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ZUSAMMENFASSUNG

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
tragt zu der damit verbundenen wichtigen Entziindungsreaktion bei. PAMPs oder DAMPs
werden vom Immunsystem des Wirtes iber ,,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-1p und IL-18, anregt. Diese Zytokine induzieren
eine Vielzahl von fur den Wirt schiitzenden Signalwegen, die darauf abzielen, den Erreger zu
eliminieren. Eine Gbermélige 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 h&ufig
zur Bekédmpfung dieser Erkrankungen therapeutisch eingesetzt. In Publikation I wurden die
derzeit verfiigbaren IL-1B-hemmenden Therapien in Form eines Ubersichtsartikels
zusammengefasst. Patienten, die sich diesen Behandlungen unterziehen, haben ein
unverhéltnismélig hohes Risiko invasive bakterielle Infektionen zu entwickeln. Weiterhin
wurde auch der begrenzte Wissensstand Uber die Rolle des NLRP3-Inflammasoms in der

Pathogenese von Pneumokokken zusammen.

Wasserstoffperoxid (H202) ist ein physiologisches Produkt und eine wichtige
Virulenzdeterminante, das von Pneumokokken produziert wird. H202 wirkt stark zytotoxisch
auf Wirtszellen, jedoch ist nicht viel Uber dessen Auswirkung auf den programmierten Zelltod
wie z.B. NLRP3-Inflammasom vermittelte Pyroptose bekannt. In Publikation Il wurde die
Wirkung von Pneumokokken-produzierten H202 auf die Epithelzellen untersucht. Der Fokus
der Untersuchungen lag auf dem Zusammenspiel zweier wichtiger Zelltodsignalwege, der
Apoptose und Pyroptose. Die Untersuchungen haben gezeigt, dass H202 das NLRP3-
Inflammasom sowohl primen als auch aktivieren kann. Darlber hinaus wurde festgestellt,
dass das von Pneumokokken gebildete H202 den Zelltod sowohl Gber die Aktivierung
apoptotischer als auch pyroptotischer Wege einleitet. Diese werden durch die Aktivierung von
Caspase-3/7 bzw. Caspase-1 vermittelt. Die H202-vermittelte Inflammasom-Aktivierung fuhrt
zu einer Caspase-1-abhangigen IL-1p-Produktion. Jedoch ist die endguiltige IL-1p-Freisetzung
unabhéngig von Gasdermin-D (GSDMD) und wird hauptséchlich von der apoptotischen

Zelllyse vermittelt.
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In Publikation 111 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 fiir Infektionen genutzt: Influenza A Virus (IAV), Streptococcus
pneumoniae und Staphylococcus aureus. Die Untersuchungen zeigten, dass IAV und S. aureus
die Ressourcen des Wirtes zum Uberleben 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 groften
Verénderungen wurden in der Glykolyse, dem Tricarbonsdurezyklus (TCA) und
Aminosaurestoffwechsel festgestellt. Ein wichtiges Kennzeichen von Pneumokokken-
Infektionen ist die intrazellulare Akkumulierung von Citrat, die direkt auf die Wirkung von

Pneumokokken-produzierten H202 zuruickgefuhrt werden konnte.

Der Tod von Wirtszellen wéhrend einer Infektion fihrt zur Freisetzung von
entzlindungsférdernden Zytokinen und Gefahrensignalen wie z.B. das ATP. Freigesetztes ATP
kann die Chemotaxis der Neutrophilen auslésen, die durch purinerge Signaliibertragung
vermittelt wird. Neutrophile sind in der Regel die ersten Leukozyten, die am Ort der Infektion
rekrutiert werden und spielen eine Schlisselrolle bei der Eliminierung von Bakterien.
Eine UberméaBige Aktivierung der Neutrophilen ist jedoch mit weiteren Gewebeschéden
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 moglicherweise von Vorteil sein konnten. Die ATP-vermittelte Ply-
Inhibierung konnte u.a. die Lungenschédigung infolge einer UbermaRigen 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 DAMPSs) 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.
NLRP3isa cytoplasmic immune sensor that upon activation produce pro-inflammatory
cytokines such as IL-1p 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-1f 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 (H202) 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 Il, we examined the effect of pneumococci-derived H202 on epithelial
cells by analyzing the interplay between two key cell death pathways, namely apoptosis and
pyroptosis. We show that H202 can prime as well as activate the NLRP3 inflammasome.
Furthermore, we demonstrate that pneumococcal H20z 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. H202 mediated inflammasome activation results in caspase-1
dependent IL-1p production. However, we show that the final IL-1p release is independent of
gasdermin-D (GSDMD) and mainly dependent on the apoptotic cell lysis.

In paper 111, 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 H20:x.

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 1V, 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].

3.1 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
a-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 (WHOQO) 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].

11
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(Non-invasive and invasive pneumococcal diseases)
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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 (H202).

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

12
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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 (H205)

Apart from Ply, pneumococci also produce prodigious amounts of H202. It is produced as a
product of the pneumococcal carbohydrate-metabolizing enzyme pyruvate oxidase SpxB [49].
Secreted H202 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 H202 production are characterized by a reduced virulence
in vivo [49]. H20:2 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 H202 as a major factor responsible for the cell cytotoxicity
[56, 57]. The pneumococcus not only utilizes H,O, as a virulence determinant. Released H202
eliminates microbial competitors in the nasopharynx such as Haemophilus influenzae,
Staphylococcus aureus, Neisseria meningitidis and Moraxella catarrhalis, and thereby

promotes pneumococcal colonization [58, 59].

3.2 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

13
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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:
(1) Receptor-dependent
Binding of a-toxin and bi-component leukocidins to specific receptors on host cell
membrane leads to the formation of a pore. Receptors have been identified for a-toxin,
Panton Valentine Leukocidin (PVL), LukAB, and LukDE. Gamma-toxin probably
also binds to a specific receptor [64, 65].
(i) 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].

3.3 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, 1AV are classified into 18 classical HA and 11 classical NA subtypes [78,
79]. 1AV 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 102to 10 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 1AV 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].

3.4 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.

e |AV disrupts lung physiology: Epithelial damage, decreased ciliary beat frequency, and
surfactant disruption caused by an 1AV infection provide access and a nutrient source,
supporting bacterial growth [97-99]

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

epithelium by cleaving sialic acid and exposing receptors for attachment [21].

15



INTRODUCTION

Damaged epithelia, whether damaged directly by the virus or by the inflammatory
response, provide additional bacterial adhesion sites [92, 100].

e Alterations of innate immune responses: AV 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 | 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].

3.5 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 B-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
Cell and endosomal 10 (humans) and 13 extracellular or endosomal
TLRs membrane (mice) PAMPs [116, 117]
4 subfamilies, with endogenous or microbial

NLRs Cytoplasm a total of 22 types 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 (=10 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)

(i)

(iii)

Phagocytosis: Recognition of the microbes by the phagocytic receptors such as Fcy
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].

Neutrophil extracellular trap (NET) formation: NETSs 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].
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 Ca?* [136].
Increase in the intracellular Ca?*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-1p, 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)

(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].

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 a-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-1a/p can act
as priming molecules. Priming result in the upregulation of NLRP3 and pro-IL-14 through
the activation of the transcription factor NF-xB. The activation signal is provided by various
stimuli, such as pore-forming toxins, ATP and particulate matter. Ca?*/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-1p and
GSDMD to mature IL-1p and GSDMD-N, respectively. GSDMD-N pores facilitate the
release of IL-1p 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-kB-mediated expression of NLRP3 and
pro-IL-1B [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-B, 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-1p 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-1f, 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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3.6 Aim of the thesis

This project focusses on two important virulence factors of pneumococci, namely, H202 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:

e 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.

e To delineate the impact of pneumococcal H202 on two crucial cell death pathways,
namely apoptosis and pyroptosis.

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

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

e 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.

4.1 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 Il S. pneumoniae SP408- 19F [211]
SP261- TIGR4 (serotype 4) [212]
SP257- D39 (serotype 2) NCTC 7466
PN111- D39Acps (serotype 2) [213]
PN419- D39AcpsAply In this study
PN777- D39AcpsAspxB In this study
PN778- D39AcpsAplyAspxB In this study
S. aureus LUG2012 (USA300 lineage) [214]
S. pyogenes Strain 5448 [215]
Paper Il S. pneumoniae SP261- TIGR4 (serotype 4) [212]
PN779- TIGR4AspxB In this study
S. aureus LUG2012 (USA300 lineage) [214]
1AV A/Bavaria/74/2009 (rH1N1) In this study
Paper IV S. pneumoniae SP261- TIGR4 (serotype 4) [212]
PN699- TIGR4Aply 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

4.2 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 16HBE140-
cells (16HBE) [217] were used in papers 11 and 111, 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 Il to analyze the impact of
pneumococci-derived H202 on cell death pathways. 16HBE cells were either infected with
pneumococci or stimulated with different concentrations of H202. 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 I, cells were stimulated with either LPS or
TNF prior to an infection or H202 stimulation. To inactivate H202-mediated actions, catalase

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

such as gRT-PCR, ELISA and immunoblots.
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Figure 4.1: Experimental approach used in paper Il to study the impact of pneumococci derived
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H.0- on apoptotic and pyroptotic cell death pathways.

16HBE cells were either infected with pneumococci or stimulated with different
concentrations of H,O, 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-1B quantification. Cell lysates were used
for GSDMN detection via immunoblots. RNA isolation was conducted to determine the

relative gene expression of NLRP3 and pro-1L-1p. Figure created with BioRender.

30



METHODS

Paper 111 aimed to elucidate the impact of various respiratory pathogens on the host cell
metabolome. 16HBE cells were infected with pneumococci, S.aureus or HINL.
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.
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Figure 4.2: Experimental time scheme used in paper Il 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 tg, tog and tso.

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.

4.3 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 guantified 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 11, ELISA was used to quantify IL-1p release from cells infected or stimulated
with pneumococci or H20z, respectively. In paper 111, 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.

4.4 Microscopy

Microscopy based methods have been very useful during the course of the project.
Fluorescence microscopy was used in paper Il to characterize and quantify caspase activation
in the intracellular environment as a result of pneumococcal infection or H202 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 1V 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.

4.5 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).

4.6 Ethics Statement

Paper 111 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

5.1 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-1p inhibiting drugs and summarize the current limited knowledge of

inflammasome activation in pneumococcal respiratory tract infections.

5.1.1 IL-1p 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 Il 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-1p mediated inflammation.
Therefore, NLRP3 inflammasome signaling cascade and IL-1f3 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 Side effects Reference
mechanism
Anakinra IL-1 IL-1 receptor Increased risk to infections such  [238]
receptor antagonist as cellulitis, pneumonia, and
bone and joint infections
Rilonacept IL-laand  IL-1 blocker Patients are prone to skin [239,
IL-1B reactions and upper respiratory  240]
tract infections
Canakinumab IL-1P Monoclonal Respiratory tract infections are  [239,
IgG1 antibody  a major side effect 241, 242]

Anakinra is a reversible I1L-1 receptor (IL-1R) antagonist and can competitively inhibit both
IL-1a and IL-1P. 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-1a and IL-1. 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 1gG1designed to specifically target the activity of IL-1p. 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-1 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 H:0: 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 H202 asa
product of the pneumococcal carbohydrate-metabolizing enzyme pyruvate oxidase SpxB [49].
Although previous literature indicates the importance of pneumococcal H20:2 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 11, we aimed to determine the role of H202 in NLRP3 inflammasome activation and
cell death. Isogenic single ply and spxB as well as double mutants were generated in the
D39Acps 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 I, Supplementary Fig. S3).

In addition, H202 production by all four strains was verified (paper 11, Fig. 2b).

To elucidate the role of an active SpxB in pneumococcal infections of human bronchial
epithelial cells, 16HBE cells were infected with D39Acps 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 Il, Fig. 2f). In contrast,
pneumococcal mutants lacking spxB were not cytotoxic (paper 11, Fig. 2f). Addition of catalase
to D39Acps infections significantly diminished the cytotoxicity (paper 11, Fig. 1a).
Therefore, these results clearly implicate pneumococcal H202 as a primary cause of epithelial
cell death in the early stages of infection.

5.1.3 H:0: activates inflammasome signaling resulting in IL-1p 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 I, we focused on the impact of pneumococcal H202 on two main caspase dependent cell
death pathways, namely apoptosis and pyroptosis. Since NLRP3 inflammasome activation
involves a priming step for NF-xB activation and subsequent transcription of pro-1L-14 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 Il, Fig. 3 and S4a).
In contrast, spxB mutants did not cause cell lysis and cells remained negative for active caspases
(paper 11, Fig. 3 and S4a). To confirm that caspase activation and the consequential cell death
are caused by H202, 16HBE cells were stimulated directly with H202. H202 stimulations were
associated with a dose-dependent increase in cytotoxicity towards the cells and the addition of
catalase reverted this cytolytic effect (paper Il, Fig. S5). Microscopic analysis of caspase
activation revealed caspase-1 and caspase-3/7 activation in H202 stimulated cells (paper I,
Fig. 4 and S4b). Caspase activation in these cells was accompanied by minor cytotoxic activity.
Addition of catalase significantly reduced the H202-mediated cytotoxic effects as well as
caspase activation (paper Il, Fig. 4 and S4b). The observed infection and stimulation

phenotypes were independent of priming.

Active caspase-1 readily cleaves pro-IL-1f into mature form [200, 247]. The mature IL-1p is
mostly released from the cells via GSDMD pores [168, 202, 203, 247, 254].
IL-1B concentrations in 4 h and 6 h infection/stimulation supernatants were quantified using
IL-1B ELISA. Consistent with the cytotoxicity data (paper 11, Fig. 2f), IL-1p was exclusively
detected after 6 h of infections with SpxB-positive strains (paper |1, Fig. 5a). Additionally, the
highest amounts of IL-1 were detected 6 h post H202 stimulations (paper I, Fig. 5b).
Addition of catalase neutralized H202-mediated IL-1p release in both D39Acps infections and
H20: stimulations (paper 11, Fig. 1b and 5a). Both assessed parameters i.e., caspase activation
and IL-1p release confirm that pneumococcal H202 triggers both apoptotic as well as pyroptotic
pathways (Fig. 5.1). These results are also consistent with the literature that indicates that H202
is a potent activator of apoptosis [38, 251]. In contrast, only one study analyzed H202-mediated
effects on the NLRP3 inflammasome in pneumococcal infections. Ertmann and Gekara have
shown that pneumococcal H202 suppresses ATP-mediated inflammasome activation in mouse
bone marrow-derived macrophages (mBMDMs). The authors suggested that pneumococci use
H202 to suppress the immune system and establish colonization [218]. However, this study
considered the impact of pneumococcal H20:2 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 H20: is highly cytotoxic
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[250, 255]. Pneumococci-derived H202 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 H202, 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 1V, we also show that Ply-deficient mutants are as cytotoxic as their parental strain in
the early phase of infection (paper 1V, Fig. 2a) [57]. Therefore, it is plausible that H20:
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 H20; 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-«B is activated upon detection of a priming signal,
which further upregulates the gene expression of NLRP3 and pro-IL-/5. The exposure to an
activating signal leads to the assembly and activation of the NLRP3 inflammasome and
cleavage of the pro-IL-1p to its mature form [263]. However, in this study, all assessed
parameters, namely cytotoxicity, caspase activation as well as IL-1p release, were independent
of a priming step. This indicated the plausible role of H202 as a priming agent. To confirm this
hypothesis, NLRP3 and pro-IL-/8 mRNA expression in the infected and H202 stimulated cells
was quantified using gRT-PCR. Cells stimulated with LPS and ATP served as a positive
control. NLRP3 and pro-IL-/p expression were upregulated in cells infected with spxB positive
strains compared to the spxB mutants (paper 1, Fig. 5¢c-d). Upregulation in the expression of
both genes was also detected in cells stimulated with H202 and addition of catalase reversed
this effect (paper 11, Fig. 5¢-d). These results confirmed that H202 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 H202 can directly activate NF-kB through the NF-kB-inducing kinase
(NIK) [264-266].
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5.1.5 IL-1p release caused by H20: 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. D39Acps infections as well as H202 stimulations of host
cells for 6 h resulted in cell death and subsequent IL-1p release. However, blocking either one
or both host cell death pathways resulted in significantly reduced cell death (paper 11, Fig. 6a
and 6c). Interestingly, significantly reduced IL-1B release was observed when
infected/stimulated cells were pretreated with only apoptotic pathway inhibitor (paper 11,
Fig. 6b and 6d). Release of mature IL-1p occurs in pyroptotic cells via GSDMD pores [168,
202, 203, 247, 254]. However, our results indicated that although H202 instigates IL-1
production, the final IL-1p 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 H202 (paper 11, 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-1B 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-1p release [268].

A linear model of pyroptosis has been followed for years, wherein activated caspase-1 cleaves
pro-IL-1p and GSDMD to IL-1f and GSDMD-N, respectively. The GSDMD-N forms
membrane pores through which IL-1 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]. H202
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-1 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-Hz20:.
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Figure 5.1: Pneumococcal H;O, primes and activates the NLRP3 inflammasome pathway
resulting in pyroptosis-independent IL-1p release.
H»O, primes 16HBE cells resulting in NF-kB activation, which initiates the transcription
of NLRP and pro-IL-15. H,O; 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-1B to active IL-1B. Meanwhile, GSDMD is
cleaved to an inactive form by caspase-3. Therefore, the final IL-1p release is mediated by
caspase-3 dependent apoptotic cell lysis. Figure created with BioRender.
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5.2 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 111, 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 1AV, 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 111, 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 111, Fig. 2-3). Intracellular citrate accumulation was the most prominent signature of
pneumococcal infections (Fig. 5.2, paper 111, 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 111, 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 HIN1 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 H20;

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 111, 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 H202 [284-286]. Therefore, to determine the impact of pneumococcal H202 on
intracellular citrate accumulation, we generated a TIGR4AspxB mutant. The SpxB-deficient
mutant produced significantly lower amounts of H202 as compared to the wild-type strain
(paper 111, Fig. 4b). 16HBE cells were infected with TIGR4 or the spxB-deficient mutant,
following the protocol outlined in paper 111, Fig. 1a. Direct stimulations with H202 were also
performed. In addition, catalase was added to wild-type infection and H20:2 stimulation to
neutralize the effects of H202. Consequently, intracellular citrate accumulation was only
observed in TIGR4 wild-type infection and H20: stimulation (paper I1l, Fig. 4d).
Intracellular citrate  concentrations  significantly decreased in infections/stimulations
supplemented with catalase and remained at the level of uninfected control in infections with
TIGR4AspxB. These results clearly demonstrated that pneumococcal H202 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 |1 that
pneumococci-derived H202 activates the NLRP3 inflammasome and induces apoptosis in
16HBE cells. However, the role of excessive intracellular citrate in H202-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 H,O..
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 H20-.

5.3 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 Aply 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 1V,
Fig. 2c-d). In contrast, Aply lysates did not induce cytotoxicity or neutrophil activation
(paper 1V, Fig. 2c-d). This result suggests that Ply is one of the major pneumococcal
cytoplasmic components responsible for neutrophil activation. TIGR4 wt and Aply 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 1V, Fig. 1d and
2a-b), indicating Ply-independent neutrophil activation. This effect may be caused by
pneumococcal-H202, 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 1V, Fig. 3a). Based on
cytotoxicity assays with plasma supplementation, 0.3125 pg and 2.5 pg 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 1V, Fig. 3b). Immunofluorescence
imaging of Ply-stimulated neutrophils confirmed the presence of Ply on neutrophil surface even

at sublytic concentrations (paper 1V, 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 1V, Fig. 4 and Supplementary Fig. 3). Ply-mediated neutrophil lysis
(paper 1V, Supplementary Fig. 3) and degranulation (paper 1V, Fig. 4a), diminished with

47



RESULTS & DISCUSSION

increasing concentration of ATP. AZ10606120 did not affect Ply-neutrophil interactions.
This result contradicts studies by Domon et. al., suggesting that Ply interacts with P2X;R 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 1V, Fig. 4c). The released granule content
of stimulations with sublytic Ply concentration was equivalent to that of lytic stimulations
(paper 1V, 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 1V, 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 1V, Fig. 6a and 6c).
On the contrary, dATP showed no such interaction (paper 1V, Fig. 6b). Flow cytometry
analysis further confirmed this finding. Addition of ATP to Ply stimulations almost completely
abolished Ply binding to the neutrophils (paper 1V, 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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5.4 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 H202 and Ply on

the host innate immune defenses.

Paper | and Il

In paper | we discussed about the structure, assembly and activation of the NLRP3
inflammasome. We explored various IL-1f inhibiting drugs and summarized the current limited
knowledge of inflammasome activation in pneumococcal pathogenesis. Although previous
studies have revealed the importance of pneumococcal H20: 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 H202 on two crucial cell death pathways, namely
apoptosis and pyroptosis. We show that:
e pneumococci-derived H202 has a detrimental effect on human bronchial epithelial cells.
e H202 mediates priming and activation of the NLRP3 inflammasome, resulting in
caspase-1 dependent IL-1p production.
e IL-1p 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 H20z,
further studies pertaining to cross-talks with other cellular pathways such as necroptosis and

PANoptosis are warranted.

Paper 111
To understand the disease pathology, it is important to understand host metabolic responses to

an infection. In paper 111, 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 H202. 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 1V
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 1V, we aimed to investigate the role of ATP in neutrophil response to pneumococcal
infections. We show that:

e Ply is one of the major pneumococcal neutrophil activators.

e ATP significantly neutralizes Ply-mediated neutrophil degranulation.

e 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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The Role of NLRP3 Inflammasome in
Pneumococcal Infections

Surabhi Surabhi, Fabian Cuypers, Sven Hammerschmidt and Nikolai Siemens ™

Department of Molecular Genetics and Infection Biolagy, University of Greifswald, Greifswald, Germany

Inflammasomes are innate immune sensors that regulate caspase-1 mediated
inflammaticn in response to environmental, host- and pathogen-derived factors. The
NLRP3 inflammasome is highly versatile as it is activated by a diverse range of stimuli.
Howsver, excessive or chronic inflammasome activation and subsequent interleukin-13
(IL-1B) release are implicated in the pathogenesis of various autcimmune diseases such as
rheumatoid arthritis, inflammatory bowel disease, and diabetes. Acccrdingly,
inflammasome inhibitor therapy has a therapeutic benefit in these diseases. In contrast,
NLRP3 inflammasome is an important defense mechanism against microbial infections.
IL-1B antagenizes bacterial invasion and dissemination. Unfortunately, patients receiving
IL-1B or inflammasome inhibitors are reported to be at a disproportionate risk to
experience invasive bacterial infections including pneumoccccal infections.
Pneumococci are typical colonizers of immunocempromised individuals and a leading
cause of community-acquired pneumonia worldwide. Here, we summarize the current
limited knowledge of inflammasome activation in pneumococcal infections of the
respiratory tract and how inflammasome inhibition may benefit these infections in
immunocompromised patients.

Keywords: nucleotide-binding and oligomerization domain-like receptors and pyrin domain containing receptor 3,
inflammasome, pneumococcus {Streptococcus pneumoniae), respiratory infection, immune response

INTRODUCTION

The human innate immunity axis plays a pivotal role in detection of pathogen- or damage-
associated molecular patterns (PAMPs and DAMPs) and contributes to a crucial inflammatory
response. To sense PAMPs and DAMPs, innate immune cells express pattern recognition receptors
(PRRs}. PRRs are classified into five families: Toll-like receptors (TLRs), Nucleotide-binding and
oligomerization domain (NOD)-like receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-like
receptors, C-type lectin receptors, and Absent in melanoma 2 (AIM2)-like receptor (ALR) (1).
Furthermore, other molecules such as cyclic GMP-AMP synthase can sense pathogen-derived DNA
(2). Inflammasomes are one of the most recently discovered classes of NLRs (3).

To date, 22 human NLRs are described. Among them, NLR and pyrin domain containing
receptor 3 (NLRP3) is by far the best characterized (4). A wide range of stimuli including bacterial
pore forming toxins can activate the NLRP3 inflammasome (5). The subsequent release of
interleukins (IL) IL-1(} and IL-18 induces a diverse range of protective host pathways aiming to
eradicate the pathogen (6). However, uncontrolled and excessive hyper-inflammation can be a
driver of several inflammatory and autoimmune diseases (7, 8). Implication of the NLRP3
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inflammasome in inflammatory diseases has provided new
avenues for designing drugs which target the inflammasome
and its signaling cascade. However, it is observed that patients
who receive NLRP3 or IL-1p inhibitors are disproportionately
susceptible to bacterial infections (9). Therefore, it is of high
importance to understand the role of NLRP3 inflammasome in
bacterial pathogenesis.

CANONICAL NLRP3 INFLAMMASOME
ACTIVATION

NLRP3 inflammasome is a multi-protein complex comprising of
a sensor NLRP3 protein, an adaptor apoptosis-associated speck-
like protein (ASC), and the zymogen procaspase-1 (10). The
cytosolic NLRP3 protein contains an N-terminal Pyrin domain
(PYD}, a central NACHT domain, and a C-terminal leucine-rich
repeat (LRR) domain, The NACHT domain possesses adenosine
triphosphatase (ATPase) activity and comprises of nucleotide-
binding domain (NBD), helical domain 1 (HD1), winged helix
domain (WHD} and helical domain 2 (HD2) (11}, The ASC
domain is a bipartite molecule that contains an N-terminal
PYD domain and a C-terminal caspase activation and recruitment
domain (CARD). Procaspase-1 consists of an N-terminal CARD, a
central large catalytic p20 subunit, and a C-terminal small catalytic
p10 subunit (12).

In resting macrophages, the NLRP3 and pro-IL-10
concentrations are insufficient to initiate activation of the
inflammasome (13). Therefore, the NLRP3 inflammasome is
activated in a two-step process. The first, so called priming
step, is initiated via the inflammatory stimuli which are
detected by TLRs, tumor necrosis factor receptors (TNFR) or
IL-1R. These actions activate downstream the transcription
factor NF-xB. NF-xB, in turn, upregulates the expression of
NLRP3 and pro-IL-1B. In contrast, the priming step does not
affect the expression of ASC, procaspase-1 or IL-18 (14-16).
Following priming, a second activation step is essential for the
assembly of the inflammasome. NLPR3 is highly diverse in
nature and a wide range of stimuli can activate it. Common
activators of the NLRP3 inflammasome are pathogens (17),
extracellular AT'P (18), pathogen associated RNA, proteins and
toxins (5, 19, 20), heme (21), endogenous factors (amyloid—ﬁ,
cholesterol crystals, uric acid crystals) (22-24), and
environmental factors (silica and aluminum salts) (24, 25).
These activators do not directly interact with the inflammasome
but rather cause various changes at the cellular level. These include
changes in cell volume (26), ionic fluxes {27), lysosomal damage
(28), ROS production, and mitochondrial dysfunction (29). The
second activation step is essential for cells such as macrophages
and epithelial cells. In contrast, human monocytes can release
mature IL-1f already after priming (30, 31). Upon activation,
oligomerization of the NLRP3 complex occurs via homotypic
PYD-PYD interaction of the sensor and adaptor protein, and
CARD-CARD interaction of the adaptor and procaspase-1
(Figure 1). Following assembly, recruited procaspase-1 is
converted to bioactive caspase-1 through proximity induced

auto-proteolytic cleavage (32). Subsequently, caspase-1 cleaves
the cytokine precursors pro-IL-1B and pro-IL-18 into mature
forms. Simultaneously, caspase-1 cleaves gasdermin-D
(GSDMD). After proteolytic cleavage, the C-terminal GSDMD
(GSDMD-C) remains in the cytosol, while GSDMD-N anchors
the cell membrane lipid. The lipid binding allows GSDMD-N to
enter the lipid bilayer. Subsequent GSDMD-N oligomerization
within the membrane results in pore formation leading to cell
swelling and lysis. The pores serve thereby as protein secretion
channels for IL-1p and IL-18. This form of a programmed
inflammatory cell death is called pyroptosis (33-35). However,
Iytic GSDMD-N dependent secretion of IL-1P3 does not apply
universally to all cell types. Studies on neutrophils have shown
that GSDMD-N does not localize at the plasma membrane.
Instead, it co-localizes with membranes of azurophilic granules
and LC3" autophagosomes resulting in a non-lytic pathway
dependent IL-1f secretion which depends on autophagy
machinery (36). Alongside with IL-1, other pro-inflammatory
cytokines, eicosanoids, and alarmins are released into the
extracellular space. These actions accentuate the inflammatory
state by recruiting additional inflammatory immune cells of
different lineages (37-39).

Apart from the canonical, non-canonical NLRP3
inflammasome activation is described (40). Non-canonical
inflammasome activation is triggered by caspases-4/5 in
humans (41). However, the noncanonical form can sense only
Gram-negative bacteria. Therefore, it potentially does not play a
role in Gram-positive bacterial infections (40).

APPROVED IL-1p INHIBITING DRUGS AND
THEIR SIDE-EFFECTS IN PATIENTS

NLRP3 inflammasome signaling is implicated in the onset of a
number of diseases, including gout (24), atherosclerosis (23),
type 11 diabetes (42, 43), Cryopyrin-associated periodic
syndrome (CAPS) (44), various types of cancer (45), and
inflammatory bowel disease (IBD) (46). In the following, we
give just two examples of the role of NLRP3 in auto-
inflammatory and auto-immune diseases.

CAPS summarizes three auto-inflammatory diseases caused
by mutations in the NLRP3 gene. These include familial cold
auto-inflammatory syndrome (FCAS), Muckle-Wells syndrome
(MWS), and neonatal onset multisystem inflammatory disease
(NOMID). In most cases, CAPS manifests during the childhood
and is characterized by spontaneous NLRP3 activation and
excessive IL-1B production resulting in frequent episodes of
fever, skin rashes, joint and eye inflammation. In severe cases,
children can suffer from periorbital edema, amyloidosis,
polyarthralgia, growth retardation, and death (47, 48). In vivo
studies with transgenic mice expressing the human disease-
associated R258W (MWS) or A350V and L351P (FCAS)
mutations in the NLRP3 gene demonstrated the detrimental
role of IL-1 in these diseases (49, 50). Genetic deletion of the
IL-1R efficiently rescued NLRP3*°Y and partially NLRP3-40
mice from neonatal lethality (49).
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FIGURE 1 | NLRP3 inflammasome activation by pneumococd. Pneumococal secrete two major virulence determinants: pneumolysin [PLY) and hydrogen peroxide
(H=0g). In neutrophils (PMN), PLY-mediated NLRP3 activation is a result of K~ efflux. K* efflux activates NLRP3 inflammasome resulting in caspase-1 activation and
subsequent cleavage of pro-IL-1f into mature form. In macrophages, PLY-mediated NLRP3 inflammasome activation is among others dependent on ATP. The
released IL-1( stimulates epithelial cells. As a result, they release chemoattractants. including CXCL1 and CXCL2. Both chemokines are involved in processes
resulting in neutrophil influx. Furthermore, IL-1p is involved in T helper type 17 cells differentiation and subsequent IL-17A release. In contrast to PLY, HoO5
suppresses NLRP3 inflammasome in macrophages (M®) resulting in pro-IL-1p accumulation in these cells (APC, antigen presenting cell)
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Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by persistent synovial inflammation and hyperplasia
of the diarthrodial joints and progressive destruction of cartilage and
bane (51). In particular, chondrocytes- and monocytes-derived TNF
and IL-1P are associated with hyper-inflammatory processes in
affected joints (52). At the local level, even low concentrations of
IL-1f induce production and secretion of matrix metalloproteinases,
which are mainly involved in destructive processes (53). Furthermore,
IL-1P assists in T helper type 17 (Th17) cells differentiation and
subsequent IL-17A production. Both processes further contribute to
the hyper-inflammatory state of RA (54). These data implicate
NLRP3 inflammasome as one of the contributing factors to RA
progression. In line with this, several studies have shown that NLRP3
and other inflammasome-related genes are highly upregulated in
monocytes, macrophages, and dendritic cells of RA patients.
Furthermore, NLRP3 gene polymorphisms (e.g., rs35829419,
1810754558, 184612666) were associated with RA manifestation and
pathogenesis [reviewed in (55)].

Although the above mentioned diseases affect different organs
and are diverse in nature, they are also characterized by a
common feature, namely elevated levels of TL-1P. Tt is of
significance to mention that IL-1B release is not limited to
NLRP3 inflammasome activation. A variety of mechanisms,
including AIM2 inflammasome activation, which also plays a
crucial role in bacterial detection, can result in production and
release of IL-1[3 [reviewed in (56)]. Therefore, treatments target

various components of the signaling cascade and particularly
IL-1. Several strategies that combat IL-1 action have undergone
substantial clinical trials. Some of them are summarized in
Table 1. Anakinra, Rilonacept, and Canakinumab are clinically
approved IL-1 inhibiting drugs and the best studied agents (73).
Anakinra is an IL-1 receptor antagonist and is used among
others for the treatment of RA, acute gouty arthritis, and CAPS.
It blocks the action of both IL-1¢t and IL-1 {74-76). Clinical
trials with Anakinra reported elevated numbers of infectious
episodes in Anakinra-treated patients as compared to the
placebo-treated group during the first 6 months of treatment.
Furthermore, the incidence of serious infections was increased.
These infections comprised mainly of cellulitis, pneumonia, and
bone and joint infections as well (57). Rilonacept is a dimeric
fusion protein that contains two IL-1 receptors attached to the Fc
portion of human IgGl. Similar to Anakinra, it blocks the
activity of IL-1 isoforms but does not interact with the IL-1
receptor. Rilonacept is used to treat CAPS and the most reported
side-effects include skin reactions and upper respiratory tract
infections (58). Canakinumab is a monoclonal IgGl that
specifically targets TL-1p and is commonly used for treatment
of Periodic Fever Syndromes, MWS, and acute gouty arthritis
(59, 60). Among the various side effects, respiratory tract
infections were the maost reported side effect in clinical trials (60).

AllTL-1 inhibiting strategies are well tolerated in the majority
of patients. The most common adverse effect is a dose-dependent

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 614801

69



PAPER 1

Surabhi et al

Inflammasome and Pneumococci

TABLE 1 | NLRP3 inflammasome inhibitors used in clinics.

Drug Target Inhibition mechanism Treatment Reference

Anakinra |L-1 receptor IL-1 receptor antagonist Rheumnatcid arthritis, Cryopyrin-associated periodic syndrome (57)

Rilonacept IL-1ecand IL-18 IL-1 blocker Cryopyrin-asgociated periodic syndrome {58, 59)

Canakinumab IL-1B3 Menaclonal IgG1 antibody CAPS and other Periodic Fever Syndromes, active Still's {ES-61)
disease

Tranilast* NACHT domain Inhibits the NLRP3 oligomerization Brenchial asthma, atypical dermatitis, allergic conjunctivitis. (62)
keloids, and hypertrophic scar

Gevokizumab* IL-18 Menoclonal anti-IL-1 antibody Diabetes, autoimmune disease (63, 64)

Ly2189102" IL-1B Humanized monaclonal anti-IL-1f antibody Rheumatcid arthritis, Type 2 disbetes (65)

Glyburide" ATP-sensitive K Indirect inhibition of the NLRP3 inflammasome Type 2 diabetes, gestational diabetes (B56-68)

channels

VX-740F Caspase-1 Non-peptide caspase-1 inhibitor Osteoarthritis and rheumatoid arthritis (B9}

(Pralnacasan)

VX-765" Caspase-1 Peptidomimetic metaboliteCaspase-1/4 inhibitor - Rheumatcid arthritis (70)

(Belnacasan) Caspase-4

OoLT1177% NLRP3 ATPase Blocks NLRP3 ATPase activity, restricts Osteocarthritis (71}

inflammascme activation
AMG108 IL-1R1 Human maonoclonal IL-1R1-antibody Osteoarthritis (72)

“approved drug but not for NLRP3; “ongoing clinical trials.

skin irritation at the injection site. However, a substantially
increased incidence of bacterial infections of the respiratory tract
caused by Gram-positive bacteria, including pneumococci,
Staphylococcus aureus (SA), andfor group A streptococci (GAS)
are reported (77). Furthermore, IL-1 inhibiting therapies
were associated with a higher incidence of fatal infections as
compared to the placebo treated group. Therefore, treatment
with TL-1 inhibiting drugs is not recommended for patients with
an ongoing infection or with a history of severe infections (59,
77,78).

ROLE OF NLRP3 INFLAMMASOME IN
PNEUMOCOCCAL INFECTIONS

Pneumococci, SA, and GAS are frequent colonizers of the upper
respiratory tract (79). Colonization is usually asymptomatic in
healthy individuals. However, imbalances in the immune system
can lead to severe, invasive and even life-threatening diseases
such as pneumonia and sepsis. The occurrence of the more
severe forms of infection is commonly found in children younger
than 5 years of age, elderly, and immuno-compromised
population (80). Due to the immunosuppressive nature of I1L-1
inhibiting agents, patients undergoing treatment seem to be at
higher risk to develop infections caused by these bacteria (77,
81). In general, inflammation plays a crucial role in infectious
diseases. Impaired or insufficient inflammatory response can
result in prolonged and/or recurrent infections. In contrast,
excessive hyper-inflammation is associated with fatal outcome
(82, 83).

Prneumococci colonize the nasopharyngeal cavity of 20%-
50% of children and 8%-30% of adults. They have been
implicated as the most common etiologic agent of community-
acquired pneumonia (80, 84). However, only limited number of
studies investigated the role of inflammasome in pneumococcal
infections and contrary results are reported. For example, one
murine model study reported that NLRP3™~ mice are more

susceptible to pneumococcal pneumonia (85). In contrast, a
study on pneumococcal meningitis showed that mice with an
active NLRP3 signaling have higher clinical scores, suggesting
that NLRP3 activation contributes to brain injury (86). Since the
incidence of respiratory tract infections is elevated in patient
receiving IL-1 inhibiting agent, we will solely focus on the role of
NLRP3 in respiratory pneumococcal infections.

Two of the most important secreted pneumococcal virulence
determinants are hydrogen peroxide (H,0,) and the cholesterol-
dependent cytolysin, pneumolysin (PLY) (87). Both factors are
implicated in inflammasome activating and suppressive
processes. Based on the pneumococcal serotypes used for the
infection, the NLRP3-dependent IL-1f} secretion by human cells
varies. Macrophages infected with serotypes that are associated
with invasive diseases and express low/non-hemolytic PLY
(serotypes 1, 7F and 8), release lower amounts of IL-13 as
compared to macrophages infected with serotypes expressing a
fully active PLY (serotypes 2, 3, 6B, 9N} (88, 89). Being poor
activators of the inflammasome, the invasive serotypes are
potentially less efficiently recognized by the innate immune
system and therefore, are less susceptible to immuno-mediated
clearance. However, the exact mechanism of NLRP3 activation
by PLY is unknown. This process is most likely of indirect nature
(Figure 1). Studies on human neutrophils have shown that PLY-
mediated NLRP3 activation is a result of potassium ion (K*)
efflux. Experimental inhibition of K' efflux in neutrophils
resulted in impaired caspase-1 activation and subsequently in
diminished IL-1f processing (Figure 1). Furthermore, it was
shown that lysosomal destabilization did not play a role in PLY-
mediated IL-1P processing in neutrophils (90). In general, IL-1j
induces the production of chemoattractants, such as CXCL1 and
CXCL2 by lung epithelial cells, which enhance neutrophil influx
(91) and subsequent bacterial clearance at the site of infection
(92, 93). Studies on pneumococcal infections of mouse peritoneal
neutrophils indicate that NLRP3 inflammasome is mainly
responsible for IL-1J secretion, while the ATM2 and NLRC4
inflammasomes are dispensable in these type of immune
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cells (94). Furthermare, neutrophil-derived IL-1f is involved in
activation of Th17 cells. Th17-derived IL-17A acts as an
additional chemoattractant-stimulating agent (95, 96} and
indirectly mediates neutrophilia in the infected organs
(Figure 1) (97). Nonetheless, neutrophil influx alone is not
sufficient to clear pneumococci and macrophage influx is
essential to ensure bacterial elimination (93, 98). A study by
Hoegen and colleagues demonstrated that PLY was a key inducer
of NRLP3 inflammasome and IL-1B expression in human
differentiated THP-1 cells (86). In contrast to neutrophils,
NLRP3 inflammasome activity was dependent on lysosomal
destabilization, release of ATP, and cathepsin B activation (86).
Furthermore, NLRP3 inflammasome activating synergistic
effects of PLY and TLR agonists in dendritic cells and
macrophages are reported (85, 88). However, this is rather a
general inflammasome activating/priming effect. Apart from
NLRP3, PLY can also activate AIM2 inflammasomes (99).

In contrast to PLY, only one study investigated the
pneumococci-derived H,O, and inflammasome interplay. By
utilizing mouse bone marrow-derived macrophages
(mBMDMs), Ertmann and Gekara have shown that mBMDMs
infected with pneumococci accumulate large amounts of pro-IL-
1 and procaspase-1 (100). Detection of the processed forms of
IL-1B and caspase-1 was highly delayed and remained
undetectable until 12h post infection. However, the ratio of
processed IL-1P and caspase-1 to their precursors was still very
low (100). In contrast, spxB-mutant strain, which lacked H,0O,
production, showed an intrinsically increased capacity to activate
the inflammasome. The authors suggested that pneumococci
employ H,0;-mediated inflammasome inhibition as a
colonization strategy (100). Although the study provides highly
relevant new insights into pneumococci-host interplay,
verification of these results in human host system is warranted.
However, host factors upstream or downstream of NLRP3
inflammasome also play a crucial role in colonization and
infection processes. Studies in aged mice have suggested that
an increase in endoplasmic reticulum stress and enhanced
unfolded protein responses contribute to diminished assembly
and activation of the NLRP3 resulting in failed clearance of
pneumococci (101). In support of this, Krone and colleagues
demonstrated that aged mice shows a delayed clearance of
pneumococci in the nasopharynx as compared to young mice
(102). The authors attributed the observed phenotype to the
impaired innate mucosal immune responses in aged mice,
including NLRP3 and IL-1[ suppression. Furthermore, Lemon
and colleagues demonstrated a prolonged colonization of ILIR™
adult mice as compared to wild-type mice (93). The prolonged
colonization was linked to reduced numbers of neutrophils at
early stages of infection and reduced macrophage influx at later
time points of carriage in ILIR™ mice (93).

Apart from the bacterial pore-forming toxins, microbial RNA
has also been implicated as a direct NLRP3 inflammasome
activator (19). Studies showed that even small fragments of
staphylococcal or group B streptococcal (GBS) RNA are
sufficient for inflammasome activation in human THP-1-derived

and mouse macrophages (103, 104). Based on detailed analyses of
GBS and mouse macrophages interplay, Gupta and colleagues
proposed that bacteria-mediated activation of NLRP3
inflammasomes requires bacterial uptake, phagolysosomal
acidification, and toxin-mediated leakage. Subsequently, the free
accessible bacterial RNA interacts with NLRP3 and activates the
inflammasome cascade (104). Whether such mechanism applies
to pneumococcal infections, remains to be elucidated.

In general, tightly controlled inflammasome activation in
pneumococcal pneumonia is one of many important host
defense mechanisms contributing to bacterial clearance (56).
However, excessive NLRP3 activation can also lead to
uncontrolled pyroptosis. The disproportionate gasdermin-D
mediated cell membrane rupture in a variety of lung cells may
result in a release of plethora of alarmins, including processed
antigens, A'l'P, HMGBI, reactive oxygen species, cytokines, and
chemokines (105). These prompt an immediate reaction from
resident and recruited immune cells leading to a pyroptotic chain
reaction with subsequent excessive tissue pathology (106).
Furthermore, pathogen-associated antigens might disseminate
to other organs resulting in a severe systemic hyper-
inflammatory response (105). Whether such actions apply to
pneumococcal pneumeonia remains to be shown.

CONCLUSION

Besides the crucial role of NLRP3 inflammasome activation in
inflammation, many studies implicate NLRP3 inflammasome in
the pathology of several autoimmune and auto-inflammatory
disorders. Currently, the most common therapy for such diseases
involves the use of immuno-suppressive, cytokine inhibiting
therapies, such as IL-1 inhibitors. The immuno-suppression of
patients by these agents results in side effects that often include
respiratory tract infections caused by pneumococci. However,
only a limited number of studies investigated the role of the
NLRP3 inflammasome in pneumococcal respiratory infections.
Future studies, especially those considering the complex
interplay of human genetics, immuno-suppressive status, and
age with pneumococcal colonization are needed to better
understand the role of NLRP3 inflammasome in such infections.
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Abstract

Epithelial cells play a crucial role in detection of the patho-
gens as well as in initiation of the host immune response.
Streptococcus pneumoniae (pneumococcus) is a typical colo-
nizer of the human nasopharynx, which can disseminate to
the lower respiratory tract and subsequently cause severe
invasive diseases such as pneumonia, sepsis, and meningitis.
Hydrogen peroxide (H,0,) is produced by pneumococci as a
product of the pyruvate oxidase SpxB. However, its role as a
virulence determinant in pneumococcal infections of the
lower respiratory tract is not well understood. In this study,
we investigated the role of pneumococcal-derived H;0; in
initiating epithelial cell death by analyzing the interplay be-
tween 2 key cell death pathways, namely, apoptosis and py-
roptosis. We demonstrate that H,O, primes as well as acti-
vates the NLRP3 inflammasome and thereby mediates IL-1(3
production and release. Furthermore, we show that pneu-
mococcal H,0, causes cell death via the activation of both

apoptotic as well as pyroptotic pathways which are medi-
ated by the activation of caspase-3/7 and caspase-1, respec-
tively. However, H,O,-mediated IL-1B release itself occurs
mainly via apoptosis. @ 2021 The Author(s)
Published by 5. Karger AG, Basel

Introduction

Streptococcus prneumoniage (pneumococcus), a Gram-
positive bacterium and a typical asymptomatic colonizer
of the human upper respiratory tract, remains the most
commonly identified cause of community-acquired
pneumonia [1]. Pneumococci are equipped with a variety
of virulence factors allowing them to circumvent the host
immune response. In many cases, initial mild manifesta-
tions may result in severe invasive discases such as pneu-
monia, meningitis, and sepsis [2, 3]. One of the most im-
portant and well-studied secreted virulence factors of
pneumococci is the pore-forming cytolysin pneumolysin
(Ply) [4]. Moreover, pneumococci secrete high amounts
of hydrogen peroxide (H,0,) as a product of the pneu-
mococcal carbohydrate-metabolizing enzyme pyruvate
axidase SpxB [5]. Tt is believed that secreted H,0; dif-
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fuses through the host cell membrane and causes oxida-
tive damage [6]. Consequently, Spellerberg and col-
leagues have shown that S. preumoniae mutants deficient
in H,O, production are characterized by a reduced viru-
lence in vivo [5]. Furthermore, it was demonstrated that
pneumococci-derived HyO, is a major vasodilator and
contributes to the cerebral hyperemia during carly stages
of meningitis and therapies with antioxidants attenuate
the pathophysiological responses [7, 8]. In vitro studies
with cells of the respiratory tract showed that both H,O,
and Ply attenuate ciliary function by (i) slowing down the
ciliary beat frequency and (ii) impairing the structural in-
tegrity of human ciliated epithelium [9, 10]. Furthermore,
studies on rat alveolar epithelial cells have demonstrated
that cell injury induced by S. pneumoniae mutants that
lacked Ply activity was comparable to that of the parental
strain. 1,0, was identified as a major factor responsible
for the cell cytotoxicity [11].

Epithelial cells span the entire length of the respiratory
tract and were initially presumed to solely serve as a phys-
ical barrier for inhaled particles or microorganisms [12].
However, many studies have shown their significance as
important immune sentinels [13, 14]. They possess a di-
verse repertoire of pattern-recognition receptors that as-
sist in detection of various pathogen and danger-associ-
ated molecular patterns [15]. Once the healthy host cells
encounter a death-inducing stimulus, they can initiate a
variety of molecular cell death pathways. Apoptosis is a
controlled form of cell death, which features the activa-
tion of initiator caspases like caspases-2, 8,9, and 10. Sub-
sequently, these caspases activate effector caspases such
as caspases-3, 6, and 7 [16]. Once activated, the effector
caspases cleave various intracellular substrates, including
a-fodrin, gelsolin, p21-activated kinase 2, and inhibitor of
caspase-activated DNase/DNA fragmentation factor-45
[17]. The final stage of apoptotic cell death includes the
formation of apoptotic bodies which expose surface mol-
ecules. Professional phagocytes including macrophages
recognize the apoptotic bodies and ingest them, making
this form of cell death less inflammatory in nature [16].

Pyroptosis is another form of programmed cell death,
and in contrast to apoptosis, it is more of a pro-inflam-
matory nature. Pyroptosis is driven by the activation of a
diverse range of inflammasomes. Inflammasomes are
multiprotein complexes that assemble based on the de-
tection of danger signals [18]. Of the various inflamma-
somes, NLRP3 inflammasome is the most unique as it is
activated by a wide range of stimuli, such as whole patho-
gens [19], extracellular ATP [20], and pathogen-associat-
ed RNA and toxins [21, 22]. The NLRP3 inflammasome

2 J Innate Immun
DOI: 10.1159/000517855

is activated in a two-step process, namely priming and
activation [23, 24]. The priming step is essential to in-
crease the intracellular concentrations of NLRP3 and
pro-interleukin (IL)-13. The transcription factor NF-«xB
is activated upon detection of a priming signal via toll-like
receptors, tumor necrosis factor receptors, or interleu-
kin-1 receptors. NF-kB further upregulates the gene ex-
pression of NLRP3 and pro-IL-1P. However, the priming
step itself does not result in IL-1p secretion. Next, the ex-
posure to an activating signal leads to the assembly and
activation of the NLRP3 inflammasome [18]. Active
NLRP3 inflammasome converts recruited procaspase-1
to bioactive caspase-1, which further cleaves inactive pro-
IL-1p and pro-IL-18 into mature 1L-1p and IL-18, respec-
tively. Furthermore, caspase-1 cleaves 50-kDa gasder-
min-D (GSDMD) into an active 30-kDa GSDMD-N (N-
terminal domain of GSDMD) fragment. GSDMD-N
integrates into the cell membrane and forms pores
through which IL-1p and IL-18 are secreted into the ex-
tracellular space. This form of controlled cell lysis is
termed pyroptotic cell death [25-27].

It must be noted that although previous studies indi-
cate the importance of pneumococcal H,0, in causing
cell damage, not much is known about its impact on the
activation of cell death pathways. A study by Erttmann
and Gekara [28] suggested that H,0, blocks ATP-medi-
ated NLRP3 inflammasome activation in mouse macro-
phages. However, this study analyzed exclusively very
early events (30 min) of pneumococcal infections and was
limited to inflammasome activation and not cell death. In
contrast, studies on human macrophages suggest that
NLRP3 is activated in reactive oxygen species-sensitive
manner including H,0, [29, 30]. Furthermore, it was
shown that the addition of H,O, alone to human THP-1
macrophages is sufficient to trigger NLRP3-caspase
1-mediated IL-1p release [30].

Here, we aimed to analyze the impact of pneumococci-
derived H,0, on cell death pathways. We show that H,O,
damages bronchial epithelial cells and induces caspase-1
activation, resulting in 1L-1p release. However, GSDMD-
N, a cleavage product of caspase-1, was not detected and
therefore, IL-10 is mainly released through the apoptotic
pathway.

Materials and Methods

Bacterial Strains

Encapsulated S. prneumoniae wild-type strains TIGR4, 19F, and
D39 and nonencapsulated S. preumoniae D39Acps and its isogen-
ic mutants AcpsAply, AcpsAspxB, and AcpsAplyAspxB were cul-
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tured on Columbia blood agar plates (Oxoid) and in Todd-Hewitt
broth supplemented with 0.5% (w/v) yeast extract (I'HY; Roth).
Streptococcus pyogenes strain 5448 was cultured overnight in THY
[31]. Staphylococcus aureus strain LUG2012 (USA300 lincage) was
cultured overnight at 37°C in casein hydrolysate and yeast extract
medium with agitation [32]. All static bacterial cultures were
maintained at 37°C and 5% CO;. For growth analysis, pneumo-
coccal strains were cultured in THY, and the growth behavior was
monitored by measuring the optical density (ODgog nm)-

S. pneumoniae Mutant Generation

Genomic DNA of the D39Acps strain served as a template for
the knock-out of the ply gene (SPD1726). Briefly, SPD1725 was
amplified using the following primers: 5-CGGGATCCG-
CAAATAAAGCAGTAAATGAC-3 and 5-GACTCTAGAG-
GATCCCCGGGTCAACAGACACTCATCCACATTC-3".  The
resulting PCR product was digested with Sacll, ligated into the
pGEM-T Easy vector, and transformed into E. cofi DH5a. To de-
lete the ply gene, the recombinant plasmid was used as a template
for an inverse PCR with the following primers: 5-CTATT-
TGGGGATCGATTCICTATCCTCAGG-3" and 5-CCGGAA-
GCTTAACAGCGTCTACGCTGACTGTATA-3". The chloram-
phenicol (Cm) resistance gene cassette was amplified using the fol-
lowing primers: 5-CGCGAAGCTTCGAAAATTTGTTTGAT-
TTTTAATGG-3" and 5-GATAATCGATCGGGTTCCGAGG-
CTCAACGTCAA-3". Both PCR products were digested with Clal
and HindIlI, ligated, and transformed into E. coli DH5a. The re-
sulting recombinant plasmid pGEM-TAply::Cim was transformed
into 8. preumoniae D39Acps as described previously [33, 34]. Re-
combinant S. pneumoniae clones were selected on blood agar con-
taining chloramphenicol (5 ug/ml). Replacement of the ply gene
was analyzed via PCR using the following primers: 5'-CGGGATC-
CGCAAATAAAGCAGTAAATGAC-3" and 5'-GCGGTACCCT-
AGTCATTTTCTACCTGAG-3".

Genomic DNA of the D39AspxB mutant, which was kindly
provided by K. Mithlemann (University of Bern, Bern, Switzer-
land) [35], served as a template for spxB gene knock-out. Briefly,
the mutated spxB gene region containing the erythromycin (ermB)
resistance gene cassette was amplified using the following primers:
5-GGAGAACGTTTCCAATTCTATG-3 and 5 -GACCGGATT-
GCTCCGATCTT-3'. The resulting 3.1-kb fragment was digested
with Xcml, ligated into the pGXT plasmid (Promega), and trans-
formed into E. coli DH5a. The purified pGXT-spxB:erm plasmid
was used for transformation of D39Acpsand AcpsAply as described
previously [33, 34]. Bacteria were grown for 2 h at 37°C and plated
on blood agar plates containing 5 pg/mL erythromycin. The result-
ing S. preumoniae 139 spxB-deficient mutants were screened by
colony PCR using the following primers: 5'-GCGCGCTAGCACT-
CAAGGGAAAATTACTGC-3" and 5-GCGCGAGCTCTTATT-
TAATTGCGCGTGATTG-3". Gene organization in D39Acps and
respective mutantstrains are depicted in online suppl. Figure 1; see
www.karger.com/d0i/10.1159/000517855 for all online suppl. ma-
terial.

In addition, the lack of SpxB and Ply was confirmed via West-
ern blot analyses. Briefly, D39Acps mutants were cultivated in
THY medium until the late exponential growth phase was reached,
bacteria were lysed, and protein extracts were separated via SDS-
PAGE and transferred onto a nitrocellulose membrane. For detec-
tion of SpxB and Ply [36], mouse polyclonal antibodies (in-house
production by the laboratory of S.1H.) were used.

H,0, Activates NLRP3 Inflammasome

Measurement of HyO, Production by Pnewmococci

S. pneumoniae strains were cultured in a chemically defined
medium (RPMI1640 containing 2 mM L-glutamine medium [Hy-
Clone] supplemented with 30.5 mMm glucose, 0.65 mM uracil, 0.27
mM adenine, 1.1 mMm glycine, 0.24 mM choline chloride, 1.7 mm
Nal,P0O4-H,0, 3.8 mum Na;HPO4-2H,0, and 27 mM NaHCO;) at
37°C and 5% CO, without agitation (ODggg nr of 0.80-1.0) [37].
Bacteria were pelleted at 10,000 x ¢ for 2 min and the culture su-
pernatants were collected. Five hundred microliters of the culture
supernatant was mixed with 500 puL Titanium-(IV)-oxide-sulfate-
sulfuric acid solution (Sigma-Aldrich). The samples were incubat-
ed at room temperature in the dark for 5 min and the OD of the
resulting solution was determined at 407 nm. A standard curve
containing defined concentrations of H,O, was used to determine
H,0; concentrations in bacterial culture supernatants.

Infections, Stimulations, and Cell Culture Conditions

Bronchial epithelial 1611BE140-cells (161IBE) were used in all
infection and stimulation experiments. Cells were cultured in a
minimum essential medium (Gibco) supplemented with 10% (v/v)
fetal bovine serum (Life Technologies), 2 mM L-glutamine (Invit-
rogen), 10 mM HEPES, and 1% (v/v) minimal essential amino acids
(both GE Healthcare) in fibronectin-coated flasks (Corning) at
37°C and 5% CQO, atmosphere.

For pneumococcal infections or H,O, stimulations, 3 x 10°
cells/well were seeded in 24-well tissue culture plates (Greiner) and
maintained at 37°Cand 5% CO, atmosphere. All experiments were
performed in minimum essential media. The cells were either in-
fected with bacteria (MOI 50) or stimulated with different concen-
trations of HyO, for 2,4, or 6 h. To activate NLRP3 inflammasome,
additional experiments included 4 h of 100 ng/mL LPS or 100 ng/
ml. TNFa cell stimulations prior to an infection or H;0; stimula-
tion. To inactivate H;O;-mediated actions, 300 U/mL of catalase
was added to the experiments.

To assess bacterial infectivity, 16HBE cells were infected with
prneumococc for 2, 4, or 6 h. At indicated time peints, the cells
were washed, detached, lysed, and the viable counts of pneumo-
cocci (colony-forming units) released from lysed cells were deter-
mined by plating serial dilutions on blood agar.

Caspase-1 and Caspase-3/7 Activities

All infection and stimulation experiments were performed as
described above. Four hours post infections/stimulation, active
caspase-1 and caspase-3/7 were labeled with cell-permeable fluo-
rescent probes FAM-YVAD-FMK FLICA or FAM-DEVD-FMK
FLICA (both Bio-Rad) according to the manufacturer’s instruc-
tions. The cell nuclei were stained with Nuclear-1D Red DNA stain
(Enzo Life Sciences). The staining was visualized using an Axio
Observer Z1 microscope (Zeiss). To quantify the amount of cas-
pase-positive cells, random images were taken and caspase-acti-
vated cells are presented as a percentage of caspase-1- or cas-
pase-3/7-active cells in relation to the total cell number.

Cytotoxicity Analysis and IL-13 ELISA

To determine the cytotoxic responses, supernatants of bacterial
infections or H,O, cell stimulations were collected and LDH release
from cells was quantified using CytoTox 96 Non-Radioactive Cyto-
toxicity Assay (Promega) according to the manufacturer’s instruc-
tions. The IL-1p release was quantified using Human IL-1 beta
ELISA (R&D Systems) according to the manufacturer’s instructions.
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Fig. 1. H,O,-mediated cytotoxicity and I1.-1 release by human bronchial epithelial cells. Unprimed, LPS-, or
TNE-primed human bronchial epithelial cells were infected with D39Ac¢ps at MOI 50 in the presence or absence
of catalase for 4 and 6 h. Cytotoxicity (a) and IL-1p release (b) were evaluated at the indicated time points.
Bars (a) denote mean values + standard deviation (SD). The data in (b) are displayed as box plots. The level
of significance was determined using Kruskal-Wallis test with Dunn’s post-test (n = 4; *p < 0.05; **p < 0.01;

#5p < 0.001).

Inhibition Studies

The irreversible caspase-1 inhibitor Ac-YVAD-cmk (Invivo-
gen), caspase-3/7 inhibitor Ac-DEVD-CHO (Enzo Life Sciences),
and NLRP3 inhibitor MCC950 (Invivogen) were used in this
study. All inhibitors were dissolved in DMSQ and were added to
the 16HBE cells 1 h prior to the other stimuli. The following con-
centrations were used: 50 pM (Ac-YVAD-cmk and Ac-DEVD-
CHOQ) and 200 nM (MCC950). Cell treated with 1% DMSQO served
as a vehicle control.

SDS-PAGE and Immuno-Delection of Gasdermin D

16HBE cells (1 x 10°/well) were seeded in 6-well tissue culture
plate and stimulated with 150 uM H,O,, 150 uM H0O4, and 300 U/
mlL catalase or left untreated. After 6 h of incubation, cells were
washed and lysed using NP-40 lysis buffer (150 mm NaCl, 1%
[v/v] NP40, 50 m™ Tris-HCL, pH 8.0-containing protease inhibi-

4 J Innate Immun
DOI: 10.1159/000517855

tor mixture [Cell Signaling Technology]). Samples were normal-
ized to equal amounts of protein (20 pg) and boiled in sample
buffer (100 mMm Tris [pH 6.8], 2% [w/v] SDS, 10% [v/v]
{-mercaptoethanol, 20% [v/v] glycerol, and 0.05% [w/v] bromo-
phenol blue). As molecular mass marker, prestained protein stan-
dards (Bio-Rad) were used. The samples were separated by 12%
SDS-PAGE and transferred to a PVDI' membrane. The mem-
branes were blocked with 3% (v/v) skim milk prior to primary
antibody incubations. Antibody incubations were performed ac-
cording to manufacturer’s guidelines. The following antibodies
were used: Gasdermin DD (E8G3F) Rabbit mAb, Cleaved Gasder-
min D (E7H9G) Rabbit mAb, p-Actin (D6A8) Rabbit mAb (all
from Cell Signaling Technology), and secondary anti-rabbit [gG
horseradish peroxidase linked Fab fragment (GE Healthcare).
Quantification of the Western blots was performed using Image]
software.
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Quantitative Reverse Transcription PCR Analysis

Total RNA was isolated from cells using RiboPure RNA Puri-
fication Kit (Ambion) according to manufacturer’s instructions.
cDNA synthesis was performed using Superscript first-strand syn-
thesis system for RT-PCR (Invitrogen). Quantitative reverse tran-
scription PCR was performed using the SYBR GreenER Kit (Bio-
Rad). All samples were normalized to levels of B-actin transcrip-
tion. The following primers were used: NLRP3-for, 5'-GCAAA-
AAGAGATGAGCCGAAGT-3"s NLRP3-rev, 5'-GCTGTCTTCC-
TGGCATATCACA-3; IL-1B-for, 5'-CACGATGCACCTGTA-
CGATCA-3"; IL-1B-rev, 5'-GTTGCTCCATATCCTGTCCCT-3
h-betaAct-for, 5'-CTCTTCCAGCCTTCCTTCCT-3"; h-betaAct-
rev, 5-AGCACTGTGTTGGCGTACAG-3'.

Statistical Analyses

Statistics were performed using GraphPad Prism version 7.0
(GraphPad). Statistical significance of differences was determined
using Kruskal-Wallis test with Dunn’s post-test. A p value <0.05
was considered significant.

Results

H,0, Produced by Pneumococci Induces Cell Death

and IL-1B Release

Infections of rat alveolar epithelial cells have demon-
strated that Ply-deficient S. pneumoniae mutants are as
cytotoxic as their parental strains [11]. To assess whether
H,0; production by pneumococci can be directly linked
to the cell-damaging events and potentially to inflamma-
some activation, human bronchial epithelial cells were in-
fected with S. pneumoniae D39Acps in the presence or ab-
sence of catalase. Potential catalase-mediated bactericidal
effects were excluded (online suppl. Fig. 1). Since NLRP3
inflammasome activation involves a priming step for NF-
kB activation and subsequent transcription of pro-IL-18
and NLRP3 [38], cells were also stimulated with LPS or
TNFa prior to infections. Four and six hours postinfec-
tion, cytotoxicity as well as IL-1p release was determined
(Fig. 1). While 4 h of pneumococcal infection remained
almost nontoxic to the cells, a significant increase in cyto-
toxicity was observed at 6 h postinfection (Fig. 1a). The
cytotoxicity was significantly diminished in infections
which were supplemented with catalase (Fig. 1a). IL-1p
was only detected in cell culture supernatants at 6-h
postinfection and only in congruence with the high cell
cytotoxicity (Fig. 1b). Both assessed parameters, cytotox-
icity and IL-1p release, did not require a priming step.

Active SpxB and Resulting H,O, Production Are

Responsible for the Cell Cytotoxicity

Pneumococci exploitl pyruvate oxidase enzyme SpxB
to produce H,O, [5]. To study the impact of F, O, on cell

H,0, Activates NLRP3 Inflammasome

death, isogenic spxB-deficient mutants were construct-
ed. To exclude Ply-mediated cytotoxic effects, ply-defi-
cient mutants were also included in this study. Single ply
and spxB as well as double mutants were generated in
D39Acps background. In addition to the nucleic acid
techniques (Methods section), the knock-outs were also
verified via immunoblots targeting Ply and SpxB pro-
teins (online suppl. Fig. 3). Next, functional assays were
performed. Growth analyses confirmed that single as
well as double knock-outs of spxB or/and ply in S. prneu-
moniae D39Acps did not affect bacterial growth behav-
ior in complex THY media (Fig. 2a). Furthermore, H,0,
production by all 4 strains was verified. To exclude
potential capsule-mediated effects on I1,0, release,
encapsulated wild-type strains were also included in
the analysis. SpxB-deficient mutants (AcpsAspxB and
AcpsAplyAspxB) produced significantly lower amounts
of H,O, as compared to D39Acps or D39AcpsAply mu-
tants (Fig. 2b). The presence or absence of capsule did
not play a role in pneumococcal H,0, production and
release (Fig. 2b).

To determine the role of an active SpxB in pneumo-
coccal infections of bronchial epithelial cells, 16HBE cells
were infected with pneumococcal wild-type strains as
well as D39Acps and its isogenic mutants lacking spxB,
ply, or both genes for 2, 4, or 6 h. Total bacterial infectiv-
ity (Fig. 2¢, ¢) as well as cytotoxicity toward the cells
(Fig. 2d, f) was assessed. After an initial increase of bacte-
rial counts from 2 to 4 h of infection, a significant drop in
infection rates for unencapsulated spxB-positive strains
was observed (Fig. 2¢). In contrast, the bacterial counts of
spxB mutants remained at a constant level between 4 and
6 h of infection (Fig. 2¢). Analyses of the cell viability re-
vealed that 16HBE infections with pneumococci harbor-
ing an active spxB gene were characterized by a time-de-
pendent cell cytotoxicity (Fig. 2d). In contrast, mutant
strains lacking spxB were not cytotoxic (Tig. 2d). To assess
if direct contact isrequired for H,O,-mediated damage of
the cells, infections with encapsulated wild-type strains,
which are known to adhere to a lesser extent as compared
to the nonencapsulated strains, were also performed. Af-
ter 4 h of infection, total infectivity of D39 and TIGR4 was
approximately 10-fold lower compared to the D39Acps
strain (Fig. 2¢, e). 19F strain adhered to the cells even at
much lower rates (Fig. 2e). However, the encapsulated
wild-type strains were as cytotoxic as the nonencapsu-
lated mutants (Fig. 2d, f). Taken together, these results
indicate that cell cytotoxicity at the early stages of infec-
tion can be primarily attributed to the influence of H,O,
produced by pneumococci.
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Fig. 2. Pneumococcal H,O, is responsible for bronchial epithelial
cell lysis, a Monitoring of growth behavior of S, pueursoniae
D39Acps, AcpsAply, AcpsAspxB, and AcpsAply AspxB mutant
strains in 'THY medium (n = 3). b H,O; production by pneumo-
cocci was determined by colorimetric analysis of bacterial culture
supernatants (n = 4). 16HBE cells were infected with pneumococ-
cal strains, and bacterial infectivity (¢, €) and cytotoxicity toward

H,0, Activates Caspase-1 and Caspase-3/7 in 16HBE

Cells

Both I1,0,-mediated cytotoxicity toward 1611BE cells
and subsequent IL-1p release suggest the involvement of
NLRP3 inflammasome in pneumococcal infections. To
assess the NLRP3 axis prior to the excessive cell lysis,
unprimed 16HBE cells were infected with pneumococcal
strains for 4 h and caspase-1 activation was determined
via fluorescent probing with FAM-YVAD-IFMK FLICA.
In addition, caspase-3/7 activation as a marker for apo-
ptosis was analyzed. Although initial data indicated that
LPS or TNF priming is dispensable, LPS was kept through
the entire series of experiments as a generally accepted

6 J Innate [mmun
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the cells (d, f) were assessed at indicated time points (# = 4). The
data in (b, ¢, ) are displayed as box plots. Bars in (d, f) denote
mean values £ SD. The level of significance was determined using
Kruskal-Wallis test with Dunn’s post-test (n = 4; n.s., not signifi-
cant; *p < 0.05; **p < 0.01; **p < 0.001). CFU, colony-forming
unit; SD, standard deviation; THY, Todd-Hewitt broth supple-
mented with 0.5% (w/v) yeast extract.

inflammasome model control. Only minor cytotoxic
events were observed in infections with D39 SpxB-ex-
pressing strains (Fig. 3a). Activated caspase-1 was detect-
ed in 10-20% of the infected cells (Fig. 3b, d). In contrast,
spxB mutants did not cause cell lysis (Fig. 3a) and 16HBE
cells remained negative for active caspase-1 (Fig. 3b, d).
Analyses of active caspase-3/7 revealed a similar pattern.
While infections with SpxB-expressing D39 strains acti-
vated caspase-3/7, infections with spxB mutants did not
(Fig. 3¢, d). The observed infection phenotype was inde-
pendent of priming (Fig. 3 and online suppl. Fig. 4a).

To confirm that the activation of caspases and there-
by an increase in cytotoxicity were associated with H,O,,
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Fig. 3. S. pneumoniae strains with functional SpxB aclivate cas-
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ity (a) as well as caspase-1 and caspase-3/7 (b-d) activation was
assessed. The infected cells were stained using fluorescent inhibitor
probe FAM-YVAD-EMK (b, d left panel) and FAM-DEVD-FMK
(¢, d right panel) to microscopically visualize active caspase-1 and

H,0, Activates NLRP3 Inflammasome

caspase-3/7, respeclively. Nuclear-ID stain was used to visualize
cell nuclei. Caspase-1- and caspase-3/7-posilive cells were counted
and are presented as a percentage of positive cells in relation to the
total number of cells (b, ¢). Bars (a) denote mean values + SD. The
data in (b, ¢) are displayed as box plots. The level of significance
was determined using Kruskal-Wallis test with Dunn’s post-test
(n=4;%p < 0.05; ¥p < 0.01; ¥**p < 0.001). SD, standard deviation.
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for 4 h and cytotoxicity (a) as well as caspase-1 and caspase-3/7
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FAM-DEVD-IFMK (¢, d) to microscopically visualize active cas-
pase-1 and caspase-3/7, respectively. Nuclear-1D stain was used to
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visualize cell nuclei. Caspase-1- and caspase-3/7-positive cells
were counted and are presented as a percentage of positive cells in
relation to the total number of cells (b, c). Bars (a) denote mean
values + SD. The data in (b, c) are displayed as box plots. The lev-
el of significance was determined using Kruskal Wallis test with
Dunn’s post-test (n = 4; *p < 0.05; **p < 0.01; ***p < 0.001). SD,
standard deviation.
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Fig. 5. SpxB-mediated H,O, production induces IL- 1 release after
6 h ol simulation. Unprimed, LPS-, or TNF-primed human bron-
chial epithelial cells were infected with D39Acps and the isogenic
mutants at MOI 50 (a, ¢, d), or stimulated with 150 and 100 pm
H,0; in the presence or absence of catalase (b-d). IL-1P release
was evaluated at 6 h post infection (a) or stimulation (b). Relative

16HBE cells were stimulated with pure H,O, for 4 or 6
h. A dose-dependent increase in cytotoxicity toward the
cells was observed (online suppl. Fig. 5). Addition of cat-
alase to the stimulations reverted the cytolytic events
(online suppl. Tig. 5). H,O, concentrations of 100 and
150 uM, which were approximately of equivalent cyto-
toxicity as compared to the D39Acps strain infections,
were used to study the activation of caspases in primed
and unprimed cells. Minor cytotoxicity was only ob-
served in stimulations with 150 uM HyO, (Fig. 4a). Cells
with active caspase-1 were mostly detected in these stim-

H,0, Activates NLRP3 Inflammasome

mRNA expression of NLRP3 (¢) and pro-IL-13 (d) was quantified
in infected and stimulated cells. The datain (a, b) are displayed as
box plots. Bars in (¢, d) denote mean values + SD. The level of sig-
nificance was determined using Kruskal-Wallis test with Dunn’s
post-test (n = 4; *p < 0.05; ¥¥p < 0.01; #**p < 0.001). SD, standard
deviation.

ulations (Fig. 4b, d). Purthermore, caspase-3/7 acliva-
tion followed exactly the same pattern (Fig. 4¢, d; online
suppl. Fig. 4b). Addition of catalase to the stimulations
reduced the H;O;-mediated cytotoxicity and activation
ol caspase-1 and caspase-3/7 (Pig. 4 and online suppl.
Fig. 5}. These results confirm that H,O, induces cell
death and caspase-1 as well as caspase-3/7 actlivation in
16HBE cells.
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H,0, Activates Inflammasome Signaling Resulting in

IL-18 Release

Since active caspase-1 cleaves pro-IL-1p into mature
form, which is mostly released via pyroptosis, IL-1B release
post bacterial infections or H,O, stimulations was deter-
mined in culture supernatants. To confirm that the prim-
ing step is dispensable, TNF and LPS stimulation were per-
formed prior to infections. In line with the cytotoxicity
data (Fig. 2d), IL-1p was exclusively detected after 6 h of
infections with SpxB-positive strains (Fig. 5a; online suppl.
Fig. 6a). H,O, stimulations of 16HBE cells confirmed this
phenotype. The highest amounts of 1L-1p were detected 6
h post stimulations (Fig. 5b; online suppl. Fig. 6b). Addi-
tion of catalase neutralized H,0,-mediated IL-1p release.

Our data clearly indicate that H,O,-mediated cytotox-
icity and IL-1p release do not require a priming step. To
further delineate the role of I1,0, in NLRP3 inflamma-
some activation, NLRP3 and pro-IL-18 mRNA expression
in the infected and H,0;-stimulated cells was analyzed
(Fig. 5¢, d). Cells stimulated with LPS and ATP served as
a positive control. Upregulation in the expression of both
genes, NLRP3 and pro-IL-15, was detected in cells infect-
ed with D39Acps and D39AcpsAply as compared to the
spxB mutant infections (Fig. 5¢, d). Furthermore, both
genes were upregulated in response to H,O, stimulations
(Fig. 5¢,d). Addition of catalase reversed thiseffect. These
results confirm that H,O, alone is sufficient for priming
and activating the NLRP3 inflammasome in 16HBE cells.

IL-1B Release Caused by H,O; Is a Result of NLRP3

Inflammasome Activation but Not Pyroptosis

Caspase-1 activation, cell death, and subsequent IL-1§
release are the hallmarks of inflammasome signaling. To

Fig. 6. 11,0;-mediated IL-1f release is a result of NLRP3 inflamma-
some activation. Unprimed human bronchial epithelial cells were
infected with D39Acps at MOI 50 (a, b), or stimulated with 150 um
H,0, (¢, d). Cells were treated with Ac-YVAD-cmk, Ac-DEVD-
CHO, and MCC950, 1 h prior to the other stimuli. Cytotoxicity (a,
¢} and [L-1P release (b, d) were evaluated at the 6-h time point. The
data are displayed as box plots. The level of significance was deter-
mined using Kruskal-Wallis test with Dunn’s post-test (n = 4; *p <
0.05; **p < 0.01; ***p < 0.001). Western blot analyses of D39Acps-
infected (e) and H,O,-stimulated (f) 16HBE cells. e 16HBE cells
were infected with different D39 mutant strains or (f) stimulated
with H;0, for indicated time points, cells were lysed, and 20 pg of
total protein was separated via SDS-PAGE. Representative images
of GSDMD and B-actin as a loading control from 5 independent
experiments are displayed (n = 5). g Western blot analyses of Strep-
tococcus pyogenes 5448 or Staphylococcus aureus LUG2012-infect-
ed 16HBE cells. Original uncropped versions of the blots are shown
in online suppl. Fig. 7. GSDMD, gasdermin-D.

H,0, Activates NLRP3 Inflammasome

confirm that these H,0,-induced responses were indeed
mediated via the inflammasome pathway, cells were pre-
treated with caspase-1 inhibitor Ac-YVAD-cmk or anin-
hibitor of NLRP3 conformational change and oligomer-
ization MCC950. Since caspase-3/7 activation was also
observed, Ac-DEVD-CHO was used to block apoptosis.
As previously shown, both D39Acps infections and H,O,
stimulations of cells for 6 h resulted in cell death and sub-
sequent IL-1P release (Fig. 6a-d). Blocking of NLRP3,
caspase-1, caspase-3/7, or both caspases resulted in sig-
nificantly diminished cell deathand IL-1p amountsin cell
culture supernatants (Fig. 6a—-d). These results indicate
that H,0, leads to NLRP3 inflammasome activation and
IL-1p production; however, the final IL-1p release is also
dependent on the apoptotic cell death pathway. To verify
these results, it was essential to determine the GSDMD
cleavage products, including full-length GSDMD (50
kDa) and fragments of GSDMD cleaved by caspase-1 (30
kDa) or caspase-3/7 (43 kDa) (Fig. 6¢, f), in infected and
H,0,-stimulated cells. While the 43-kDa GSDMD is in-
active, the 30-kDa GSDMN-N is mainly responsible for
the cell membrane perforation and pyroptosis. Western
blot analyses revealed that full length and small amounts
of the inactivated 43-kDa fragment of GSDMD are pres-
ent in both infected and H,O,-stimulated cells (Fig. 6¢, f;
online suppl. Fig 7). No or traces of the 30-kDa product
were detected in 5 or 4 h infections, respectively (Fig. 6¢;
online suppl. Fig 7). However, 30-kDa GSDMD-N was
not detected in any of the pneumococcal infections if a
specific antibody was used (online suppl. Fig. 7). To show
that GSDMD can be cleaved to GSDMD-N (30 kDa) in
16HBE cells, infections with S. pyogenes 5448 and S. au-
reus LUG2012 were also performed (Fig. 6g). While GS-
DMD-N was not detected in 5448 infections, it was read-
ily detectable in LUG2012 infections (Fig. 6g). Lack of the
active 30-kDa fragment in pneumococcal infections and
inhibition studies suggest that the IL-1p release is inde-
pendent of GSDMD.

Discussion/Conclusion

Epithelial cells of the respiratory tract are the first re-
sponders to an infection or pathogenic stimuli. They re-
spond by secreting various effector molecules such as cy-
tokines and antimicrobial peptides that facilitate an in-
flux of professional phagocytes to engulf the pathogens or
infected and dying cells [39]. Here, we report that pneu-
mococci-derived H,O, induces epithelial cell cytotoxicity
by priming the cells as well as activating the NLRP3 in-
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flammasome, resulting in caspase-1 activation and IL-1§
release. Nevertheless, the final IL-1p release is mainly a
result of an apoptotic cell death.

Pneumococci are frequent asymptomatic colonizers of
the nasopharyngeal cavity and in certain stress condition;
they can disseminate to the lower respiratory tract and
cause invasive diseases, including pneumonia [40]. Two
major secreted cytotoxins, Ply and H,O,, are mainly re-
sponsible for the lytic injury of a wide range of human
cells [41, 42]. As a pore-forming toxin, Ply is implicated
in many cell-damaging processes [43-45]. Previous stud-
ies have shown that Ply activates the NLRP3 inflamma-
some [46]. However, it is noteworthy to mention that Ply
is not actively secreted by S. pneumoniae due to a lack of
an N-terminal signal peptide needed for secretion [47].
Instead, Ply is released via autolysis at the late stage of
growth [48]. It has also been shown that Ply-deficient
bacteria are as cytotoxic as their respective wild-type
strains in the early phase of infection [4]. Therefore, it is
plausible to expect that Ply-specific inflammasome acti-
vation and cell death occur at the later stages of infection.
In contrast to Ply, only 1 study analyzed H,0,-mediated
cell-damaging events in pneumococcal infections. A pre-
vious study showed that pneumococci-derived H, O, sup-
presses ATP-mediated inflammasome activation in
mouse bone marrow-derived macrophages. The authors
proposed that pneumococci utilize H,O, to suppress the
immune system and through this mechanism, the bacte-
ria might colonize and coexist with the host [28]. In the
present study, the cytotoxic impact of pneumococcal
H,0, on bronchial epithelial cells was analyzed. In con-
trast to the study mentioned above, infections with H,O,-
producing pneumococci were highly cytotoxic to the ep-
ithelial cells. This resultis in line with other studies show-
ing that H,0; is of cytotoxic nature [49, 50]. Current
literature implicates pneumococcal H,O, asamajor cause
of lung tissue damage through the apoptotic pathways
[51, 52]. However, little is known about its inflamma-
some-activating properties and pyroptosis. Notably, we
find that caspase-1 and caspase-3/7 are activated by H,0,,
indicating that inflammasome activation occurs and po-
tentially both apoptotic and pyroptotic cell death path-
ways are simultaneously initiated in the presence of H,O,.
Various inflammasome pathways have been studied so
far, of which the NLRP3 inflammasome is the most well
characterized. It can be activated by a wide range of stim-
uli, making it very diverse in nature [53]. In contrast to
monocytes, the NLRP3 and pro-IL-1f concentrations in
resting epithelial cells are inadequate to initiate activation
of the inflammasome, making the priming step manda-
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DOI: 10.1159/000517855

tory [54]. Here, we used LPS and TNF because they are
commonly accepted priming agents in inflammasome-
related studies [23, 28, 54]. During a pneumococcal infec-
tion in the lung, the role of priming can be also provided
by IL-1{ itself [54, 55]. Furthermore, pneumococcal lipo-
proteins can mediate a TLR2 response [56] and could also
play arole in priming. However, our results demonstrate
that the priming is dispensable for H,O,-mediated IL-1f
production in pneumococcal infections. This fact is fur-
ther supported by previous studies which have shown
that H,0, can directly activate NF-xB through the NF-
kB-inducing kinase [57-59].

Furthermore, our data show that caspase-1 or NLRP3
inhibition significantly reduced the I1,0,-mediated cyto-
lytic injury as well as IL-1 release, indicating that H,0,
is a potent activator of the NLRP3 inflammasome. How-
ever, inhibition of the apoptotic pathway followed exact-
ly the same pattern. In support of this, 2 studies demon-
strated that H,0, induces mitochondrial damage which
in turn triggers both apoptotic signals and NLRP3-de-
pendent IL-1f secretion [51, 60]. In the next step, we
aimed to analyze whether H,O, mediates pyroptosis. The
key molecule in this process is GSDMD. For many years,
alinear model of pyroptosis was proposed. Activated cas-
pase-1 cleaves both pro-1L-1p and GSDMD to IL-1p and
GSDMD-N, respectively. The GSDMD-N perforates the
lipid bilayer and IL-1p is released through these pores
[25]. Although our data demonstrate that H,0, induces
caspase-1 activation and IL-1p production, IL-1p release
itself occurs in a GSDMD-independent fashion. Only an
inactive form of GSDMD (43 kDa), a product of cas-
pase-3 cleavage [61], was detected post HyO, stimula-
tions. In line with this, it was suggested that prolonged
stimulation of the inflammasome can potentially resultin
GSDMD-independent cell death and IL-1p release [62].

Nevertheless, cross-talks between the various cell death
pathways in a complex cellular environment can still be
expected. Recently, it was demonstrated that caspase-1 can
also redundantly promote activation of apoptotic execu-
tioner caspase-3 and caspase-7 in macrophages [63]. Fur-
thermore, caspase-3 can activate GSDME/DFNAS5 to form
membrane pores to induce secondary necrotic/pyroptotic
cell death [64, 65]. Even more, cross-talks between pyrop-
tosis and necroptosis have also been reported [66]. Zhao
and colleagues have shown that 11,0, can induce necrosis
through the RIPI/RIP3-PARP-AIF pathway [67]. Fur-
thermore, mixed lineage kinase domain-like, a marker for
necroptosis, is able to activate the NLRP3 inflammasome
and simultaneously rupture the cell membrane, resulting
in GSDMD-independent IL-1p release [66].
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In conclusion, this study strongly supports the concept
that pneumococci-derived H,0, has a detrimental influ-
ence on human bronchial epithelial cells. Although IL-1p
release is mainly dependent on the apoptotic pathway,
H,0, mediates caspase-1-dependent IL-1p production. It
is noteworthy to mention that in a complex cellular envi-
ronment, it is plausible to expect cross-talks between the
various cell death pathways. Therefore, to delineate the
complex nature of cell death induced by H,0s, further
experimental studies pertaining to other cellular path-
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SpxB gene organization in D39Acps and D39AcpsAply

_| SPD_0635 > SPD_0636 >SPD063 SPD_0638

Cation transporting ATPase spxB Glyoxalase  Transposase
a E1-E2 family protein Pyruvate oxidase family protein family protein
2244 nt 1776 nt 348 nt 654 nt

SpxB gene organization in D39AcpsAspxB and D39AcpsAplyAspxB

SPD_0635

SpxB*
Cation transporting ATPase Erythromycin resistance Glyoxalase  Transposase
b E1-E2 family protein cassette family protein  family protein
2244 nt 348 nt 654 nt

Ply gene organization in D39Acps and D39AcpsAspxB

SPD_1726 SPD_1727| SPD_1728 |—
Conserved Ply Hypothetical  Hypothetical
hypothetical protein Pneumolysin protein protein
717 nt 1416 nt 411 nt 609 nt

Ply gene organization in D39AcpsAply and D39AcpsAplyAspxB

Conserved Chloramphemcol resistance Hypothetical Hypothetical
hypothetical protein casselte protein protein
717 nt 411 nt 609 nt

Fig. S1. Gene organization in 5. pneumoniae D39Acps mutants. Gene organization of spxB
(SPD_0636) in (a) D39Acps, D39Acpshply, (b) D39AcpsAspxB and D39AcpsAplyAspxB. Gene
organization of ply (SPD_1726) in (c) D39Acps, D39AcpsAspxb, (d) D39AcpsAply and

D39AcpsAplyAspxB. The gene organization maps were created using KEGG database.
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Fig. S2. Catalase has no bactericidal activity. S. pneumoniae D39Acps was incubated with 300 and
600 U/ml catalase at 37°C. After 4 and 6 h (equivalent to the infection time in Fig. 1) of incubation,

bacterial counts were determined by serial dilution. The data are displayed as box plots.
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Acps  Acps Acps
Acps Aply AspxB  AplyAspxB
Ply
53 kDa
70 kDa —
55 kDa —
40 kDa —
SpxB
65 kDa
70 kDa —
55 kDa —
40 kDa —

Fig. S3. Ply and SpxB Immunoblots. Bacterial lysates of D39Acps and the isogenic mutants were
analysed for the production of Ply and SpxB protein by performing immunoblot. Bacterial lysates
were separated using a 12% SDS gel and blotted onto a PVDF membrane. The membrane was
blocked with 5% (v/v) skim milk prior to primary antibody incubations. 1:1000 dilution of mice anti-
sera against Ply and SpxB were used. Anti-mice IgG Alkaline phosphatase-linked Antibody was used

as a secondary antibody.
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150 pM H202 \ 150 pM H202 +

300 U/ml Catalase

100uM H202 100 uM H202 +
AcpsOply 300 U/ml Catalase

150 uMH202 150 uM H202 +
AcpsAspxB AcpsAspxB 300 U/ml Catalase

100 uM H202 +
AcpsOplyAspxB 300 U/ml Catalase

a AcpsQplyQAspxB

Fig. S4. H,0, and S. pneumoniae strains with functional SpxB activate caspase-1 and caspase-3/7 in
16HBE cells. LPS-primed 16HBE cells were infected with D39 Acps and the isogenic mutants at MOI
50 (a), or stimulated with 150 uM and 100 uM H,0; in the presence or absence catalase (b) for 4 h
and caspase-1 and caspase 3/7 activation was assessed. The cells were stained using fluorescent
inhibitor probe FAM-YVAD-FMK and FAM-DEVD-FMK to microscopically visualize active caspase-1
and caspase-3/7, respectively. Nuclear-ID stain was used to visualize cell nuclei. Representative

images of four independent experiments are shown.
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Fig. S5. Hydrogen peroxide kills 16HBE cells. Unprimed human bronchial epithelial cells were
stimulated with various concentrations of H;0; in the presence or absence of catalase for 4 h (a) and

6 h (b). Cytotoxicity was evaluated at the indicated time points. The data are displayed as box plots

(n=5).
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Fig. S6. IL-1P release after 4 h of bacterial infection or H,0; stimulation. Unprimed or LPS-primed
human bronchial epithelial cells were infected with D39Acps and the isogenic mutants at MOI 50 (a),
or stimulated with 150 pM and 100 pM H;O; in the presence or absence of catalase (b). IL-1P release
was evaluated at 4 h post infection or stimulation. The data are displayed as box plots. The level of
significance was determined using Kruskal Wallis test with Dunn’s post-test (n>4; *, p<0.05; *¥,

p<0.01; ***, p<0.001).
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Fig. S7. Original Western blots of blots displayed in Figure 6. (a) Analyses of bacterial (D39Acps and
mutants) infections. (b) Analysis of hydrogen peroxide stimulations. (c) Analyses of bacterial
(S. pyogenes and Staphylococcus aureus) infections. (d) Specific GSDMD-N analysis in pneumococcal

infections (lanes 1-5 left: 4 h infections; lanes 1-5 right: 5 h infections; lanes 6-7: 4 hH,0,
stimulations).
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Fig. S8. Quantification of Gasdermin D Western blots as displayed in Figure 6e-f and Figure S7.
Quantification of Gasdermin D blots after (a) 4 h and (b) 5 h of bacterial (D39Acps and mutants)

infections. (c) Quantification of Gasdermin D blots post hydrogen peroxide stimulations.
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L etter

Bronchial epithelial cells accumulate citrate intracellularly

in response to pneumococcal hydrogen peroxide

Surabhi Surabhi, Lana H. Jachmann, Michael Lalk, Sven Hammerschmidt, Karen Methling,

Nikolai Siemens

ABSTRACT: Community-acquired pneumonia is an infection of the lower respiratory tract
caused by various viral and bacterial pathogens, including influenza A virus (IAVY),
Streptocaccus pneumoniae, and Sfaphylococcus aureus. To understand the disease
pathology, it is important to delineate host metabolic responses to an infection. In this study,
metabolome profiling of mono- and co-infected human bronchial epithelial cells was
petformed. We show that IAV and S. aureus silently survive within the cells with almost
negligible effects on the host metabolome. In contrast, S. pneumoniae significantly altered
various host pathways such as glycolysis, tricarboxylic acid cycle, and amino acid metabolism.
Intracellular citrate accumulation was the most prominent sighature of pneumococcal
infections and was directly attributed to the action of pneumococci-derived hydrogen peroxide.

No co-infection specific metabolome signatures were observed.

Keywords: metabolism, citrate, infection, Strepfococcus pneumoniae, Staphylococcus

aureus, influenza A virus
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Community-acquired pneumonia (CAP) is a common disease of the lungs in individuals
without recent hospitalization. The annual incidence rate ranges from five to eleven cases per
1,000 populations in Europe and North America." Streptococcus pneumoniae
(pheumococcus) and Staphylococcus aureus remain the most commonly identified Gram-
positive bacterial causes of CAP.?2 During seasonal influenza outbreaks, the circulating
influenza viruses, including influenza A virus (I1AV), become prevalent in CAP. The acquisition
of |AV often results in secondary bacterial infections contributing to severe additional

complications 2

Several omics technologies contributed fundamentally to the understanding of host responses
in respiratory infections. Many studies analyzed host transcriptome or proteome profiles.> To
unravel the dynamic nature of host pathogen interactions, it is crucial to understand host
cellular metabolome because it directly influences its phenotype.® Metabolic pathways provide
energy sources, which are utilized by e.g., lung epithelial cells for specialized functions such
as surfactant production and ciliary beating. Therefore, the active cellular metabolome does
hot only plays a role in maintaining cellular health but is also indirectly implied in mucociliary
pathogen clearance.® Lung epithelial cells are amongst the first cells to encounter a pathogen
and recent studies have linked their metabolic dysfunction to the pathobiclogy of respiratory

diseases.”

Energy metabolism in a cell is a prerequisite for self-preservation. Carbon sources (e.g.,
glucose) are catabolized in three successive processes, glycolysis, tricarboxylic acid cycle
(TCA cycle), and oxidative phosphorylation to produce ATP. The TCA cycle acts as an
epicenter for both anabolic and catabolic pathways. For instance, metabolites of the TCA cycle
such as citrate are involved in de novo nucleotide and lipid synthesis. Meanwhile, amino and
fatty acids are catabolized and feed into the TCA cycle.® To understand the influence of

respiratory bacterial mono and bacterial-viral co-infections on glycolysis, TCA cycle, and
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amino acid production, a cell culture based system of human bronchial epithelial (16HBE) cells

was used.

All mono and co-infections were conducted as depicted in Figure 1A. First, H1N1 replication
in 16HBE cells was confirmed. Irrespective of the infectious dose, equal levels of nucleoprotein
(NP) mRNA expression were detected 24 h after infection (Figure 1B). Based on these resullts,

a multiplicity of infection (MOI) of 0.1 was used for all subsequent experiments.
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Figure 1. Pneumococcal, staphylococcal, and IAV single and co-infections of 16HBE cells. (A)
Schematic illustration of single pneumococcal (TIGR4), staphylococcal (LUG2012), IAV (H1N1) as
well as co-infections. (B) Validation of viral replication in 18HBE cells at indicated time points post
infection. (C) Counts of adherent (extrac.) and intracellular (intrac.) bacteria at indicated time points
post infection. The data are displayed as box-and-whiskers plots of four independent experiments

(n=4). (D) Cytotoxicity towards 16HBE cells after indicated time points of infection. Bars represent the
mean values £SD from four independent experiments (n=4). Abbreviations: antibiotics (Ab);
multiplicity of infection (MOI); colony forming units (CFU).

Next, pneumococcal (TIGR4) and staphylococcal (LUG2012) infections of uninfected or

H1N1-infected 16HBE cells were performed and infectivity, as well as cytotoxicity were
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assessed. lrrespective of the prior H1N1 infection, approximately equal numbers of adherent
bacteria were recovered from 16HBE-cells (Figure 1C). Contrary to pneumococci, which are
considered an extracellular pathogen, staphylococci can reside within the cells for a longer
period without killing them. Assessment of intracellular bacteria revealed that almost negligible
numbers of TIGR4 were located intracellularly (Figure 1C). In contrast, high numbers of
LUG2012 were recovered from the intracellular compartment, even over a longer period of
time (tzs-tso; Figure 1C). Again, no differences in bacterial counts between single bacterial and
co-infected cells were measured. Analyses of the cell viability showed that H1N1, when used
with a MOI 0,1, alone did not harm the cells. In contrast, bacterial infections resulted in a

moderate cytotoxicity (Figure 1D).

Next, intracellular metabolites of glycolysis, TCA cycle, and amino acids of single and co-
infected cells were determined. In general, no specific co-infection signatures were observed.
The majority of changes in metabolite concentrations were exclusively mediated by single or
subsequent pneumococcal infections and independent of a previous H1N1 infection
(Figures 2-3 and S1-83). HIN1 and LUG2012 infections had no or minor impact on
intracellular metabolite composition, respectively (Figures 2-3 and $1-83). In congruence with
elevated SLC2A (glucose transport family) mRNA expression at tzs, glucose consumption
increased in all infections (Figures 2A-B, Figures S1A-B). At tss, levels of intracellular glucose-
6-phosphate, fructose-6-phosphate, dihydroxyacetone phosphate, and fructose were
significantly higher in cells infected with TIGR4 (Figure 2, Figure S1). In contrast, levels of
other glycolysis metabolites such as 3-phosphoglycerate, 2-phosphoglycerate, and
phosphoenolpyruvate as well as relative mRNA expression of genes encoding for glycolytic

enzymes remained unaffected (Figure 2, Figure S1, Table S1).
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Figure 2. Profile of intermediate glycolysis metabolites in response to different infections. (A) Relative
SCL2A (glucose transporter) mRNA expression at indicated time points post infection. (B) Heat map
depicting fold changes of glycolysis metabolites in response to infections as compared to the
uninfected control (t2s). Asterisks indicate significant changes between the infected cells and the
corresponding uninfected control (p<0.05). Intracellular and extracellular concentrations of (C-D)
pyruvate and (E-F) lactate. The data are displayed as box-and-whiskers of five independent
experiments (n=5). The level of significance between the groups was determined using Kruskal Wallis
test with Dunn’s post-test.

Next, the end products of host cell glycolysis were determined. Pyruvate can be either
converted to lactate or fueled into the TCA cycle via acetyl-CoA, among others. In most
infections, intra- as well as extracellular pyruvate and lactate concentration remained at a level
similar to the uninfected control of the respective time point (Figure 2C-F). However, a

significant decrease in both intra- and extracellular pyruvate was detected in pneumococci
5
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single and co-infected 16HBE-cells (Fig 2C-D). In contrast, intracellular lactate levels dropped
while extracellular amounts increased (Figure 2F). In summary, S. aureus and H1N1
infections had no significant impact on glycolysis, whereas pneumococci substantially altered
several steps of the pathway (Figure 2B). It is important to note that pneumococci are lactate
producing bacteria and thus, extracellular lactate is probably not only produced by 16HBE

cells.

To investigate whether pyruvate potentially entered the TCA cycle, intermediates of this cycle
were analyzed. Irrespective of the infection time, intracellular concentrations of TCA cycle
intermediates did not change for viral and S. aureus infections (Figure 3). In contrast, cells
infected with pneumococci showed a significant increase in intracellular concentrations of
citrate and a moderate increase of aconitate in H1N1-pneumococal co-infection (Figure 3A-
B). However, levels of other TCA cycle metabolites decreased in response to all
pneumococcal infections (Figure 3C-G). Again, no major changes in transcription of genes

encoding for TCA cycle enzymes were determined (Table S1).
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Figure 3. Intracellular profile of TCA-cycle intermediates in response to different infections.
Intracellular concentration of (A) citrate, (B) aconitate, (C) isocitrate, (D) 2-oxoglutarate, (E) succinate,
(F) fumarate, and (G) malate are shown. The data are displayed as box-and-whiskers of five
independent experiments (n=5). The level of significance between the groups was determined using
Kruskal Wallis test with Dunn’s post-test. (H) Heat map summarizing fold changes of TCA cycle
metabolites in response to infections as compared to the uninfected control (tzs). Asterisks indicate
significant changes between the infected cells and the corresponding uninfected control (p<0.05).
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As a part of protein catabolism, amino acids are deaminated and fed into the TCA cycle.
Therefore, changes in the intracellular profile of amino acids and their corresponding keto
acids were monitored (Figures S2-S3). All infections involving pneumococci induced a
significant decrease in the intracellular levels of glucogenic amino acids such as glycine,
preline, threonine and asparagine (Figure S2). In contrast, ketogenic amino acid lysine and
hon-proteinogenic amino acid ornithine showed higher intracellular abundance in all
pneumococcal infection (Figure S2). Cells also use glutamine as an energy source via
glutaminolysis, wherein glutamine is converted to glutamate through a deamination reaction
catalyzed by glutaminase. Glutamate is converted to the TCA cycle intermediate a-
ketoglutarate by glutamate dehydrogenase.® At tx higher intracellular concentrations of
glutamine and lower intracellular levels of glutamate were characteristic for all S. aureus

infections. Both values normalized to that of the uninfected control at tsp (Figure S2).

All analyses show that IAV and S. aureus infections are more of silent nature with a very
limited impact on host metabolome. In viral infections, virus multiplication and viral protein
production are accompanied by a phenomenon that is termed “host shutoff”.' This shutoff is
regulated at both, transcriptional ' and translational levels.'? In contrast to bacteria, viruses
solely rely on host resources for multiplication. Transcriptome studies showed that host
pathways that are pivotal for IAV survival such as oxidative phosphorylation are less affected
during IAV infections.'® However, it has also been shown that cells infected with |AV increase
glucose uptake and upregulate glycolysis.’ The incongruence with these studies might be

explained by the mild infectivity of the used H1N1.

Pneumococci are mainly extracellular pathogens, whereas staphylococci can internalize and
persist within the cells for a prolonged period of time.'”® To adapt to the intracellular
environment, S. aureus adjusts its regulatory network accordingly.'® Metabolic analyses of
A549 cells infected with high inoculum of S. aureus have shown significant changes in nutrient

uptake, energy metabolism, nucleotide and amino acid metabolic pathways, especially
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beyond 6 h of infection. In contrast, we observed only minor changes in the host metabolome

most likely due to the cell specific responses to low inoculum infections.

A hallmark of pneumococcal infections was intracellular citrate accumulation. Citrate is a key
substrate in cellular energy metabolism and is produced within mitochondria. It gets exported
to the cytoplasm via mitochondrial citrate carrier, CIC, encoded by the SLC25A7 gene.!” In
the cytosol, citrate is converted to acetyl-CoA and oxaloacetate, which are incorporated into
fatty acid and nucleotide synthesis, respectively. Therefore, SLC25A expression was analyzed
(Table S1). No major changes were detected in SLC25A transcription compared to the
uninfected control and in general, genes encoding for TCA cycle enzymes were mostly not
affected (Table S1). Although it is speculative, most likely pneumococcal factors inhibit either
aconitase or CIC at the protein level, which results in accumulation of citrate. Consequently,
stored citrate potentially blocks the entire TCA cycle. It was demonstrated that Bacillus subtilis
protein CepC represses aconitase and citrate synthase transcription and such orthologs were
also found in pneumococci.’®'® Whether these orthologs are able to repress host pathways is
not yet clear. However, pneumococci produce hydrogen peroxide (H20-) via carbohydrate-
metabolizing enzyme pyruvate oxidase SpxB.?° lron-sulfur cluster containing enzymes such
as aconitase are highly susceptible to inactivation by reactive oxygen species.?'"?® Aconitase
is irreversibly inactivated by H2O,, which results in citrate accumulation.?® To determine the
impact of pneumococcal H>O2on intracellular citrate accumulation, TIGR4AspxB mutant was
generated. The mutant was verified via immunoblots targeting SpxB protein (Figure 4A).
(Surabhi et al., 2021) SpxB-deficient mutant produced significantly lower amounts of H-O- as
compatred to the wild-type strain (Figure 4B). To quantify intracellular citrate accumulation,
16HBE cells were infected with TIGR4 or its isogenic mutant lacking spxB following the
protocol as depicted in Figure 1A. Furthermore, wild-type infections were carried out in the
presence of catalase and direct stimulations with H2O-, in the presence or absence of catalase
were performed. Cytotoxicity towards cells (Figure 4C) as well as intracellular citrate

concentrations (Figure 4D) were assessed. While 4 h of infection/stimulations remained
9
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almost nen-toxic to the cells, a significant increase in intracellular citrate was observed for
TIGR4 wild-type infections and H:0: stimulations. The intracellular citrate concentrations
significantly diminished in infections/stimulations supplemented with catalase and remained

unchanged for infections with TIGR4AspxB.
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Figure 4. Hydrogen peroxide produced by pneumococci is responsible for intracellular citrate
accumulation in infected cells. (A) TIGR4AspxB mutant was verified via immunoblots targeting SpxB
protein, (B) H202 production by pneumococci was quantified by colorimetric analysis of bacterial
culture supernatants (n=4). 16HBE cells were infected with pneumococcal strains or stimulated with
H»Q2 in the presence or absence of catalase. Cytotoxicity towards the cells (C) and intracellular citrate
concentrations (D) were assessed (n25). The data in (D) are displayed as box plots. Bars in (C)
denote mean values £SD. The level of significance was determined using Kruskal Wallis test with
Dunn’s post-test.

These resullts clearly indicate that the intracellular citrate accumulation can be attributed to the
action of pneumococcal H.C».. Endogenously generated H.O» has been linked to oxidative
damage.? Furthermore, it was shown that Salmonella typhimurium infections activate the

NLRP3 inflammasome via excessive citrate accumulation through promoting the formation of
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112



PAPER 3

mitochondrial ROS.?* In line with this, we recently demonstrated that pneumococci-derived
H20: activates NLRP3 inflammasome and induces apoptosis in 16HBE cells (Surabhi et al.,
2021). Host citrate can also be diverted towards itaconate production, an antibacterial
compound, which is derived from decarboxylation of cis-aconitate. ltaconate inhibits isocitrate
lyase, an enzyme in the glyoxylate shunt that is beneficial for bacterial survival during an
infection.? Itaconate is produced in response to bacterial pathogens such as Mycobacteritim
tuberculosis.?® However, itaconate was not detected in any of experimental conditions of this

study.

In conclusion, we show that each respiratory pathogen has its own specific way of interaction
with host metabolome. |AV and S. aureus rather use the host resources for survival and
multiplication. Pneurmococci significantly altered various host metabolome pathways. TCA
cycle inhibition and citrate accumulation in response to H:0: were the most prominent
sighatures of pneumococcal infections. However, host metabolic programming may differ in
respect to different strains within one species and in vifro versus in vivo infections. Therefore,

further studies are warranted to determine the role of citrate in pneumococcal infections .
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METHODS

Bacterial and Viral Strains and Cell Culture Conditions. Influenza A virus
A/Bayern/74/2009 (H1N1) was a gift from the Federal Research Institute for Animal Health

(FLI, Riems, Germany).

S. pneumoniae strain TIGR4 and the isogenic mutant TIGR4AspxB were grown on blood agar
plates (Oxoid) and cultured to exponential growth phase (ODggp 0.35-0.4) in Todd-Hewitt broth
supplemented with 0.5% (w/v) yeast extract (Roth). TIGRAspxB mutant was generated
following the protocol as previously described (Surabhi et al., 2021). Detailed protocols can
be found within the Supporting Information. S. aureus strain LUG2012 was cultured overnight

at 37°C in casein hydrolysate and yeast extract medium.#’

Bronchial epithelial 16HBE140-cells (16HBE) were cultured in minimum essential medium
(MEM; Gibco) supplemented with 10% (v/v) fetal bovine serum (Life Technologies), 2 mM L-
glutamine (Invitrogen), 10 mM HEPES, and 1% (v/v) Minimal Essential Amino Acids (both GE

Healthcare) in fibronectin coated flasks (Corning) at 37°C and 5% CO» atmosphere.

16HBE Cell Infections and stimulations. 16HBE single and co-infections were conducted
as depicted in Figure 1A. Briefly, all infections were performed in MEM. Co-infections: 80%
confluent T75 flasks were infected with H1N1 in 4 ml MEM media supplemented with 0.3%
[wiv] BSA and 1 pg/ml TPCK at a MOI of 0.1 for 1 h (t1). At to, the infectious media was
removed, cells were washed with PBS and fresh MEM was added for 24 h (t24). To ensure
comparable bacterial infection rates, H1N1-infected cells were washed with PBS and infected
with TIGR4 at MOI of 50 or with LUG2012 at MOI of 10 for 2 h (tz6). Next, the media was
removed, cells were washed, and extracellular bacteria were killed by addition of MEM
containing antibiotics (TIGR4: 200 pg/ml Gentamycin, 100 U/ml Penicillin G; LUG2012:
550 pg/ml Gentamicin, 280 U/ml Penicillin G, 5 U/ml Lysostaphin (all Sigma Aldrich)). The

cells were treated with antibiotics for 2 h (TIGR4, LUG2012) or 24 h (LUG2012). In case of
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single H1N1 or single bacterial infections and uninfected controls, the respective infectious

media were replaced by MEM (t.1, to, t24) or MEM containing antibiotics (t2s).

Sampling of 16HBE Cells and Extraction of Metabolites for GC-MS Analysis. At ts, t2s,
and tso, cells were harvested according to a protocol described previously with a minor
modification.?® Briefly, the supernatants were collected and stored at -80°C. Cell culture flask
was washed four times with ice-cold NaCl solution (135 mmol/l). 10 ml ice cold methanol were
added to the flask and cells were collected. Flask was washed with 10 ml ice cold double
distilled water and transferred into the same tube. Samples were shock frozen in liquid

nitrogen and stored until extraction at -80°C.

Samples were processed as described previously with minor modifications.?® In brief, 2 ml ice
cold chloroform and internal standards were added to the thawed samples. The samples were
mixed and centrifuged (10 min, 8000 rpm, 4°C). The separated aqueous phase was

transferred to a new tube, frozen (-80°C) and lyophilized.

Lyophilized samples were derivatized as described previously.? An Agilent 7890B GC system
with an autosampler, an injector (G4513A), and a coupled mass selective detector (5977B
MSD) (Agilent) was used. High abundant metabolites were analyzed by scan aquisition. GC-
MS parameters were used as follows: the injection volume of 0.5 pl was split 1:25. The oven
program started with an initial temperature hold at 70°C for 2 min and continued with a heating
rate of 10°C/min up to 150°C and 20°C/min up to 325°C, with a hold for 7 min. After a solvent
delay of 5.8 min, mass spectra were acquired within a mass range of 50 to 500 atomic mass
units. All other parameters of GC and MSD were set as described before.?®

Low abundant metabolites were analyzed using a SIM acquisition method. Injection volume
was 2 Jl and split ratio 1:10. The oven program started at 70°C with a hold for 1 min followed
by a heating rate of 1.5°C/min up to 76°C, 5°C/min up to 220°C, and 20°C/min up to 325°C,

with a hold for 8 min. All other parameters of GC and MSD were set as described above.
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The quantification of metabolites was performed using MassHunter Quantitative Analysis
B.08.00 (Agilent). The areas of peaks were normalized to the area of peaks of internal
standard compounds (Table S2). Absolute concentrations of metabolites were determined
using a calibration from 0.05 to 100 nmol/sample for SIM mode and from 1 to 500 nmol/sample
for scan mode. Relative quantification of metabolites (relative amount=area metabolite/area
internal standard) was done with concentrations below and above the calibration range. All

metabolite concentrations were related to the respective cell number.

Statistical Analysis. Statistical significance of differences was determined using Kruskal
Wallis test with Dunn’s post-test. Statistics were performed using GraphPad Prism version 7

{(GraphPad software). A p value less than 0.05 was considered significant.
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METHODS

Pneumococcal mutant generation and characterization. For the generation of TIGR4AspxB,
the mutated spxB gene region containing the erythromycin (erm) resistance cassette was
amplified from the genomic DNA of the D39AspxB mutant, which was kindly provided by
K. Miihlemann (University of Bern, Bern, Switzerland). The following primers:
5'-GGAGAACGTTTCCAATTCTATG-3' and 5'-GACCGGATTGCTCCGATCTT-3' were used for
the amplification. The resulting 3.1 kb fragment was digested with Xcmil, ligated into the pGXT
plasmid, and transformed into £. coli DH5a. The purified pGXT-spxB:erm plasmid was used for
transformation of TIGR4AspxB. Bacteria were allowed to grow for 2 h at 37°C and selected on
blood agar plates containing 5 pg/ml erythromycin. The resulting TIGR4AspxB mutants were
screened by colony PCR using the following primers: 5-GCGCGCTAGCACTCAAGGGAAAATTACTGC-3

and 5-GCGCGAGCTCTTATTTAATTGCGCGTGATTG-3 .

Absence of SpxB was confirmed via Western blot analyses. TIGR4 wild type and AspxB mutant
were cultivated in THY medium until the late exponential growth phase. Bacteria were lysed,
protein extracts were separated using a 12% SDS gel and blotted onto a nitrocellulose membrane.
The membrane was blocked with 5% (v/v) skim milk prior to primary antibody incubations. Mouse
polyclonal antibody (1:1000 dilution; in-house production by the laboratory of S.H.) was used for
detection of SpxB. Anti-mice IgG Alkaline phosphatase-linked antibody was used as a secondary
antibody. Hydrogen peroxide production by pneumococci was calorimetrically quantified as
described by Surabhi et al, 2021.

Microbiological and Cell Viability Analyses. The experimental setup was scaled down to 6-
well plates. 1.0x10% cells were seeded in fibronectin-coated plates and the infections were
performed as described above. Viable counts of bacteria released from lysed cells were

determined by plating serial dilutions on blood agar. Cell stimulations were performed with 150
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MM H20:for 4 hiin the presence or absence of 300 U/ml catalase. Cell viability was assessed via

CytoTox 96 Non-Radic Kit (Promega) according to manufacturer's guidelines.

Quantitative Reverse Transcription PCR Analysis (QRT-PCR). Total RNA was isolated at ts,
tzs, and tso using RiboPure RNA purification Kit (Ambion) according to manufacturer’s guidelines.
¢DNA synthesis was performed using the Superscript first-strand synthesis system for RT-PCR
(Invitrogen). Primer sets used for the analyses are summarized in Table S2. The real-time PCR
amplification was performed with iTagq Universal SYBR Green Supermix kit (Biorad) using a
StepOnePlus sequence detection system (Applied Biosystems). The levels of B-actin transcription

were used for normalization.

Colorimentric Metabolite Measurement. Intracellular citrate and extracellular glucose,
pyruvate, and lactate concentrations in cell lysates and infection supernatants were measured
using the colorimetric assay kits (all Sigma-Aldrich). The assays were performed according to

manufacturer’s guidelines.
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Table $3. Internal standards for GC-MS analysis.

. internal standard
labeled internal standard compounds

Metabolite [nmolisample]

compound purchased from
L-alanine, urea L-alanine-"Cz"*NDz 41 Cambridge Isotope
Laboratories, Inc.
citrate, isocitrate citrate-'Cs 20 SIGMA-ALDRICH
fumarate fumarate-3Cs 20 SIGMA-ALDRICH
fructose, glucose, myo- glucose-"*Cs 20 SIGMA-ALDRICH
inositol
L-arginine L-arginine-"*Cs'*N4Dr 16 Cambridge Isotope
Laboratories, Inc.
L-asparagine L-asparagine-'>C4'*N2Ds 23 Cambridge Isotope
Laboratories, Inc.
L-aspartate, 5-oxoproline, 4- L-aspartate-1*C4"°ND3 19,5 Cambridge Isotope
hydroxyproline Laboratories, Inc.
L-cysteine L-cysteine-"*C3'*NDs 15 Cambridge Isotope
Laboratories, Inc.
L-glutamate L-glutamate-">Cs"*NDs 33 Cambridge Isotope
Laboratories, Inc.
L-glutamine L-glutamine-'2Cs""NzDs 23 Cambridge Isotope
Laboratories, Inc.
glycine glycine-">C2"*ND: 22 Cambridge Isotope
Laboratories, Inc.
L-isoleucine L-isoleucine-"*Cs'*ND1o 23 Cambridge Isotope
Laboratories, Inc.
L-leucine L-leucine-"2Cs"*ND1q 38 Cambridge Isotope
Laboratories, Inc.
L-lysine L-lysine-'3Cs"5N2Da 34 Cambridge Isotope
Laboratories, Inc.
L-malate L-malate-"3C. 20 Cambridge Isotope
Laboratories, Inc.
L-methionine L-methionine-"3Cs"3NDs 19,5 Cambridge Isotope
Laboratories, Inc.
L-phenylalanine L-phenylalanine-'*Cq"*NDg 16 Cambridge Isotope
Laboratories, Inc.
L-proline L-proline-"3Cs'*ND7 23,5 Cambridge Isotope
Laboratories, Inc.
L-serine L-serine-"*C3s'5ND3 18,5 Cambridge Isotope
Laboratories, Inc.
L-threonine, beta-alanine L-threonine-"*C4"°NDs 20,5 Cambridge Isotope
Laboratories, Inc.
L-tryptophan L-tryptophan-13C41"5N2Ds 24 Cambridge Isotope
Laboratories, Inc.
L-tyrosine L-tyrosine-"*Cy"*NDy 22 Cambridge Isotope
Laboratories, Inc.
L-valine L-valine-"3Cs"NDs 26,5 Cambridge Isotope

Laboratories, Inc.
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2-oxoglutarate,
phosphoenolpyruvate

L-orhithine

2-phosphoglycerate, 3-
phosphoglycerate, fructose
6-phosphate, glucose 6-
phosphate,
dihydroxyacetonphosphate

pyruvate, lactate
aconitate
succinate

N N-dimethylphenylalanine

L-ornithine-"3Cs

p-chlorophenylalanine

pyruvate-'*Cs
ribitiol
succinate-"3Cu

20

20
20

20
20
20

SIGMA-ALDRICH

SIGMA-ALDRICH

Bachem

SIGMA-ALDRICH
Merck
SIGMA-ALDRICH
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Table S4. Parameters for SIM method (GC-MS).

Metabolite RT [min]  quantifier m/z qualifier m/z
succinate 16,30 247 1 172,1
fumarate 17,32 2451 1151
malate 20,88 2331 2451
cysteine 22,44 220,1 218,1
phosphoenclpyruvate 23,48 369,1 217,1
dihydroxyacetonphosphate 26,75 315,1 400,1
aconitate 26,92 2291 3751
2-phosphoglycerate 27,51 3871 3151
3-phosphoglycerate 28,09 357,1 387,1
citrate 28,36 2731 363,2
isocitrate 28,42 2451 3191
fructose-6-phosphate 36,18 2991 3151
glucose-6-phosphate 36,27 387,2 2991
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Figure §1. Profile of intermediate glycolysis metabolites in response to different infections. (A) Extracellular and
intracellular concentrations of (B) glucose, (C) glucose-6-phosphate, (D) fructose-8-phosphate, (E) DHAP, (F) 3-
phosphoglycerate, (G) 2-phosphoglycerate, (H) phosphoenclpyruvate, and (H) fructose are depicted. The data are
displayed as box-and-whiskers of five independent experiments (h=5). The level of significance between the groups

was determined using Kruskal Wallis test with Dunn’s post-test.
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Figure S2. Intracellular profile of amino acids in response to infections (Part 1). Intracellular
concentrations of (A) p-alanine, (B) glycine, (C) lysine, (D) proline, (E) glutamine, (F) glutamate, (G)
threonine, (H) ornithing, and (1) asparagine are displayed. The data are displayed as box-and-whiskers of
five independent experiments (n=5). The level of significance between the groups was determined using
Kruskal Wallis test with Dunn’s post-test. (J) Heat map summarizing fold changes of amino acids in
response to infections as compared to the uninfected control (tzs). Asterisks indicate significant changes
between the infected cells and the corresponding uninfected control (p<0.05).
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Figure S3. Intracellular profile of amino acids in response to infections (part 2). Intracellular concentrations of (A)

valine, (B) urea, (C) leucine, (D) isoleucine, (E) serine, (F) aspartate, (G) methionine, (H) 5-oxoproline, (1) 4-

hydroxyproline, (J) phenylalanine, (K) tyrosine, (L) myo-inositole, (M) tryptophan, (N) alanine and (O) cysteine are

displayed. The data are displayed as box-and-whiskers of five independent experiments (n=5).
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Background. In tissue infections, adenosine triphosphate (ATP) is released into extracellular space and contributes to purinergic
chemotaxis. Neutrophils are important players in bacterial clearance and are recruited to the site of tissue infections. Pneumococcal
infections can lead to uncontrolled hyperinflammation of the tissue along with substantial tissue damage through excessive neutro-
phil activation and uncontrolled granule release. We aimed to investigate the role of ATP in neutrophil response to pneumococcal

infections.

Methods.

Primary human neutrophils were exposed to the pneumococcal strain TIGR4 and its pneumolysin-deficient mutant

or directly to different concentrations of recombinant pneumolysin. Neutrophil activation was assessed by measurement of secreted
azurophilic granule protein resistin and profiling of the secretome, using mass spectrometry.

Results.

Pneumococci are potent inducers of neutrophil degranulation. Pneumolysin was identified as a major trigger of neu-

trophil activation. This process is partially lysis independent and inhibited by ATP. Pneumolysin and ATP interact with each other in
the extracellular space leading to reduced neutrophil activation. Proteome analyses of the neutrophil secretome confirmed that ATP

inhibits pneumolysin-dependent neutrophil activation.
Conclusions.

Our findings suggest that despite its cytolytic activity, pneumolysin serves as a potent neutrophil activating factor.

Extracellular ATP mitigates pneumolysin-induced neutrophil activation.

Keywords.

neutrophils; pneumolysin; ATP; Streptococcus pneumoniae; degranulation.

Neutrophil migration to the site of infection is a crucial
step in host defense. During an infection and subsequent
hyperinflammation, multiple cell types release nucleotides,
including adenosine triphosphate (ATP) [1]. ATP belongs to
the diverse group of danger-associated molecular patterns
and its release from intracellular into extracellular space is as-
sociated with devastating conditions such as sepsis and shock
[2]. In the course of tissue infections, extracellular ATP levels
can rise up to mM ranges [3, 4]. Neutrophils transmigrate to-
wards a chemotactic gradient of inflammatory mediators. The
presence of extracellular ATP stimulates purinergic signaling
through P2 receptors and enhances neutrophil migration, re-
ferred to as purinergic chemotaxis [5]. It has been reported
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that P2 receptor-deficient mice show increased susceptibility
to Pseudomonas aeruginosa lung infections [6], which suggests
that extracellular ATP and P2 receptors potentially exert a pro-
tective role against infection of the lungs.

Once neutrophils have reached the infection site, 3 distinct
mechanisms to fight an infection occur: phagocytosis, degran-
ulation, and formation of neutrophil extracellular traps (NETs)
(7-9]. Critical compoenents of all these processes are granule
effector molecules, including proteclytic enzymes and anti-
microbial peptides and proteins [10]. The release of granule
components, a process called degranulation, is tightly con-
trolled. At the site of infection, receptor recognition induces
cytoskeletal remodeling, which leads to mobilization of the
granules to the outer membrane. Once the neutrophil mem-
brane is reached, granules fuse with the neutrophil membrane,
which in turn results in exocytosis of granular components
[11]. Although neutrophils and neutrophil-derived compo-
nents are crucial for clearance of the pathogens, they also cause
substantial tissue damage [8, 12, 13]. In mouse models of pneu-
mococcal lung infections, early neutrophil recruitment was as-
sociated with a decrease of bacterial burden in the lungs [14].
However, persistent neutrophil influx was linked to disease se-
verity at later stages of infection [14].

1702 « JID 2020:222 (15 November) « Cuypers et al

139



PAPER 4

Streptococcus pneumoniae (pneumococcus) isa gram-pos-
itive bacterium that frequently colonizes asymptomatically
the upper respiratory tract of healthy individuals [15].
However, imbalances in the immune system can lead to mi-
gration of pneumococci, resulting in severe life-threatening
diseases such as pneumonia, meningitis, and sepsis [16]. It
is widely accepted that pneumococci are the leading cause
of community-acquired pneumonia [17]. Pneumococci are
equipped with an arsenal of virulence factors responsible
for disease manifestation and progression [18, 19]. Among
them, pneumolysin (Ply) is one of the major pneumococcal
virulence factors [20]. Ply is a cytolysin, which is expressed
by virtually all pneumococci [19]. It oligomerizes as rings
on cholesterol-rich lipid membranes and triggers forma-
tion of membrane pores [21]. Recently, it was discovered
that Ply interacts with mannose receptor C type 1 (MRC-1/
CD206) on human dendritic cells and mouse alveolar
macrophages [22]. This interaction allows pneumococci to
dampen proinflammatory responses and to establish res-
idency in the airways [22]. In contrast to other immune
cells, neutrophil activation and degranulation in response
to Ply is relatively unexplored. It was shown that Ply in-
duces neutrophil activation, leading to a release of neu-
trophil elastase [23]. Subsequently, neutrophil elastase
induces detachment of alveolar epithelial cells [23]. The
authors suggested that P2X_ receptor (P2X R), which is an
ionotropic ATP receptor, is involved in Ply-mediated neu-
trophil activation [23]. Furthermore, it was shown that Ply
promotes formation of prothrombotic neutrophil-platelet
aggregates [24]. Ullah and colleagues have demonstrated
that although pneumococcus is a potent stimulator of NET
formation, Ply itself is not required for this process [25].

Here, we investigated the degree and specificity of Ply-
mediated activation of human primary neutrophils and the role
of the ATP-P2X R-axis in this process. We show that even at
sublytic concentrations Ply is a potent inducer of neutrophil de-
granulation. Furthermore, we demonstrate that the activating
properties of Ply are neutralized by extracellular ATP.

METHODS

Ethics Statement

Blood samples from healthy volunteers were used in this study.
Donors were individuals well acquainted with the research con-
ducted and written informed consent was obtained. The ethical
research committee at the University Medicine Greifswald ap-
proved the study (BB 006/18). All experiments were carried out
in accordance with the approved guidelines.

Bacterial Strains and Culture Conditions
S. pneumoniae TIGR4 and its isogenic mutant Aply were cul-
tured to exponential growth phase (optical density [OD]_,

0.35-0.4) in Todd-Hewitt broth supplemented with 0.5% (w/v)
yeast extract (THY; Roth).

For construction of pASK-IBA5_Ply expression vector, ge-
nomic DNA from S. pneumoniae TIGR4 wild-type strain was
purified. Ply was amplified with Phusion polymerase (NEB)
by using the following primer sets: forward, 5-CGGGATCC
GCAAATAAAGCAGTAAATGAC-3" and reverse, 5 -GCGG
TACCTAGTCATTTTCTACCTGAG-3". The amplified frag-
ments were digested with BamHI and Kpwl and ligated into
the vector pASK-IBA2 (IBA). For expression, Escherichia coli
DH5a containing the pASK-IBAS_Ply expression vector was
cultured in Luria-Bertani (LB) medium at 37°C with shaking.
At OD,, 0.6-0.8, expression was induced with 200 ng/mlL
anhydrotetracycline, the cells were incubated for 3 hours at
room temperature with shaking, and processed as detailed pre-
viously [13]. The recombinant Ply appeared as a single band of
the correct molecular weight as determined by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
silver staining (Supplementary Figure 2A).

Pneumococcal Survival in Complex Media

The survival assay was performed as previously described [26].
Briefly, a 20-uL aliquot of the suspension containing 5%10*
wild-type and Aply pneumococci was inoculated into 480 pl. of
heparinized human blood, plasma, or THY medium. After 2
hours of incubation at 37°C with rotation, the colony forming
units were determined by plating serial dilutions on blood agar
plates and compared to the initial inoculum.

Isolation and Stimulation of Primary Human Neutrophils

Human neutrophils were isolated from healthy donors using
a density gradient centrifugation on Polymorphprep (Axis
Shield) [12]. After isolation, neutrophils were either suspended
in Hank’s balanced salt solution (Life Technologies) supple-
mented with autologous plasma (5% v/v) or RPMI11640 medium
supplemented with 10 mM L-glutamine, 25 mmeol/L HEPES (all
HyClone), and 5% fetal calf serum. Neutrophils (5)(105) were
infected with bacteria (multiplicity of infection 10} in RPMI
medium or stimulated with different concentrations of recom-
binant Ply, ATP (Invivogen), or dilutions of bacterial lysates
for 2 hours. To inhibit P2XR, neutrophils were treated with
AZ10606120 (R&D Systems) for 30 minutes prior to stimula-
tions. Neutrophil supernatants were collected and stored for
further analyses at —80°C.

Cytotoxicity was determined by measurement of the lac-
tate dehydrogenase activity via CytoTox 96 Non-Radio Kit
(Promega) according to manufacturer’s guidelines.

For immune analysis, neutrophils were fixed in 2% (v/v)
formaldehyde and immunostained as previously described
[12, 27]. The following reagents were used: rabbit anti-Ply an-
tibody (in-house production by the laboratory of S. H.), and
Nuclear-ID Red DNA stain (Enzo Life Science). Specific Ply-
staining was detected by Alexa 488-conjugated goat anti-rabbit
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IgG (Molecular Probes). The staining was visualized using an
Axio Observer Z1 microscope (Zeiss) or FACSAria I1I (BD).

Human Resistin Enzyme-Linked Immunosorbent Assay

Resistin concentrations in supernatants of neutrophils were
measured by an enzyme-linked immunosorbent assay (ELISA;
BioVendor) according to the manufacturer’s instructions.

Microscale Thermophoresis

Microscale thermophoresis (MST) analyses were performed as
previously described [28]. Briefly, recombinant Ply was NT-647-
labeled according to manufacturer’s guidelines (NanoTemper
Technologies). The concentration of NT-647-labeled Ply was
kept constant (2.6 pM), while the concentrations of nonlabeled
ATP, dATP, and ADP varied (up to 100 mM). The assay was
performed in MST buffer (50 mM Tris-HCI pH 7.8, 150 mM
NaCl, 10 mM MgCl)) containing 0.05% Tween. The samples
were loaded into Monolith NT.115 capillaries and the MST was
performed using a Monolith NT.115 machine and MO Control
software (NanoTemper Technologies). The resulting plot was
analyzed via MO Affinity Analysis software (NanoTemper
Technologies) by fitting a 1:1 binding model (K, model).

Field Emission Scanning Electron Microscopy

Field emission scanning electron microscopy (FESEM) analysis
was performed as previously described [29]. The detailed pro-
tocol is summarized in the Supplementary Material.

Statistical Analysis

If not otherwise indicated, statistical significance of difference
was determined using Kruskal Wallis test with Dunn posttest.
Statistics were performed using GraphPad Prism version 7
(GraphPad Software). A P value less than .05 was considered
significant.

Protein Extraction, Digestion for Mass Spectrometry, ldentification,
Quantification, and Data Analysis

For proteomic analyses 500 pl. neutrophil supernatant was
reduced with dithiothreitol (2.5 mM, 60 minutes, 60°C) and
alkylated with iodo acetamid (10 mM, 30 minutes, 37°C,
dark). Proteins were enriched using 2 pL of SP3 beads (hydro-
phobic: Sera-Mag Speedbeads carboxylate-modified particles
[Thermo Fisher Scientific]; hydrophilic: Speedbead magnetic
carboxylate-modified particles [GE Healthcare]). Beads were
added to each sample and solutions were adjusted to 70% (v/v)
with acetonitrile:water. For the on-bead protein digestion with
trypsin and for peptide purification an adapted SP3 protocol
was used as described previously [30]. Peptides were suspended
in 2% (v/v) dimethyl sulfoxide and mixed with equal amounts
of 4% (v/v) acetonitrile. Tryptic peptide solutions were analyzed
by liquid chromatography-mass spectrometry/mass spectrom-
etry (LC-MS/MS) on a reverse-phase high-performance liquid

chromatography (HPLC) system (UltiMate 3000 nano-LC
system; Thermo Fisher Scientific) coupled to an Q Exactive HF
mass spectrometer in a data-independent acquisition (DIA)
mode. To generate a specific ion library, pools of the super-
natants of different donors of each group were analyzed in data-
dependent acquisition mode. Instrument setup and methods
for data-dependent and independent acquisition mode are dis-
played in Supplementary Tables 1-3.

The ion library was constructed with Spectronaut ver-
sion 13 (Biognosys AG) based on a database search against a
Uniprot/Swissprot database limited to human entries (version
04/2019), using trypsin/P digest rule with a maximum number
of 2 missed cleavages, carbamidomethylation as static, methio-
nine oxidation, and acetylation (protein terminus) as variable
modifications. The analyses of DIA data were performed using
Spectronaut version 13 (Biognosys AG). Settings are specified
in Supplementary Table 4.

Further DIA-MS data analysis was performed using R (R
version 3.6.1) using the tidyverse package (version 1.2.1) ac-
cording to the following steps: (1) median normalization of the
Spectronaut raw data over MS2 total peak area intensities (EG.
TotalQuantity) for all ions (g value < 0.01), (2) replacement of
zero intensity values by half-minimal intensity value from the
whole dataset, (3) calculation of the sum over ions per sample
and peptide to generate peptide intensity data, and (4) genera-
tion of Hi3 protein-intensity data. For proteins identified with
at least 2 peptides the ROPECA statistical analysis [31] on pep-
tide level was performed using the median for the aggregation
of the signal ratios to the signal log, ratio on protein level [32].
The principle component analysis of the scaled data was car-
ried out using the FactoMineR package (version 1.41). Plots
were generated using the FactoMineR package (version 1.41),
factoextra package (version 1.0.5), and tidyverse package (ver-
sion 1.2.1). Functional enrichment analyses were carried with
the g:Profiler tool, version e99_eg46_p14_{929183, using the
g:SCS (Set Counts and Sizes) correction method [33].

RESULTS

S. pneumoniae Activates Neutrophils

First, we assessed the role of Ply in bacterial survival in complex
medium and ex vivo in human plasma and blood. TIGR4 wild
type and Aply pneumococci were incubated in THY, freshly col-
lected human blood, or plasma for 2 hours. Viable bacteria were
determined by plating serial dilutions. Both strains survived in
THY and human plasma (Figure 1A and 1B). However, the
bacteria were efficiently killed in blood (Figure 1C) indicating
that cellular blood components are responsible for killing of the
pathogen. Because neutrephils are the major leukocyte compo-
nent of the blood and the first responders, we assessed neutro-
phil activation. The analyses of resistin as an activation marker
revealed that both strains efficiently activate neutrophils
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Streptacoccus pneumoniae is efficiently killed by cellular blood components. TIGR4 wt or Aply mutant were incubated in THY (A}, human plasma (B}, or human

blood (€} for 2 hours and bacterial numbers were determined. Percentage of initial inoculum is shown. 0, Resistin release by the whole human blood in response to bacterial
infection. The data show results from 4 independent experiments using 4 donors {n = 4}. Horizontal lines depict median values. The level of significance was determined using
2-tailed Mann-Whitney Utest. *P<.05. Abbreviations: NS, not significant; ply, pneumolysin; THY, Todd-Hewitt broth with yeast extract; unstim., unstimulated; wt; wild type.

(Figure 1D). No differences in bacterial survival and neutrophil
activation between TIGR4 wild type and the isogenic Aply mu-
tant were observed.

Pneumolysin Is a Potent Trigger of Neutrophil Activation

To exclude potential additive effects of activation due to other
cellular and acellular compartments of the whole blood, purified
human neutrophils were incubated with the bacteria or bacte-
rial lysates and cytotoxicity towards the cells and degranulation
were assessed. When challenged with bacteria, only minor cy-
totoxic effects towards neutrophils were noted (Figures 2A).
Both, TIGR4 wild type and Aply mutant induced degranulation
of neutrophils to an equal extent (Figure 2B). Next, neutrophils
were stimulated with the cytoplasmic fraction of bacterial lys-
ates. Although TIGR4 wild type lysates were highly hemolytic
(Supplementary Figure 1), only minor cytolytic effects towards

neutrophils were noted (Figure 2C). However, neutrophils re-
sponded by releasing high amounts of resistin (Figure 2D).
Lysates of the Aply mutant strain did not induce cytotoxicity or
neutrophil activation (Figure 2C and 2D). This result suggested
that Ply is one of the major pneumococcal cytoplasmic compo-
nents responsible for activation of neutrophils and this effect is

not fully lysis dependent.

Exogenous ATP Neutralizes Ply-Induced Neutrophil Lysis and Activation

It has been suggested that P2X R, which serves as an ATP re-
ceptor, is involved in Ply-induced neutrophil activation [23].
Therefore, we assessed direct effects of active purified Ply
(Supplementary Figure 2A-C) and exogenous ATP in neutro-
phil activation. First, neutrophils were stimulated with different
concentrations of Ply with and without supplementation of au-
tologous plasma. Concentration-dependent lysis of neutrophils
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Figure 2.

Pneumolysin is a cytoplasmic pneumococcal trigger of neutrophil degranulation. Purified neutrophils were stimulated with bacteria {A and B or with cytoplasmic

fraction of pneumococcal lysates at indicated dilutions (C and 0) for 2 hours and cytotoxicity [A and C) and neutrophil degranulation (8 and 0} were assessed. Each symbol
represents purified neutrophils from 1 donor {n = 4). Horizontal lines depict median values. The level of significance between the groups was determined using Kruskal Wallis
test with Dunn posttest. * P<.05; ** P < .01. Abbreviations: NS, not significant; ply, pneumolysin; unstim., unstimulated; wt; wild type.
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was observed (lFigure 3A). Based on cytotoxicity tests with
plasma supplementation, 0.3125 ug Ply was defined as a sublytic
amount of the toxin. In contrast to the results of neutrophil via-
bility post Ply stimulations, even sublytic concentrations of Ply
induced neutrophil degranulation (Figure 3B). No significant
differences between sublytic and lytic amounts of Ply in neu-
trophil activation were observed (Figure 3B). The presence of
Ply on neutrophils was further confirmed via immunofluores-
cence microscopy. Ply was readily detectable on neutrophils in-
cubated with 0.3125 pg Ply (Figure 3C). However, autologous
plasma supplementation reduced neutrophil activation due to
the presence of anti-Ply antibodies (Supplementary Figure 2D).
To avoid antibody-mediated inhibitory effects, all following ex-
periments were performed without plasma supplementation.
Next, neutrophils were stimulated with sublytic (0.3125 pg mL™")

and Iytic (2.5 ug mL ") Ply concentrations in the presence or absence

of P2X R agonist ATP and/or specific pharmacological P2X R-
inhibitor AZ10606120 (ligure 4 and Supplementary ligure 3).
Increasing concentrations of ATP reduced Ply-mediated neutrophil
lysis (Supplementary Figure 3) and degranulation (Figure 4A), while
AZ10606120 had no significant effect in any of the experiments.
ATP (3 mM) almost completely abolished or significantly reduced
excessive neutrophil degranulation when sublytic or lytic concentra-
tions of Ply were used, respectively (Figure 4A).

Secretome Analyses of Neutrophils

To verify the observed results on the global level, secretome
composition of neutrophils was quantitatively profiled by mass
spectromeltry. The presence of 3 mM ATP substantially reduced
Ply-mediated degranulation (Figure 4B). Significantly fewer
peptides/proteins were detected in samples that were subjected
to both Ply and ATP as compared to single Ply stimulations
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(Figure 4B and Supplementary Table 1). Furthermore, principal
component analysis showed that both greups of Ply stimulatiens,
sublytic and lytic concentrations, cluster together, suggesting
that a sublytic amount of Ply is sufficient to activate neutrophils
(Figure 4C). 'The analyses further confirmed that neutrophil
stimulation with sublytic concentrations of Ply led to a release
of granule content that was almost equivalent to the content
found in lysis {Figure 4B and Supplementary Tables 5 and 6).
Only 54 proteins/peplides showed altered abundance in neutro-
phil supernatants after different Ply stimulations (Figure 4D and
Supplementary Tables 5 and 6). In addition, comparison of only
Ply and respective additive ATP stimulations of neutrophils re-
vealed substantial reduction of protein amounts in supernatants
it ATP was used (Figure 5A and 5B, and Supplementary Table

6). Only 7 proteins, which belong to the cytosolic fraction, were
found in higher abundance in neutrophil supernatants post Ply/
ATP stimulations (Figure 5A). Pathway analyses by g:Profiler
confirmed that the use of ATP inhibits major neutrophil defense
mechanisms, including activation, degranulation, and immune

responses (Figure 5C).

ATP Binds to Ply and Subsequently Reduces its Binding to Neutrophils

Because our experiments suggest that P2X R does not
seem to be involved in Ply-mediated neutrophil acti-
vation, we further hypothesized that ATP potentially
neutralizes Ply already in the extracellular space. MST
analyses revealed that ATP and Ply interact with cach
other, albeit weakly (Figure 6). ATP and even ADP bind
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Comparison of neutrophil secretome profiles in response to pneumolysin {Ply} and Ply-ATP stimulations. A, Heat map of significantly different protein abundances

{q < 0.05; FC > 2} in neutrophil secretome post 0.3125 pg/3 mM ATP vs 0.3125 ug and 2.5 pg Ply/3 mM ATP vs 2.5 pg Ply stimulations. The data are displayed as signal log,
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mean protein intensities of the indicated stimulations from 5 donors {n = 5}, C, Top 5 downregulated pathways by addition of ATP to pneumolysin stimulations. Displayed are
adjusted Pvalues as determined by functional profiling in the g:Profiler database (version e98_egd5_p14_ceSb097).

to Ply in a mM range (Figure 6A and 6C). In contrast,
dATP did not show interactions with Ply (Figure 6B).
These results are further supported by flow cytometry
and FESEM analyses. Ply was readily detectable on about
50% of the total neutrophil population post Ply stimula-
tions (Figure 6D and Supplementary Figure 4). Addition
of 3 mM ATP to Ply stimulations almost completely abel-
ished Ply binding to neutrophils (Figure 6D). FESEM
analyses of neutrophil morphology confirmed their ac-
tivation post sublytic Ply stimulations (Supplementary

Figure 5A), which were abolished by addition of ATP.
However, interindividual variations were also detected
(Supplementary Figure 5B). In contrast to donor 1, addi-
tion of ATP did not inhibit Ply-mediated neutrophil acti-
vation of donor 2 (Supplementary Figure 5).

DISCUSSION

Neutrophils are the most abundant leukocytes in humans and
the firstrecruited responders at the site of infection. In this study,
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Figure 6. ATP and Ply interact with each other. Purified recombinant Ply was NT-647 labeled and binding affinities with ATP {4}, dATP {8}, and ADP {(} were determined
using microscale thermophoresis. Each symbol represents mean values + SD from 3 independent experiments {n = 3). The Kd values are indicated in the corresponding fig-
ures. [, Summary of the FACS data of Ply-positive neutrophils post indicated stimulations. Each symbol represents purified neutrophils from 1 donor {n = 4]. Horizontal lines
depict median values. Abbreviations: FACS, fluorescence-activated cell sorting; Ply, pneumolysin.

we show that Ply is one of the major pneumococcal neutrophil
activators. At sublytic concentrations, Ply induced degranula-
tion, resulting in a release of resistin and other granule compo-
nents. Notably, these actions were neutralized by extracellular
ATP. Analyses of resistin and the whole protecme secreted by
neutrophils revealed that addition of ATP significantly dimin-
ished Ply-mediated neutrophil degranulation. This reduction in
neutrophil activation can be attributed to the interaction of Ply
with ATP. The Ply-ATP interaction in the extracellular space
abolished accumulation of Ply on neutrophil surfaces and sub-
sequently reduced their activation.

Hyperinflammatory conditions, such as bacterial infections,
are associated with the release of nucleotides and in particular
ATP. During apoptosis or necrosis, ATP is actively or passively
released from dying cells and in certain conditions ATP is de-
tected in mM ranges [1]. In the extracellular compartment,
ATP functions as a signaling molecule through the activation
of purinergic P2 receptors [34]. Beneficial roles for extracel-
lular ATP, including a function as a chemoattractant, are re-
ported [35]. However, high ATP levels are also associated with
devastating conditions such as sepsis [36]. Two subclasses

of P2 receptors exist, metabotrepic P2Y and ionotropic P2X
receptors [34]. P2X receptors, including P2X R, P2X R, and
P2X_R, have low affinity for ATP and are activated by ATP
in mM range [37]. P2X R, which is expressed on neutro-
phils and monocyte-derived cells, activates inflammasome in
a procaspase 1 dependent manner [38]. Furthermore, it was
shown that loss-of-function mutations in the P2X R gene are
associated with increased susceptibility of the human host to
tuberculosis [39]. The role of P2 receptors in pneumococcal
infections is not clear yet. However, it was shown that vital
pneumococci can suppress ATP-mediated responses of al-
veolar epithelial cells [40]. Furthermore, Domon and col-
leagues have demonstrated that Ply colocalizes with P2X.R
[23]. In contrast to the study by Domon et al [23], our data
do not indicate such interactions. Our experiments revealed
that despite its cytolytic properties, Ply also serves as a potent
trigger of neutrophil activation. The global secretome ana-
lyses and resistin determination of sublytic Ply stimulations
show that almost equal numbers and quantities of proteins
are released by neutrophils as compared to lytic stimulations.
Furthermore, pharmacological inhibition of P2X_R did not
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reduce Ply-mediated activation, indicating that other neutro-
phil surface molecules might serve as potential Ply receptors.
However, supplementation of Ply stimulations with P2X R ag-
onist ATP almost completely abolished neutrophil degranula-
tion. Further analyses revealed that ATP interacts with Ply at
the mM range and subsequently reduces Ply binding to neutro-
phils and their activation. Therefore, our data indicate that Ply
actions are neutralized through ATP in the extracellular space.
However, interindividual differences in Ply-mediated neutro-
phil activation post addition of ATP were detected. It should
be noted that viable wild-type and Aply pneumococci induced
cytolysis and degranulation of neutrophils to the same extent.
Neutrophil activation is a multifactorial process that involves
several bacterial surface-associated and secreted factors [12].
One potential pneumococcal secreted factor contributing to
the initial neutrophil activation is H,0,. In contrast to H,0,,
Ply is released through autolysis of pneumococci and worsens
the already established infection through its activating and
cytolytic activities. Assuming that ATP is already released in
response to H,0,-mediated cytolytic injury, it might dampen
further Ply-mediated tissue pathology. In addition to ATP,
even ADP binds to Ply. Whether ADP might also act as a po-
tential Ply-neutralizing factor is not clear yet. However, ADP
is a potent stimulator of P2Y receptors and the whole P2 re-
ceptor signaling is usually terminated by the conversion of
ATP and ADP to AMP and adenosine by ectonucleotidases
like CD39 or CD73 [41]. The balance between ATP/ADP and
adenosine levels is crucial. Despite its beneficial actions, ex-
cessive release of ATP can contribute to the inflammatory
tissue damage, while high levels of adenosine are mostly as-
sociated with immune suppression [36]. In line with this,
Bou Ghanem and colleagues have shown that ATP-mediated
neutrophil entry into the lungs correlates with initial control
of pneumococcal burden [14]. However, as the infection pro-
gressed, further neutrophil influx was detrimental for bacte-
rial clearance [14]. The authors linked the observed phenotype
to the loss of CD73 expression [42]. Adenine production by
CD73 was crucial to sustain antimicrobial efficacy of neutro-
phils [42]. However, the role of purinergic receptors and Ply
was not explored in these studies.

Taken together, the data presented in this study support a
concept that extracellular ATP has potentially a beneficial role
in infections. It neutralizes excessive Ply-mediated neutro-
phil activation. Considering the great stimulatory capacity of
pneumococci, it seems plausible that Ply-mediated neutrophil
degranulation and activation may play a central role in tissue
pathology in pneumococcal infection. On this note, whether
such ATP actions apply only to Ply or also to other cholesterol-
dependent cytolysins, including streptolysin O, listeriolysin O,
or suilysin, and how such binding occurs biochemically warrant
further studies.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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Supplementary Data

Supplementary Methods

Field emission scanning electron microscopy

For field emission scanning electron microscopy (FESEM) analysis, neutrophils were fixed
with 1% formaldehyde in 0.1 M HEPES buffer (0.1 M HEPES, 0.01 M CaCl,, 0.01 M MgCl;,
and 0.09 M sucrose; pH 6.9). Samples were washed with TE buffer (10 mM TRIS and 2 mM
EDTA; pH 6.9), absorbed onto poly-L-lysine-coated coverslips, fixed with 1% glutaraldehyde
at room temperature for 10 min, and dehydrated in a graded series of acetone (10, 30, 50,
70, 90 and 100%) with 15 min of incubation on ice for each step. Following critical-point
drying with liquid CO, (CPD 300, Leica), samples were coated with a thin gold-palladium film
(SCD 500, Bal-Tec) and examined in a field emission scanning electron microscope Zeiss
Merlin (Zeiss) using the Everhart-Thornley SE-detector and Inlens SE-detector in a 75:25

ratio at an acceleration voltage of 5 kV and SmartSEM software v6.06
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Supplementary Data

Supplementary Figures
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Supplementary Figure $1. Hemolytic activities of bacterial lysates and supernatants. Both,
TIGR4 wt and Aply were grown until middle exponential phase (ODgqo nn=0.6), the bacteria
was lysed via Lysing Matrix B and both, lysates and supernatants were sterile filtered (pore

size 0.2 um). Hemolytic assay was performed as detailed in the methods section.

152



PAPER 4

Supplementary Data
A
kDa
70— o
55— - - —Ply
40—
B 100+ C  100-
a a %@_ % ig_ % — 25ug Ply
3 | <@ 0 2 804 — 1.25ug Ply
9D 80 mm— o =
7] 0 (] [} o
- O % & — 0.625 ug Ply
£ 60- .g — 0.3125pg Ply
—g, S 404 — 0.15625 g Ply
40 o
<] =] =
5 2 204
T 20-
£ o-
O T T T T T el —y
g & g & Pyl 1. 2 3 4
E B 8 T h]
o
D Ply TIGR4 wt
5| —— n
o
o
~N had
g —
c
1k -
a
™
2 .
8
<t
5]
S L - —
[=]

Supplementary Figure S2. (A) Silver staining of the purified recombinant Ply. (B) Hemolytic
activity of the purified recombinant Ply. (C) Cytolytic activity of the purified recombinant Ply.
A549 cells were seeded into 24-well plates and were subjected to Ply stimulations at
indicated concentrations for indicated time points. PBS and Triton-X were used as negative
and positive controls, respectively. (D) Presence of anti-pneumococcal antibodies in
volunteer’s plasma. Recombinant Ply or TIGR4 wt lysates were subjected to SDS-PAGE for
5 min within the separation gels. After blotting, the PVDF membrane was incubated with

volunteer’s plasma and potential antibodies were detected with secondary anti-human Ab.
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Supplementary Figure S3. Extracellular ATP neutralizes pneumolysin-dependent lysis.
Purified primary neutrophils from healthy volunteers were stimulated with indicated
concentrations of single agents or in combination for 2 h and cytotoxicity was assessed.
Each symbol represents purified neutrophils from one donor (n=10). Horizontal lines depict
median values. The level of significance between the groups was determined using Kruskal

Wallis test with Dunnett’s post-test (n.s., not significant; * p<0.05; ** p<0.01).
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Supplementary Figure S4. Representative histogram of pneumolysin-positive neutrophils

post 2 h stimulation.
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Supplementary Figure S5. Neutrophil morphology after different stimulations.

Representative FESEM images of neutrophils from donor 1 (A) and donor 2 (B) post

indicated stimulations are shown.
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Supplementary Tables

Supplementary Table $1. Reversed phase liquid chromatography (RPLC).

instrument

trap column

analytical
column

buffer system

flow rate
gradient

gradient
duration

column oven
temperature

Ultimate 3000 RSLC (Thermo Scientific)

75 pum inner diameter, packed with 3 um C18 particles (Acclaim
PepMapl00, Thermo Scientific)

Accucore 150-C18, {Thermo Fisher Scientific)
25 e¢m x 75 pm, 2,6 um C18 particles, 150 A pore size

binary buffer systern consisting of 0.1% acetic acid in HPLC-grade water
(buffer A) and 100% ACN in 0.1% acetic acid (buffer B)

300 nl/min
linear gradient of buffer B from 2% up to 25%
120min

40°C
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Supplementary Data

Supplementary Figure S2. Parameter for mass spectrometric analyses in data dependent

analyses (DDA).

instrument Q Exactive HF*
operation mode data-dependent
Full MS
MS scan resolution 60,000
AGC target 3eb

maximum ion 20 ms
injection time for
the MS scan

Scan range 333 to 1650 m/z
Spectra data type  profile
dd-MS2
Resolution 15,000
MS/MS AGC target 1e5

maximum jion | 25 ms
injection time for
the MS/MS scans

Spectra data type  profile

selection for | 15 most abundant isotope patterns with charge =2 from the survey
MS/MS  scan

isolation window 1,4 m/z
Fixed first mass 100 m/z
dissociation mode HCD

normalized | 27.5%
collision energy

dynamic exclusion 30s

Charge exclusion = unassigned, 1,>6
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Supplementary Data

Supplementary Table §3. Parameter for mass spectrometric analyses in data independent

ahalyses (DIA).

instrument
electrospray
operation mode
Full MS

MS scan resolution
AGC target

maximum ion
injection time for
the MS scan

Scan range
Spectra data type
dd-Ms2
Resolution

MS/MS AGC target

maximum ion
injection time for
the MS/MS scans

Spectra data type

selection for
MS/MS

isolation window
Fixed first mass
dissociation mode

normalized
collision energy

Q Exactive HF
Nanospray Flex lon Source

data-independent

60000
5e6
200 ms

333 to 1650 m/z

profile

30,000
3eb

auto

profile

1

56 windows, 13 m/z

higher energy collisional dissociation (HCD)

27.5%

159



PAPER 4

Supplementary Data

Supplementary Figure S4

. Spectronaut™ parameters used for data analyses (DIA).

software
data extraction

Intensity extraction
MS1 and MS2

MS1 and MS2 mass
tolerance strategy

XIC extraction

XIC extraction window
calibration

Calibration mode

RT regression type
identification

Decoy method

Decoy limit strategy
Machine learning
Precursor Qvalue cutoff
Protein Qvalue cutoff
PValue Estimator
quantification
Interference correction
Quantity MS level
Quantity type

Data filtering
Workfiow

Profiling strategy
Profiling Row Selection

Profiling Target Selection

Carry-over exact peak
boundaries

Unify peptide peaks

Spectronaut version 13 (BiognoSYS, Schlieren, Switzerland)

maximum intensity

dynamic

dynamic

automatic

Local (non-linear) regression

mutated
dynamic
per run
0.001
0.01

Kernel Density Estimator

True, M51 Min. 2, M52 Min. 3
MS2
area

Qvalue sparse

iRT profiling
Minimum Qvalue Row Selection, Qvalue Treshold 0.001

Profile only non-identified precursor,
Identification Criterion Qvalue, Treshold 0.001

False

Select corresponding peak
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Supplementary Data

Supplementary Table S§5. Proteome analyses of neutrophil supernatants post indicated

stimulations. Raw values of peptide intensities are displayed.

Supplementary Table S6. Statistical analyses of the abundance patterns of proteins in

neutrophils supernatants post indicated stimulations.
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