exposure to examine the 

effects of cigarette smoke on Legionella pathogenesis. Mice were exposed to 

cigarette smoke for 10 days as described in the previous chapter, and 

subsequently infected with L. pneumophila (Figure 4.1A). Smoke exposure was 

continued throughout the infection period to reflect the habits of human smokers. 

L. pneumophila was chosen as it is the most frequently diagnosed causative 

species of Legionnaires’ Disease worldwide (Yu et al., 2002; Cunha et al., 2016; 

Chambers et al., 2021).  

As observed in the previous chapter, smoke-exposed mice displayed slightly 

lower body weight than air-exposed controls (Figure 4.1B), which is likely due to 

the appetite-suppressing effect of cigarette smoke (Audrain-McGovern and 

Benowitz, 2011). After infection with L. pneumophila, the relative body weight in 

air-exposed controls was reduced to approximately 90 % on day 3, but mice 

recovered quickly to an average of 95 % of relative body weight by day 5 after 

infection (Figure 4.1C). In contrast to this, cigarette smoke-exposed mice lost 

significantly more body weight, reaching a minimum of 84 % of starting body 

weight on day 4 after infection. Additionally, these mice barely recovered any 

body weight between days 4 and 5 after infection (Figure 4.1C).  

Pulmonary bacterial load was determined at indicated time points after infection 

(Figure 4.1D). L. pneumophila CFU in lungs of smoke-treated mice was 

drastically increased compared to controls, with approximately 25-fold higher 

pulmonary bacterial burden on day 3, and almost 40-fold higher pulmonary 

bacterial burden on day 5 after infection (Figure 4.1D). Compared to the initially 

administered dose of 2.5 x 106 CFU L. pneumophila, most control mice had 

already cleared more than 99 % of bacteria by day 5 after infection, whereas 

approximately 25 % of the initial bacterial load was still detectable in smoke-

exposed mice.  
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In summary, cigarette smoke exposure caused more severe disease and delayed 

bacterial clearance after L. pneumophila infection. 

 

 

 
Figure 4.1: Cigarette smoke delays body weight recovery and bacterial 
clearance after L. pneumophila infection.  
(A) Scheme of cigarette smoke exposure. Mice were exposed to cigarette smoke 
or room air daily. Mice were intranasally (i.n.) infected with 2.5 x 106 CFU L. 
pneumophila 130b ΔflaA (Lpn) on day 0. Body weight was monitored daily and 
at indicated time points after infection, pulmonary bacterial load was assessed. 
(B) Relative body weight of mice normalised to starting body weight on day -9. 
(C) Relative body weight of mice normalised to body weight on day 0, the day of 
infection. (D) Quantitation of L. pneumophila colony-forming units (CFU) in lungs 
of air- and smoke-exposed mice. (B/C) Graphs show mean ± SEM. (D) Graph 
shows median, with each dot representing an individual mouse. (B/C/D) Data is 
pooled from two independent experiments (n = 10 mice per group and time point). 
**p<0.01, ***p<0.001, Mann-Whitney-U test. 
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4.2.2 Cigarette smoke depletes alveolar macrophages and causes a 
neutrophil-dominated immune response towards L. pneumophila  

 

We also profiled pulmonary immune cells in the same mice as above in an 

attempt to uncover why cigarette smoke significantly worsened the course of 

disease after L. pneumophila infection. Representative flow cytometry gating 

strategies are shown from an uninfected air-exposed mouse (Figure 4.2A) and 

an air-exposed mouse infected with L. pneumophila for 3 days (Figure 4.2B). 

 

 
(Figure continued on next page.) 
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Figure 4.2: Representative flow cytometry gating strategy for identification 
of immune cells in the naive and infected lung.  
Single-cell suspensions of enzymatically digested lungs from (A) an uninfected 
and (B) a L. pneumophila-infected mouse were stained and analysed by flow 
cytometry. Immune cell populations were identified from single live CD45+ cells 
as follows: alveolar macrophages (AM) as Siglec-F+CD11c+ events, eosinophils 
as Siglec-F+CD11c- events, neutrophils as Siglec-F-CD11b+Ly6G+ events, 
monocyte-derived cells (MC) as Siglec-F-Ly6G-CD64+FceRI+ events, B cells as 
Siglec-F-Ly6G-CD64-CD19+ events, dendritic cells as Siglec-F-Ly6G-CD64-CD19-

CD11c+MHC-II+ events, monocytes as Siglec-F-Ly6G-CD64-CD19-CD11b+Ly6C+ 
events, NK cells as NK1.1+ events, CD4+ T cells as NK1.1-CD3+CD4+ events, 
and CD8+ T cells as NK1.1-CD3+CD8+ events. L. pneumophila (Lpn)-positive 
cells were identified by intracellular staining for the bacteria as described in the 
methods section. 
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Infection with L. pneumophila caused an accumulation of both myeloid and, to 

lesser extent, lymphoid cell populations in the lung. However, there were no 

statistically significant differences in the total number of CD45+ leukocytes 

between air- and smoke- exposed mice (Figure 4.3A). 

As observed previously, AM were depleted as a result of cigarette smoke 

exposure alone, and this difference was maintained throughout the course of 

infection (Figure 4.3B). On average, more than 1.5-fold more AM were identified 

in lungs from air-exposed control mice at each analysed time point. In contrast to 

this, cigarette smoke treatment resulted in significantly more neutrophils in the 

lungs of both uninfected mice and L. pneumophila-infected mice. On both days 

after infection, neutrophils were almost 5-fold more abundant in smoke-exposed 

mice compared to air-exposed controls (Figure 4.3C). Overall, neutrophils were 

by far the largest proportion of total immune cells in smoke-exposed mice, 

constituting approximately 60 % of CD45+ leukocytes on day 3, and about 40 % 

of CD45+ leukocytes on day 5 after infection. 

The other common immune cells present in the lung were less consistently 

affected by cigarette smoke. The numbers of MC, which are the second-most 

common recruited phagocyte and known to be essential in anti-L. pneumophila 

defence (Brown et al., 2016), was not affected by cigarette smoke (Figure 4.3D). 

Dendritic cells were increased due to cigarette smoke exposure alone but not 

after infection (Figure 4.3E). Significantly higher numbers of monocytes (Figure 

4.3F), eosinophils (Figure 4.3G), and NK cells (Figure 4.3H) were found in lungs 

of smoke-treated mice after infection with L. pneumophila. However, cigarette 

smoke appeared to have no significant impact on the numbers of pulmonary B 

and T lymphocytes, before or after infection (Figure 4.3I-K). 
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Figure 4.3: Cigarette smoke exposure depletes AM and causes a strong 
inflammatory innate immune response towards L. pneumophila.  
Lungs were harvested from air- and smoke exposed mice at indicated time points 
and single cell suspensions were generated by enzymatic digest. (A) Total CD45+ 
leukocytes and (B-K) indicated individual immune cell populations were 
quantified by flow cytometry. (A-K) Graphs show medians, with each dot 
representing an individual mouse. Data is pooled from two independent 
experiments (n ≥ 10 mice per group and time point). *p<0.05, **p<0.01, 
***p<0.001, Mann-Whitney-U test. 
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Next, we assessed if cigarette smoke changed the bacterial uptake within AM, 

neutrophils and MC after infection by intracellular L. pneumophila staining (Figure 

4.4). These three cell types are known to be the major cells which phagocytose 

L. pneumophila (Brown et al., 2016), and represented more than 90 % of total L. 

pneumophila-positive cells after infection in both air- and smoke-exposed mice in 

this assay. 

On day 3 after infection, the percentage of L. pneumophila-positive AM remained 

similar between air- and smoke-treated mice, although the total number of L. 

pneumophila-positive AM was reduced in smoke-exposed mice, probably due to 

the smoke-induced depletion of AM (Figure 4.4A/D). The most striking 

differences induced by cigarette smoke were once again observed in neutrophils. 

There was an approximately 1.5-fold increase in the percentage of neutrophils 

straining positive for the bacteria after smoke exposure and almost 10-fold more 

L. pneumophila-positive neutrophils overall in smoke-treated mice (Figure 

4.4B/E). Neutrophils also accounted for most L. pneumophila-positive cells in 

smoke-exposed mice on day 3 after infection (Figure 4.4A-C). MC displayed very 

high proportions of cells that were L. pneumophila-positive. However, the number 

and proportion of L. pneumophila-positive MC were only affected to a minor 

extent by cigarette smoke (Figure 4.4C/F). 

In summary, cigarette smoke induced a strong pulmonary accumulation of most 

innate immune cells after infection with L. pneumophila, with the exception of AM, 

which were depleted. The pulmonary cellular immune response in smoke-treated 

mice was heavily skewed towards neutrophils, which represented both the most 

abundant cell type overall as well as the cell type containing most intracellular L. 

pneumophila.  
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Figure 4.4: Increased L. pneumophila-positive neutrophils in smoke-
exposed mice.  
Lungs were harvested from air- and smoke exposed mice at indicated time points 
after infection and single cell suspensions were generated by enzymatic digest. 
(A-C) Total amounts of L. pneumophila-positive cells, and (D-F) the percentages 
of L. pneumophila-positive cells within the indicated cell population were 
identified by intracellular flow cytometry staining. (A-F) Graphs show group 
medians, with each dot representing an individual mouse. Data is pooled from 
two independent experiments (n = 10 mice per group and time point). *p<0.05, 
**p<0.01, ***p<0.001, Mann-Whitney-U test. 
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4.2.3 Cigarette smoke causes strong pro-inflammatory pulmonary 
cytokine response after L. pneumophila infection 

 

Cytokine signalling to initiate the immune response and trigger bactericidal 

activity in myeloid cells is critical in anti-L. pneumophila defense (Brown et al., 

2017). We therefore investigated how cigarette smoke impacted the pulmonary 

production of chemokines and cytokines before and after infection with L. 

pneumophila.  

We observed significantly increased levels of pro-inflammatory mediators such 

as IL-1α (Figure 4.5A), GM-CSF (Figure 4.5B), and MCP-1 (Figure 4.5C) in 

uninfected, smoke-exposed mice. This provides one possible explanation for the 

enhanced pulmonary infiltration of neutrophils (Figure 4.3C) and dendritic cells 

(Figure 4.3E), even though other chemoattractants such as CXCL1, CXCL8, or 

CCL20 are most likely to play a role in this context as well (Bracke et al., 2006; 

Demedts et al., 2007; Botelho et al., 2010; Barnes, 2016). 

Infection with L. pneumophila induced the production of all assessed cytokines in 

both air- and smoke-treated mice. In air-exposed control mice, the highest 

cytokine levels were detected on day 3 after infection, yet at that time point, no 

significant differences were found relative to smoke-exposed mice for any 

cytokine or chemokine (Figure 4.5). On day 5 after infection, cigarette smoke-

treated mice still displayed strongly elevated levels of IL-1a, GM-CSF, MCP-1, 

IL-6, TNFa, and IFNg (Figure 4.5A-F), consistent with and most likely caused by 

the substantially higher pulmonary loads of L. pneumophila (Figure 4.1D). This 

also correlated with the increased presence of several immune cell populations 

such as neutrophils, monocytes, eosinophils, and NK cells (Figure 4.3). IL-17A 

and IL-12 are known to induce bactericidal activity in neutrophils and MC (Brown 

et al., 2016; Cai et al., 2016). However, we did not identify any major differences 

in these cytokines between air- and smoke-treated mice (Figure 4.5G/H). 

In summary, cigarette smoke caused a strong pro-inflammatory cytokine 

response in the lung, before and after infection with L. pneumophila. 
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Figure 4.5: Increased levels of pro-inflammatory cytokines in smoke-treated 
mice before and after infection with L. pneumophila.  
Lungs were harvested from air- and smoke-exposed mice at the indicated time 
points before and after infection with L. pneumophila. Lungs were homogenised, 
and the indicated cytokines and chemokines (A-H) were detected using a 
cytometric bead array. (A-H) Graphs show medians, with each dot representing 
an individual mouse. Data is pooled from two independent experiments (n ≥ 10 
mice per group and time point). **p<0.01, ***p<0.001, Mann-Whitney-U test. 
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4.2.4 Cigarette smoke does not cause defective uptake or killing of L. 
pneumophila by neutrophils 

 

Neutrophils engulf and degrade invading bacterial pathogens, and are essential 

in defence against L. pneumophila infection (LeibundGut-Landmann et al., 2011; 

Ziltener et al., 2016). However, cigarette smoke can cause defective 

phagocytosis in neutrophils (Stringer et al., 2007; Tschernig et al., 2015), or 

suppress their antimicrobial effector mechanisms (Dunn et al., 2005; Xu et al., 

2008). Therefore, we investigated whether a reduced uptake of L. pneumophila 

by neutrophils in smoke-treated mice could contribute to more severe disease 

observed in these mice.  

We assessed which cells initially phagocytosed the bacteria at approximately 16 

hours after infection, and used heat-inactivated L. pneumophila to avoid the 

influence of any bacterial phagocytosis-promoting factors. Heat-inactivated L. 

pneumophila were delivered to air- and smoke-exposed mice to identify those 

cells ingesting L. pneumophila in absence of bacterial replication (Figure 4.6A). 

We observed the same changes to the pulmonary cellular composition as 

described before, with cigarette smoke causing AM depletion and neutrophil 

infiltration (Figure 4.6B). MC levels were slightly elevated in smoke-treated mice 

as well (Figure 4.6B), yet their contribution to overall bacterial uptake at this early 

time point after infection still remained much lower in comparison to AM or 

neutrophils (Figure 4.6C/E). The absolute numbers of cells staining positive for 

L. pneumophila closely reflected the changes in total cell numbers (Figure 

4.6B/C). As a result, in smoke-treated mice, neutrophils were by far the 

predominant cell type to take up bacteria, and out of the three cell types 

investigated, almost 90 % of intracellular L. pneumophila was found within 

neutrophils (Figure 4.6E). In contrast, AM were clearly the main cell type to take 

up bacteria early after infection in air-exposed control mice, with more than 60 % 

of engulfed L. pneumophila found in AM in these mice (Figure 4.6C/E). 
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Figure 4.6: Cigarette smoke shifts uptake of L. pneumophila towards 
neutrophils.  
(A) Mice were exposed to cigarette smoke or room air and infected with 2.5x106 
CFU heat-inactivated L. pneumophila. Next day, lungs were harvested for 
intracellular bacterial staining. Flow cytometry was used to quantitate (B) the total 
amount of cells, (C) the total amount of L. pneumophila (Lpn)-positive cells, and 
(D) the percentage of Lpn-positive cells within a population. (E) Comparison of 
the proportions of Lpn-positive AM, neutrophils, and MC in air- and smoke-
exposed mice. (B/C/D) Graphs show medians, with each dot representing an 
individual mouse. (E) Graph shows mean + SEM. (B-E) Data is pooled from two 
independent experiments (n = 6 mice per group). **p<0.01, Mann-Whitney-U test. 
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Neutrophils did not display defective uptake of L. pneumophila in smoke-exposed 

mice. In fact, they represented the major cell type to engulf the bacteria in the 

early stages after infection, most likely compensating for AM, which were 

depleted by cigarette smoke. Since phagocytosis of bacteria was not affected, 

we hypothesized that the increased overall bacterial load in smoke-exposed mice 

could be due to a loss of the bactericidal capability of neutrophils. 

To test this, we purified neutrophils from air- and smoke-exposed mice after 

infection with L. pneumophila and cultured cell lysates to quantitate live 

intracellular bacteria in these cells. Neutrophils were gated as described 

previously and sorted with high purity from both air- and smoke-exposed mice 

(Figure 4.7A-C). The levels of live intracellular L. pneumophila within neutrophils 

remained similar between air- and smoke-treated mice on each day after infection 

(Figure 4.7D). Even though the decrease in live intracellular L. pneumophila in 

neutrophils between days 2 and 3 after infection appeared to be more 

pronounced in air-exposed control mice than in smoke-exposed mice, there was 

only a small but not significant trend towards more viable L. pneumophila per 104 

neutrophils in smoke-treated mice on day 3 after infection (Figure 4.7D). 

These results suggest that neutrophils retain their bactericidal properties despite 

cigarette smoke exposure. 
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Figure 4.7: FACS-sorted neutrophils do not display increased live 
intracellular L. pneumophila in smoke-exposed mice.  
Lungs were harvested from air- and smoke exposed mice and single cell 
suspensions were generated by enzymatic digest. Neutrophils were purified by 
fluorescent-activated cell sorting. (A) Representative gating strategy to purify 
neutrophils. (B) Representative flow cytometry plot confirming purity of sorted 
neutrophils. (C) Quantification of sorting purity of neutrophils on day 3 after 
infection. (D) Live intracellular L. pneumophila colony forming units (CFU) per 104 
sorted neutrophils at the indicated time points after infection with L. pneumophila. 
(C/D) Graphs show medians, with each dot representing a pool of two mice. For 
day 1 and 2 after infection, data is from one experiment (n = 3 pools of mice per 
group and time point). For day 3 after infection, data is pooled from two 
independent experiments (n = 6 pools of mice per group). (D) Mann-Whitney-U 
test was used to compare air- and smoke-treated mice, paired t-test was used to 
compare days 2 and 3 after infection within the air- and smoke-treated groups. 
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Nevertheless, we performed further analyses of neutrophils to gain more detailed 

insight into their state on day 3 after infection during smoke exposure, when we 

observed a trend towards increased intracellular L. pneumophila. 

We performed qPCR on neutrophils that were purified by FACS from air- and 

smoke-exposed mice 3 days after infection with L. pneumophila. We assessed 

the relative gene expression of Tlr2, which encodes for the Toll-like receptor 2 

involved in Legionella recognition (Fuse et al., 2007), Spi1, encoding the PU.1 

transcription factor required for neutrophil terminal differentiation (Anderson et 

al., 1998), as well as Cyba, which encodes a protein required for generation of 

reactive oxygen species by the NADPH oxidase (Belambri et al., 2018). Relative 

gene expression in smoke-exposed neutrophils did not deviate from levels found 

in air-exposed control mice on day 3 after infection (Figure 4.8A). While this is 

only a small representation of gene expression in neutrophils, it is consistent with 

neutrophils not being majorly impaired by cigarette smoke. 

We further analysed the levels of active neutrophil elastase, a serine protease 

involved in microbial killing by neutrophils (Korkmaz et al., 2010), in purified 

neutrophils from air- and smoke-treated mice. Although the pulmonary levels of 

active neutrophil elastase were up-regulated during infection (Anderson et al., 

2019), we did not discover a smoke-dependent effect on the activity of neutrophil-

specific neutrophil elastase after infection with L. pneumophila (Figure 4.8B/C). 

These neutrophil-specific assays, in combination with the results obtained for 

bactericidal activity of these cells after purification, produced no evidence that 

neutrophils lost any ability to phagocytose and/or kill L. pneumophila after smoke 

exposure. They are therefore unlikely to serve as an enhanced niche for 

productive bacterial replication.  
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Figure 4.8: Cigarette smoke does not affect neutrophil gene expression or 
neutrophil elastase activity. 
Neutrophils were FACS-sorted on day 3 after infection with L. pneumophila from 
air- or smoke-exposed mice. (A) RNA was isolated, transcribed into cDNA, and 
relative gene expression of the indicated genes was identified by qPCR. 
Expression was normalized to the reference gene Rpl32 and expression levels 
of air-exposed mice. (B) Activity of neutrophil elastase was determined by 
labelling neutrophil lysates with the chemical probe PK105b. (C) Neutrophil 
elastase activity was quantified by densitometry based on in-gel fluorescence as 
identified in (B). (A) Graph shows mean ± SD, with each dot representing a pool 
of two mice. (B) Each lane represents a pool of two mice. (C) Graph shows 
median, with each dot representing a pool of two mice. (A/C) Data is pooled from 
two independent experiments, with n ≥ 5 pools of mice per group. 
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4.2.5 Cigarette smoke does not cause more severe disease after infection 
with L. longbeachae 

 

We also investigated the effects of smoke treatment on the course of infection 

with a second Legionella species, L. longbeachae, the second-most common 

species to cause Legionnaires’ Disease (Chambers et al., 2021). Initial evidence 

suggests that smoking is associated with susceptibility to L. longbeachae-

mediated Legionnaires’ Disease (Kenagy et al., 2017). 

We exposed mice to cigarette smoke and concurrently infected them with L. 

longbeachae in a similar way as the L. pneumophila experiments described 

above (Figure 4.9A). As observed in previous experiments, all smoke-exposed 

mice displayed slightly lower body weight than air-exposed controls (Figure 

4.9B). However, in contrast to the situation with L. pneumophila, we observed no 

significant difference in body weight loss between air- and smoke-treated mice 

after infection with L. longbeachae (Figure 4.9C). Both groups also recovered 

body weight on day 5 after infection to similar extent. 

Cigarette smoke-exposed mice harboured almost 10-fold less pulmonary L. 

longbeachae when compared to control mice on day 3 after infection (Figure 

4.9D). Both groups had sufficiently cleared infection by day 5 after infection, so 

that this difference was not detectable at that time point (Figure 4.9D). 

In summary, the disease phenotype observed after infection with L. pneumophila 

was not recapitulated after infection with L. longbeachae, since smoke-treated 

mice did not display increased weight loss or pulmonary bacterial loads. In fact, 

cigarette smoke exposure may have the opposite effect on L. longbeachae 

pathogenesis as it appeared to slightly accelerate the clearance of infection. 
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Figure 4.9: Cigarette smoke does not intensify disease after L. longbeachae 
infection.  
(A) Scheme of cigarette smoke exposure. Mice were exposed to cigarette smoke 
or room air daily, and intranasally (i.n.) infected with 2.5x105 CFU L. longbeachae 
NSW150 (Llo) on day 0. Body weight was monitored daily and at indicated time 
points after infection, pulmonary bacterial load was assessed. (B) Relative body 
weight of mice normalised to starting body weight on day -9. (C) Relative body 
weight of mice normalised to body weight on day 0, the day of infection. (D) 
Quantitation of L. longbeachae colony-forming units (CFU) in lungs of air- and 
smoke-exposed mice. (B/C) Graphs show mean ± SEM. (D) Graph shows 
median, with each dot representing an individual mouse. (B-D) Data is pooled 
from two independent experiments (n = 8 mice per group and time point). 
*p<0.05, Mann-Whitney-U test. 
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4.2.6 Cigarette smoke causes only minor changes in the cellular immune 
response towards L. longbeachae 

 

We also examined the pulmonary cellular immune response in mice infected with 

L. longbeachae as we did for mice infected with L. pneumophila. 

Infection with L. longbeachae caused an approximately 10-fold increase in 

pulmonary immune cells in both air- and smoke-exposed mice by day 5 after 

infection, but the total number of CD45+ leukocytes was similar between the air- 

and smoke-exposed groups (Figure 4.10A). Consistent with previous 

experiments, smoke exposure reduced the numbers of AM, with around 40 % 

less AM identified in uninfected smoke-exposed mice compared to uninfected air-

exposed controls. L. longbeachae infection itself caused a depletion of AM. This 

could be observed in both groups on day 3 after infection, but AM were 

replenished by day 5 after infection. The additional, smoke-induced AM depletion 

was still detectable on day 3, but not on day 5 after infection (Figure 4.10B). 

L. longbeachae infection caused an accumulation of all other myeloid and 

lymphoid immune cells in the lung. Neutrophils represented the most abundant 

immune cell population in air- and smoke-exposed mice (Figure 4.10C), with MC 

being the second-most abundant population (Figure 4.10D). There were no 

differences between air- and smoke-exposed mice observed at any of the 

investigated time points for either cell type. Minor differences were seen in other 

immune cells, either elicited by cigarette smoke or infection (Figure 4.10E-K). 

Intracellular flow cytometry staining was performed to detect those immune cells 

harbouring L. longbeachae after infection. Once again, these analyses focussed 

on AM, neutrophils and MC as the dominant phagocytes which contained 

bacteria (Figure 4.11). Neutrophils were by far the predominant L. longbeachae-

positive cell type on both days after infection, followed by MC and AM (Figure 

4.11A-C). A minor reduction in the absolute number and/or percentage of cells 

containing L. longbeachae was found in all cell types from smoke-exposed mice 

on day 3, but not on day 5 after infection (Figure 4.11A-F). 

In summary, cigarette smoke caused only minor changes to the cellular immune 

response against L. longbeachae.  
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Figure 4.10: Cigarette smoke causes only minor changes in the cellular 
immune response towards L. longbeachae.  
Lungs were harvested from air- and smoke exposed mice at indicated time points 
and single cell suspensions were generated by enzymatic digest. (A) Total CD45+ 
leukocytes and (B-K) indicated individual immune cell populations were 
quantified by flow cytometry. (A-K) Graphs show medians, with each dot 
representing an individual mouse. Data is pooled from two or three independent 
experiments (n ≥ 8 mice per group and time point). *p<0.05, **p<0.01, Mann-
Whitney-U test. 
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Figure 4.11: Fewer L. longbeachae-positive myeloid cells in smoke-
exposed mice.  
Lungs were harvested from air- and smoke exposed mice at indicated time points 
after infection and single cell suspensions were generated by enzymatic digest. 
(A-C) Total amounts of L. longbeachae-positive cells, and (D-F) the percentages 
of L. longbeachae-positive cells within the indicated cell population were 
identified by intracellular flow cytometry staining. (A-F) Graphs show medians, 
with each dot representing an individual mouse. Data is pooled from two or three 
independent experiments (n ≥ 8 mice per group and time point). *p<0.05, 
**p<0.01, Mann-Whitney-U test. 
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4.2.7 Clodronate-induced alveolar macrophage depletion mimics disease 
phenotypes observed in cigarette smoke models after Legionella 
infection 

 

The two cell types that were affected by cigarette smoke the most were 

neutrophils and AM. Since neutrophils appeared to retain their bactericidal 

capacity against L. pneumophila, we focussed on AM, which were depleted as a 

result of smoke exposure prior to infection with either L. pneumophila or L. 

longbeachae. AM are the accepted replicative niche for both species, but how 

AM depletion at the time of infection with either species could change Legionella 

pathogenesis has not yet been reported. We therefore analysed the contribution 

of AM over the course of Legionella infection by treating mice with clodronate 

liposomes, a well-established method to deplete AM in vivo (Naito et al., 1996). 

Three days later, we infected AM-depleted mice with L. pneumophila or L. 

longbeachae (Figure 4.12A). 

AM were depleted by more than 80 % on average in clodronate-treated mice 

compared to PBS-treated mice, and PBS liposome-treated mice (Figure 4.12B). 

Due to the strong reduction in AM caused by L. longbeachae infection itself, the 

extent of AM depletion in clodronate-treated mice compared to either control 

group was less pronounced on day 3 and 5 after infection (Figure 4.12B). 

Clodronate-treated mice displayed strikingly decreased pulmonary L. 

longbeachae burden, with approximately 10-fold less bacteria on day 3 and 

almost 35-fold less bacteria on day 5 after infection compared to PBS-treated 

control mice (Figure 4.12C). This difference was not associated with changes in 

relative body weight (Figure 4.12D). 

For L. pneumophila infection, pre-treatment with clodronate liposomes resulted 

in consistent AM depletion over the entire experiment (Figure 4.12E). Lungs of 

clodronate-treated mice contained, on average, only 10 – 35% of AM found in 

PBS-treated controls (Figure 4.12E). On day 1 after infection with L. 

pneumophila, we observed an approximate 4-fold reduction in the bacterial load 

present in clodronate-treated mice (Figure 4.12F). This result is consistent with 

what would be expected after the loss of the bacteria’s replicative niche. 
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However, this initial decrease did not result in faster clearance of L. pneumophila 

at later timepoints. In fact, in clodronate-treated mice, we observed almost 3-fold 

higher bacterial loads of pulmonary L. pneumophila on day 5 and day 7 after 

infection compared to either control group (Figure 4.12F). Delayed bacterial 

clearance was accompanied by significantly delayed body weight recovery in AM-

depleted mice (Figure 4.12G). 

In summary, depletion of AM with clodronate liposomes largely reflected the 

disease phenotypes observed during cigarette smoke exposure. AM depletion 

appeared to be favourable during L. longbeachae infection, but delayed L. 

pneumophila clearance in later stages of infection. 
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Figure 4.12: Clodronate-induced AM depletion differently affects disease 
progression after infection with L. longbeachae or L. pneumophila.  
(A) Mice were treated with PBS, PBS liposomes or clodronate liposomes three 
days before intranasal infection with either 2.5x105 CFU L. longbeachae 
NSW150, or 2.5x106 CFU L. pneumophila 130b ΔflaA. Body weight of mice was 
monitored daily, and at the indicated time points, lungs were harvested for flow 
cytometry analyses and quantitation of pulmonary bacterial load. (B/E) AM were 
quantified by flow cytometry at the indicated time points. (C/F) Quantitation of 
pulmonary L. longbeachae or L. pneumophila colony-forming units (CFU) at the 
indicated time points. (D/G) Relative body weight progression of mice, normalized 
to body weight on the day of infection. (B/C/E/F) Graphs show medians, with each 
dot representing an individual mouse. (D/G) Graphs show mean ± SEM. (B-G) 
Data is pooled from two or three independent experiments, with n ≥ 6 mice per 
group and time point. *p<0.05, **p<0.01, ***p<0.001, One-Way ANOVA, 
displayed for differences between PBS and clodronate liposome groups. 
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4.3 Discussion 
 

Cigarette smoke is a major known risk factor for many pulmonary viral and 

bacterial infections (Arcavi and Benowitz, 2004; Bagaitkar et al., 2008; Bauer et 

al., 2013), including Legionnaires’ Disease (Straus et al., 1996; Che et al., 2008). 

Our mouse model of acute cigarette smoke exposure and concurrent L. 

pneumophila infection was consistent with the human epidemiological link 

between cigarette smoking and Legionnaires’ Disease, and showed 

approximately 10-fold higher CFU in the lungs of smoke-treated mice and 

delayed recovery of body weight. 

We originally believed that smoke-induced AM depletion was not the reason for 

more severe disease following L. pneumophila infection, given that AM are the 

replicative niche for L. pneumophila. However, when we specifically depleted AM 

by treating mice with clodronate liposomes prior to infection, bacterial clearance 

and disease recovery was significantly delayed as well. This suggests that 

the increase in L. pneumophila CFU in smoke-treated mice is, at least partially, 

the result of smoke-induced AM depletion. Additionally, AM have an 

underappreciated role in contributing to efficient clearance of L. pneumophila in 

the later stages of infection. 

There are several possible explanations for the influence of AM on clearance of 

L. pneumophila. Ziltener et al. demonstrated that TNFa and TNFR1-signalling 

can induce bactericidal activity in AM in vivo (Ziltener et al., 2016). It has also 

been shown that, in vitro, smoke-treated AM are not able to efficiently degrade 

intracellular L. pneumophila due to a down-regulation of TNFa (Matsunaga et al., 

2001; Matsunaga et al., 2002). However, we observed that TNFa levels in the 

lungs of smoke-exposed mice infected with L. pneumophila were elevated on day 

5 after infection. Furthermore, even from early stages after infection, AM 

represent only a minority of cells that take up L. pneumophila, with the far more 

numerous neutrophils and monocyte-derived cells constituting the major 

populations that phagocytose and degrade L. pneumophila (Brown et al., 2016). 

This suggests that a potentially defective bactericidal activity by AM is unlikely to 

significantly contribute to the higher pulmonary bacterial loads in smoke-treated 
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mice, and it is more probable that AM influence the bactericidal activity of other 

phagocytes to combat L. pneumophila after the first few days of infection. 

Depletion of AM could potentially delay the initiation of an adequate immune 

response. In line with previous reports, however, we observed distinct pro-

inflammatory cytokine signalling and significantly increased numbers of 

neutrophils in lungs of smoke-treated mice before and after bacterial infection 

(Drannik et al., 2004; Phipps et al., 2010). It is possible that, in absence of AM, 

epithelial cells activated by cigarette smoke mediate the rapid influx of neutrophils 

due to the release of neutrophil chemotactic factors such as CXCL1, CXCL8, or 

leukotriene B4 (Mio et al., 1997; Barnes, 2009; Gao et al., 2015; Barnes, 2016). 

Whether the levels of these chemokines remain significantly increased over the 

course of Legionella infection in our model, requires further investigation. As 

discussed in the previous chapter, smoke-induced inflammatory cell death of AM 

represents an additional trigger that likely contributes to the increased recruitment 

of different leukocyte populations to the lung, including neutrophils. 

We confirmed that neutrophils are the predominant L. pneumophila-positive cell 

population in smoke-treated mice throughout the entire course of infection. 

Normally, neutrophils are able to restrict bacterial replication (Copenhaver et al., 

2014; Brown et al., 2016) and are essential in the clearance of L. pneumophila 

as demonstrated in neutrophil-depleted mice (Tateda, et al., 2001; LeibundGut-

Landmann et al., 2011). Since L. pneumophila is known to secrete effector 

proteins into neutrophils (Copenhaver et al., 2014), we hypothesized that L. 

pneumophila could replicate in these cells during cigarette smoke exposure, thus 

contributing to the higher overall pulmonary CFU found in smoke-treated mice. 

Previous studies have shown impaired respiratory burst and bacterial killing 

capacity in smoke-treated neutrophils in vitro (Pabst et al., 1995; Dunn et al., 

2005; Xu et al., 2008; Y. Zhang et al., 2018; Chien et al., 2020). However, when 

we determined the amounts of viable intracellular bacteria in purified neutrophils, 

the amount of L. pneumophila per cell was similar on all days after infection in 

air- and smoke-exposed mice, suggesting there was no defect in bactericidal 

ability. 



 95 

More recently, the epidemiological connection between cigarette smoking and 

Legionnaires’ Disease was extended specifically to L. longbeachae-induced 

disease in New Zealand (Kenagy et al., 2017), where L. longbeachae is the 

predominant causative species (Isenman et al., 2016; Chambers et al., 2021). In 

contrast to our findings using L. pneumophila, we did not observe a similar delay 

in body weight recovery or bacterial clearance when concurrently infecting 

smoke-treated mice with L. longbeachae. It has previously been reported that, in 

mouse models, L. longbeachae replicates very efficiently and causes higher 

pulmonary bacterial burden than L. pneumophila (Gobin et al., 2009; Massis et 

al., 2017). Species-specific microbial features such as the lack of flagellin, the 

presence of a capsule and specific repertoires of effector proteins secreted into 

host cells have been suggested to limit bacterial recognition and the immune 

response towards L. longbeachae (Kozak et al., 2010; Cazalet et al., 2010; 

Massis et al., 2017). Despite using a L. pneumophila strain lacking flagellin to 

induce productive infection in C57BL/6 mice (Molofsky et al., 2006; Asare et al., 

2007), and infecting with a lower dose of bacteria, L. longbeachae still reached 

far higher pulmonary bacterial loads than L. pneumophila in our hands. Treating 

mice with clodronate liposomes significantly limited L. longbeachae replication 

and was beneficial for bacterial clearance as evident by almost 35-fold less 

pulmonary L. longbeachae CFU in AM-depleted mice on day 5 after infection. 

Induction of AM apoptosis by inhibiting the pro-survival protein BCL-XL has been 

investigated as a therapeutic avenue to limit disease after L. longbeachae 

infection (Speir et al., 2016). Importantly, our results suggest that this may not be 

a suitable approach for all Legionella species since AM depletion, either caused 

by cigarette smoke, or by clodronate liposome-treatment, significantly delayed 

bacterial clearance of L. pneumophila. 

In human patients, the disease pattern and pathology is similar between cases 

caused by L. longbeachae or L. pneumophila (Amodeo et al., 2010; Cameron et 

al., 2016), and cigarette smoking remains a shared risk factor for Legionnaires’ 

Disease. It has been shown that the extent of smoking history and the number of 

consumed cigarettes per day both correlated with higher susceptibility to disease 

caused by either species (Che et al., 2008; Kenagy et al., 2017). One limitation 
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in this study is the use of an acute model of cigarette smoke exposure that does 

not necessarily reproduce the pulmonary changes induced in humans that have 

smoked chronically for many years or decades. How chronic smoke exposure 

impacts the pathogenesis of different Legionella species has not yet been 

investigated in murine models, but it could provide additional insights into the 

smoke-induced perturbations of pulmonary immune responses towards infection. 

It may also help elucidating how smoke-induced AM depletion mechanistically 

delays bacterial clearance.  

Overall, the results in this study suggest that smoke-induced AM depletion is an 

important contributor to more severe Legionnaires’ Disease cause by L. 

pneumophila. Further experiments are required to understand whether this is a 

common feature across common pulmonary infections observed in smokers and 

to determine if this could be addressed pharmacologically. 
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5 Neutrophils promote proliferation of type II alveolar 
epithelial cells and functional lung recovery from 
pneumonia  

 

5.1 Introduction 
 

The lung is responsible for maintaining efficient gas exchange of O2 and CO2 

between the air space and erythrocytes within the alveolar capillary bed (Torres 

et al., 2021). To facilitate gas exchange, the alveolar epithelium is mostly 

comprised of structural, squamous type I AEC, which form the approximately 

5 µm thin air-blood barrier together with endothelial cells. Secretory type II AEC 

constitute only about 5 % of the alveolar surface area and serve as local 

progenitors of type I AEC after epithelial injury (Barkauskas et al., 2013; Desai et 

al., 2014).  

Beside the damage inflicted by invading lung pathogens themselves, the immune 

response may also be associated with significant tissue damage resulting from 

direct or bystander action of immune effector mechanisms on structural lung 

components such as the alveolar epithelium. Excessive transmigration of 

immune cells into the airways can cause a persisting breakdown of epithelial and 

endothelial barriers, resulting in vascular leakage into the alveoli (Matthay and 

Zimmerman, 2005; Zemans et al., 2009).  

The severity of lung damage observed after infection or during acute lung injury 

correlates particularly with the amount of neutrophils found in the airways, and 

could be reduced by inhibiting neutrophil migration (Grommes and Soehnlein, 

2011). Within the alveolar space, activated neutrophils release ROS or tissue-

degrading enzymes like neutrophil elastase or MMPs, which can directly induce 

epithelial cell death or down-regulate proteins that mediate AEC barrier 

interactions, for example E-Cadherin (Broermann et al., 2011; Bhattacharya and 

Matthay, 2013; Boxio et al., 2016). In case of pneumonia caused by influenza 

virus, cytotoxic CD8+ T cells directly kill infected AECs, and excessive CD8+ T 

cell activity can further exacerbate epithelial damage and confer severe lung 

pathology (Moskophidis and Kioussis, 1998; Schmidt and Varga, 2018). 
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Additionally, the processes that usually remove excess alveolar fluid are impaired 

during pneumonia as the inflammatory response causes a down-regulation of 

Na+ or Cl- channels that direct the water transport across the epithelium (Chen et 

al., 2004; Lee et al., 2007; Londino et al., 2017). Consequently, pulmonary gas 

exchange is heavily compromised during pneumonia, which can lead to acute 

respiratory distress syndrome or respiratory failure. 

In order to re-establish efficient oxygen uptake, repair processes are initiated 

alongside the immune response to mediate epithelial cell proliferation. An 

example for this is the active removal of dead cells from the alveolar space by 

AM and epithelial cells (Juncadella et al., 2013; Allard et al., 2018). AM and Treg 

cells also produce a range of cytokines, including IL-10 and TGFβ, that control 

ongoing inflammatory processes (D’Alessio et al., 2009; Herold et al., 2011; Garbi 

and Lambrecht, 2017). Additionally, specific cytokines and growth factors that 

mediate tissue regeneration and type II AEC proliferation, such as amphiregulin, 

VEGFa, or IL-22, are released during the lung recovery phase (Varet et al., 2010; 

Monticelli et al., 2011; Kumar et al., 2013; Zheng et al., 2016; Croasdell Lucchini 

et al., 2021a). 

Most studies so far have predominantly investigated the protective roles of 

immune cells against invading pathogens, but in recent years, increased attention 

has been given to their role in tissue regeneration. Unlike Treg cells, which 

promote epithelial cell repair by secreting amphiregulin (Li et al., 2018), other 

conventional T cells, neutrophils or monocytes are still considered to mainly 

induce tissue damage due to their antimicrobial effector mechanisms. However, 

whether and how these cells contribute to pulmonary recovery remains largely 

unknown and requires further investigation. 

Here, we addressed the role of immune cells in tissue repair and re-establishment 

of lung function following bacterial pneumonia by specific cell depletion during 

the resolution phase of inflammation in a mouse model of Legionnaires’ disease. 
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5.2 Results 
 

5.2.1 Legionella infection impairs lung function  
 

We used the mouse model of Legionnaires’ Disease to investigate the cellular 

mechanisms required for recovery of lung function following bacterial pneumonia. 

For this, we infected mice with L. pneumophila or L. longbeachae and compared 

lung function during the recovery phase 5 to 7 days after infection (Figure 5.1A), 

when most of the bacteria were cleared (Figure 4.1/4.9). 

Despite similar disease progression after infection with either species as 

indicated by body weight loss (Figure 5.1B), we observed significantly reduced 

blood oxygen saturation (%SpO2) only in mice infected with L. longbeachae 

(Figure 5.1C). These differences in blood oxygenation levels between the two 

species have been previously reported (Massis et al., 2017). Importantly, %SpO2 

levels below 95 – 96 % are considered to be reduced in humans and mice (Lax 

et al., 2014; Pretto et al., 2014). All L. longbeachae-infected mice displayed levels 

below 96 %SpO2 (average 93.1 %SpO2) on day 5 after infection, but blood 

oxygen saturation returned to baseline levels above 96 %SpO2 by day 7 after 

infection (Figure 5.1C). In contrast, infection with L. pneumophila caused a minor 

trend towards reduced %SpO2 levels that was not statistically significant (Figure 

5.1C). 

Additionally, we detected significant changes to the respiratory parameters 

airway resistance, static compliance, and inspiratory capacity on day 5 after 

infection with either L. longbeachae or L. pneumophila (Figure 5.1D-F), indicating 

that infection impaired lung mechanics. Values of all investigated respiratory 

parameters returned to baseline levels of sham-infected control mice by day 7 

after infection (Figure 5.1D-F). 

In summary, despite similar changes to body weight and lung mechanics after 

infection with either Legionella species, only L. longbeachae infection resulted in 

significantly reduced blood oxygenation. We therefore focussed on the role of 

immune cells during functional lung recovery specifically after L. longbeachae 

infection. 
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Figure 5.1: Legionella infection causes functional lung deficiency.  
(A) Summary of experimental details. Mice were infected either with 2.5x104 CFU 
L. longbeachae-mCherry or 2.5x105 CFU L. pneumophila 130b ΔflaA and 
respiratory parameters were quantified at indicated times. Sham-infected mice 
received PBS. (B) Body weight kinetics of infected mice normalised to starting 
body weight on day 0. (C) Blood oxygen saturation (%SpO2) in mice at the 
indicated times after infection. (D) Airway resistance, (E) static compliance, and 
(F) inspiratory capacity of mice at the indicated times after infection. (B/C) Graphs 
show mean + SEM. (D-F) Graphs show median value, with each dot representing 
an individual mouse. Data are from one (L. pneumophila), or two pooled (L. 
longbeachae) independent experiments (n ≥ 3 mice per group and time point) 
(B/C) or one experiment (n ≥ 3 mice per group and time point) (D-F). *p<0.05, 
**p<0.01, One-way ANOVA. Llo, L. longbeachae; Lpn, L. pneumophila. 
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5.2.2 Neutrophil depletion during the resolution of L. longbeachae 
infection delays functional lung recovery 

 

Impairment of lung function as indicated by blood oxygen saturation was most 

pronounced 5 days after infection with L. longbeachae before returning to normal 

levels on day 7. To investigate whether immune cells promoted the recovery of 

lung function, specific cell populations were depleted on day 5, and %SpO2 levels 

were quantified thereafter (Figure 5.2A). Clodronate liposomes were used to 

deplete macrophages (Figure 5.2B/C), and antibodies were used to deplete 

neutrophils (Figure 5.2D/E), CD4+ T cells (Figure 5.2F/G), or CD8+ T cells (Figure 

5.2F/H). In contrast to the efficient depletion of neutrophils, CD4+ T cells and 

CD8+ T cells, treatment with clodronate liposomes at that point of infection did 

not cause a striking AM depletion. This is most likely due to the fact that AM 

counts are already strongly decreased as a result of Legionella infection itself 

(Figure 4.12B). Since we still observed a trend towards reduced AM compared to 

undepleted mice, we proceeded to analyse lung function in these mice. 

Importantly, specific cell depletions during the recovery phase of L. longbeachae 

infection (Figure 5.3A) did not affect bacterial clearance from the lung. At the time 

of analysis, pulmonary L. longbeachae CFU levels were similar between all 

groups independently of whether specific immune cells populations had been 

depleted or not (Figure 5.3B). Furthermore, the abundance of total immune cells 

during the recovery phase from L. longbeachae infection was not significantly 

impacted by specific cell depletions since all infected groups displayed similar 

levels of pulmonary CD45+ leukocyte counts at the time of analysis (Figure 5.3C). 
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Figure 5.2: Depletion of specific immune cells during recovery phase from 
L. longbeachae infection.  
(A) Summary of experimental details. Mice were infected with 2.5x104 CFU L. 
longbeachae mCherry. 5 days after infection, either AM, neutrophils, CD4+ T 
cells, or CD8+ T cells were depleted as described in the methods section. (B-H) 
Depletion of alveolar macrophages (C/D), neutrophils (E/F), CD4+ T cells and 
CD8+ T cells (F-H). (B/D/F) Representative flow cytometry plots showing 
depletion of the indicated cell populations in the lung in comparison to infected, 
undepleted mice. (C/E/G/H) Flow cytometry-based enumeration of immune cells 
in the lungs of mice treated with the indicated cell depletion methods. Graphs 
show medians, with each dot representing an individual mouse. Data is pooled 
from two independent experiments (n ≥ 8 mice per group). *p<0.05, **p<0.01, 
***p<0.001, One-way ANOVA. 
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Figure 5.3: Cell depletion in recovery phase from L. longbeachae infection 
does not affect bacterial clearance and overall immune response.  
(A) Summary of experimental details. Mice were infected with 2.5x104 CFU L. 
longbeachae mCherry. 5 days after infection, either AM, neutrophils, CD4+ T 
cells, or CD8+ T cells were depleted as described in the methods section. (B) 
Quantitation of L. longbeachae colony-forming units (CFU) in lungs of mice 
treated as indicated. (C) Total CD45+ leukocytes in lungs of mice treated as 
indicated were enumerated by flow cytometry. (B/C) Graphs show medians, with 
each dot representing an individual mouse. Data is pooled from two (uninfected, 
clodronate, anti-CD4, anti-CD8) or three (no depletion, anti-Ly6G) independent 
experiments (n ≥ 7 mice per group and time point). *p<0.05, One-way ANOVA. 
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Having demonstrated that specific cell depletions did not change Legionella 

clearance, we measured blood oxygen saturation to determine whether particular 

immune cell populations promoted recovery of lung function (Figure 5.4A). 

As expected, all groups of mice displayed significantly lower %SpO2 levels before 

cell depletion on day 4 after infection compared to uninfected control animals, 

confirming that L. longbeachae infection caused functional lung deficiency 

(Figure 5.4B). The average extent of reduction in oxygen saturation was 

comparable between all groups, with %SpO2 levels mostly ranging between 

approximately 92 – 96 %. 

By day 6 after infection with L. longbeachae, %SpO2 levels in mice undergoing 

no cell depletion returned to similar levels compared to uninfected controls, even 

though some mice still displayed blood oxygen saturation below 96 %SpO2 

(Figure 5.4C). Similarly, mice undergoing CD4+ or CD8+ T cell depletion 

displayed %SpO2 levels comparable to uninfected controls (Figure 5.4C), 

indicating that these cells did not have a major role in recovery of lung function 

at that stage. In contrast, %SpO2 levels of AM- or neutrophil-depleted mice were 

still significantly reduced compared to uninfected mice, indicating that functional 

lung recovery was impaired when these cells were absent in the resolution phase 

of L. longbeachae infection (Figure 5.4C).  

In summary, these results surprisingly suggest that neutrophils contribute to the 

re-establishment of efficient oxygen uptake during the recovery phase from L. 

longbeachae infection. Additionally, clodronate-treated mice displayed a similar 

delay in the recovery of blood oxygen saturation, even though the treatment 

resulted only in a trend towards AM depletion. Importantly, these differences in 

functional lung recovery were most likely not due to changes in the immune 

response towards Legionella since bacterial clearance remained unaffected by 

specific cell depletions. 
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Figure 5.4: AM or neutrophil depletion during the resolution phase of L. 
longbeachae infection delays recovery of blood oxygen saturation.  
(A) Summary of experimental details. Mice were infected with 2.5x104 CFU L. 
longbeachae-mCherry. 5 days after infection, AM, neutrophils, CD4+ T cells, or 
CD8+ T cells were depleted as described in the methods section. Blood oxygen 
saturation was determined by pulse oximetry before and after cell depletion. 
(B/C) Levels of blood oxygen saturation on the day before (B) and after (C) cell 
depletion. Graphs show the group median, with each dot representing an 
individual mouse. Data is pooled from two (anti-CD4, anti-CD8) or three 
(uninfected, clodronate, no depletion, anti-Ly6G) independent experiments (n ≥ 
9 mice per group). *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA. 
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5.2.3 Delayed recovery of blood oxygenation in absence of neutrophils is 
independent of lung mechanics or edema 

 

We next investigated the mechanisms by which neutrophils promote re-

establishment of normal %SpO2 levels after Legionella infection. Impaired lung 

mechanics or excessive edema are two important factors negatively impacting 

blood oxygenation (Matthay and Zimmerman, 2005). Therefore, we assessed 

whether neutrophils modulated these two events during the recovery phase from 

L. longbeachae infection (Figure 5.5A).  

Despite the previously described differences in blood oxygenation on the day of 

analysis (Figure 5.5B), we did not, by using computer-assisted forced respiratory 

manoeuvres, detect any differences in inspiratory capacity (Figure 5.5C), static 

compliance (Figure 5.5D), airway resistance (Figure 5.5E), or other secondary 

respiratory parameters such as tissue elastance and tissue damping after specific 

cell depletion (data not shown). Since infected mice, independently of cell 

depletion, showed similar respiratory parameter values compared to uninfected 

mice (Figure 5.5C-E), it is not certain whether infection with L. longbeachae in 

this experiment caused defects in lung mechanics as previously observed (Figure 

5.1D-F). Nevertheless, these results indicate that the blood oxygenation levels 

found in mice were not impacted by changes to respiratory mechanics. 

Next, we investigated whether neutrophils promoted edema clearance following 

L. longbeachae infection. For this, the wet-to-dry weight ratio of lungs was 

quantified as an indication of fluid accumulation. The wet/dry ratio in L. 

longbeachae-infected mice was increased on day 6 after infection compared to 

uninfected control mice, indicating that pulmonary edema was still present at that 

time (Figure 5.5F), even though infection was virtually cleared (Figure 5.3B). 

However, there were no striking differences between mice depleted for specific 

immune cell populations and their undepleted counterparts (Figure 5.5F). 

Together, these results demonstrate that the delayed re-establishment of blood 

oxygenation in absence of neutrophils during the recovery from L. longbeachae 

infection was not due to changes in lung mechanics or unresolved edema. 
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Figure 5.5: Cell depletions do not affect the lung mechanics or fluid 
accumulation in the lung.  
(A) Summary of experimental details. Mice were infected with 2.5x104 CFU L. 
longbeachae-mCherry. 5 days after infection, either AM, neutrophils, CD4+ T 
cells, or CD8+ T cells were depleted. On day 6 after infection, lungs were retrieved 
for indicated analyses. (B) Blood oxygen saturation in indicated mice on day 6, 
shown as averages based on the values of individual mice depicted in Figure 
5.4C. (C-E) The respiratory parameters inspiratory capacity (C), static 
compliance (D), and airway resistance (E) were quantified for mice depleted of 
the indicated cell population. (F) Wet/Dry weight ratio of lungs from mice depleted 
for the indicated cell population. (B) Graph shows mean + SEM. (C-F) Graphs 
show medians, with each dot representing an individual mouse. (C-E) Data is 
pooled from two (clodronate, anti-CD4, anti-CD8) or three (no depletion, anti-
Ly6G) independent experiments (n ≥ 7 mice per group). (F) Experiment was 
performed once (n = 3-5 mice per group). *p<0.05, **p<0.01, One-way ANOVA. 
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5.2.4 Neutrophils contribute to proliferation of type II alveolar epithelial 
cells during recovery from Legionella infection  

 

We therefore hypothesized that the delayed recovery of blood oxygen saturation 

in neutrophil-depleted mice was a result of reduced epithelial area across which 

oxygen exchange can take place due to alveoli disruption. Immune responses 

mounted to eradicate pathogens from the airways are associated with structural 

damage to the alveolar epithelium, and thus the air-blood barrier. Type II AEC 

serve as progenitors in the alveolar niche, proliferating and differentiating into 

type I AEC to regenerate respiratory epithelium (Barkauskas et al., 2013; Desai 

et al., 2014). 

To investigate whether AM or neutrophils promoted type II AEC proliferation, we 

depleted these cells on day 5 after infection with L. longbeachae (Figure 5.6A) 

and quantified type II AEC proliferation by flow cytometry using Ki67 (Gerdes et 

al., 1983; Major et al., 2020) (Figure 5.6B/C). In uninfected control mice, only 

about 4 % of type II AEC were undergoing proliferation (Figure 5.6C/D), which is 

consistent with the low frequency of proliferating type II AEC in homeostasis 

(Barkauskas et al., 2013; Major et al., 2020). Infection with L. longbeachae clearly 

induced proliferation of these cells during the resolution phase of infection, with 

approximately 20 % of type II AEC staining positive for Ki67 on day 6 after 

infection (Figure 5.6C/D), indicating regeneration of alveolar epithelium. The rate 

of proliferation remained unchanged in mice treated with clodronate liposomes 

(Figure 5.6C/D), which had only caused a minor trend towards AM depletion 

(Figure 5.2C). However, in comparison to undepleted mice, the proportion of 

proliferating type II AEC was significantly diminished in neutrophil-depleted mice 

to about 13.5 % (Figure 5.6C/D), indicating that neutrophils promote proliferation 

of type II AEC during the recovery phase from L. longbeachae infection, a 

necessary step to regenerate alveolar epithelium during resolution of pneumonia. 
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Figure 5.6: Reduced alveolar epithelial cell proliferation in neutrophil-
depleted mice during recovery from Legionella infection.  
(A) Summary of experimental details. Mice were infected with 2.5x104 CFU L. 
longbeachae-mCherry. Neutrophils or AM were depleted on day 5 after infection 
and lungs were enzymatically digested for flow cytometry analysis on day 6 after 
infection. (B) Gating strategy to identify type II alveolar epithelial cells (AEC) by 
flow cytometry (gated as single live CD45-EpCAM+CD31-CD49f-MHCII+ cells). 
(C) Representative flow cytometry plots of intracellular Ki67 staining in type II 
AEC from indicated groups of mice. (D) Quantitation of proliferating, Ki67+ type II 
AEC from indicated groups of mice. Graph shows median, with each dot 
representing an individual mouse. Data is pooled from two (clodronate) or three 
(uninfected, no depletion, anti-Ly6G) independent experiments (n ≥ 8 mice per 
group). *p<0.05, ***p<0.001, One-way ANOVA. 
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5.2.5 Neutrophils promote production of proliferation-enhancing growth 
factors and cytokines during recovery from Legionella infection 

 

Since neutrophils promoted type II AEC proliferation required for epithelial 

regeneration during recovery from L. longbeachae infection, we next investigated 

whether neutrophils contributed to the production of cytokines or growth factors 

that are implicated with tissue repair or type II AEC proliferation. 

For this, we pooled lung homogenates from undepleted mice and mice depleted 

of neutrophils in the recovery phase from L. longbeachae infection for a 

membrane-based cytokine screen. We identified several molecules that were up- 

or down-regulated by more than 15 % in lung homogenates of neutrophil-

depleted mice compared to undepleted samples. Of note, the levels of the 

majority of screened cytokines or growth factors (71 out of 114 analytes) 

remained unchanged despite neutrophil depletion (data not shown). 

Neutrophil depletion in the recovery phase from infection correlated with 

increased presence of several cytokines such as IL-2 and IL-5, and higher levels 

of G-CSF. Interestingly, molecules involved in angiogenesis, for example 

Endoglin and Angiopoietin-1, appeared to be upregulated in absence of 

neutrophils during the recovery phase as well (Figure 5.7A).  

As expected, the levels of several molecules almost exclusively produced by 

neutrophils, for example MMP-9, were found to be strongly downregulated after 

neutrophil depletion (Figure 5.7B). Furthermore, we detected reduced pulmonary 

presence of neutrophil-associated cytokines like IL-1a or IL-17A, lower levels of 

several chemokines of the CXCL or CCL families, as well as downregulation of 

growth factors like HGF or FGF1 (Figure 5.7B). Interestingly, absence of 

neutrophils also appeared to be associated with lower pulmonary presence of 

amphiregulin (AREG) and IL-22 (Figure 5.7B), both of which are directly 

implicated with type II AEC epithelial proliferation and tissue repair (Kumar et al., 

2013; Zaiss et al., 2015). 

We validated the data obtained from the membrane-based screen for selected 

analytes, using a more sensitive and quantitative cytokine assay. We found that 
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pulmonary levels of VEGFa (Figure 5.7C) or GM-CSF (Figure 5.7D) were 

unchanged in neutrophil-depleted mice, consistent with the results from the 

membrane-based screen (data not shown). A slight downregulation of IL-10 

(Figure 5.7E) and IL-22 (Figure 5.7F), which was observed in lung homogenates 

of neutrophil-depleted mice in the cytokine screen, could not be confirmed in the 

quantitative cytokine assay. However, we detected additional changes by 

identifying reduced IL-1β (Figure 5.7G) and TNFa (Figure 5.7H) concentrations 

following neutrophil depletion, both of which are associated with epithelial repair 

in the lung (Katsura et al., 2019).  

These results suggest that neutrophils promote the production of several growth 

factors and cytokines which are associated with type II AEC proliferation. 

Whether neutrophils themselves directly secrete these molecules in recovering 

lungs, or whether neutrophils induced the production of these molecules by other 

immune cells or epithelial cells in our model, requires further investigation. 
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Figure 5.7: Lower production of IL-1β and TNFa in neutrophil-depleted mice 
recovering from L. longbeachae infection.  
Mice were infected with 2.5x104 CFU L. longbeachae-mCherry. Neutrophils were 
depleted on day 5 after infection and lungs were homogenized on day 6 after 
infection. (A/B) Lung homogenates from 5 undepleted or 5 neutrophil-depleted 
mice were pooled and screened using a ProteomeProfiler™ Mouse Cytokine 
Array as described in the methods section. Heatmaps show relative expression 
of upregulated (A) or downregulated (B) molecules in neutrophil-depleted mice 
relative to undepleted mice. (C-H) Quantitation of indicated cytokines in lung 
homogenates of undepleted or neutrophil-depleted mice by ProcartaPlex™ 
Mouse Mix & Match Array. Graphs show medians, with each dot representing an 
individual mouse. Data is pooled from two independent experiments (n ≥ 8 mice 
per group). *p<0.05, Mann-Whitney-U test. 
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5.3 Discussion 
 

Neutrophils are essential in the pulmonary innate immune response against 

bacterial infections such as Legionella (LeibundGut-Landmann et al., 2011). 

However, their transmigration from the pulmonary vasculature into the airways 

and their subsequent bactericidal activities are associated with epithelial damage 

that can impair oxygen exchange across a compromised air-blood barrier 

(Zemans et al., 2009; Bhattacharya and Matthay, 2013). Thus, neutrophils are 

generally considered to be harmful to their microenvironment, and unchecked 

pro-inflammatory neutrophil activity has been shown to play a central role in the 

pathology of acute and chronic lung diseases such as ARDS (Grommes and 

Soehnlein, 2011), influenza (Brandes et al., 2013), and COPD (Hoenderdos and 

Condliffe, 2013). 

In contrast to this, the work in this chapter provides evidence that neutrophils, 

aside from bacterial clearance, promote functional lung recovery during the 

resolution phase of bacterial pneumonia. Neutrophils induced the production of 

cytokines and growth factors that are known to enhance type II AEC proliferation, 

a process required to repair damaged respiratory epithelium to improve gas 

exchange and increase %SpO2 levels. This is consistent with some published 

reports showing that neutrophils are important for tissue repair and regeneration 

following infection or acute lung injury (Zemans et al., 2011; Neudecker et al., 

2017; Blázquez-Prieto, López-Alonso, Huidobro, et al., 2018). 

MMP-9 has previously been shown to facilitate matrix processing and epithelial 

repair in a mouse model of ventilator-induced lung injury (Blázquez-Prieto, 

López-Alonso, Amado-Rodríguez, et al., 2018). In our model, MMP-9 was the 

most strongly down-regulated molecule in neutrophil-depleted mice, suggesting 

that it may have contributed to delayed functional lung recovery after Legionella 

infection as well. Similarly, proteomic analyses linked neutrophil-associated 

MMP-9, together with FGF1, with enhanced type II AEC proliferation in a model 

of acid-induced acute lung injury (Paris et al., 2016). FGF1 is a known inducer of 

epithelial cell proliferation (Louzier et al., 2004; Shimbori et al., 2016), and, thus, 

the reduced FGF1 expression observed in our model during the recovery phase 
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of Legionella infection may also have contributed to the impaired type II AEC 

proliferation in absence of neutrophils. Another molecule strongly linked with 

tissue repair that was down-regulated in neutrophil-depleted mice was 

amphiregulin, a ligand of the epidermal growth factor receptor (Berasain and 

Avila, 2014; Zaiss et al., 2015). In the lung, group II ILC-derived amphiregulin 

proved critical in tissue repair and remodelling, as well as blood oxygenation after 

Influenza infection (Monticelli et al., 2011). In a model of naphthalene-induced 

lung injury, amphiregulin production by pulmonary macrophages promoted 

epithelial cell proliferation after an epithelium-macrophage crosstalk as well 

(Lucas et al., 2022). While neutrophils themselves have not yet been identified 

as direct source of amphiregulin, they express amphiregulin at mRNA level 

(Tecchio et al., 2014), which we also observed by mRNA sequencing of 

neutrophils infected with L. longbeachae for five days (Oberkircher et al., 

manuscript in preparation). If not directly produced by neutrophils, their absence 

could still impair amphiregulin production by bystander immune or epithelial cells, 

as suggested in a model of colitis (Chen et al., 2018). 

Additionally, we found TNFa and IL-1β levels to be reduced in the absence of 

neutrophils during recovery from Legionella infection, suggesting that they may 

play a beneficial role to induce epithelial proliferation. Even though these 

cytokines are predominantly associated with pro-inflammatory processes that 

contribute to lung disease (Mukhopadhyay et al., 2006; Borthwick, 2016), TNFa 

and IL-1β, and IL-1/NF-kB signalling in general, were recently found to promote 

proliferation of type II AEC in vitro and in vivo after Influenza infection, similar to 

our results (Katsura et al., 2019). It is therefore possible, that the mechanistic role 

of TNFa and IL-1 signalling during lung recovery depends on the type of induced 

damage, as well as on the timing and location of cytokine release. IL-1 and IL-1R 

signalling during Legionella infection have mainly been investigated at the onset 

of infection (Barry et al., 2013b). But since neutrophils are a known source of 

TNFa in later stages of infection (Ziltener et al., 2016), a lack of neutrophil-derived 

TNFa is one possible explanation by which neutrophil depletion may limit type II 

AEC proliferation during lung recovery from Legionnaires’ Disease.  
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Our results also revealed that neutrophil depletion during the recovery phase 

from L. longbeachae infection did not change the levels of several other 

molecules associated with epithelial proliferation. These include IL-22, which has 

been found to be crucial in lung repair after influenza infection (Kumar et al., 

2013), IL-33, which is released after epithelial damage to induce anti-

inflammatory and tissue repair processes (Monticelli et al., 2011; Monticelli et al., 

2015), or VEGFa, a known contributor of alveolar development and recovery 

(Brown et al., 2001; Dao et al., 2018). Nevertheless, neutrophils promoted the 

production of several other cytokines and growth factors in the recovery phase 

from L. longbeachae infection, and their potential roles in lung recovery have yet 

to be elucidated. Whether the molecules discussed above can be mechanistically 

linked to the reduced type II AEC proliferation and delayed recovery of blood 

oxygenation observed in neutrophil-depleted mice, requires further investigation 

as well. 

Notably, we did not observe a similar effect after depletion of T cells, even though 

Treg cells, a sub-population of CD4+ T cells, possess important anti-inflammatory 

properties and have been shown to contribute to tissue repair in the lung after 

infection or acute injury (D’Alessio et al., 2009; Arpaia et al., 2015). However, T 

cells only play a minor role during Legionella infection, and its eradication mostly 

depends on an efficient innate immune response mediated by myeloid cells. 

Therefore, the relatively minor increase in CD4+ T cells induced after infection 

with L. longbeachae may not contain a large enough number of Treg cells to 

notably affect growth factor secretion and type II AEC proliferation. Similarly, mice 

depleted in CD8+ T cells during recovery from Legionella infection still efficiently 

re-established baseline levels of blood oxygen saturation. 

Pulmonary macrophages are a heterogenous cell population, comprising AM, 

interstitial macrophages, and monocyte-derived cells (Hou et al., 2021). These 

sub-populations contribute differently to pulmonary injury or repair after infection 

or tissue damage, depending on their distinct inflammatory profiles (Wynn and 

Vannella, 2016; Kulikauskaite and Wack, 2020). Clodronate-based macrophage 

depletion during the recovery phase of L. longbeachae infection resulted in 

reduced blood oxygen saturation compared to untreated mice. However, the 
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cause for this phenotype could not be clearly identified because depletion was 

inefficient and, in fact, not statistically significant. The partial AM depletion was 

not associated with reduced epithelial cell proliferation as observed in neutrophil-

depleted mice. Therefore, further experiments are required to dissect whether 

macrophages affect type II AEC proliferation in the resolution phase of bacterial 

pneumonia, and how specific macrophage subsets contribute to lung recovery. 

In summary, the work in this chapter provides novel insights into the regenerative 

role of neutrophils during the resolution of bacterial pneumonia. Our results 

suggest that these cells are required for the efficient recovery of blood oxygen 

levels and promote type II AEC proliferation, which is likely to contribute to the 

important re-establishment of functional alveolar epithelium. 
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6 General discussion 
 

Legionnaires’ Disease remains a global health burden, and its incidence has 

been continuously rising over the past decades despite the implementation of 

surveillance and prevention measures (Beauté, 2017; Chambers et al., 2021). As 

with many other pulmonary infections, susceptibility to Legionnaires’ Disease is 

strongly linked with cigarette smoking (Straus et al., 1996; Den Boer et al., 2006; 

Che et al., 2008), which significantly impacts the immune response directed 

against lung pathogens (Stämpfli and Anderson, 2009; Strzelak et al., 2018). 

Cigarette smoking is estimated to cause more than 8 million deaths per year, 

mediating countless adverse health effects and contributing to a large range of 

diseases such as COPD, lung cancer, asthma, and pneumonia (Murray et al., 

2020; Reitsma et al., 2021). 

Maintaining AM function and viability is of particular importance in the context of 

pulmonary infections, since AM are the main phagocyte within the airways, where 

they engulf invading pathogens and initiate immune responses (Guilliams et al., 

2013; Hussell and Bell, 2014). The first part of this work investigated the 

fundamental ways by which cigarette smoke affects immune cells in the lung. 

These studies showed that acute cigarette smoke actually depletes AM in a 

manner dependent on pyroptosis, an inflammatory type of cell death. Pyroptosis 

is a common outcome of the activation of inflammasomes and results in the 

release of the pro-inflammatory mediators IL-1β and IL-18 (Schroder and 

Tschopp, 2010), which are known to contribute to chronic lung disease (Botelho 

et al., 2011; Dima et al., 2015). Consequently, reducing IL-1β and IL-18 

concentrations in the lung, for example by using specific blocking antibodies, is 

currently being investigated as a therapeutical avenue in patients with COPD 

(Mistry et al., 2014; Rogliani et al., 2015; Dima et al., 2015). Additionally, 

strategies to prevent inflammasome activation in the first place are currently 

explored. MCC950 is a selective small-molecule inhibitor of the NLRP3 

inflammasome and reduces the production of IL-1β (Coll et al., 2015). It has been 

successfully used as treatment in mouse models of inflammatory diseases such 

as experimental autoimmune encephalomyelitis (Coll et al., 2015), colitis (Perera 
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et al., 2018), or atherosclerosis (van der Heijden et al., 2017). Similarly, MCC950-

mediated inflammasome blockade ameliorated pulmonary inflammation and 

leukocyte recruitment in mice after LPS delivery (Wang et al., 2021) or in the late 

stages of influenza infection (Tate et al., 2016). Cigarette smoking causes 

significant oxidative stress in exposed cells which can activate, amongst others, 

the NLRP3 inflammasome and subsequently cause pro-inflammatory cell death 

(Kirkham and Barnes, 2013; Zuo et al., 2014; Swanson et al., 2019). An important 

target for pharmacological interventions aiming to reduce oxidative stress in cells 

is the master regulator of cellular oxidative stress responses, Nrf2 (Vomund et 

al., 2017, p.2). Therapeutic targeting of Nrf2 has been shown to balance the 

oxidant-to-antioxidant ratio in smoke-exposed cells and has been able limit 

smoke-induced epithelial cell death in vivo (Rangasamy et al., 2004; Sussan et 

al., 2009, p.2; Rahman and Kinnula, 2012; Vomund et al., 2017; Dianat et al., 

2018). Whether such treatments could reverse the observed smoke-induced cell 

death of AM in our model and reverse the increased susceptibility to infection 

remains to be investigated and could be a topic for future studies. 

Cigarette smoking exacerbates numerous bacterial or viral infections including 

Legionnaires’ Disease, but many of the underlying mechanisms remain unknown 

(Arcavi and Benowitz, 2004; Bauer et al., 2013). However, it could be easily 

imagined that the AM depletion we observed in our model would favour 

extracellular accumulation of common bacterial pathogens such as S. 

pneumoniae or P. aeruginosa, which could replicate to higher numbers and 

cause more severe disease. In contrast to pathogens able to survive 

extracellularly in the lung environment, Legionella, which are the causative 

agents of Legionnaires’ Disease, depend on the establishment of an intracellular 

replicative niche within AM (Newton et al., 2010). Nevertheless, we found that 

AM may have a so far underappreciated role in the clearance of L. pneumophila. 

During L. pneumophila infection, AM are normally transiently depleted in the lung 

by cellular sensing of bacterial flagellin by the NAIP5/NLRC4 inflammasome and 

subsequent caspase-1-dependent pyroptosis (Zamboni et al., 2006; Molofsky et 

al., 2006), or by flagellin-independent activation of caspase-11 and NLRP3-

inflammasome-dependent pyroptosis (Case et al., 2013; Casson et al., 2013). 
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Restoration of AM in the later stages of infection correlates with bacterial 

clearance (Brown et al., 2016). AM are repopulated either by self-proliferation, or 

by circulating monocytes that can infiltrate the accessible alveolar niche and 

rapidly adopt a pro-inflammatory AM phenotype (Hashimoto et al., 2013; 

van de Laar et al., 2016; Aegerter et al., 2020). Due to their origin, monocyte-

derived AM retain a different transcriptomic profile compared to resident AM 

(Aegerter et al., 2020), enabling them to mount efficient immune responses and 

potentially conveying resistance against intracellular bacterial replication (Brown 

et al., 2016). Under normal circumstances, the accumulation of such pro-

inflammatory monocyte-derived AM may be an important contributor to L. 

pneumophila clearance. In fact, direct bactericidal activity by AM in later stages 

of infection has been reported previously, even though the AM population was 

not further specified (Ziltener et al., 2016). However, during cigarette smoke 

exposure, AM remained strongly depleted throughout the entire experiment. It is 

conceivable that cigarette smoke induces cell death in infiltrating and 

differentiating monocyte-derived AM as well, and thus abrogates their beneficial 

effects during L. pneumophila clearance. AM may also promote bactericidal 

activity of immune cells that are recruited to the airways, such as neutrophils, 

which heavily infiltrated the lungs after cigarette smoke exposure. However, we 

did not observe specific defects in the antimicrobial capacity of neutrophils due 

to cigarette smoke treatment as previously suggested by others (Pabst et al., 

1995; Dunn et al., 2005; Xu et al., 2008). Future experiments are required to 

define the mechanisms by which AM contribute to clearance of L. pneumophila, 

and if depletion of these cells by cigarette smoke is a common mechanism of 

susceptibility to infection. 

 

The second focus of this study was the role of immune cells during the recovery 

from Legionnaires’ Disease. Immune resistance mechanisms directed against 

pathogens that invade the lung are associated with tissue-damaging side effects 

that compromise proper lung function (Matthay and Zimmerman, 2005). Re-

establishment of lung structure and function, particularly efficient oxygen uptake 

from the inhaled air, are crucial processes to prevent lung pathology, and lessons 
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from the ongoing COVID-19 pandemic clearly reiterated how excessive and 

unchecked pulmonary inflammation can lead to increased morbidity and mortality 

(Merad and Martin, 2020).  

Neutrophils and monocytes are two major innate immune cell populations that 

are recruited to the airways in response to infection, and contribute to bacterial 

clearance by employing a range of antimicrobial effector mechanisms that can 

be harmful to the surrounding environment (Brown et al., 2017; McKenna et al., 

2021). In the context of pulmonary infections, this dual role of neutrophils remains 

a major issue that limits effectiveness of neutrophil-targeted therapies, since cell 

depletion or suppression of effector functions closely correlates with increased 

pathogen burden. However, emerging evidence suggests that neutrophils display 

distinct tissue-regenerative features that may potentially be harnessed in the 

future (Zemans et al., 2009; Neudecker et al., 2017). The work in this study 

expands this knowledge by showing that neutrophils promote type II AEC 

proliferation and re-establishment of blood oxygenation in the recovery phase 

from Legionella infection. 

Specific depletion of neutrophils in the recovery phase of infection caused the 

reduced production of a several growth factors and cytokines that are implicated 

with tissue repair and epithelial cell proliferation, including MMP-9 (Blázquez-

Prieto, López-Alonso, Amado-Rodríguez, et al., 2018), amphiregulin (Monticelli 

et al., 2011), IL-1β, or TNFa (Katsura et al., 2019). Whether all of these molecules 

were directly produced by neutrophils remains to be further investigated. 

Neutrophils are a known source of MMP9 (McKenna et al., 2021) and a likely 

source of TNFa during L. longbeachae infection (Massis et al., 2017), but have 

so far never been shown to secrete amphiregulin (Tecchio et al., 2014). Secretion 

of other growth factors and cytokines in the lung during recovery from infection 

may have been indirectly induced by neutrophils, for example after efferocytosis, 

a process by which AM remove immune effector cells such as neutrophils from 

the lung and that initiates the release of several anti-inflammatory cytokines 

(Allard et al., 2018). 

It is feasible that the lower cytokine and growth factor levels in absence of 

neutrophils negatively affected the proliferation rate of type II AEC, an 
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observation made in our model by staining for the proliferation marker Ki67. Since 

type II AEC serve as progenitors in the alveoli and differentiate into type I AEC 

upon epithelial injury (Barkauskas et al., 2013; Desai et al., 2014), a reduced area 

of functional alveolar epithelium may have caused the lower blood oxygenation 

levels found in neutrophil-depleted mice compared to undepleted mice. 

Whether causative links between these processes exist, and how neutrophils 

may mechanistically promote epithelial proliferation and functional lung recovery 

in our model requires further investigation. Nevertheless, these results add to the 

growing body of studies that provide new insights into the tissue-regenerative 

mechanisms of neutrophils aiding in the recovery of lung function after pulmonary 

infection. 

 

In summary, the work in this thesis showed that acute cigarette smoke depleted 

AM in vivo with the contribution of NLRP3-dependent pyroptosis, and that smoke-

induced cell death was associated with more severe disease and delayed 

bacterial clearance in a mouse model of Legionnaires’ Disease. Additionally, 

neutrophils were shown to play an important role not only in bacterial clearance 

but also in the functional lung recovery from Legionnaires’ Disease. 
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