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1. Zusammenfassung 

Die angeborene Immunantwort des Menschen spielt eine zentrale Rolle bei der Erkennung von 

,,Pathogen-,, und/oder ,,Damage-Associated Molecular Patterns“ (PAMPs und DAMPs) und 

trägt zu der damit verbundenen wichtigen Entzündungsreaktion bei. PAMPs oder DAMPs 

werden vom Immunsystem des Wirtes über ,,Pattern Recognition Rezeptoren“ (PRRs) erkannt. 

Das ,,NLR Family Pyrin Domain-containing 3“ (NLRP3) Inflammasom ist ein solcher PRR. 

NLRP3 ist ein zytoplasmatischer Immunsensor, der durch die Aktivierung die Produktion von 

proinflammatorischen Zytokinen, wie z.B. IL-1β und IL-18, anregt. Diese Zytokine induzieren 

eine Vielzahl von für den Wirt schützenden Signalwegen, die darauf abzielen, den Erreger zu 

eliminieren. Eine übermäßige oder chronische Inflammasom-Aktivierung wird jedoch mit der 

Entstehung verschiedener Autoimmun- und autoinflammatorischer Erkrankungen in 

Verbindung gebracht. Als Konsequenz, werden pharmakologische Inhibitoren von IL-1 häufig 

zur Bekämpfung dieser Erkrankungen therapeutisch eingesetzt. In Publikation I wurden die 

derzeit verfügbaren IL-1β-hemmenden Therapien in Form eines Übersichtsartikels 

zusammengefasst. Patienten, die sich diesen Behandlungen unterziehen, haben ein 

unverhältnismäßig hohes Risiko invasive bakterielle Infektionen zu entwickeln. Weiterhin 

wurde auch der begrenzte Wissensstand über die Rolle des NLRP3-Inflammasoms in der 

Pathogenese von Pneumokokken zusammen.  

Wasserstoffperoxid (H2O2) ist ein physiologisches Produkt und eine wichtige 

Virulenzdeterminante, das von Pneumokokken produziert wird. H2O2 wirkt stark zytotoxisch 

auf Wirtszellen, jedoch ist nicht viel über dessen Auswirkung auf den programmierten Zelltod 

wie z.B. NLRP3-Inflammasom vermittelte Pyroptose bekannt. In Publikation II wurde die 

Wirkung von Pneumokokken-produzierten H2O2 auf die Epithelzellen untersucht. Der Fokus 

der Untersuchungen lag auf dem Zusammenspiel zweier wichtiger Zelltodsignalwege, der 

Apoptose und Pyroptose. Die Untersuchungen haben gezeigt, dass H2O2 das NLRP3-

Inflammasom sowohl primen als auch aktivieren kann. Darüber hinaus wurde festgestellt, 

dass das von Pneumokokken gebildete H2O2 den Zelltod sowohl über die Aktivierung 

apoptotischer als auch pyroptotischer Wege einleitet. Diese werden durch die Aktivierung von 

Caspase-3/7 bzw. Caspase-1 vermittelt. Die H2O2-vermittelte Inflammasom-Aktivierung führt 

zu einer Caspase-1-abhängigen IL-1β-Produktion. Jedoch ist die endgültige IL-1β-Freisetzung 

unabhängig von Gasdermin-D (GSDMD) und wird hauptsächlich von der apoptotischen 

Zelllyse vermittelt.  
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In Publikation III wurden die metabolischen Reaktionen des Wirtes auf Infektionen mit 

Erregern, die Atemwegserkrankungen verursachen, untersucht. Es wurde ein Metabolom-

Profiling von bakteriell und viral einzel- und ko-infizierten Bronchialepithelzellen erstellt. 

Folgende Erreger wurden für Infektionen genutzt: Influenza A Virus (IAV), Streptococcus 

pneumoniae und Staphylococcus aureus. Die Untersuchungen zeigten, dass IAV und S. aureus 

die Ressourcen des Wirtes zum Überleben und zur Vermehrung nutzen und nur minimale 

Auswirkungen auf das Metabolom des Wirtes haben. Im Gegensatz dazu beeinflussten 

Pneumokokken verschiedene Stoffwechselwege des Wirtes erheblich. Die größten 

Veränderungen wurden in der Glykolyse, dem Tricarbonsäurezyklus (TCA) und 

Aminosäurestoffwechsel festgestellt. Ein wichtiges Kennzeichen von Pneumokokken-

Infektionen ist die intrazelluläre Akkumulierung von Citrat, die direkt auf die Wirkung von 

Pneumokokken-produzierten H2O2 zurückgeführt werden konnte.  

Der Tod von Wirtszellen während einer Infektion führt zur Freisetzung von 

entzündungsfördernden Zytokinen und Gefahrensignalen wie z.B. das ATP. Freigesetztes ATP 

kann die Chemotaxis der Neutrophilen auslösen, die durch purinerge Signalübertragung 

vermittelt wird. Neutrophile sind in der Regel die ersten Leukozyten, die am Ort der Infektion 

rekrutiert werden und spielen eine Schlüsselrolle bei der Eliminierung von Bakterien. 

Eine übermäßige Aktivierung der Neutrophilen ist jedoch mit weiteren Gewebeschäden 

verbunden. In Publikation IV wurde die Rolle von ATP in Pneumokokkeninfektionen 

untersucht. Der Fokus dabei lag insbesondere auf den Neutrophilen. Die Untersuchungen 

ergaben, dass Pneumolysin (Ply), ein hochwirksames porenbildendes Toxin, welches von 

Pneumokokken produziert wird, ein starker Aktivator der Neutrophilen ist. Bindungsstudien 

ergaben, dass Ply und ATP miteinander interagieren. Die ATP-Bindung neutralisierte Ply-

vermittelte Neutrophilen-Degranulierung, was darauf hindeutet, dass Ply-ATP-Interaktionen 

im Verlauf der Infektion möglicherweise von Vorteil sein könnten. Die ATP-vermittelte Ply-

Inhibierung könnte u.a. die Lungenschädigung infolge einer übermäßigen Ply-vermittelten 

Neutrophilenaktivierung begrenzen.  
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2. Summary 

The human innate response plays a pivotal role in detection of pathogen- or damage-associated 

molecular patterns (PAMPs and DAMPs) and contributes to a crucial inflammatory response. 

PAMPs or DAMPs are recognized by the host immune system via pattern recognition receptors 

(PRRs). NLR family pyrin domain-containing 3 (NLRP3) inflammasome is one of these PRRs. 

NLRP3 is a cytoplasmic immune sensor that upon activation produce pro-inflammatory 

cytokines such as IL-1β and IL-18. These cytokines induce a diverse range of protective host 

pathways aiming to eradicate the pathogen. However, excessive or chronic inflammasome 

activation are implicated in the pathogenesis of several autoimmune and auto-inflammatory 

disorders. Pharmacologic inhibitors of IL-1 are commonly used to combat these disorders. 

In paper I, we explore the currently available IL-1β inhibiting therapies and how patients 

undergoing these treatments are at a disproportionate risk to experience invasive bacterial 

infections. We also summarize the limited knowledge on the role of NLRP3 inflammasome in 

pneumococcal pathogenesis.  

Hydrogen peroxide (H2O2) is a physiological metabolite and an important virulence 

determinant produced by pneumococci. It is highly cytotoxic to host cells. However, not much 

is known about its impact on host cell death pathways such as NLRP3 inflammasome mediated 

pyroptosis. In Paper II, we examined the effect of pneumococci-derived H2O2 on epithelial 

cells by analyzing the interplay between two key cell death pathways, namely apoptosis and 

pyroptosis. We show that H2O2 can prime as well as activate the NLRP3 inflammasome. 

Furthermore, we demonstrate that pneumococcal H2O2 initiates cell death via the activation of 

both apoptotic as well as pyroptotic pathways, mediated by the activation of caspase-3/7 and 

caspase-1, respectively. H2O2 mediated inflammasome activation results in caspase-1 

dependent IL-1β production. However, we show that the final IL-1β release is independent of 

gasdermin-D (GSDMD) and mainly dependent on the apoptotic cell lysis.  

In paper III, we focused on understanding the host metabolic responses to infections with 

pathogens which cause respiratory diseases. We performed metabolome profiling of in vitro 

single bacterial and viral as well as co-infections of bronchial epithelial cells with Influenza A 

virus (IAV), Streptococcus pneumoniae, and Staphylococcus aureus. We show that IAV and 

S. aureus use the host resources for survival and multiplication and have minimal effects on the 

host metabolome. In contrast, pneumococci significantly alter various host metabolome 
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pathways, including glycolysis, tricarboxylic acid (TCA) cycle and amino-acid metabolism. 

A hallmark of pneumococcal infections was the intracellular citrate accumulation, which was 

directly attributed to the action of pneumococci-derived H2O2.  

Host cell death during an infection results in the release of pro-inflammatory cytokines and 

danger signals such as ATP. Released ATP can induce neutrophil chemotaxis mediated via 

purinergic signaling. Neutrophils are typically the first leukocytes to be recruited to the site of 

infection and are key players in bacterial clearance. However, excessive neutrophil activation 

is associated with further tissue injury. In paper IV, we investigated the role of ATP in 

neutrophil response to pneumococcal infections. We show that pneumolysin (Ply), a highly 

effective pore-forming toxin produced by pneumococci, is a potent activator of neutrophils. 

Microscale Thermophoresis analysis revealed that Ply and ATP bind to each other. 

Subsequently, ATP binding neutralizes Ply-mediated neutrophil degranulation, suggesting that 

Ply-ATP interactions are potentially beneficial during the course of the infection as this could 

limit the lung injury resulting from excessive Ply-mediated neutrophil activation.  
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3. Introduction 

The world we live in is heavily populated by both pathogenic and non-pathogenic microbes that 

threaten cellular homeostasis. The nasopharynx is an ecological niche for many commensal 

bacteria as well as potential respiratory pathogens. Streptococcus pneumoniae and 

Staphylococcus aureus are two of the most common colonizers of the upper respiratory tract 

[2]. Every individual is asymptomatically colonized with both bacteria at least once in their life-

time [3-8]. However, under certain stressful conditions, for example following viral infections, 

or in individuals with a weakened immune system including young children, elderly and 

immunocompromised persons, they can cause a wide range of life-threatening diseases, such 

as pneumonia, meningitis or sepsis [9, 10].  

 Streptococcus pneumoniae  

Streptococcus pneumoniae (the pneumococcus) is an encapsulated Gram-positive diplococcus 

that thrives in both aerobic and anaerobic environments. It is phenotypically characterized by 

α-hemolysis, catalase negativity, bile solubility, and optochin susceptibility [11]. 

Pneumococcus is a highly successful pathogen partly due to its high level of capsule diversity 

resulting in over 100 serotypes, which vary markedly in their ability to cause invasive infections 

[12-15]. It is an quiescent opportunistic pathobiont that asymptomatically colonizes mucosal 

surfaces of the human upper respiratory tract in healthy individuals [16]. Epidemiological 

studies suggest that up to 27–65% of children and about 10% of adults are pneumococcal 

carriers [8, 17-19]. Nevertheless, the pneumococcus can cause various diseases ranging from 

non-invasive pneumococcal diseases such as sinusitis, otitis media and pneumonia without 

bacteremia to life-threatening invasive pneumococcal diseases (IPDs) such as pneumonia with 

bacteremia, meningitis or sepsis (Fig. 3.1) [20]. However, the majority of IPDs occur in 

children under the age of five, as well as in elderly and immunocompromised people due to 

their undeveloped or weakened immune system, respectively [20]. Furthermore, synergy of 

pneumococci with seasonal viruses, e.g., Influenza A virus (IAV), can lead to bacterial 

dissemination to the lower respiratory tract causing IPDs [21-23].  The World Health 

Organization (WHO) estimates that 1.6 million people die from pneumococcal disease every 

year, including 0.7 million to 1 million children younger than 5 years of age [24].  
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      Figure 3.1:  Non-invasive and invasive diseases caused by pneumococci.  

Pneumococci can cause non-invasive diseases such as sinusitis, otitis media and 

pneumonia without bacteremia and life-threatening invasive diseases such as 

pneumonia with bacteremia, meningitis or sepsis. Figure created with BioRender. 

S. pneumoniae produces a myriad of virulence factors that are indispensable for disease 

progression and pathogenesis. These virulence factors aid pneumococci to establish direct 

contact with host tissue surface receptors, and escape bacterial clearance mediated by host 

immune cells [25-27]. Two crucial virulence determinants that are cytotoxic to host cells are 

pneumolysin (Ply) and hydrogen peroxide (H2O2).  

 

3.1.1 Pneumolysin (Ply) 

Ply is a 53-kDa pore-forming toxin produced by all clinical isolates of the S. pneumoniae and 

belongs to a family of thiol-activated, cholesterol-dependent cytolysins (CDCs) [28]. 

In contrast to all other known members of the CDC family, Ply does not get actively secreted 

due to a lack of an N-terminal secretion signal [29]. The mechanism by which Ply is released 

remains debatable. Some studies suggest that Ply is released following cell wall hydrolysis 

instigated by the pneumococcal autolysin LytA [28, 30], while others claim that the Ply release 

occurs in an autolysis-independent manner [31, 32]. Released Ply binds to the cholesterol 

containing host cell membranes and forms large pores (up to 26 nm in diameter) by the 

oligomerization of up to 42 toxin monomers [33-35]. Intracellular calcium influx via Ply pores 
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can trigger host cell DNA and mitochondrial damage, culminating in host cell death via 

apoptosis [36-39]. TLR4 was also implicated in the host cell apoptotic response to Ply [40]. 

As a pore-forming toxin, Ply is involved in the activation of the inflammasome and the 

pyroptotic cell death pathway [41-44]. In addition to cell lysis, Ply hampers ciliary beating of 

respiratory epithelial cells resulting in impaired mucociliary clearance of pneumococci [45]. 

Furthermore, Ply can activate the complement system and modulate chemokine and cytokine 

production, resulting in a highly pro-inflammatory environment which facilitates bacterial 

shedding and host-to-host transmission [46, 47]. As one of the most important virulence factor 

of pneumococci, Ply remains to be one of the promising candidates included in protein-based 

vaccines that have progressed through the initial stages of clinical trials [48]. 

 

3.1.2 Hydrogen peroxide (H2O2) 

Apart from Ply, pneumococci also produce prodigious amounts of H2O2. It is produced as a 

product of the pneumococcal carbohydrate-metabolizing enzyme pyruvate oxidase SpxB [49]. 

Secreted H2O2 diffuses through the host cell membrane and induces toxic DNA double-strand 

breaks and oxidative damage, which finally culminates in apoptotic cell death [50, 51]. 

Pneumococcal mutants deficient in H2O2 production are characterized by a reduced virulence 

in vivo [49]. H2O2 is also a vasodilator and contributes to the cerebral hyperemia during early 

stages of meningitis and therapies with antioxidants alleviate the pathophysiological responses 

[52, 53]. It attenuates ciliary function by slowing the ciliary beat frequency and impairing the 

structural integrity of human ciliated epithelium [54, 55]. Furthermore, several studies showed 

that cell injury induced by pneumococcal mutants lacking Ply activity was comparable to that 

of the parental strain, implicating H2O2 as a major factor responsible for the cell cytotoxicity 

[56, 57]. The pneumococcus not only utilizes H2O2 as a virulence determinant. Released H2O2 

eliminates microbial competitors in the nasopharynx such as Haemophilus influenzae, 

Staphylococcus aureus, Neisseria meningitidis and Moraxella catarrhalis, and thereby 

promotes pneumococcal colonization [58, 59].  

 

 Staphylococcus aureus 

Staphylococcus aureus (S. aureus) is a Gram-positive opportunistic pathogen that 

predominantly colonizes the human anterior nares, the axillae and the skin in one-third of the 

human population [60, 61]. In general, S. aureus infections can range from superficial infections 
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such as stye and sinusitis, to more invasive and lethal infections such as pneumonia, toxic shock 

syndrome, and necrotizing soft tissue infections [62, 63]. The ability of S. aureus to cause such 

a magnitude of infections is directly associated to the production of a wide array of virulence 

factors including highly active pore-forming toxins. Pore-forming toxins of S. aureus can be 

broadly classified into 2 sub-groups based on their mode of action: 

(i) Receptor-dependent  

Binding of α-toxin and bi-component leukocidins to specific receptors on host cell 

membrane leads to the formation of a pore. Receptors have been identified for α-toxin, 

Panton Valentine Leukocidin (PVL), LukAB, and LukDE. Gamma-toxin probably 

also binds to a specific receptor [64, 65]. 

(ii) Membrane interference without receptor interaction 

Similar to Ply, phenol-soluble modulins (PSMs) are believed to bind to the 

cytoplasmic membrane in a non-specific manner and cause membrane rupture [65].  

An important feature of staphylococcal infection is the long-term persistence [66]. 

Besides professional phagocytes, S. aureus can internalize into other cell-types like epithelial 

cells, endothelial cells, fibroblasts, keratinocytes and osteoblasts [67]. The bacteria can survive 

within host cells by switching to small-colony variant (SCV) phenotype. SCVs are normally 

associated with persistent infections, which may be both chronic and recurrent [66, 68]. 

Additionally, S. aureus can adapt their regulatory network to the intracellular environment, 

enabling prolonged intracellular survival [69, 70]. 

 Influenza A virus  

Influenza A virus (IAV) is a member of the family Orthomyxoviridae. IAV is characterized by 

segmented, negative-sense, single-stranded RNA genomes [71, 72]. Its genome consists of 

eight segments that encode for at least 17 viral proteins [73]. IAV is an enveloped virus and is 

covered with the projections of three proteins: hemagglutinin (HA), neuraminidase (NA) and 

matrix 2 [74]. HA regulates the attachment of virus to the host receptors [75, 76]. While NA 

regulates the release of progeny virus from the host cell [75, 77]. Based on the antigenicity of 

their HA and NA, IAV are classified into 18 classical HA and 11 classical NA subtypes [78, 

79]. IAV are evolutionarily dynamic viruses with highly variable genomes. They possess an 

error-prone RNA polymerase that lacks the ability of proof-reading, which results in a very 

high mutation rate (ranging from 10−3 to 10−4 substitutions per site per year) [80, 81]. 

This mechanism of changing genetic make-up is termed antigenic drift. However, having a 
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segmented genome also allows for another way to change its composition, via reassortment or 

antigenic shift. This occurs when one cell is simultaneously infected by two different influenza 

A viruses [71]. Antigenic shift is both common and essential for IAV host switching and 

evolution [82]. Unlike antigenic drift, antigenic shift leads to drastic changes in the antigenicity 

of the HA; and is associated with IAV pandemics [83]. The WHO estimates that seasonal 

epidemics of influenza account for ~1 billion infections, 3–5 million severe cases and 290,000–

650,000 deaths annually [84]. Influenza disease is normally characterized by a rapid onset of 

fever, muscle aches, and fatigue. Influenza can progress to pneumonia, which can be a result of 

either primary viral infection or a secondary bacterial infection [22, 85, 86]. Hospitalization and 

death occur mainly among high risk groups including pregnant women, children under the age 

of 5, elderly, and immuno-compromised individuals [84, 87]. Vaccines are manufactured on a 

yearly cycle to account for the viral antigenic drift and shift [88, 89].  

 Bacterial and viral co-infections  

Since 1510, IAV has been responsible for approximately 14 pandemics [90]. In 1918, the most 

devastating influenza pandemic was recorded, infecting 50% of the world’s population and 

resulting in more than 40 million deaths worldwide [91]. However, secondary bacterial 

pneumonia is estimated to have occurred in up to 95% of the fatalities during this pandemic 

[92]. The majority of those deaths were due to secondary pneumococcal infections [92-94]. 

S. pneumoniae continues to be associated with secondary infections during influenza 

pandemics followed mainly by S. aureus [85, 95] and H. influenzae [85, 92, 94]. To this day, 

co-infections with these pathogens remain to be the cause of high mortality, especially among 

high‐risk groups such as elderly (age >65), pregnant women, children under the age of one, 

people with chronic medical conditions, and immunocompromised [96].  

Several mechanisms by which viral respiratory infections may predispose patients to 

subsequent bacterial infections have been described. Some of which are listed below.  

 IAV disrupts lung physiology: Epithelial damage, decreased ciliary beat frequency, and 

surfactant disruption caused by an IAV infection provide access and a nutrient source, 

supporting bacterial growth [97-99] 

 Increased receptor availability: Viral NA contributes to bacterial adherence to airway 

epithelium by cleaving sialic acid and exposing receptors for attachment [21]. 
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Damaged epithelia, whether damaged directly by the virus or by the inflammatory 

response, provide additional bacterial adhesion sites [92, 100]. 

 Alterations of innate immune responses: IAV modifies the immune response either by 

diminishing the ability of the host to clear bacteria or by amplification of the 

inflammatory cascade causing lung injury. Both of these events likely aid a subsequent 

bacterial infection [22, 85, 101]. Insufficient immune response to fight bacterial 

infection is primarily attributed to the production of interferons (IFNs) which results in 

an antiviral state [102]. Concurrent with their antiviral effect, IFN production can inhibit 

various important antibacterial immune responses. For example, type I IFNs selectively 

inhibit the production of neutrophil chemoattractants KC and MIP-2 [102] and 

macrophage chemoattractant CCL2 [103]. The inhibition of these chemoattractants 

results in impaired recruitment of immune cells leading to inefficient bacterial 

clearance. Additionally, a general anti-inflammatory state is orchestrated dedicated to 

the restoration of lung immune homeostasis post IAV clearance. IL-10 production 

during this wound healing phase [104] broadly suppresses several mechanisms that are 

involved in bacterial recognition and clearance [105]. 

 Innate host defence responses 

The innate immune system accounts for all defence mechanisms that come into play when the 

host is challenged with a certain pathogen for the first time. In majority of the cases, the quick 

nature of the innate response is sufficient to restrict as well as resolve the infection. 

The adaptive immune response is only required when the pathogen manages to evade or 

overwhelm the innate host defences [106].  

 

3.5.1 Epithelial cell responses 

The respiratory epithelia are constantly exposed to toxins and pathogens during respiration. 

Despite exposure, the frequency of severe respiratory infections is relatively low in healthy 

individuals [107]. The ability of the respiratory epithelium to serve as an efficient barrier against 

pathogens can be attributed to its well-established defense system [108, 109].  

Epithelial cells are held together by tight junctions, which effectively protect the internal tissue 

environment [110]. They secrete mucus rich in mucin glycoproteins, that traps microbes and 

other particulate matter [111]. The entrapped particles or microbes are further expelled via 
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mucociliary clearance driven by the beating of epithelial cilia [112]. Apart from being a 

physical barrier, epithelial cells are also immunologically active. They produce anti-microbial 

peptides such as β-defensins and LL-37, that aid in elimination of the invading microbe [113, 

114]. Additionally, airway epithelial cells are equipped with receptors called pattern recognition 

receptors (PRRs). PRRs are specialized in the recognition of both extracellular and intracellular 

pathogen- or damage-associated molecular patterns (PAMPs and DAMPs) [115]. PRRs are 

classified into five families, namely Toll-like receptors (TLRs), Nucleotide-binding and 

oligomerization domain (NOD)-like receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-

like receptors (RLRs), C-type lectin receptors (CLRs), and Absent in melanoma 2 (AIM2)-like 

receptor (ALRs) (Table 3.1) [115].  

Table 3.1: Families of pattern recognition receptors 

PRRs Localization Sub-types PAMPs/DAMPs References 

TLRs 
Cell and endosomal 

membrane 

10 (humans) and 13 

(mice) 

extracellular or endosomal 

PAMPs 
[116, 117] 

NLRs Cytoplasm 
4 subfamilies, with 

a total of 22 types 

endogenous or microbial 

molecules 
[118] 

RLRs Cytoplasm 3 dsRNA [119] 

CLRs Cell membrane 17 sub-groups Carbohydrate structures [120] 

ALRs Cytoplasm 2 dsDNA [121-123] 

 

Detection of PAMPs/DAMPs triggers sophisticated intracellular signaling pathways resulting 

in the production of multiple effector molecules, including cytokines and chemokines as well 

as antimicrobial proteins [115]. Other immune cells, including neutrophils, macrophages, and 

lymphocytes are recruited to the sites of infection as major bio effectors. These cells are 

involved in the eradication and disposal of pathogens, or, if needed, partake in the adaptive 

immune response. 

 

3.5.2 Neutrophil responses  

Neutrophils or polymorphonuclear leukocytes (PMNs) are short lived cells that belong to the 

myeloid lineage of immune cells [124]. They are characterized by a segmented nucleus and 

contain high amounts of cytoplasmic granules. In addition, PMNs are the most abundant 

leukocytes in the circulation and are regarded as first line of defence in the innate immune 

system.  
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Neutrophils are produced every day in large numbers (~1011 cell per day) in the bone marrow 

[125]. They enter the blood and patrol for signs of microbial infections. At the end of their 

lifespan, they enter the tissue and are cleared by tissue resident macrophages via phagocytosis 

[126]. However, when neutrophils detect microbial pathogens, they deploy different 

mechanism to capture and destroy the invading pathogen, such as: 

(i) Phagocytosis: Recognition of the microbes by the phagocytic receptors such as Fcγ 

receptors, leads to the ingestion of the microbe into a plasma membrane derived 

vacuole called the phagosome [127]. The phagosome upon maturation is called the 

phagolysosome [128]. Phagolysosomes have highly acidic environment and contain 

many degrading enzymes, including various cathepsins, proteases, lysozymes, and 

lipases. They also contain NADPH oxidase that generates reactive oxygen species 

(ROS). The highly oxidative and degradative milieu leads to the destruction of the 

ingested pathogen [129]. 

(ii) Neutrophil extracellular trap (NET) formation: NETs are filamentous extracellular 

structures composed of decondensed chromatin and mitochondrial DNA loaded 

with granule-derived proteins. They are released by neutrophils to immobilize and 

kill pathogens [130]. Mechanism of NET formation is also associated with a form 

of pathogen-induced cell death, named as NETotic cell death [131, 132].  

(iii) Degranulation: Neutrophils contain four different types of granules: (1) primary or 

azurophilic granules; (2) secondary or specific granules; (3) tertiary or gelatinase 

granules; and (4) secretory vesicles [133]. The primary granules mainly contain 

toxic mediators, such as elastase, myeloperoxidase, lysozyme, azurocidin, 

cathepsins, resistin and defensins. The secondary and tertiary granules have 

overlapping contents, however they mainly contain lactoferrin and gelatinase, 

respectively, among other substances. The secretory vesicles mainly contain plasma 

proteins such as human serum albumin [133-135].  

Degranulation occurs in response to elevating concentrations of Ca2+ [136]. 

Increase in the intracellular Ca2+ initiates granules translocation to the phagosomal 

or plasma membrane, where it fuses with the membrane to release its contents [136, 

137]. The granules are released in a hierarchical manner. Secretory vesicles are 

released first followed by tertiary and secondary granules and finally the primary 

granules [138, 139]. Therefore, primary granules serve as markers for neutrophil 

degranulation.  
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Neutrophil response is crucial for pathogen clearance, however, is also associated with 

collateral tissue injury. Excessive neutrophil degranulation has been implicated in many 

inflammatory disorders such as acute lung injury, rheumatoid arthritis, and septic shock [140, 

141].  

 

3.5.3 Cell death as innate immune response  

Cell death has been dismissed as a mere consequence of cellular life cycle. However, over the 

past few decades, studies have revealed the crucial role of cell death in host immune response 

to harmful stimuli [142]. Pertaining to infections, cell death not only assists in elimination of 

intracellular niches of the pathogens [143], but also simultaneously facilitates the recruitment 

of phagocytic immune cells that promote resolution of the infection. However, pathogens also 

induce host cell death as a strategy to efficiently exit the host cell, spread to neighboring cells, 

and/or gain nutrients [144]. As per the Nomenclature Committee on Cell Death (NCCD), 

cell death can be classified as either regulated (RCD) or accidental (ACD). ACD is an 

unregulated and instantaneous form of cell death resulting from the exposure to physical, 

chemical or mechanical injury, while RCD is a controlled cell death mechanism regulated by 

tightly structured signalling cascades [132]. RCD can either be non-lytic and immunologically 

silent (i.e., apoptosis and autophagy) or highly inflammatory in nature (i.e., necroptosis and 

pyroptosis). Recent studies have revealed cross-talks among the various RCD pathways; 

for example, despite having a primary role in inducing apoptosis, caspase-3 can also induce 

pyroptosis [145, 146] and conversely, caspase-1 involved in pyroptosis can trigger apoptosis 

[147]. 
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Figure 3.2: Apoptotic and pyroptotic cell death pathways.  

Healthy cells respond to death-inducing stimuli by initiating cell death pathways. Apoptosis 

involves activation of initiator caspases that activate effector caspases to cleave various 

cellular substrates. Morphological features of apoptotic cells are cytoplasmic and nuclear 

condensation, formation of apoptotic bodies, maintenance of an intact plasma membrane, 

and exposure of surface molecules to initiate phagocytosis by professional phagocytes. 

However, lack of phagocytosis leads to lysis of the apoptotic bodies resulting in apoptotic 

necrosis. Apoptosis is generally a silent cell death, while pyroptosis is inherently 

pro-inflammatory. Pyroptosis is mediated by the activation of caspase-1, that leads to 

activation and release of inflammatory cytokines such as IL-1β, and IL-18. These cytokines 

act as chemo-attractants for other immune cells such as neutrophils. Pyroptosis culminates 

in cell lysis via GSDMD pore formation. Figure created with BioRender. 
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3.5.3.1 Apoptosis  

The phenomena of apoptosis was first described by the German Scientist Carl Vogt in 

1842 [148]. However, the term was coined by Kerr and colleagues in 1972 to define a specific 

morphological pattern of cell death observed during embryonic development and normal cell 

turnover in healthy adult tissue [149]. Today, apoptosis is classified as a non-inflammatory 

form of RCD characterized by cytoplasmic shrinking, cell rounding, chromatin condensation, 

DNA fragmentation and membrane blebbing (Figure 3.2) [150, 151]. It is mediated by apoptotic 

caspases and can be initiated via 2 distinct pathways. 

(i) Intrinsic pathway 

This pathway is activated by cell intrinsic stresses such as DNA damage, which 

leads to mitochondrial outer membrane permeabilization (MOMP) [152]. 

The MOMP pore appears to be formed by the action of Bcl-2 family members, Bcl2 

Associated X-protein (BAX) and Bcl2 Antagonist Killer (BAK) [153]. 

MOMP results in the release of mitochondrial contents including cytochrome c into 

the cytoplasm. Oligomerization of cytochrome c, apoptotic protease activating 

factor-1 (Apaf-1) and pro-caspase-9 form an apoptosome, which serves as a 

platform for initiator caspase-9 activation [154]. Activated caspase 9 in turn cleaves 

and activates the effector caspases 3 and 7 [155].  

(ii) Extrinsic pathway 

This pathway is activated by cell extrinsic stress signals, which bind to death 

receptors (DRs) such as Fas and tumor necrosis factor (TNF) receptors. 

Typical death stimuli include Fas ligand, TNF and TNF-related apoptosis-inducing 

ligand (TRAIL) [156]. Triggering of DRs by specific death ligands results in the 

formation of a death-inducing signalling complex (DISC). DISC initiates proximity 

induced cleavage of pro-caspase-8/10 to active caspase-8/10 [154, 157, 158]. 

Activated caspase-8/10 further cleaves pro-caspase-3 to active caspase-3. Caspase-8 

can also cleave Bcl2 Interacting Protein (BID) into tBID, initiating MOMP and 

subsequently resulting in the activation of the intrinsic pathway [159]. Thus, 

caspase-8 activation connects both extrinsic and intrinsic apoptosis.  

Both intrinsic and extrinsic pathways, culminate in the activation of the effector caspases. 

Once activated, they cleave various intracellular substrates such as α-fodrin, gelsolin, p21-

activated kinase 2 (PAK2) and many more [160]. Effector caspases cause chromatin 
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condensation, formation of cytoplasmic blebs and apoptotic bodies which expose surface 

molecules (Figure 3.2) [161]. Professional phagocytes such as macrophages recognize the 

apoptotic bodies and ingest them making this form of cell death less inflammatory in nature 

[162]. If not cleared, the apoptotic bodies rupture, releasing cytosolic DAMPs into the 

extracellular space, subsequently resulting in apoptotic necrosis (Figure 3.2) [163]. 

 

3.5.3.2 NLRP3 Inflammasome and pyroptosis  

Pyroptosis was first described in 1992 in Shigella flexneri infected macrophages [164], and 

shortly thereafter a similar cell death phenotype was observed in S. typhimurium infected cells 

[165-167]. The observed phenotype was termed apoptosis based on morphologic characteristics 

of cell surface blebbing, DNA fragmentation, and chromatin condensation [164-168]. 

Pyroptosis was subsequently shown to be distinct from apoptosis, due its dependence on 

caspase-1 [169-171] and the name was coined in 2001 [172]. The definition of pyroptosis now 

also included cell death executed by other inflammatory caspases, such as human caspase-4, 

human caspase-5, and mouse caspase-11 [173].  

Pyroptosis is driven by activation of multi-protein complexes called the inflammasomes. 

They are one of the most recently discovered classes of NLRs [174]. Of the 22 NLRs, NLR and 

pyrin domain containing receptor 3 (NLRP3) inflammasome is by far the best characterized 

[175]. Caspase-1 is activated in canonical inflammasomes (Figure 3.2 and 3.3), while related 

caspase-4/5 (human) and caspase-11 (mice) are activated in the non-canonical pathway [176, 

177]. Additionally, the non-canonical inflammasome activation only comes in to play in 

Gram-negative bacterial infections [178].  
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Figure 3.3: Priming and activation of canonical NLRP3 inflammasome. 

Microbial molecules such as LPS or endogenous cytokines such as TNF and IL-1α/β can act 

as priming molecules. Priming result in the upregulation of NLRP3 and pro-IL-1β through 

the activation of the transcription factor NF-κB. The activation signal is provided by various 

stimuli, such as pore-forming toxins, ATP and particulate matter. Ca2+/K+ signaling induced 

mitochondrial dysfunction results in the release of mitochondrial reactive oxygen species 

(mtROS) and oxidized mtDNA which activate the inflammasome. Particulate matter can 

cause lysosomal destabilization which results in inflammasome activation. Activation 

involves the assembly of NLRP3, ASC-protein and pro-caspase-1 to form the NLRP3 

inflammasome, followed by activation of caspase-1. Active caspase-1 cleaves pro-IL-1β and 

GSDMD to mature IL-1β and GSDMD-N, respectively. GSDMD-N pores facilitate the 

release of IL-1β to the extracellular environment. Figure created with BioRender. 

In most cells, the inflammasome activation occurs in a two-step process, namely, priming and 

activation (Figure 3.3) [179, 180]. In the priming step, inflammatory triggers such as TLR4 

agonists, TNF or IL-1 family proteins, induce the NF-κB-mediated expression of NLRP3 and 

pro-IL-1β [181]. Exposure to an activating signal leads to the assembly and activation of the 

NLRP3 inflammasome. Common activators of the NLRP3 inflammasome are pathogens [182], 

pathogen associated RNA, proteins and toxins [183-185], heme [186], endogenous factors 

(amyloid-β, cholesterol crystals, uric acid crystals) [187-189], and environmental factors 

(silica and aluminum salts) [189, 190]. ATP released into the extracellular environment by 

stressed or dying cells can also activate the inflammasome via the purinergic P2X7 receptor 

(P2X7R) [191-195]. However, interaction of any of these activators directly with NLRP3 is 
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unlikely. It is expected that a common cellular event induced by the activators is sensed by the 

inflammasome. Currently, cellular events such as changes in cell volume [196], ionic fluxes 

[197], lysosomal damage [198], ROS production, and/or mitochondrial dysfunction [199] have 

been implicated in inflammasome activation (Figure 3.3). Upon sensing the activation signal, 

NLRP3 inflammasome assembly occurs via the oligomerization of the sensor NLRP3 protein, 

an adaptor apoptosis-associated speck-like protein (ASC), and the zymogen procaspase-1 

[200]. Recruited procaspase-1 is converted to bioactive caspase-1 [201], which further cleaves 

pro-IL-1β and pro-IL-18 into their respective mature forms. Simultaneously, caspase-1 cleaves 

gasdermin-D (GSDMD). The N-terminal GSDMD (GSDMD-N) fragment integrates into the 

cell membrane and forms pores through which IL-1β, IL-18, other pro-inflammatory cytokines, 

ATP, eicosanoids, and alarmins are secreted into the extracellular environment. GSDMD-N 

pores also cause cell lysis and thereby pyroptotic cell death (Figure 3.3) [168, 202, 203]. 

Released pro-inflammatory compounds accentuate the inflammatory state by recruiting 

additional inflammatory immune cells of different lineages (Figure 3.2) [204-209]. 

For example, ATP released through the cell lysis mediates purinergic chemotaxis resulting in 

neutrophil recruitment and activation at the site of inflammation [191, 210].   
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 Aim of the thesis 

This project focusses on two important virulence factors of pneumococci, namely, H2O2 and 

Ply. These factors have been previously implicated in all phases of pneumococcal disease, 

including transmission, colonization, and infection. The aim of the thesis was to determine their 

impact on various innate host defense mechanism.  

Specific aims are:  

 To summarize the current limited knowledge of inflammasome activation in 

pneumococcal infections of the respiratory tract and understand why 

immunocompromised individuals are disproportionately susceptible to bacterial 

infections. 

 To delineate the impact of pneumococcal H2O2 on two crucial cell death pathways, 

namely apoptosis and pyroptosis.  

 To understand host metabolic responses in bronchial epithelial cells to pathogens such 

as Influenza A virus, Streptococcus pneumoniae, and Staphylococcus aureus. 

 To investigate the role of ATP in neutrophil response to pneumococcal infections.  
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4. Experimental approach 

This section provides a summary of the main experimental techniques used in this thesis. 

A detailed description of the experimental procedures is available in the respective articles and 

manuscripts.  

 Bacterial and viral strains 

All bacterial and viral strains used in this study are listed in Table 4.1. Detailed description of 

culture media and growth conditions are mentioned in the respective articles and manuscripts.  

Table 4.1: List of bacterial and viral strains used in the study. 

Project Strain and Genotype* Source or reference 

Paper II S. pneumoniae  SP408- 19F  [211] 

SP261- TIGR4 (serotype 4) [212] 

SP257- D39 (serotype 2) NCTC 7466  

PN111- D39Δcps (serotype 2) [213] 

  PN419- D39ΔcpsΔply In this study 

  PN777- D39ΔcpsΔspxB In this study 

  PN778- D39ΔcpsΔplyΔspxB In this study 

 S. aureus LUG2012 (USA300 lineage) [214] 

 S. pyogenes Strain 5448  [215] 

    

Paper III S. pneumoniae SP261- TIGR4 (serotype 4) [212] 

 PN779- TIGR4ΔspxB In this study 

S. aureus LUG2012 (USA300 lineage) [214] 

IAV A/Bavaria/74/2009 (rH1N1) In this study 

    

Paper IV S. pneumoniae  SP261- TIGR4 (serotype 4) [212] 

 PN699- TIGR4Δply  In this study 

*Numbering for the pneumococcal strains is from the internal lists of the Department of Molecular Genetics and 

Infection Biology, Interfaculty Institute of Genetics and Functional Genomics, Center for Functional Genomics of 

Microbes, University of Greifswald 

 

 Experimental approaches 

Epithelial cells span the entire length of the respiratory tract and act as a functional barrier 

providing critical defense against respiratory pathogens [216]. Bronchial epithelial 16HBE14o-

cells (16HBE) [217] were used in papers II and III, to study the host responses to bacterial and 

viral infections.  
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The experimental workflow shown in Fig. 4.1 was used in paper II to analyze the impact of 

pneumococci-derived H2O2 on cell death pathways. 16HBE cells were either infected with 

pneumococci or stimulated with different concentrations of H2O2. For inflammasome related 

studies, it is crucial to choose the suitable priming agent. LPS is a well-studied TLR agonist 

and is commonly used as a priming agent [179, 218, 219]. However, during a pneumococcal 

infection in the lung, pneumococcal lipoproteins can mediate a TLR2 response [220] and could 

also play a role in priming [221, 222]. Additionally, cytokines such as TNF can prime the cells 

for inflammasome activation [200, 219]. In paper II, cells were stimulated with either LPS or 

TNF prior to an infection or H2O2 stimulation. To inactivate H2O2-mediated actions, catalase 

was added to the experiments. Samples were collected at different time points for various assays 

such as qRT-PCR, ELISA and immunoblots. 

 

Figure 4.1: Experimental approach used in paper II to study the impact of pneumococci derived 

H2O2 on apoptotic and pyroptotic cell death pathways. 

16HBE cells were either infected with pneumococci or stimulated with different 

concentrations of H2O2 for 4 or 6 h in the presence or absence of priming agents. 

Infected cells were stained with FAM-FLICA reagents to quantify caspase activation. 

Infection supernatants were used for LDH and IL-1β quantification. Cell lysates were used 

for GSDMN detection via immunoblots. RNA isolation was conducted to determine the 

relative gene expression of NLRP3 and pro-IL-1β. Figure created with BioRender. 
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Paper III aimed to elucidate the impact of various respiratory pathogens on the host cell 

metabolome. 16HBE cells were infected with pneumococci, S. aureus or H1N1. 

Viral infections were performed for 24 h, while bacterial infections were conducted for 2 h 

following the viral infection. Media containing antibiotics were added for additional 2 h and 

24 h for pneumococcal and S. aureus infections, respectively. Samples for metabolome analysis 

were collected as shown in the experimental time scheme (Fig. 4.2). The time between 

harvesting the sample and freezing can be critical. Delay in freezing can result in inconsistent 

metabolite concentrations [223]. Therefore, samples were immediately snap frozen in liquid 

nitrogen to minimize enzymatic reactions that can potentially alter the metabolic profile.  

 

Figure 4.2: Experimental time scheme used in paper III to analyze the changes in the host 

metabolome post single bacterial (TIGR4 and LUG2012), viral and co-infections.  
16HBE cells were infected with the IAV for 24 h, followed by bacterial infections for 2 h. 

Media containing antibiotics were added for additional 2 h and 24 h for pneumococcal and S. aureus 

infections, respectively. Sampling for metabolome analysis was conducted at t6, t28 and t50.  

 

Neutrophils are amongst the first immune cells that are recruited to the site of infection and 

play a major role in clearing the infection via various mechanisms such as phagocytosis, 

degranulation and NETosis [127, 130, 224]. In paper IV, we aimed to determine the interaction 

between human neutrophils and pneumococcal pore-forming toxin Ply. Primary human 

neutrophils were isolated from healthy donors using polymorphoprep density gradient 

centrifugation. Given the relatively brief lifespan of neutrophils in culture, it was important to 

start the experiments immediately following their isolation from blood.  Neutrophils are 

exquisitely sensitive and undergo rapid activation, thus the isolation technique and handling 

can have a great influence of the quality and quantity of the isolated neutrophils. Unless stated 

otherwise, the cells were always maintained at physiologic pH and in the absence of divalent 
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cations to help reduce activation. All media components that came in contact with blood or cells 

were pyrogen-free. Pyrogen-free polypropylene tubes were used to limit adherence-induced 

activation.  

Freshly isolated neutrophils were either infected with pneumococci or stimulated with different 

concentrations of recombinant Ply, ATP, or bacterial lysates. Neutrophil supernatants were 

used to analyze the secretome, cell cytotoxicity and resistin release. Microscale thermophoresis, 

FACS analysis and Field Emission Scanning Electron Microscopy (FESEM) techniques were 

used to elucidate the interaction between Ply, ATP and neutrophils. Donor variations are always 

a challenge when working with primary cells. Thus, the number of biological replicates were 

increased up to 10 for some of the experiments to reduce standard deviation.  

 Enzyme-linked immunosorbent assay (ELISA) 

ELISA is a widely used method to quantitatively detect soluble antigens such as peptides, 

proteins and hormones, using antibodies conjugated with reporter enzyme. Upon addition of 

the substrate, the reporter enzyme catalyzes the production of a colorimetric molecule that can 

be quantified using a plate reader. ELISA can be used to detect a wide range of targets from 

diverse sample types such as cell lysate, culture supernatants, blood samples and many more. 

[225]. In paper II, ELISA was used to quantify IL-1β release from cells infected or stimulated 

with pneumococci or H2O2, respectively. In paper III, resistin concentrations in supernatants 

of neutrophils were measured as an indicator of neutrophil degranulation post stimulation with 

Ply. Freeze thaw cycles can highly impact cytokine and protein concentrations in the sample 

[226]. Thus, freeze-thaw cycles were avoided to obtain accurate results.  

 Microscopy. 

Microscopy based methods have been very useful during the course of the project. 

Fluorescence microscopy was used in paper II to characterize and quantify caspase activation 

in the intracellular environment as a result of pneumococcal infection or H2O2 stimulation. 

Cell permeable fluorescent probes FAM-YVAD-FMK FLICA or FAM-DEVD-FMK FLICA 

were used to label active caspase-1 and caspase-3/7, respectively. The staining was visualized 

using an Axio Observer Z1 microscope (Zeiss). Quantification of active caspases was 

conducted by enumerating the caspase-1 or caspase-3/7 active cells in relation to the total cell 

number. Multiple technical and biological replicates were maintained to overcome human bias. 
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Field emission scanning electron microscopy (FESEM) was used in paper IV to visualize the 

impact of Ply vs Ply-ATP interaction on neutrophil morphology and activation. FESEM was 

performed with multiple biological replicates to account for donor variations. 

 Statistical Analyses 

Statistics were performed using GraphPad Prism software, version 7. If not otherwise indicated, 

statistical significance of difference was determined using Kruskal Wallis test with Dunn post-

test. A P value less than 0.05 was considered significant (*, p<0.05; **, p<0.01; ***, p<0.001). 

 Ethics Statement 

Paper III mainly involved working with blood samples from healthy volunteer. Donors were 

well acquainted with the research conducted and written informed consent was obtained to 

perform the study. The ethical research committee at the University Medicine Greifswald 

approved the study (BB 006/18). All experiments were carried out in accordance with the 

approved guidelines. 
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5. Results and Discussion 

 NLRP3 inflammasome plays a crucial role in pneumococcal 

infections 

The innate immune response is the first line of defence against invading pathogens. It limits the 

spread of the pathogen and initiates specific adaptive immune responses. The intracellular Nod-

like receptor NLRP3 is by far the best characterized innate immune receptor [175]. 

NLRP3 is expressed in many cell types including immune cells and epithelial cells, and is 

known to play a crucial role in the regulation of the host innate immune response [227]. 

Of all the 22 NLRs, NLRP3 is the most diverse innate immune receptor because of its 

broad specificity in mediating immune response to a wide range of  stimuli [200]. 

Several studies have now uncovered the pivotal role of the NLRP3 inflammasome in microbial 

infections. NLRP3 inflammasome induces state of inflammation following detection of 

PAMPs/DAMPs in the cellular cytoplasm, thereby resulting in pathogen clearance [228].  

In paper I, we discuss the structure, assembly and activation of the NLRP3 inflammasome. 

We explore various IL-1β inhibiting drugs and summarize the current limited knowledge of 

inflammasome activation in pneumococcal respiratory tract infections.   

 

5.1.1 IL-1β inhibiting drugs and their side effects 

The unregulated activation of the NLRP3 inflammasome has been implicated in the onset of 

various diseases, including gout [189], inflammatory bowel disease (IBD) [229], Alzheimer’s 

disease [230, 231], atherosclerosis [188], type II diabetes [232, 233], and Cryopyrin-associated 

periodic syndrome (CAPS) [234]. Its role in various types of cancer such as colon cancer, breast 

cancer, melanoma, and gastrointestinal cancers has also been reported [235]. Although these 

diseases are very diverse in nature, they are all characterized by IL-1β mediated inflammation. 

Therefore, NLRP3 inflammasome signaling cascade and IL-1β are considered promising 

targets for the treatment of these auto-inflammatory and autoimmune diseases [236]. 

Although several inhibitors of the NLRP3 inflammasome have been developed (paper I, 

Table 1), only three drugs have been clinically approved by the FDA, namely Anakinra, 

Rilonacept and Canakinumab (Table 5.1) [237].  
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Table 5.1: Clinically approved IL-1 inhibiting drugs 

Drug Target Inhibition 

mechanism 

Side effects Reference 

Anakinra  IL-1 

receptor 

IL-1 receptor 

antagonist 

Increased risk to infections such 

as cellulitis, pneumonia, and 

bone and joint infections 

[238] 

Rilonacept IL-1α and 

IL-1β 

IL-1 blocker Patients are prone to skin 

reactions and upper respiratory 

tract infections 

[239, 

240] 

Canakinumab IL-1β Monoclonal 

IgG1 antibody 

Respiratory tract infections are 

a major side effect 

[239, 

241, 242] 

Anakinra is a reversible IL-1 receptor (IL-1R) antagonist and can competitively inhibit both 

IL-1α and IL-1β. It is commonly used for the treatment of RA, acute gouty arthritis, and CAPS 

[237, 243, 244]. Unlike anakinra that interacts with the IL-1 receptor, rilonacept binds directly 

to IL-1α and IL-1β. It is a dimeric fusion protein that consists of the ligand-binding domains of 

the extracellular portions of the human IL-1R component and IL-1R accessory protein linked 

in-line to the Fc portion of human IgG1 [239, 240]. It is used to treat CAPS, including Familial 

Cold Auto-inflammatory Syndrome (FCAS) and Muckle-Wells Syndrome (MWS) [240]. 

While anakinra and rilonacept block the activity of both IL-1 isoforms, Canakinumab is a 

monoclonal IgG1designed to specifically target the activity of IL-1β. It is commonly used for 

treatment of Periodic Fever Syndromes, MWS, and acute gouty arthritis [239, 241, 242]. 

Although all above-mentioned therapies are well tolerated in the majority of patients, they also 

have side effects (table 5.1). Anakinra was approved in 2001 by FDA and has been used for a 

longer period as compared to rilonacept or canakinumab. Therefore, more adverse reactions 

post treatment with anakinra are documented [238-241]. From the clinical trial data as well as 

increasing clinical usage, it is evident that patients undergoing IL-1 inhibiting therapies are 

disproportionately susceptible to bacterial infections such as pneumonia and sepsis [237, 245]. 

Therefore, it is of high importance to understand the role of NLRP3 inflammasome in bacterial 

pathogenesis. The current literature on the impact of NLRP3 inflammasome on pneumococcal 

infections is limited. While inflammasome activation is deemed to be protective in 

pneumococcal pneumonia [41, 42], it is considered detrimental in pneumococcal meningitis 

[246]. This indicates that well-orchestrated inflammasome activation results in bacterial 

clearance, while a hyper-reactive response is injurious to the host. For instance, IL-1β  produced 

upon NLRP3 activation is a chemoattractant for neutrophils and macrophages, both of which 

are responsible for clearing the infection [207, 208]. However, uncontrolled inflammasome 
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activation and inflammation can result in pyroptosis and tissue injury [247-249]. 

This tissue damage can aid in bacterial dissemination to the deeper tissue layers [9, 249].  

 

5.1.2 H2O2 produced by pneumococci induces cell death 

Pneumococci are equipped with a repertoire of virulence factors allowing them to circumvent 

the host immune response. Apart from Ply, pneumococci release high amounts of H2O2 as a 

product of the pneumococcal carbohydrate-metabolizing enzyme pyruvate oxidase SpxB [49]. 

Although previous literature indicates the importance of pneumococcal H2O2 in causing cell 

damage, not much is known about its impact on the activation of cell death pathways such as 

apoptosis and pyroptosis [250, 251].  

In paper II, we aimed to determine the role of H2O2 in NLRP3 inflammasome activation and 

cell death. Isogenic single ply and spxB as well as double mutants were generated in the 

D39∆cps background. Ply-deficient mutants were included in this study to exclude 

Ply-mediated cytotoxic effects. Mutants were verified by using both nucleic acid techniques as 

well as immunoblots targeting Ply and SpxB proteins (paper II, Supplementary Fig. S3). 

In addition, H2O2 production by all four strains was verified (paper II, Fig. 2b).  

To elucidate the role of an active SpxB in pneumococcal infections of human bronchial 

epithelial cells, 16HBE cells were infected with D39∆cps or its isogenic mutants. Analyses of 

the cell viability revealed that infections with pneumococci harboring an active spxB gene were 

characterized by a time-dependent increase in cell cytotoxicity (paper II, Fig. 2f). In contrast, 

pneumococcal mutants lacking spxB were not cytotoxic (paper II, Fig. 2f). Addition of catalase 

to D39∆cps infections significantly diminished the cytotoxicity (paper II, Fig. 1a). 

Therefore, these results clearly implicate pneumococcal H2O2 as a primary cause of epithelial 

cell death in the early stages of infection.  

 

5.1.3 H2O2 activates inflammasome signaling resulting in IL-1β release  

Cell death is the most common outcome during infections. An infected cell can undergo 

different modes of cell death depending on the nature of the infection [252]. However, in 

paper II, we focused on the impact of pneumococcal H2O2 on two main caspase dependent cell 

death pathways, namely apoptosis and pyroptosis. Since NLRP3 inflammasome activation 

involves a priming step for NF-κB activation and subsequent transcription of pro-IL-1β and 

NLRP3 [253], cells were stimulated with LPS and TNF prior to infections/stimulations.  
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To assess caspase activation prior to the excessive cell lysis, unprimed and primed 16HBE cells 

were infected with pneumococcal strains for 4 h. Caspase-1 and caspase-3/7 activation was 

determined via fluorescent probing with FAM-YVAD-FMK FLICA and FAM-DEVD-FMK 

FLICA, respectively. D39 spxB-positive strains were slightly cytotoxic and activated caspase-1 

and caspase-3/7 were detected in 10-20% of the infected cells (paper II, Fig. 3 and S4a). 

In contrast, spxB mutants did not cause cell lysis and cells remained negative for active caspases 

(paper II, Fig. 3 and S4a). To confirm that caspase activation and the consequential cell death 

are caused by H2O2, 16HBE cells were stimulated directly with H2O2. H2O2 stimulations were 

associated with a dose-dependent increase in cytotoxicity towards the cells and the addition of 

catalase reverted this cytolytic effect (paper II, Fig. S5). Microscopic analysis of caspase 

activation revealed caspase-1 and caspase-3/7 activation in H2O2 stimulated cells (paper II, 

Fig. 4 and S4b). Caspase activation in these cells was accompanied by minor cytotoxic activity. 

Addition of catalase significantly reduced the H2O2-mediated cytotoxic effects as well as 

caspase activation (paper II, Fig. 4 and S4b). The observed infection and stimulation 

phenotypes were independent of priming. 

Active caspase-1 readily cleaves pro-IL-1β into mature form [200, 247]. The mature IL-1β is 

mostly released from the cells via GSDMD pores [168, 202, 203, 247, 254]. 

IL-1β concentrations in 4 h and 6 h infection/stimulation supernatants were quantified using 

IL-1β ELISA. Consistent with the cytotoxicity data (paper II, Fig. 2f), IL-1β was exclusively 

detected after 6 h of infections with SpxB-positive strains (paper II, Fig. 5a). Additionally, the 

highest amounts of IL-1β were detected 6 h post H2O2 stimulations (paper II, Fig. 5b). 

Addition of catalase neutralized H2O2-mediated IL-1β release in both D39∆cps infections and 

H2O2 stimulations (paper II, Fig. 1b and 5a). Both assessed parameters i.e., caspase activation 

and IL-1β release confirm that pneumococcal H2O2 triggers both apoptotic as well as pyroptotic 

pathways (Fig. 5.1). These results are also consistent with the literature that indicates that H2O2 

is a potent activator of apoptosis [38, 251]. In contrast, only one study analyzed H2O2-mediated 

effects on the NLRP3 inflammasome in pneumococcal infections. Ertmann and Gekara have 

shown that pneumococcal H2O2 suppresses ATP-mediated inflammasome activation in mouse 

bone marrow-derived macrophages (mBMDMs). The authors suggested that pneumococci use 

H2O2 to suppress the immune system and establish colonization [218]. However, this study 

considered the impact of pneumococcal H2O2 at very early stages (30 min) of pneumococcal 

infection. In contrast, we observed that pneumococcal infections were highly damaging in 

nature. This result is consistent with other studies which show that H2O2 is highly cytotoxic 
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[250, 255]. Pneumococci-derived H2O2 can cause oxidative damage to nuclear and 

mitochondrial DNA (mtDNA) [250, 251] resulting in activation of both apoptosis [256, 257] 

and NLRP3 inflammasome [258-260].  

Similar to H2O2, Ply has also been implicated in many cytotoxic processes [42, 261, 262]. 

Previous studies have shown that Ply activates the NLRP3 inflammasome [41]. However, it is 

noteworthy to mention that Ply is only released at the late stage of growth [31]. Additionally, 

in paper IV, we also show that Ply-deficient mutants are as cytotoxic as their parental strain in 

the early phase of infection (paper IV, Fig. 2a) [57]. Therefore, it is plausible that H2O2 

mediated effects on inflammasome mediated cell death are observed earlier during the 

infection, while Ply mediated effects occur at the later stages of infection.  

 

5.1.4 H2O2 primes the NLRP3 inflammasome 

In cells such as macrophages and epithelial cells, priming is indispensable for the activation of 

the NLRP3 inflammasome [179, 180]. NF-κB is activated upon detection of a priming signal, 

which further upregulates the gene expression of NLRP3 and pro-IL-1β. The exposure to an 

activating signal leads to the assembly and activation of the NLRP3 inflammasome and 

cleavage of the pro-IL-1β to its mature form [263]. However, in this study, all assessed 

parameters, namely cytotoxicity, caspase activation as well as IL-1β release, were independent 

of a priming step. This indicated the plausible role of H2O2 as a priming agent. To confirm this 

hypothesis, NLRP3 and pro-IL-1β mRNA expression in the infected and H2O2 stimulated cells 

was quantified using qRT-PCR. Cells stimulated with LPS and ATP served as a positive 

control. NLRP3 and pro-IL-1β expression were upregulated in cells infected with spxB positive 

strains compared to the spxB mutants (paper II, Fig. 5c-d). Upregulation in the expression of 

both genes was also detected in cells stimulated with H2O2 and addition of catalase reversed 

this effect (paper II, Fig. 5c-d). These results confirmed that H2O2 can prime as well as activate 

the inflammasome in epithelial cells (Fig. 5.1). This finding is further supported by previous 

studies which show that H2O2 can directly activate NF-κB through the NF-κB-inducing kinase 

(NIK) [264-266]. 
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5.1.5 IL-1β release caused by H2O2 is a result of inflammasome activation 

but not pyroptosis 

To confirm the involvement of apoptotic and pyroptotic pathways on cell death, pathway 

inhibition studies were performed. D39∆cps infections as well as H2O2 stimulations of host 

cells for 6 h resulted in cell death and subsequent IL-1β release. However, blocking either one 

or both host cell death pathways resulted in significantly reduced cell death (paper II, Fig. 6a 

and 6c). Interestingly, significantly reduced IL-1β release was observed when 

infected/stimulated cells were pretreated with only apoptotic pathway inhibitor (paper II, 

Fig. 6b and 6d). Release of mature IL-1β occurs in pyroptotic cells via GSDMD pores [168, 

202, 203, 247, 254]. However, our results indicated that although H2O2 instigates IL-1β 

production, the final IL-1β release is also dependent on the apoptotic cell death pathway. To 

validate these findings, infected/stimulated cell lysates were analyzed for GSDMD cleavage 

products. Western blot analysis revealed that GSDMD either remained intact or was cleaved by 

caspase-3 to an inactive 43 kDa fragment [267] in cells stimulated with H2O2 (paper II, Fig. 6f 

and Fig. S8). Results from the inhibition studies and lack of the active 30 kDa fragment 

(active fragment cleaved by caspase-1) suggest that the IL-1β release in pneumococcal 

infections is independent of GSDMD and relies on apoptotic cell lysis. These results are in line 

with previous studies suggesting that prolonged stimulation of the inflammasome can 

potentially result in GSDMD-independent cell death and IL-1β release [268].   

A linear model of pyroptosis has been followed for years, wherein activated caspase-1 cleaves 

pro-IL-1β and GSDMD to IL-1β and GSDMD-N, respectively. The GSDMD-N forms 

membrane pores through which IL-1β is released [168, 202, 203]. However, in complex cellular 

environment this is not always true. Cross-talks between various cell death pathways determine 

the final fate of the cell. Studies have shown that caspase-1 can redundantly activate apoptotic 

executioner caspase-3 and caspase-7 [269]. Additionally, caspase-3 can induce secondary 

necrotic/pyroptotic cell death via GSDME/DFNA5 mediated pore formation [247, 270]. H2O2 

can also induce necroptosis through the RIP1/RIP3-PARP-AIF pathway [271]. Studies have 

shown that mixed lineage kinase domain-like (MLKL), a marker for necroptosis, activates the 

inflammasome and the consequential IL-1β release is a result of MLKL mediated cell rupture 

[272]. Complex interplay between effector molecules of various cell death pathways can also 

result in the formation of PANoptosome (Pyroptosis, Apoptosis, Necroptosis). Activation of 

the PANoptosome results in a highly interconnected cell death called PANoptosis. 
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Therefore, further studies into other cell death pathways such as necroptosis and PANoptosis 

are required to delineate the true nature of cell death induced by pneumococcal-H2O2. 

 

Figure 5.1: Pneumococcal H2O2 primes and activates the NLRP3 inflammasome pathway 

resulting in pyroptosis-independent IL-1β release.  

H2O2 primes 16HBE cells resulting in NF-kB activation, which initiates the transcription 

of NLRP and pro-IL-1β. H2O2 also activates caspase-3 and initiates the assembly of the 

NLRP3 inflammasome. Pro-caspase-1 is activated to active caspase-1 by the 

inflammasome. Caspase-1 cleaves pro-IL-1β to active IL-1β. Meanwhile, GSDMD is 

cleaved to an inactive form by caspase-3. Therefore, the final IL-1β release is mediated by 

caspase-3 dependent apoptotic cell lysis. Figure created with BioRender. 

 

 Host metabolome responses to respiratory infections 

To unravel the dynamic nature of host pathogen interactions, it is crucial to understand host 

cellular metabolome as it directly influences the infection phenotype [273]. Active cellular 

metabolome helps maintain cellular health as well as indirectly facilitates mucociliary pathogen 

clearance [274]. Energy derived from active metabolic pathways are utilized by lung epithelial 

cells for specialized functions such as surfactant production and ciliary beating [275]. 

Recent studies have linked the metabolic dysfunction of lung epithelial cells to the pathobiology 

of respiratory diseases [275]. In paper III, we performed a comparative host metabolome 
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profiling of in vitro single bacterial and viral as well as co-infections of bronchial epithelial 

cells with IAV, Streptococcus pneumoniae, and Staphylococcus aureus. 

 

5.2.1 Pneumococcal infections result in intracellular citrate accumulation 

To understand the impact of bacterial and viral mono- and bacterial-viral co-infections on the 

host metabolome, a cell culture-based system of 16HBE cells was used (paper III, Fig. 1a). 

Intracellular metabolites of glycolysis, TCA cycle, and amino acids metabolism were quantified 

by GC-MS analysis. S. pneumoniae significantly altered several host metabolic pathways 

(paper III, Fig. 2-3). Intracellular citrate accumulation was the most prominent signature of 

pneumococcal infections (Fig. 5.2, paper III, Fig. 3a). However, concentrations of other TCA 

cycle metabolites decreased in response to pneumococcal infections (Fig. 5.2, Fig. 3c-g). 

Unlike pneumococci, IAV and S. aureus survive silently within the cells with almost negligible 

effects on the host metabolome and no specific co-infection signatures were observed 

(paper III, Fig. 2-3). Staphylococci can thrive intracellularly for prolonged periods of time by 

adapting their regulatory network to the intracellular environment [69, 70]. Previous studies 

have shown that infection of A549 cells with a high inoculum of S. aureus leads to significant 

changes in the host metabolome, especially after 6 hours of infection [276]. In contrast, we 

observed only minor changes in the host metabolome, most likely due to the cell-specific 

responses to low inoculum infections. Similar to S. aureus, viral infections also had minimal 

effects on the host metabolome. Viral replication and protein production are accompanied by a 

“host shutoff”, that leads to downregulation of host gene expression [277, 278]. 

However, studies have also shown that increased glucose uptake and upregulation of glycolysis 

support viral replication [279, 280]. The mild infectivity of the 2009 pandemic H1N1 IAV strain 

used in this study may explain the incongruence of our results with these studies. 

 

5.2.2 Intracellular citrate accumulation is a consequence of the action of 

pneumococcal H2O2 

Citrate is a key substrate in cellular energy metabolism. Once produced in the mitochondria, 

it most likely undergoes different fates: (i) by the action of aconitase, citrate is isomerized to 

isocitrate, and proceeds into the TCA cycle, or (ii) it is exported to the cytoplasm via the 

mitochondrial citrate carrier (CIC) [281].  
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Inhibition of either aconitase or CIC during pneumococcal infection could explain the 

accumulation of citrate. Consequently, citrate accumulation potentially blocks the entire TCA 

cycle. No major changes were detected in transcription of  SLC25A (encodes CIC) [281], ACO1 

and ACO2 (encode aconitase) compared to the uninfected control (paper III, Table S1), 

indicating a plausible inhibition potentially at the protein level. The Bacillus subtilis protein 

CcpC has been shown to inhibit  aconitase transcription and CcpC orthologs have also been 

found in pneumococci [282, 283]. Whether pneumococcal orthologs are able to inhibit host 

aconitase remains to be determined. Additionally, studies show that iron-sulfur cluster-

containing enzymes such as aconitase are irreversibly inactivated by reactive oxygen species, 

including H2O2 [284-286]. Therefore, to determine the impact of pneumococcal H2O2 on 

intracellular citrate accumulation, we generated a TIGR4∆spxB mutant. The SpxB-deficient 

mutant produced significantly lower amounts of H2O2 as compared to the wild-type strain 

(paper III, Fig. 4b). 16HBE cells were infected with TIGR4 or the spxB-deficient mutant, 

following the protocol outlined in paper III, Fig. 1a. Direct stimulations with H2O2 were also 

performed. In addition, catalase was added to wild-type infection and H2O2 stimulation to 

neutralize the effects of H2O2. Consequently, intracellular citrate accumulation was only 

observed in TIGR4 wild-type infection and H2O2 stimulation (paper III, Fig. 4d). 

Intracellular citrate concentrations significantly decreased in infections/stimulations 

supplemented with catalase and remained at the level of uninfected control in infections with 

TIGR4∆spxB. These results clearly demonstrated that pneumococcal H2O2 contributes to 

intracellular citrate accumulation in 16HBE cells (Fig. 5.2). Mitochondrial ROS formation 

induced by excessive citrate accumulation has been shown to activate the NLRP3 

inflammasome in Salmonella typhimurium infections [287]. We have shown in paper II that 

pneumococci-derived H2O2 activates the NLRP3 inflammasome and induces apoptosis in 

16HBE cells. However, the role of excessive intracellular citrate in H2O2-mediated 

inflammasome activation and cell death remains to be elucidated.  
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Figure 5.2: Intracellular citrate accumulation is a consequence of pneumococcal H2O2.  

Pneumococci significantly alter various host metabolome pathways such as glycolysis, TCA 

cycle and amino acid metabolism. Intracellular citrate accumulation is a hallmark of 

pneumococcal infection and is directly attributed to the action of pneumococci-derived H2O2. 

 Influence of Ply-ATP interactions on neutrophil activation 

Pathogen-induced host cell death is accompanied by the release of pro-inflammatory cytokines 

and DAMPs such as ATP. Once in the extracellular milieu, ATP can initiate purinergic 

signaling and neutrophil chemotaxis [191, 288, 289]. Neutrophils are the most abundant 

leukocytes in humans and are the first recruited responders at the site of infection. 

They eliminate pathogens through various mechanisms such as phagocytosis, degranulation, 

and the formation of NETs [127, 130, 290]. However, excessive neutrophil activation is 

associated with hyper inflammation and tissue damage [291]. In paper IV, we aimed to 

investigate the role of ATP in neutrophil response to pneumococcal toxin Ply. 

 

5.3.1 Pneumolysin induces neutrophil activation 

To determine the effect of Ply on neutrophil activation, purified neutrophils were stimulated 

with the cytoplasmic fraction of TIGR4 wild-type (wt) and Δply lysates. Resistin was used as a 
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marker to determine neutrophil activation. Stimulation of neutrophils with the cytoplasmic 

fraction of TIGR4 wt had minor cytolytic effects but resulted in high resistin release (paper IV, 

Fig. 2c-d). In contrast, Δply lysates did not induce cytotoxicity or neutrophil activation 

(paper IV, Fig. 2c-d). This result suggests that Ply is one of the major pneumococcal 

cytoplasmic components responsible for neutrophil activation. TIGR4 wt and Δply infections 

of whole blood and purified neutrophils were also performed. Both strains showed minor 

cytotoxic effects and induced neutrophil activation to the same extent (paper IV, Fig. 1d and 

2a-b), indicating Ply-independent neutrophil activation. This effect may be caused by 

pneumococcal-H2O2, because it can induce disruption of neutrophil barrier properties and cell 

death [292]. However, possible neutrophil activation by other pneumococcal virulence factors 

cannot be excluded.  

Furthermore, neutrophils were also stimulated with different concentrations of purified Ply. 

Stimulations were performed with and without supplementation of autologous plasma. 

A concentration-dependent lysis of neutrophils was observed (paper IV, Fig. 3a). Based on 

cytotoxicity assays with plasma supplementation, 0.3125 μg and 2.5 μg Ply were defined as 

sublytic and lytic amounts of Ply, respectively. Both sublytic and lytic concentrations of Ply 

were able to induce neutrophil degranulation (paper IV, Fig. 3b). Immunofluorescence 

imaging of Ply-stimulated neutrophils confirmed the presence of Ply on neutrophil surface even 

at sublytic concentrations (paper IV, Fig. 3c). 

 

5.3.2 ATP neutralizes Ply-induced neutrophil lysis and activation 

Studies suggest that Ply induces neutrophil activation through specific interactions with the 

purinergic receptor P2X7R [293]. The P2X7R also serves as a pattern recognition receptor for 

extracellular ATP-mediated apoptotic cell death and inflammasome activation [193, 210]. 

Under physiological conditions, ATP is present in low concentrations in the extracellular milieu 

and is mainly released from dying cells [194, 195, 294]. Nevertheless, as a result of tissue 

infections, extracellular ATP levels can reach up to mM ranges [191, 295]. Once outside, it 

functions as a danger signal and is involved in neutrophil chemotaxis mediated by purinergic 

signaling [191, 288, 289]. To investigate the direct effect of Ply and ATP on neutrophil 

activation, we stimulated purified neutrophils with sublytic and lytic concentrations of Ply in 

the presence and/or absence of P2X7R agonist ATP and/or pharmacological P2X7R inhibitor 

AZ10606120 (paper IV, Fig. 4 and Supplementary Fig. 3). Ply-mediated neutrophil lysis 

(paper IV, Supplementary Fig. 3) and degranulation (paper IV, Fig. 4a), diminished with 
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increasing concentration of ATP. AZ10606120 did not affect Ply-neutrophil interactions. 

This result contradicts studies by Domon et. al., suggesting that Ply interacts with P2X7R to 

induce neutrophil cytotoxicity [293]. However, it cannot be excluded that Ply interacts with 

other neutrophil receptors to initiate activation. 

To further validate these results, we analyzed the secretome composition of neutrophils 

stimulated with Ply and ATP. Samples stimulated with both Ply and ATP had significantly 

fewer peptides/proteins than those stimulated with Ply alone (paper IV, Fig. 4b and 

Supplementary Table 1). Principal component analysis (PCA) showed that samples exposed to 

both sublytic and lytic concentrations of Ply clustered together, suggesting that a sublytic 

amount of Ply potently activates neutrophils (paper IV, Fig. 4c). The released granule content 

of stimulations with sublytic Ply concentration was equivalent to that of lytic stimulations 

(paper IV, Fig. 4b and Supplementary Tables 5 and 6). The secretome of Ply-ATP stimulated 

neutrophils had significantly lower protein abundance compared to neutrophils stimulated with 

Ply alone. Additionally, using g:Profiler pathway analyzes, we confirmed that use of ATP 

inhibited various neutrophil defense mechanisms such as activation, degranulation, and 

immune responses (paper IV, Fig. 5). 

 

5.3.3 Ply and ATP directly interact with each other 

Ply mediated neutrophil degranulation was independent of P2X7R. However, addition of ATP 

significantly diminished Ply mediated neutrophil degranulation. Therefore, we hypothesized 

that ATP and Ply interact with each other in the extracellular space. Microscale thermophoresis 

revealed that both ATP and ADP interact with Ply, albeit weakly (paper IV, Fig. 6a and 6c). 

On the contrary, dATP showed no such interaction (paper IV, Fig. 6b). Flow cytometry 

analysis further confirmed this finding. Addition of ATP to Ply stimulations almost completely 

abolished Ply binding to the neutrophils (paper IV, Figure 6d). These results confirmed that 

ATP directly binds to Ply thereby dampening Ply mediated neutrophil degranulation. 

Our results are further supported by the studies which show that vital pneumococci can suppress 

ATP-mediated responses of alveolar epithelial cells [296]. 

The biological relevance of Ply-ATP interactions remains debatable. On the one hand, Ply-ATP 

interactions can potentially be beneficial for the host. Firstly, tissue damage caused by excessive 

activation of neutrophils is diminished as a result of Ply-ATP binding. Secondly, both Ply and 

ATP can initiate inflammasome activation, resulting in pyroptotic cell death [179, 192, 193, 
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263]. Further increments to host tissue damage induced by uncontrolled inflammasome 

activation could be possibly limited by Ply-ATP interactions. On the other hand, surfactant 

secretion in a healthy lung is regulated by ATP mediated purinergic signaling [297]. 

Lack of surfactant production promotes alveolar instability and collapse, thereby making the 

host vulnerable to developing severe infection [298, 299]. The observed Ply-ATP interaction 

instigates a discussion on whether surfactant disruption during pneumococcal infection is due 

to inhibition of purinergic signaling caused by Ply-ATP interactions.  
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 Conclusion and future perspective 

Streptococcus pneumoniae is a common colonizer of the human upper respiratory tract. 

However, under certain conditions, for example, in individuals with a weakened immune 

system, or following viral infections, it can cause a wide range of life-threatening diseases. 

This project was designed to understand the effect of pneumococcal derived H2O2 and Ply on 

the host innate immune defenses.  

 

Paper I and II 

In paper I we discussed about the structure, assembly and activation of the NLRP3 

inflammasome. We explored various IL-1β inhibiting drugs and summarized the current limited 

knowledge of inflammasome activation in pneumococcal pathogenesis. Although previous 

studies have revealed the importance of pneumococcal H2O2 in causing cell damage, not much 

is known about its impact on the activation of cell death pathways. Therefore, in paper II, 

we determined the impact of pneumococcal H2O2 on two crucial cell death pathways, namely 

apoptosis and pyroptosis. We show that: 

 pneumococci-derived H2O2 has a detrimental effect on human bronchial epithelial cells.  

 H2O2 mediates priming and activation of the NLRP3 inflammasome, resulting in 

caspase-1 dependent IL-1β production. 

 IL-1β release is independent of GSDMD and mainly dependent on the apoptotic cell 

lysis.  

In a multifaceted cellular environment, it is plausible to expect cross-talks between the various 

cell death pathways. Therefore, to delineate the complex nature of cell death induced by H2O2, 

further studies pertaining to cross-talks with other cellular pathways such as necroptosis and 

PANoptosis are warranted.  

 

Paper III 

To understand the disease pathology, it is important to understand host metabolic responses to 

an infection. In paper III, we performed metabolome profiling of in vitro single bacterial and 

viral as well as co-infections of bronchial epithelial cells with Influenza A virus, 

Streptococcus pneumoniae, and Staphylococcus aureus. We show that each respiratory 

pathogen has its unique way of interaction with host metabolome. On the one hand, pathogens 

such as IAV and S. aureus use the host resources for survival and multiplication. On the other 

hand, pneumococci significantly alter various host metabolic pathways. Additionally, 
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pneumococcal infections were characterized by TCA cycle inhibition and intracellular citrate 

accumulation. Intracellular citrate accumulation was directly attributed to the action of 

pneumococci-derived H2O2. However, further in vivo experiments should be performed 

to understand the relevance of citrate accumulation in pneumococcal infections. 

Another unexplored question is to determine whether intracellular citrate accumulation plays a 

role in activation of the cell death pathways. 

 

Paper IV 

Neutrophils are typically the first leukocytes to be recruited to the site of infection and are 

capable of eliminating pathogens by various mechanisms. However, excessive activation of 

neutrophils is associated with tissue injury, which results in the release of intracellular ATP. 

In paper IV, we aimed to investigate the role of ATP in neutrophil response to pneumococcal 

infections. We show that: 

 Ply is one of the major pneumococcal neutrophil activators. 

 ATP significantly neutralizes Ply-mediated neutrophil degranulation. 

 The reduction in neutrophil activation is attributed to the binding of ATP to Ply. 

Our data suggests that Ply-ATP interactions are potentially beneficial during the course of the 

infection as they limit the excessive Ply-mediated neutrophil activation. Further studies to 

determine the impact of these interactions on inflammasome activation and surfactant 

production would shed more light on the biological significance of this interaction. 

Additionally, whether such ATP interactions apply to other cholesterol-dependent cytolysins, 

including streptolysin O, listeriolysin O, or suilysin would warrant further studies.  
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