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ZUSAMMENFASSUNG

1. Zusammenfassung

Die angeborenBnmunantwortdes Menschen spielt eine zentrale Rolle bei der Erkennung von
,,Pathogen,, und/oder,,DamageAssociatedMolecularPatterngi (PAMPs und DAMPSs) und
tragt zu der damit verbundenen wichtigéintziindungsreaktion bei. PAMPs oder DAMPs
werden vom Immunsystem des Vegtiber, Patten RecognitionRezeptoem (PRRs) erkannt.
Das,,NLR Family Pyrin Domaircontaining 8 (NLRP3) Inflammasom ist ein solcher PRR.
NLRP3 ist ein zytoplasmatischer Immunsensor, der durch die Aktivierung die Produktion von
proinflammatorische Zytokinen, wie z.B. IL1b und IL-18, anregt Diese Zytokine induzieren
eine Vielzahl vorfir den Wirtschiitzendergignalvegen, die darauf abzielen, den Erreger zu
eliminieren Eine GbermalRige oder chronische Inflammagdtivierung wird jedoch mit der
Entstehung verschiedener Autoimmurund autoinflammatorischer Erkrankungein
Verbindung gebrachAls Konsquenz, werdenharmakologischénhibitorenvon IL-1 haufig

zur Bekampfung dieser Erkrankungémerapeutiscleingesetzt. IfPublikation I wurdendie
derzeit verfigbaren Hlb-hemmenden Therapierin Form eines Ubersichtsartikels
zusammengefasstPatienten, die sich diesen Behandlungen untenen, habenein
unverhaltnismafiig hohes Risikavasive bakterielle Infektionenu entwickeln Weiterhin
wurde auch der begrenzte Wissesstandiber die Rolle des NLRPBiflammasoms in der

Pathogenese von Pneumokokkenamisen.

Wasserstoffperoxid (#D2) ist ein physiologisches Produkt undeine wichtige
Virulenzdeterminantedasvon Pneumokokken produziert wird2®b wirkt stark zytotoxisch
auf Wirtszellenjedochist nicht viel UberdesserAuswirkung aufden programmierteZelltod
wie z.B. NLRP3Inflammasom vermittelte Pyroptosekannt. InPublikation 1l wurde die
Wirkung vonPneumokokkesproduzierterH202 auf die Epithelzellen untersuchDer Fokus
der Untersuchungen laguf demZusammenspiel zwer wichtiger Zelltodsignalweggeder
Apoptose und PyroptoseDie Untersuchungen haben gezeigiass HO. das NLRP3
Inflammasom sowohprimen als auch aktivieren kann. Dartber hinamgrde festgestellt
dassdas von Pneumokokken gebildekO2 den Zelltod sowohl Gber die Aktivierung
apoptotischer als auch pyroptotischiéegeeinleitet. Diese werdedurch die Aktivierung von
Caspase&/7 bzw. Caspase vermittelt. Die HOz-vermittelte InflammasorAktivierung fuhrt
zu einer Caspaskabhéngigen IL1b-Produktion.Jedochist die endgultige IL1b-Freisetzung
unabhangig von Gasdermih (GSDMD) und wird hauptsachlich von der apoptotischen
Zelllysevermittelt
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In Publikation 1ll wurden diemetabolischen Reaktionen des \Wrtauf Infektionen mit
Erregern, die Atemwegserkrankungearwsachenuntersucht Es wurdeein Metabolorm
Profiling von bakteriell und virakinzel und ko-infizierten Bronchialepithelzellererstellt.
Folgende Erreger wurden fur Infektionen genulmftuenzaA Virus (IAV), Streptococcus
pneumoniaeind Staphylococcus aureuBie Untersuchungereigen, dass IAV uné. aureus
die Ressourcen des Wast zum Uberleben und zur Vermehrung nutzen und nur minimale
Auswirkungen auf das Metabolom des \MSrthden. Im Gegensatz dazioeeinflussten
Pneumokokken verbeedene Stoffwechselwege des W&rt erheblich Die grofdten
Veranderungen wurden inder Glykolyse, den Tricarbonsdurezyklus (TCA) und
Aminosaurestoffwechselfestgestellt Ein wichtiges Kennzeichenvon Pneumokokken
Infektionenist die intrazellulareAkkumulierungvon Citrat, die direkt auf die Wirkung von

PneumokokkesproduzierterH202 zuriickgefuhriverden konnte

Der Tod von Wirtszellen wahrend einer Infektion fihrt zur Freisetzung von
entziindungsférdernden Zytokinen und Gefahrensignalen.®ielasATP. Freigesetztes ATP
kann die Chemotaxis der Neutrophilen auslésen, die durch purinerge Signalibertragung
vermittelt wird. Neutrophile sind in der Regel die ersten Leukozyten, die adeOmfektion
rekrutiert werdenund spielen eine Schlisselrolle bei d&iminierung von Bakterien.
EinetbermaRige Aktivierung der Neutrophilen ist jedoch mit weite@ewebeschaden
verbunden. InPublikation IV wurde die Rolle von ATPin Pneumokokkeninfektionen
untersucht.Der Fokus dabei lag insbesondere auf den NeutropHdén.Untersuchungen
ergaben,das Pneumolysin (Ply), ein hochwirksames porenbildendes Taxeichesvon
Pneumokokken produziert wird, ein starker Aktivator der NeutroplisieBindungsstudien
ergaben dass Ply und ATPRniteinander interagiererDie ATP-Bindung neutralisieg Ply-
vermittelte NeutrophileaDegranulerung was darauf hindeutet, dass fAyP-Interaktionen

im Verlauf der Infektion mdglicherweise von Vortsgin konnten. Die ATRermittelte Ply
Inhibierung kénnte u.a. did.ungenschadigungnfolge einer Ubermaligen PYermittelten

Neutrophilenaktivierung begrenzen.
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2. Summary

Thehumaninnaterespons@lays a pivotal role in detection of pathogendamageassociated
molecular patterns (PAMPs and DAMR=s)d contribute$o a crucial inflammatory response.
PAMPsor DAMPs are recognized by the host immune system via pa¢ieognition receptors
(PRRs)NLR family pyrin domaincontaining INLRP3) inflammasomes one of thesPRRs.
NLRP3isa cytoplasmic inmune sensor that upon activation produce-ipfl@ammatory
cytokines such as HLb and IL-18. Thesecytokines induce diverse range of protective host
pathways aiming to eradicate the pathogdowever, excessive or chronic inflammasome
activationare implicated in the pathogenesissefveral autoimmune and attdlammatory
disorders.Pharmacologic inhibitors of HL are commonly used to combat theseomiers

In paper |, we explore the curregt availableIL-1b inhibiting therapies and how patiesn
undergoing these treatments are at a disproportionatgoriskperiencenvasive bacterial
infections We also summarize the limited knowledge on the role of NLRP3 inflammasome in

pneumococcal pathogenesis.

Hydrogen peroxide (#D2) is a physiological metabolite andn important virulence
determinanproduced by pneumococci. Ithgghly cytotoxic to host cellddowever not much

is known about its impact on host cell death pathways sudhRB3 inflammasome mediated
pyroptosis.In Pape Il , we examinedthe effect of pneumococederived HO2 on epithelial

cells by analyzing the interplay between two key cell death pathways, namely apoptosis and
pyroptosis.We showthat H202 can prime as well as activate the NLRP3 inflammasome
Furthermore, we demonstrate tipaeumococcal Dz initiates cell deatlvia the activation of

both apoptotias well as pyroptotic pathwaysediated by the activation of casp&&& and
caspasd, respectively.H202 mediated inflammasome activation results ¢aspase
dependent ILL fproduction. Hbwever, we show thatthe findl-1 b r el ease i s i
gasdermirD (GSDMD) and mainly dependent on thpoptotic cell lysis.

In paper 1l , we focused omnderstanithg the host metabolic responsesirtections with
pathogens which cause respiratory diseadks performed metabolome profiling of vitro
single bacterial and viral as well asiodections of bronchial epithelial cells with Influenza A
virus (IAV), StreptococcupneumoniagandStaphylococcuaureus We showthat IAV and
S.aureususe the host resources for survival and multiplicedioesh have minimal effects on the

host metabolomeln contrast pneumococci significantly alter naus host metabolome
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pathways including glycolysis, tricarboxylic aciTCA) cycle and aminacid metabolism
A hallmark of meumococcal infectionwastheintracellular citrate accumulatipmhichwas

directly attributed to the action of pneumocederived HO:-.

Host @Il deathduring an infectiorresults in the release of pmaflammatory cytokines and
danger signalsuch as ATPReleased ATP can induce neutrophil chemotaxis mediated via
purinergic signalingNeutrophils argypically the first leukocytes to be recruitedtbe site of
infectionandare key players in bacterielearanceHowever, excessive neutrophil activation

Is associated with further tissue injuty. paper IV, we investigatedhe role of ATP in
neutrophi response to pneurnoccal infections. We show @h pneumolysin (Ply), a highly
effective poreforming toxin produced by pneumocacis a potent activator afieutrophils.
Microscale Thermophoresianalysis revealed thaPly and ATP bind to each other.
Subsequently, ATP bindingeutralizedly-mediated neutrophil degranulati@uggestinghat
Ply-ATP interactions are potentially beneficial during the course of the infectiomsasotiid

limit the lung injury resulting fromexcessive Pimediated neutrophil activation.
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3. Introduction

The world wdive in isheavily populated by both pathogenicarnrpathogenic microbes that
threatencellular homeostasisThe nasopharynx ian ecological niche for many commensal
bacteria as well as potential respiratory pathogensStreptococcupneumoniae and
Staphylococcus aureuare 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 certastressfulconditions, for example following viral infections,

or in individuals with a weakened immune systencluding young children, elderly and
immunocompromised persortbey can cause a wide range of lifereatening diseases, such

as pneumonia, meningitis sepsiq9, 10].

3.1 Streptococcus pneumoniae

Streptococcus pneumoniféi@e pneumococcu$d anencapsulate@ram-positivediplococcus
thatthrivesin both aerobic and anaerobic environmelits phenotypicallycharacterized by
Uhemolysis catalase negativity bile solubility, and optochin susceptibility [11].
Pneumococusis a highly successful pathogen partly due tdidgh level of capsule diversity
resulting in over 100 serotypashich vary markedly in their ability to cause invasive infections
[12-15]. It is an quiescenbpportunistic pathobiorthat asymptomatically colonizes mucosal
surfaces of the human upper respiratory tract in healthy individé]s Epidemiological
studies suggest that up toiBb% of children andbout10% of adults are pneumococcal
carriers[8, 17-19]. Neverthelessthe pneumococcusan cause varioudiseasesangingfrom
noninvasive pneumococcadiseases such as sinusitiitis mediaand pneumonia without
bacteremido life-threatening invasivpneumococcalisease$lPDs)such as pneumonia with
bacteremia, meningitis or sepdgiBig. 3.1)[20]. However, the majority of IPDs occur in
childrenunder the age of fivegs well agn elderly and immunocompromised people due to
their undeveloped or weakened immune system, respecf{®@lyFurthermore,synergy of
pneumococci withseasonal viruses, e.g., Influenza A virl8V), can lead to bacterial
dissemination to the lower respiratory trazusing IPDs[21-23]. The World Health
Organization(WHO) estimates that.6 million people die from pneumococcal disease every
year, including0.7 million to 1million children younger than 5 yean$ age[24].

11
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(Non-invasive and invasive pneumococcal diseases)

| Meningitis

Sinusitis ——————&

Otitis media

<+———Sepsis

)

«—————Pneumonia
| with bacteremia

Pneumonia
without bacteremia |

Figure 3.1: Non-invasive and invasive diseases caused jpyeumococci.
Pneumococci can cause nowasive diseases such as sinusitstis media and
pneumonia without bacteremiand life-threatening invasive diseases such as
pneumonia with bacteremia, meningitis or sedsigure created with BioRender

S. pnemoniaeproducesa myriad of virulence factorthat are indispensable for disease
progression and pathogenesi$hese virulence factoraid pneumococci to establighirect

contact with host tissue surface receptors, and escape bacterial clearance mediated by host
immune celld25-27]. Two crucial virulencedeterminantsghat are cytotoxic to host cells are
pneumolysin (Ply) and hydrogen peroxideQ:).

3.1.1 Pneumolysin (Ply)

Ply is a 53kDa poreforming toxin produced by all clinical isolates of tlsepneumonia and
belongs to a family of thiehctivated cholestercldependentcytolysins (CDCs) [2§].

In contrast to all other known members of the Cla@ily, Ply does not get actively secreted
dueto a lack of an Nerminal secretion sign§29]. The mechanisrby which Ply is released
remainsdebatable Some studies suggest that Réyreleasedollowing cell wall hydrolysis
instigatedoy thepneumococcal autolysin Lytf8, 30], while others claim thahePly release
occurs in an autolysimdependent manndB1, 32]. Released Ply binds tthe chdesterol
containinghost cellmembrane and forms large pores (up 86 nm in diameter) by the
oligomerization of up t@d?2 toxin monomerg33-35]. Intracellular calcium influx via Ply pores

12
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can trigger hostell DNA and mitochondrialdamage, culminating imost cell death via
apoptosig36-39]. TLR4 was alsamplicated in the host cell apoptotic response to[R(].

As aporeforming toxin, Plyis involved in the activation of theinflammasomeand the
pyroptotic cell death pathwdy1-44]. In addition to cell lysisPly hampers ciliary beating of
respiratory epithelial cells resulting impairedmucociliary clearance of pneumoco¢4b).
FurthermorePly can activate the complement system and modulate chemokine and cytokine
production, resulting in a highly pfiaflammatory environment which facilitatdsacterial
shedding and hogb-host transmissiof¥46, 47]. As one of the most important virulence factor

of pneumococciPly remaingo beone of the promising candidates includeginteinbased

vaccineghat have progressed through the initial stages of clinical [48]s

3.1.2 Hydrogen peroxide (H:O>)

Apart from Ply, pneumococci also produce prodigiansountsof H202. It is producedas a
product of the pneumococcal carbohydnatetabolizhng enzyme pyruvate oxidase SppE).
SecretedH202 diffuses through the host cell membrane amttlicestoxic DNA doublestrand
breaksand oxidative damagewhich finally culminates in apoptotic cell deafh0, 51].
Pneumococcainutants deficient in kD2 production are characterized byeauced virulence
in vivo[49]. H20:zis alsoa vasodilator and contributesttee cerebral hyperemia during early
stages of meningitis and therapies with antioxidaléviatethe pathophysiological responses
[52, 53. It attenuatsciliary function byslowingthe ciliary beat frequency and impairing the
structural integrity of human ciliated epitheliys¥, 55]. Furthermoreseveraktudiesshowed
thatcell injury induced bypneumococcamnutantslacking Ply activity was comparable that

of the parental strajnmplicatingH202 as a major factor responsible for the cell cytotoxicity
[56, 57]. The pneumococcus not orlyilizesH,O; as a virulenceleterminant. Released:G:
eliminates microbial competitors in the nasopharynx such Heemophilusinfluenzae
Staphylococcus aureudNeisseriameningitidis and Moraxella catarrhalis and thereby

promotegpneumococcal colonizatids8, 59].

3.2 Staphylococcus aureus

Staphylococcus aureugS. aureuy is a Grarppositive opportunistic pathogen that
predominantlycolonizes the human anterior ngréége axillae and the skin onethird of the

human populatiof60, 61]. In generalS.aureusnfections can range frosuperficial infections

13
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such as stye and sinusitis, to more invasiveethdlinfections such as pneumonia, toxic shock
syndromeand neootizing soft tissue infectio{$2, 63]. The ability ofS. aureus$o cause such
a magnitude of infections is directly associated to the production of a wide array of virulence
factorsincluding highly active poréorming toxins Poreforming toxins of S. aureuscan be
broadly classified into 2 sufproupsbased on their mode of action
(i) Receptordependent
Binding of Utoxin and bicomponent leukddins to specific receptorsn host cell
membranédeads to thedrmationof apore Receptors have been iderififorU-toxin,
Panton Valentine Leukocidi(PVL), LUKAB, and LukDE.Gammatoxin probably
alsobinds to a specific receptf#4, 65|.
(i) Membrane interference withowgaeptor interaction
Similar ©o Ply, phenckoluble modulins(PSMs) are believed tobind to the

cytoplasmic membrane e nonspecific manneandcausemembranegupture[65].

An important feature of staphylococcal infection is thegterm persistence[66].
Besidegrofessional phagocyteS, aureusaninternalize intoothercell-types likeepithelial
cells, endothelial celldibroblasts, keratinocytes and osteobl§®. Thebacteriacansurvive
within host cells by switching temaltcolony variant (SCV)phenotype SCVsare normally
associated with persistent infections, which may be both chronic and red@ter@s].
Additionally, S. aureuscan adaptheir regulatory network to the intracellular environment

enabling prolonged intracellular survij&o, 70].

3.3 Influenza A virus

Influenza A virug1AV) is a membeof the familyOrthomyxoviridaelAV is characterized by
segmented, negatisense, singlstrandedRNA genomeqd71, 72]. Its genome consists of
eight segments that encode &brleast 17 viral proteifg 3. IAV is an enveloped virus and is
covered with therojections of three proteins: hemagglutinin (HA), neuraminidase (NA) and
matrix 2[74]. HA regulates the attachment of virus to the host receptdr 76]. While NA
regulates theelease of progeny virus from the host ¢éB, 77]. Basedon the antigenicity of
their HA and NA, IAV are classified intd8 classical HA and.1 classical NA subtypel/8,

79). 1AV are evolutionarily dynamic viruses with highly variable genomes. They possess an
errorprone RNA polymerase that lacks the ability of proedding which results in a very
high mutation rate (ranging from @ 104substitutions per site per yeaf30, 81].
Thismechanism of dnging genetianakeup is termedantigenic drift Howeverhaving a
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segmented genome also allows for another way to change its compositi@asgartment or
antigenicshift. This occurs when one cell is simultaneously infected by two different influenza
A viruses[71]. Antigenic shiftis both common anessentialfor IAV host switching and
evolution[82]. Unlike antigenic drift, antigenic shifeadsto drastic changes in the antigenicity
of the HA andis associated withAV pandemicq83]. The WHO estimates thaeasonal
epidemics of influenzaccountor ~1 billion infections, 85 million severe&easesand290,000
650,000 deathsnnually[84)]. Influenzadiseasas normallycharacterized bw rapid onset of
fever, muscle aches, and fatigtdluenza can progress to pneumonia, which caarbsultof
eitherprimary viralinfectionor a secondary bacterial infectif@?, 85, 86]. Hospitalization and
death ocar mainly among high risk groups includipgegnant women, children undée age
of 5, elderly,andimmunocompromisedndividuals[84, 87]. Vaccines are manufactured on a

yearly cycle to account for tharal antigenic drift and shift88, 89].

3.4 Bacterial and viral co-infections

Since 1510IAV has been responsible fapproximately 14andemic$90]. In 1918, thanost
devastating influenza pandemic was recorde
resulting in more than40 million deaths worldwidg91]. However, secondary bacterial
pneumonias estimated to have occurred in up to 95%heffatalities during this pandemic

[92]. The majority of those deathwere due tcsecondarypneumococcainfections [92-94].

S pneumonia€ontinues to be associated withsecondary infections during influenza
pandemicdollowed mainly byS. aureus[85, 95] andH. influenza€ 85, 92, 94]. To this day,
co-infections with these pathogeresnainto be tte cause of high mortalitgspecially among

hi gh ri sk cldeoly(gge >65),pednanavemechildren undethe age of one,

people with chronic medical conditionsydaimmun@ompromised96).

Several mechanisms by which viral respiratory infections may predispose patients to

subsequenbacterialinfectionshave been describeS8ome of which are listed below.

1 1AV disrupts lung physiologyEpithelial damagejecreased ciliary beat frequency, and
surfactantdisruption caged by an IAV infection providaccess and autrient source,
supportingbacterial growtj97-99]

1 Increased receptor availabilityiral NA contributes to bacterialadherence tairway

epithelium by cleaving sialic acid andexposing receptordor attachment[21].
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Damagecdepithelig whether damaged directly by the virus or the inflammatory
responsgprovide additionabacterialadhesion sitef92, 10Q.

1 Alterations of innate immune responsésY 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 thesateJielyaid a subsequent
bacterial infection[22, 85, 101]. Insufficient immune response to fight bacterial
infection is primarily attributed to the production of interferons (IFNs)Wwhesults in
an antiviral stat€102. Concurrent with theintiviral effect, IFN production can inhibit
variousimportant antibacterial immune responses. For example, type | IFNs selectively
inhibit the produdbn of neutrophil chemoattractant®KC and MIR2 [1027 and
macrophage chemoattractant CCI03. The inhibition of these chemoattractants
results in impairedrecruitment of immune cells leading to inefficient bacterial
clearanceAdditionally, a general aninflammatory state is orchestrated dedicated to
the restoration of lung immune homeostasis post A&arancellL-10 production
during this wound healing phagB)4 broadly suppresses several mechanisms that are

involved inbacterialrecognition and clearan¢&05.

3.5 Innate hostdefenceresponses

The innate immune system accounts fodaflencemechanisms that come into play when the
host is challenged with a certain pathogen for the first immajority of the cases, the quick
nature of the innate response is sufficient to restrict a$ agelresolve the infection.
Theadaptive immune respse is only required when the pathogen manages to evade or

overwhelm the innate host defen¢26q.

3.5.1 Epithelial cell responses

The respiratory epithelia amnstantly exposed tmxins and pathogens during respiration
Despite exposurehe frequencyf severerespiratoryinfectiors is relatively low inhealthy
individuals[107]. The ability of the respiratory epithelium to serve as an efficient barrier against

pathogens can be attributedts well-established defense systgh®8 109.

Epithelial cells are held together by tight junctions, which effectipetyect thanternal tissue
environmenf11Q. They secretenucus rich in mucin glycoproteins, that traps microbes and

other particulate mattdil11]. The entrapped particles or microbes fangher expelled via
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mucociliary clearance driven bihe beating of epithelial cilig112. Apart from being a
physical barrier, epithelial cells are also immunologically active. They prathtemicrobial

pept i de sdefensicdnd Ld-87, tiataid in elimination of théenvading microbg113

114). Additionally, airwayepithelial cells are equipped with recagtoalled pattern recognition
receptors (PRRs). PRRs are specialized in the recognition of both extracellular and intracellular
pathogen or damageassociated molecular patterns (PAMPs and DAMBR&Y. PRRs are
classified into five families namely Tolllike receptors (TLRs), Nucleotidginding and
oligomerization domain (NODIjke receptors (NLRs), Retinoic aeidducible gene (RIG)-

like receptorgRLRs), C-type lectin receptorCLRs), and Absent in melanoma 2 (AlMfke
receptor (ALR) (Table 3.1)115.

Table 3.1: Families of pattern recognition receptors

PRRs Localization Sub-types PAMPs/DAMPs References
Cell and endosomal 10 (human¥and 13 extracellular or endosomal
TLRs membrane (mice) PAMPs (116117
4 subfamilies, with  endogenous or microbial

NLRs Cytoplasm a total of 22 types molecules [118
RLRs Cytoplasm 3 dsRNA [119
CLRs Cell membrane 17 subgroups 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 ammicrobial proteing115. Otherimmune cellsincluding neutrophils, macrophages, and
lymphocytes are recruited the sites of infection as major bio effectorShese cells are
involved in the eradication and disposal of pathogens, or, if needed, partake in the adaptive

immune response.

3.5.2 Neutrophil responses

Neutrophilsor polymorphonucleardukocytePMNSs) are short lived cells that belong ttoe

myeloid lineage of immune cel[424. They ae characterized by segmenteducleus and
contain high amounts of cytoplasmic granulks.addition, PMNsare the most abundan
leukocytes in the circulatioand areregarded as first line afefencein the innate immune

system.
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Neutrophilsare produced every day in largembers (~18 cell per day) in théone marrow

[125. They enter the blood and patrol feigns of microbial infections. At the end of their

lifespan, they enter the tissue and are cleardisbyeresidentimacrophages via phagocytosis

[126. However, when neutrophils deteaticrobial pathogens, they deploy different

mechanismo capture and destroy the invading pathqgerch as:

(i)

(ii)

(iii)

PhagocytosisRecognition of the microbes by the phagocytic recesioch ad-co
receptorsjeads to the ingestion of the microbe into a plasma membrane derived
vacuole called the phagosofi®7]. The phagosome upon maturation is called the
phagolysosomgl28. Phagolysosomédsave highly acidic environmeahd contain
many degrakhg enzymes, including various cathepsins, pre¢salysozymes, and
lipases They also conia NADPH oxidase that generatesactive oxygen species
(ROS). The highlyoxidative and degradative milideads to the destruction of the
ingested pathogdi29.

Neutrophil extacellular trap (NET) formatiomETs are filamentous extracellular
structures composed afecondense@hromatinand mitochondrial DNAloaded
with granulederived proteinsThey are released by neutrophildrtonobilize and

kill pathogeng13(0. Mechanism olNET formationis also associated withfarm

of pathogerinduced cell deatmamed as NETotic cell deafth31, 132.
Degramlation: Neutrophils contaitiour different types of granules: (1) primaoy
azurophilic granules; (2) secondary specific granules; (3) tertiargr gelatinase
granules; and (4) secretory vesic[@83. The primary granulemainly contain
toxic mediators, such as elastase, myeloperoxidasdéysozyme, azurocidin,
cathepsins,resistin and defensinsThe secondary and tertiary granules have
overlapping contents, however they maimgntain lactoferrin and gelatinase,
respectivelyamong other substanc@$e secretory vesicles mainly contplasma
proteins such as human serum albufii33-135.

Degranulation occursn response to elevating concentrations of*Cd.34.
Increasan the intracellular C& initiates granules translocatidéo the phagosomal
or plasma membrane, whetéuses with the membrane to releaisgcontentd 136,
137). Thegranules are released in a hierarchical manner. Secnetsrglesare
released first fdbwed by tertiary andgecondarygranules and finally therjppnary
granules[138 139. Therefore, primary granules serve as markers for neutrophil

degranulation.
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Neutrophil response is crucidbr pathoge clearance, howevels also associated with
collateral tissue injuryExcessive neutrophil degranulatidras been implicated imany
inflammatory disordersuch as acute lung injury, rheumatoid arthritis, and septic §idék
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 revealedriin@al role of cell death in host immune response
to harmful stimuli[147. Pertaining to infectiongell death not only assists in elmation of
intracellular niches ofhe pathogen$143, but also siraltaneously facilitates the recruitment
of phagocytic immune cells thatomote resolution of the infectiohlowever pathogensiso
inducehostcell death as a strategy to efficiendlyit the host cél spread to neighboring cells,
and/or gain nutrient§144]. As per theNomenclature Committee on CelleBth (NCCD),

cell death canbe classified asither regulated(RCD) or accidental(ACD). ACD is an
unregulated and instantaneous form of cell death resulting tinerexposure to physical,
chemical or mechanical injuryhile RCD is a controlledcell deathmechanisnregulatedoy
tightly structured signalling cascadd882. RCD can eithebe norlytic and immunologically
silent (i.e., apoptosiand autophagyor highly inflammatory in nature (i.enecroptosisand
pyroptosis).Recentstudies have revealed creasdks among the variousRCD pathways;
for example, despite having a primary role in inducapgptosiscaspase can also induce

pyroptosis[145, 146 and converselygaspasd involved in pyroptosis catriggerapoptosis

[147.
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Figure 3.2:

Apoptotic and pyroptotic cell death pathways.

Healthy cells respond to deatiducing stimuli by initiatingcell death pathway#\poptosis
involves activation of initiator caspases that activate effector caspasesale glrious
cellular substratesvorphological features ofpmptotic cellsare cytoplasmic and nuclear
condensation, formation of apoptotic bodies, maintenance of an intact plasma membrane,
and exposure of surface moleculesinitiate phagocytosisby professional phagocytes
However, lack of phagocytosis leads to lysis of dpeptotic bodiesesulting inapoptotic
necrosis. Apoptosis is generally a silent cell death, while pyroptdsisinherently
pro-inflammatory. Pyroptosis is mediated by the activatioh caspasd., that leads to
activation and release offlammatory cytokinesuch as Ikl b,  alB.dhede tytokines
act as chemattractants foother immune cellsuch as neutrophil®yroptosisculminates
in cell lysisvia GSDMD pore formatiorFigure created with BioRender.
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3.5.3.1 Apoptosis

The phenomena of aptosiswas first described bythe German Scientist Carl Vogt in

1842[148. However, the ternvascoinedby Kerr and colleagues in 1972definea specific

morphological pattern of cell death observed during embryonic develoameénbrmal cell

turnover in healthy adulissue[149. Today, gooptosis isclassified asa norinflammatory

form of RCDcharacterized by cytoplasmic shrinking, cell rounding, chromatin condensation,

DNA fragmentation and membrane blebb{fgyure 3.2 150 151]. It is mediated by apoptotic

caspases and can be initiated via 2 distinct pathways.

(i)

(ii)

Intrinsic pathway

This pathway is activated by cell intrinsstresses such as DNA damage, which
leads to mitochondrial outer membrane permeabilization (MONIESZ.
The MOMP pore appears to bermed by the action dcl-2 family membersBcl2
Associated Xprotein (BAX) and Bcl2 Antagonist Killer (BAK) [153.
MOMP results in the release of mitochondrial contents includyigchromec into

the cytoplasm. Oligomerization of cytochrome apoptotic protease activating
factorl (Apafl) and pro-caspas® form an apoptosomewhich serves as a
platform for initiator caspas® activation154]. Activated caspase 9 in turn cleaves
and activates the effector caspases 3 di%5.

Extrinsic pathway

This pathway isactivated by cell extrinsistress signalswhich bind to death
receptors (DRs) such as Fasand tumor necrosis factor(TNF) receptors
Typical death stimuli includéas ligand]TNF and TNFrelated apoptosisducing
ligand (TRAIL) [15€. Triggering of DRs by specific death ligands results in the
formation of a deatimnducingsignallingcomplex (DISC)DISC initiates proximity
induced cleavage opro-caspasé3/10 to active caspas#10 [154, 157, 15§.
Activated caspas®/10further cleaves proaspase to active caspasg Caspase
can also cleav8cl2 Interacting ProteinBID) into tBID, initiating MOMP and
subsequentlyresulting in the activatiorof the intrinsic pathway[159. Thus,

caspase activation connectgothextrinsic and intrinsic apoptosis.

Both intrinsic and extrinsic pathwaysulminate in tle actvation of the effector caspases.

Onceactivated,they cleave variousritracellular substrates such @godrin, gelsolin, p24

activated kinase 2 (PAK2pnd many more[16(. Effector caspasesause chromatin
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condensation, formation of cytoplasmic blebs and apoptotic badigsh expose surface
molecules(Figure 3.2)[161]. Professional phagocytesich asmacrophages recognize the
apoptotic bodies and ingest them making this form of cell death less inflammatory in nature
[167. If not cleared,the apoptotic bodies ruptyreeleasing cytosolic DAMP#nto the

extracellular spagesubsequently resulting in apoptotic necrosis (Figure[ 365 .

3.5.3.2 NLRP3 Inflammasome and fyroptosis

Pyroptosis was first described 1992 in Shigellaflexneriinfected macrophagd464, and
shortly thereafter a similarell deathphenotype was observadS. typhimuriuninfected cells
[165167]. The observed phenotype wasmed apoptosisased on morphologaharacteristics

of cell surface blebbingDNA fragmentatbon, and chromatin condsation [164-169.
Pyroptosis was subsequently shown to be distinct from apopthstsis dependence on
caspasd [169-17]] and the name was coohé 2001[172. The definition of pyroptosis now
also included cell deatbxecuted by other inflammatory caspases, such as human edspase

human caspas®, and mouse caspa$&[173.

Pyroptosisis driven by activation omulti-protein complexes callethe inflammasomes.
Theyare one of the most recently ciiwered classes of NLR$74]. Of the 22 NLRsNLR and
pyrin domain containing receptor 3 (NLRRABjlammasomds by far the best characterized
[175. Caspasd is activated in canonical inflammason{eégyure 3.2 and 3.3)while related
caspasél/5 (human) anctaspasell (mice) areactivated in the neranonical pathway176,
177). Additionally, the on-canonical inflammasoen activation only comes in to play in

Gram-negative bacterial infectiorjg7§.
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Figure 3.3: Priming and activation of canonical NLRP3 inflammasome.
Microbial moleculesuch as LP®r endogenous cytokinesich as TNandIL-1U / can act
as priming molecules. Priming result in tineregulation oNLRP3andpro-IL-1 fihrough
the activation of the transcription factor MFBThe activation signal isrovided byvarious
stimuli, such as portorming toxins ATP and particulatenatter C&?*/K* signaling induced
mitochondrial dysfunctiomesults in the release ofitmchondrial eactive oxygen species
(mtROS) andoxidized mtDNAwhich activate the inflamasome. Particulate matter can
cause lysosomal destabilizatiamhich results ininflammasome activation. Activation
involves the assembly of NLRP3, ASfotein and precaspasd to form the NLRP3
inflammasome, followed by activation of caspdsé\ctive caspasé cleaves prdL-1b and
GSDMD to mature IElb  and  &\Sedddxtively GSDMD-N pores facilitate the
releaseof Ikl b t o t he e xt r aFigeré dreatkdavith BoRemden o n me nt .

In most cellsthe inflammasomactivation occurs i two-step procesiamely priming and
activation(Figure 3.3)[179, 18Q. In the primingstep,inflammatory triggers such as TLR4
agoniss, TNF or 1L-1 family proteinsjnduce the NFe Bmediated expression dfLRP3and
pro-lL-1 §181]. Exposure to an activating signal leads to the assembly and activation of the
NLRP3 inflammasomeCommon activators of the NLRP3 inflammasome are pathdd&as
pathogen associated RNAroteins anddaxins [183185, heme[18€], endogenous factors
(amyloid-b , chol est er acid crystaly[$87-E%Y,sand enviorimental factors
(silicaand aluminum sal}g[189, 19(. ATP released imt the extracellular environment by
stressed or dying cells can also activate the inflammasome via the puriP2Kgiceceptor
(P2X7R)[191-195. However, interactiorof 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

inflammasane. Currently, cellular events such ekBanges in cell volumEL9qg, ionic fluxes
[197], lysosomal damadgd 98, ROS productiopandor mitochondrial dysfunctiofl99 have
been implicated in inflammasome activatigiigure 3.3) Upon sensing the activation signal,
NLRP3 inflammasome assembly ocs via the oligomerization of the sendtirRP3 protein,
an adaptor apoptosassociated spedie protein (ASC) and the zymogen procaspédke
[200. Recruited pocaspasd is converted to bioactive caspdsg01], which further cleaves
pro-lL-1 b a nld-18pntotheir respectivenatureforms Simultaneously, caspadecleaves
gasdermirD (GSDMD). The Nterminal GSDMD (&GDMD-N) fragmentintegrates into the
cell membrane and forms pores through whiiciib, IL-18, otherpro-inflammatory cytokines,
ATP, eicosanoidsand alarmis are secreted into the extracellular environm&@8DMD-N
pores also cause cell lysis and thergyyoptotic cell death(Figure 3.3)[168 202 203.
Released pranflammatory componds accentuate the inflamnaay state by recruiting
additional inflammatory immune cells of different lineages(Figure 3.2) [204209.
Forexample, ATP released through t®dl lysis mediate purinergicchemotaxis resulting in

neutrophil recruitment and activation at the site of inflamm4gtl®d, 210.
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3.6 Aim of the thesis

This project focusses on two important virulenf@etorsof pneumococci, namely, 2. and

Ply. These factors have been previously implicatedllimpphases of pneumococcal disease,

including transmission, colonization, and infectidhe aim of the thesis w&s detemine their

impact on various innateostdefense mechanism.

Specific aims are:

T

T

T

To summarize the current limited knowledge of inflammasome activation in
pneumococcal infections of the respiratory tract anohderstand why
immunocompromised individuals ardisproportionately susceptible to bacterial

infections

To delineate thempact of pneumococcal 202 on two crucial cell death pathways,

namely apoptosis and pyroptosis.

To understandhost metabolic responsesbronchial epithelial cellso pathogens sth

asInfluenza A virus StreptococcupneumoniagandStaphylococcuaureus

To investigate the role of ATP in neutrophil response to pneumococcal infections
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METHODS

4. Experimental approach

This section provides a summary of the main experimentahigues used in this thesis.
A detailed description of the experimental procedures is available in the respectiveantcles
manuscripts

4.1 Bacterial and viral strains

All bacteridand viral strains used in this study are listedable4.1. Detailed description of

culture mediaand growthconditions are mentioned in the respectvicles 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 [217]
SP261 TIGR4 (serotype 4) [212
SP257 D39 (serotype 2) NCTC 7466
PN11%X D 3 Xps(serotype 2) [213
PN419- D 3 TTpsply In this study
PN777D 3 TpogspxB In this study
PN778 D 3 TpsyplygspxB In this study
S. aureus LUG2012 (USA300 lineage) [214]
S. pyogenes Strain 5448 [215
Paper Ill S. pneumoniae SP261 TIGRA4 (serotype 4) [217
PN779 TIGR4gspxB In this study
S. aureus LUG2012 (USA300 lineage) [214
IAV A/Bavaria/74/2009 (rH1N1) In this study
Paper IV S. pneumoniae SP261 TIGRA4 (serotype 4) [212
PN699 TIGR4qply 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 FunG@rahicsof
Microbes, University of Greifswald

4.2 Experimental approaches

Epithelial cellsspan the entire length of the respiratory traatl act as éunctional barrier
providing critical déense against respiratory pathoggtsg. Bronchial epithelial 16 HBE140
cells (16HBE) 217 wereused inpapersll andlll, to study the host responses to bacterial and

viral infections.

29



METHODS

The eperimentalworkflow shown inFig. 4.1 was used irpaper Il to analyze the impact of
pneumococederived HO2 on cell deathpathways 16HBE cells were either infected with
pneumococcor stimulated with different concentrations of®4. For inflammasome related
studies, it is crucial to choose the suitable priming agd?®.is awell-studied TLR agonist
and is commonly used aspriming agen{179, 218 219. However, cduring a pneumococcal
infection in the lungpneumococcal lipoproteins can mediate a TLR2 resg@2§kand could
also play a role in priminf221, 222). Additionally, cytokines such as TNéan prime the cells
for inflammasome activatiof200, 219. In paper II, cells were stimulated with eithePSor
TNF prior to an infection or kD2 stimulation. To inactivate HO2-mediated actions, catalase
wasadded to the experiments. Samples were collected at different time points for various assays
such agiRT-PCR, ELISA andmmunoblots.

Supernatant collected
and stored at -20°C IL-1B ELISA Plate reader
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Figure 4.1: Experimental approach used in paper Il tostudy the impact of pneumococcderived
H>0- on apoptotic and pyroptotic cell death pathways.
16HBE cells were either infected with pneumococci or stimulated with different
concentrations of ¥D, for 4 or 6 hin the presence or absence of priming agents.
Infectedcells were stained with FANFLICA reagents to quantify caspase activation.
Infection supernatants were used for LDH andlH quantification. Cell lysates were used
for GSDMN detection via immunoblots. RNi&olation was conducted to determine the
relative gene expression NL.RP3andpro-IL-1b. Figure created with BioRender.
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Paper Il aimed to elucidate the impact of various respiratory pathogens on theetost
metabolone. 16HBE cells were infected with pneumococci,S.aureus or HINL.

Viral infections were performed for 24 while bacterialinfections were conducted for 2 h
following the viral infection.Media containing antibiotics were added for additional 2 h and

24 h for pneumococcakal S. aureusnfections, respectivelysamples for metabolome analysis
were collected as shown in the experimental time sch@ige 4.2). The time between
harvesting the sample and freezing can be critical. Delay in freezing can result in inconsistent
metabolite concentratiorf223. Therefore samples wer@anmediatelysnap frozen in liquid

nitrogen to minimizeenzymatic reactions that can potentially alter the metabolic profile

uninf. ctrl. .l Y ! ! Y Y
Q ' ! .I | ] |
Ll L} L] n L

HIN1+TIGR4 &) . om .

Luczo12| . om .
Q [ IO .l | ] |
t1to te tog tos tos tso

Hl medium [l medium + Ab @ H1N1
@TiIGR4 QLUG2012 vSampling

Figure 4.2: Experimental time schemeused in paper Il to analyze the changes in the host
metabolome post single bacterial (TIGR4 and LUG2012), viral and eimfections.
16HBE cells were infected with the 1AV dr 24 h, followed by bacterial infectionsfor 2 h.
Mediacontaining antibiotics weradded for additional 2 h and 24 h for pneumococcalsaralireus
infections respectively. Sampling for metabolome analysis was conductgd,atihd to.

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 NETodi$27, 130, 224]. In paper IV, we aimed to determine the interaction
between human neutrophils and pneumococcal -fooneing toxin Ply. Primary @iman
neutrophils were isolated from healthy donors usingplymorphoprep density gradient
centrifugaion. Given the relatively brief lifespaof neutrophils in culture, Wvasimportantto

start the experimentsimmediately following their isolation from blood.Neutrophils are
exquisitely sensitivand undergo rapid activatipthus the isolation technique and handling
can have a great influenoéthe quality and quantity of the isolated neutropllslessstated

otherwise, the cells were always maintainegtgtsiologic pHand in the absence of divalent
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cations to helpeduceactivation. All media components that came in contact with blood or cells
were pyrogeffree. Pyrogenfree polypropylene tubesere usedo limit adherenceénduced

activation

Freshlyisolated neutrophils wemstherinfected withpneumococcor stimulated with diffeznt
concentrations of recombinaRly, ATP, or bacterial lysate®eutrophil supernatants were
used to analyze the secretome, cglibtoxicity and resistin releasbklicroscale thermophoresis,
FACS analysis and Fiel&missionScanningElectronMicroscopy(FESEM)techniques were
used to elucidate the interaction between Ply, ATP and neutrdpabilsr variations are always
a challenge when working with primary celldius, the omber of biological replicates were

increased upo 10 for some of thexperiments to reduce stiard deviation

4.3 Enzymelinked immunosorbent assay (ELISA)

ELISA is awidely usedmethodto quantitatively detecsoluble antigers such as peptides,
proteins and hormones, using antibodies conjugated with reporter erlidgore addtion of

the substrate, the reporter enzyme catalyzes the grodwdé a colorimetric moleculthat can

be quantified using a plate reader. ELISA can be used to detect a wide range of targets from
diverse sample types such as cell lysate, risupernants, blood samples and many more
[229. Inpaper Il, ELISA was used to quantifiz-1 b  r drbmecalls iaefected or stimulated

with pneumococcor H202, respectively. Irpaper Il , resistin concentrations in supernatants

of neutrophils wereneasureds an indicator of neutrophil degranulation post stitradavith

Ply. Freeze thaw cyclesanhighly impactcytokine andprotein concentrations in the sample

[226]. Thus,freezethaw cycles were avoided obtain accurate results

4.4 Microscopy

Microscopy based methods have been very useful during the course of the project.
Fluorescene microscopywasusedin paper Il to characterize and quantifaspase activation

in the intracellular environment asresultof pneumococcal infectionr H202 stimulation.

Cell permeabldluorescent probeBAM-YVAD -FMK FLICA or FAM-DEVD-FMK FLICA

were used to labeictive caspasg and caspas®&/7, respectively The staining was visualized
using an Axio Observer Z1 microscope (ZeisQuantification of active caspases was
conductedby enumerating the caspat@r caspas8/7 active cells in relation to the total cell
number Multiple technical and biological replicates were maintained to overtmman bias.
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Field emission scanning electron microscopy (FESBsl used ipaper IV to visualizethe
impact of Ply vs PRATP interaction omeutrophil morphologynd activationFESEM was

performed withmultiple biological replicates to account for donor variations

4.5 Statistical Analyses

Statistics were performed using GraphPad Psigftware version 71f not otherwise indicated,
statistical significance of diffencewas determined using Kruskal Wallis test with Dunn post
test.A P value less thaf.05 was consideresignificant(*, p<0.05;**, p<0.01; ***, p<0.001).

4.6 Ethics Statement

Paper Il mainly involved working withblood samples from healthy volunte€donors were
well acquainted with the research conducted and written informed consent was otatained
perform the studyThe ethical research committee at the University Medicine Greifswald
approved the study (BB 006/18)ll experiments were carried out sccordance with the

approved guidelines.
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5. Results and Discussion

5.1 NLRP3 inflammasomeplays a crucial rolein pneumococcal

infections

The innate immune responsehe first line ofdefenceagainst invading pathogenslimitsthe
spread of the pathogen and initedpecific adaptive immune responses. ittecellularNod-
like receptor NLRP3 is by far the best characterizethnate immune receptofl175.
NLRP3is expressed in many cell types inclagiimmune cells and epithelial celland is
known to play a crucial role in the regulation tbe host innate immune responf227].
Of all the 22 NLRs NLRP3 is the mat diverse innate immenreceptor because b
broadspecificity in meliating immune response to a wide range stimuli [200.
Severalktudies have now uncovered the pivatale of the NLRB inflammasomeén microbial
infections. NLRP3inflammasome inducestate of inflanmation following detection of

PAMPs/DAMPsin the cellular cytoplasm, thereby resulting in pathogen cleaf22&

In paper I, we discussthe stucture, assembly and activation of the NLRP3 inflammasome.
We explore varioudL-1b inhibiting drugs and summarize tloarrentlimited knowledge of

inflammasomaectivation in pneumococcal respiratory tract infections

5.1.1 IL -1b inhibiting drugs and their side effects

The wnregulatedactivation of the NLRP3 inflammasonmas beenmplicated in the onset of
variousdiseases, including go{t89, inflammatory bowel disease (IBD229,Al zhei mer 0
diseasg230, 231], atherosclerosigl8g, type Il diabete$§232 233, and Cryopyrirassociated
periodic syndrome (CAP$234]. Its role in various types of cancer such as colon cancer, breast
cancer, melanomand gastrointestinal cancdras also been report¢@35. Although these
diseases are very diverse in nature, they are all characterizedlbyriediated inflammation.
Therefore, NLRP3inflammasomesignaling cascadand IL-1b are consideredpromising
targets for the treatment ofthese autecinflammatory and autoimmune diseasgs3q.
Althoughseeral inhibitors of the NLRP3 inflammasome have been developage( I,
Tablel), only three drugs have been clinically approved by the FDA, namely Aaakinr
Rilonacept and Canakinumabafle5.1) [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 tanfections such [238§
receptor  antagonist as cellulitis, pneumonia, and
bone and joint infections
Rilonacept IL-1 U a IL-1 blocker  Patients are prone skin [239
IL-1 b reactions and upper respirator 24Q
tractinfections
Canakinumak IL-1 b Monoclonal Respiratory tract infectiorsre  [239
IgG1 antibody amajor side effect 241, 2472

Anakinra is a reversibld_-1 receptor(IL-1R) antagonistand cancompetitivelyinhibit both

IL-1 U a 1 dlt.id cbommonly usedbr the treatment of RA, acute gouty arthritis, and CAPS

[237, 243 244. Unlike anakinra thainteracts with the IL1 receptor, rilonacetinds directly

tolL-1 U a+id . | Itlirherid fussiongprotein that consists of the ligaridding domains of

the extracellular portions of the humanlR component and HLR accessoryrptein linked

in-line to the Fc portion of human IgG239, 24Q. It is usedto treat CAPS, including Familial

Cold Autoinflammatory Syndrome (FCAS) and MucRkléells Syndrome (MWS)24Q.

While anakinra and rilonacept block the activity of béothl isoforms, Canakinumab is a
monoclonal IgGilesigned to specifically target the activity oflb . 't i s cfammonl y
treatment of Periodic Fever Syndromes, MWS, and apuuiéy arthritig239, 241, 247,.

Although allabovementionedherapies are well toleratedtime majority of patientsthey also
haveside effectgtable 5.). Anakinrawas approved in 2001 by FDA ahds been used for a
longer period as compared to rilonacept or canakinumaérefore more adverse reactions
posttreatment withanakinra arelocumented238241]. From the clinical trial data as well as
increasing clinical usage, it is evidethlat patients undergoingl--1 inhibiting therapies are
disproportionately susceptible to bacterial infectisnsh as pneumonia and seg2i37, 245.
Therefore, it is of high importance to understand the role of NLRP3 inflammasome in bacterial
pathogenesisThe current literature on the impact of NLRP3 inflammasome on pneumococcal
infections is limited. Whileinflammasome activation is deemed to be protective in
pneumococcal pneumonjdl, 42], it is considered detrimental in pneumococcal meningitis
[246]. This indicates that ®ll-orchestrated inflammasome activation results in bacterial
clearance, while a hypeeactive response is injurious to the hbst.instancellL-1b produced

upon NLRPS3 activation is a chemoattractant for neutrophils and macrophages, both of which
are responsible for clearing the infectif#07, 20§. However, uncontrolled inflammasome
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activation and inflammation can resulh pyroptosis and tissue injunf247-249.

Thistissuedamage can aid in bacterial disseminatiothedeeper tissue layefs, 249.

5.1.2 H20:2 produced by pneumococcinduces cell etath

Pneumococci are equipped withegpertoireof virulence factors allowing them to circumvent
the host immune responsgpart from Ply,pneumococcreleasehigh amounts oH20: asa
product of the pneumococcal carbohydnatetabolizing enzyme pyruvate oxidase Sp4H.
Although previouditerature indicates the importance of pneumocot&té): in causing cell
damage, not much is known about its impact on the activation of cell death patushyas

apoptosis and pyroptodi850, 257].

In paper Il, weaimedto determne the role of HO2 in NLRP3 inflammasomaectivationand
cell death.Isogenicsingle ply and spxB as well as double mutants were generatethe
D 3 s background Ply-deficient mutants were included in this studyp exclude
Ply-mediated cytotoxic effectdlutants were verified by using batlucleic acid techniquess
well asimmunoblots targeting Ply and SpxB proteipagder I, Supplementary Fig. S3).

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

To elucidatethe role of an active SpxB in pneumococcal infectionswaian bronchial
epithelial cell s, 1 6 H Bdpsocits isogenianwtants.eAnalyses & c t e C
the cell vability revealed thainfections with pneumococci harboring an acspeBgene were
characterized by a tirdependenincrease ircell cytotoxicity paper II, Fig. 2f). In contrast
pneumococcal mutantackingspxBwere not cytotoxicgaper I, Fig. 2f). Addition of catalase

to D3 9cgs infections significantly diminished the cytotoxicity (paper 1, Fig.1la)
Thereforethese results clearly implicapmeumococcaH202 asa primary cause of epithelial

cell deathin the early stages of infection

5.1.3 H20: activates nflammasome signaling esulting in IL-1 b elease

Cell death is the most oomon outcome during infections. An infected cell can undergo
different modes of cell death depending on the nature of the infd@&#. However, in
paper Il , we focused on thenpact of pneumococcalZ. ontwo main caspase dependent cell
death pathways, namely apoptosis and pyropt&reeNLRP3 inflammasome activation
involves a priming step for NB B iaatioh and subsequent transcription of-firelb and
NLRP3[253, cells werestimulated with LP&nd TNFprior to infectiongstimulations
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To assessaspase activatiqorior to the excessive cell lysis, unprimaad primedl6HBE cells
were infected with pneumococcal strains fdn. 4Caspasel and caspase3/7 activation was
determined vialtiorescent prabbg with FAM-YVAD -FMK FLICA and FAM-DEVD-FMK
FLICA, respectivelyD39 spxBpositivestrainswere slightly cytotoxic andctivatedcaspasel
and caspas8/7 were detectedin 10-20% of the infected cell§paper 1, Fig.3 and S4a
In contrastspxBmutants did notause cell lysis antells remained negagvor active caspase
(paper I, Fig. 3and S4a To confirm thatcaspase actation and the consequential cell death
are caused bi202, 16HBE cells weratimulateddirectly with H202. H202 stimulations were
associated with a doskependenincrease in cytotoxicity towards the cedisd the addition of
catalase reverted this cytolytic effgq@aper I, Fig. S5). Microscopic analysi©of caspase
activationrevealed caspask and caspas&/7 activationin H202 stimulated cellsgdaper II,
Fig. 4 and S4b). Caspase activation in theseseedsaccompanied by minor cytotoxic activity.
Addition of catalasesignificantly reducedthe HO2-mediatedcytotoxic effects as well as
caspase activatiofjpaper I, Fig 4 and S4b) The observed infectiomnd stimulation

phenotyps wereindependent opriming.

Active caspasé readily cleaves pr.-1 b i nt o mM20@ 247].dhefmaturarikl b i s
mostly releasedfrom the cells via GSDMD poreq§168 202 203 247, 254.

IL-1 fconcentrdbns in 4h and 6h infection/stimulation supernatants were quantified using
IL-1b ELI SA. Consi stent paperlt,Rig.2hlel t ywas oxxcli o i \d
detected after 6 h of infections wipxB-positive strainsgaper I, Fig. 5a). Addionally, the

highest amounts of Hl bwere detected 6 h post 2. stimulations paper Il, Fig. 5b).

Addition of catalase neutralized-82-mediated Ik1 b r e | e a s expsinfectioneand D3 9
H20:2 stimulations paper I, Fig. 1b and 5aBoth assessegarameterse., caspase activation
andiL-1 b r ednfarmathae pneumococchlO: triggers both apoptotic as well as pyroptotic
pathwaygFig. 5.1). These results are also consistent with the literature that indicates@at H

is a potent activator @fpoptosig38, 251]. In contrastpnly one study analyzed:B.-mediated

effects onthe NLRP3 inflammasomé pneumococcal infections. Ertmann and &@ekhave

shown that pneumococcddbO. suppresses ATRediated inflammasome activation in mouse

bone marow-derived macrophages (mBMDMS3Jhe authors suggestthatpneumococcuse

H202 to suppress the immune system asthblish colonizatiof218. However,this study
considered the impact of pneumococcaDHat very earlystageq30 min of pneumococcal
infection In contrast, we observed that pneumococcal infections were higimhagingin

nature.This result is consistent with other studies which slhiwav H>O2 is highly cytotoxic
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[250 255. Pneumococederived H202 can cause oxidative damage to nuclear and
mitochondrial DNA (ntDNA) [250, 25]] resulting in activation of bothpoptosid256, 257]
andNLRP3 inflammasom§258-260].

Similar to BO2, Ply has also been implicated mmany cytotoxic processdd42, 261, 267.
Previous studies have shown that Ply activates the NLRP3 inflammaétimieowever, it is
noteworthyto mention that Plys onlyreleased at the late stage of gro\ah|. Additionally,
in paper IV, we also show th&ly-deficientmutantsare as cytotoxic as thegarental straiimn
the early phase of faction (paper IV, Fig. 2a) [57]. Therefore,it is plausible that kD2
mediated effects on inflamasome mediated cell death avkserved earlier during the

infection, while Ply mediated effects occur at the later stafgesention.

5.1.4 H20: primes the NLRP3 nflammasome

In cells such as macrophages and epithelial cellwjmy isindispensable for the activation of
theNLRP3 infammasomg179 180. NF-e B i s apmon detecidrokadpriming signal
which furtherupregulates the gene expressiorN@RP3andpro-IL-1 bTheexposure to an
activating signal leads to the assembly and activation of the NLRP3 inflammasuine
cleavage of thero-IL-1 bto its mature form[263. However, in this study,llaasessed
parameters, namely cytotoxicity, caspase activatgwell as IL1b releasewere independent
of a priming stepThis indicated the plausible role ob®: as a priming agent.o confirm this
hypothesisNLRP3andpro-IL-1 bnRNA expression in the infected and@®4 stimulated cells
was quantified using qRPCR. Cells stimulated with LPS and ATP served as a positive
control. NLRP3andpro-IL-1 fexpressiomwereupregulatedn cellsinfected withspxBpositive
strainscompared to thepxBmutants paper 11, Fig. 5¢-d). Upregulationin the expression of
both genes was also detectedcells stimulated with HO2 and addition of catalageversed
this effect(paper Il , Fig. 5¢d). These results confimdthat HO2 canprimeas well asctivate
the inflammasome iepithelialcells (Fig. 5.1). This finding is further supported by previous
studies whictshowthat HOzcan directly activatdlF-e Bt h r o u-g BEnducihgekinadd~
(NIK) [264-264.
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515 1IL-1 b r e hused byeHO¢gis a result of inflammasome ativation

but not pyroptosis

To confirm the involvement of apoptotic and pyroptotic pathways on cell death, pathway
inhibition studies were performe® 3 Xpsinfections as well agl202 stimulations ofhost

cells for 6h resulted in cell death and subsequert b r eHoweaes, blocking either one

or bothhostcell death pathwaysesulted in significantly reduced cell dedtfaper 11, Fig.6a

and 6¢. Interestingly, significantly reducedlL-1 b release was observed when
infected/stimulated cells were pretreated with ontp@otic pathway inhibito(paper II,

Fig. 6b and 6)l Release of mature #Lb occurs in pyroptotic cells via GSDMD porfks8,

202 203 247, 254. Howeverur resultsindicated that although H202 instigates 116
production, thefinalIt1 b r el ease i s al so dependenfio on t he
validate these findings, infected/stimulated cell lysates were analyzed for GSDMD cleavage
productsWestern blot analysis vealed that GSDMD either remainiediactor wascleavedoy
caspase to an inactive 4&Da fragmen{267] in cells stimulatedvith H202 (paper II, Fig. 6f

and Fig. S8). Resultsfrom the inhibition studies andadk of the active 3RDa fragment
(activefragment cleaved by caspakp suggest thathe IL-1 b  ase in ggneumococcal
infections is independenf GEDMD and relies on apoptotic cell lysiBheseresults aren line

with previous studies suggesting thptolonged stimulation of the inflammasome can
potentially result in GSDMBndependent cell death and-1Lb r §26&.a s e

A linear model of pyroptosis has been followed for years, wheotiveéed caspase cleaves
prolL-1b and GSDMb dmd I-KSEHeLvely. The GSDMIN forms
membrane pores throughwhidh-1 b i s [L6& 208 20§.¢Hdwever, in complex cellular
environment this is not always truérosstalks between various cell death pattysdetermine
the final fate of the cell. Studies have shown tlagpasel canredundantly activatapoptotic
executioner caspask and caspaseé [269. Additionally, caspas@ can inducesecondary
necrotic/pyroptotic cell dathvia GSDME/DFNA5mediated pore formatiof247, 270. H202
can alsanduce necrptosisthrough the RIP1/RIRBARRAIF pathway[271]. Studies have
shown that mied lineage kinase domalike (MLKL) , a marker for necroptosiagtivates the
inflammasome and the consequentiiall b r aslaeeautibé MLKL mediated cell rupture
[272). Complex interplay between effector molecutéwarious cell death pathwagsn also
result in the formation of PANoptoson{Byroptosis,Apoptosis,Necroptosis) Activation of

the PANoptosome resultén a highly interconnected cell death calledANoptosis.
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Thereforefurther studies into other cell death pathways such as necroptosis and PANoptosis

are required to delineate the true nature of cell death induced by pneumdtgacal
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Figure 5.1: Pneumococcal HO; primes and activates the NLRP3 inflammasome pathway
resulting in pyroptosis-independentlL -1b release
H.0. primes16HBE cellsresulting in NFKkB activation which initiatesthe transcription
of NLRP and pro-1L-1h. H,O, also activates caspas® and initiats the assembly of the
NLRP3 inflammasome. Proaspasd is activated to active caspabeby the
inflammasome. CaspadecleaesproiL-1b t o atbi véMedahwhiibe, G ¢
cleaved to amactiveform by caspas@®. Therefore, thefinalHL b r el ease i s me
caspase dependent apoptotic cell lysigure created with BioRender.
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5.2 Host metabolomeresponsedo respiratory infections

To unravel the dynamic nature of host pathogen interactions, it is crucial to understand host
cellular metabolomeasit directly influencesthe infectionphenotype[273. Active cellular
metaboloméielps maintain cellular health as well as indirectly facilitete@sociliary pathogen
clearancg274]. Energy derived fromactive metabolic pathways are utilizedlbpg epithelial

cells for specialized functions such as surfactant production and ciliary bgafigg
Recentstudies have linked the metabolic dysfunctblung epithelal cellsto the pathbiology

of respiratory diseasd275. In paper Il , we performed a comparativest metabolome
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profiling of in vitro single bacterial and viral as well as-iobections of bronchial epithelial

cells withlAV, StreptococcupneumoniagandStaphylococcuaureus

5.2.1 Pneumococcal infections result in intracellular citrate acumulation

To understand thisnpactof bacterialand viral mono and bacterialiral co-infections onthe
host metabolomea cell culturebased system df6HBE cells was usedpéper Il , Fig. 1a).
Intracellularmetabolites of glycolysis, TCA clg& and amino acidsetabolismwere quantified
by GGMS analysis S.pneumoniaesignificantly alteredseveralhost metabolic pathways
(paper I, Fig. 2-3). Intracellular citrate accumulation was the most prominentasiga of
pneumococcal infecti@(Fig. 5.2 paper Il , Fig. 33. However,concentrationsf other TCA
cycle metabolites decreased in response tumococcal infectionsF{g. 5.2 Fig. 3cQg).
Unlike pneumococci, IAV an®. aureusurvivesilently within the cells with almost negligible
effects on the host metabolome and specific ceinfection signatures were observed
(paper Il , Fig. 23). Staphylococci an thrive intracellularly foprolongedperiodsof time by
adaptingtheir regulatory network to the intracellular environm@®®, 70]. Previous studies
have shown that infection of A549 celldsth a high inoculumof S. aureudeads tosignificant
changes irthe host metabolomeespeciallyafter 6 hoursof infection[276. In contrast, we
observed only minochanges in the host metabolome, most likely due to thespedific
responses to low inoculum infemts. Similar toS. aureusviral infections also had minimal
effects on the host metabolonm&ral replicationand protein productioareaccompanied bg
Ahost ,Sthatl teads ftaddownregulation of host gene expressi¢a77, 27§.
However,studies havalsoshown that increasiglucose uptake angpregulation oflycolysis
supportviral replication[279, 280. The mild infectivity ofthe 2009 pandemic HIN1 IAV strain
used in this study masxplain theincongruencef our results witlthese tudies.

5.2.2 Intracellular citrate accumulation is aconsequence othe adion of

pneumococcal HO>

Citrate is a key substrate in cellular energy metabol@nte produced the mitochondria
it most likely undergesdifferentfates: (i) by the action of aconitase, citraseisomerizedo
isocitrate and proceedsnto the TCA cycleor (ii) it is exported to the cytoplasm vihe
mitochondrial citrate carrigiCIC) [28]].
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Inhibition of either acortase or CICduring pneumococcal infection could explain the
accumulation of citrate. Consequentijtrate acumulationpotentially blocks the entire TCA
cycle.No major changes were detectedranscription of SLC25A(encodes CIC)281], ACO1
and ACO2 (encode aconitasejompared to the uninfected contrgaper Ill, TableS1),
indicating a plausible inhibitionpotentially at the protein levelThe Bacillus subtilisprotein
CcpChas beershownto inhibit aconitase transcription ar@cpC orthologdavealsobeen
found in pneumococdi282 283. Whetherpneumococcabrthologs are able tmhibit host
acontase remains to be determined\dditionally, sudies show thatron-sulfur cluster
containing enzymes such as aconitassrreversiblyinactivatedby reactive oxygen species
including H202 [284-286. Therefore,to determine the impact of pneumococcaOkion
intracellular citrate accumulatipnve generated T | G RsgxBmutant The SpxB-deficient
mutant produced significantly lav amounts of kD2 as comparedo the wildtype strain
(paper I, Fig. 4b). 16HBE cells were infected with TIGR4 dine spxBdeficient mutant,
following the protocobutlinedin paper 1l , Fig. 1a Direct stimulations with D2 were also
performed In addition catalase was added taldvtype infectionand H202 stimulation to
neutralize the effects of .. Consequently, ntracellular citrate accumulation wasly
observedin TIGR4 wild-type infection and HO: stimulation (paper Ill, Fig. 4d).
Intracellularcitrate  concentratian significantly decreased in infections/stimulations
supplemented with calase and remaineat the level of uninfected contrl infections with
T 1 G Rpgée Theseresults clearly demonstrated thapneumococcal ED2 contributes to
intracellular citrate accumulatiom 16HBE cells(Fig. 5.2). Mitochondrial ROS formation
induced by excessive citrate accuntidla has been shown to activatte NLRP3
inflammasoman Salmonella typhimuriurmfections[287]. We have shown ipaper Il that
pneumococederived HO:2 activates the NLRP3 inflammasome and induces apoptosis in
16HBE cells. However, the role of excessive intracellular citrate HaO2-mediated

inflammasome activation and cell death remains telbeidated
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Pneumococcal infection
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Figure 5.2: Intracellular citrate accumulation is aconsequence opneumococcal HO..
Pneumococci significantly alter various host metabolpatawayssuch as glycolysis,CA
cycle and amino acid metabolisrmtracellular citrate accumulatiois a hallmark of
pneumococcal infection and is directigributed to the action of pneumocoderived HO..

5.3 Influenceof Ply-ATP interactions on neutrophil activation

Pathogerinduced hostell deathis accompanied btherelease opro-inflammatory cytokines
and DAMPs such as ATROnce in the extracellular milielATP can initiate purinergic
signaling andneutrophil chemotaxi$191, 288 289. Neutrophils are the most abundant
leukocytes in humans and are the firsicruited responderst the site of infection.
Theyeliminate pathogenghroughvarious mechaismssuch agphagocybsis, degranulation,
and the formation ofNETs [127, 130, 290]. However, excessive neutrophil aetiion is
associated witthyper irflammation and tissue damagg9]]. In paper IV, we aimed to

investigate the role of ATP in neutrophil responsprieumococcal toxinlf.

5.3.1 Pneumolysininducesneutrophil activation

To determine theffect of Ply on neutrophil activatiorgurified neutrophils were stimulated

with the cytoplasmic fraction oT IGR4 wild-type (vt) andgply lysatesResistin was used as a
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marker to determine neutrophil activatiortin®ilation of neutrophils withthe cytoplasmic
fraction of TIGR4 wt hadminor cytolytic effectdut resulted in high resistin relegpaper 1V,

Fig. 2c-d). In contrast gply lysatesdid not induce cytotoxicity oneutrophil activation
(paper IV, Fig. Z-d). This resultsuggeststhat Ply is one of the major pneumococcal
cytoplasmic componesitesponsible foneutrophil activationTIGR4 wt a n dply igfections

of whole blood and puriéid neutrophilswere also performed Both strains showedhinor
cytotoxic effects and induced neutrophil activationhi® samesxtent(paper 1V, Fig. 1d and
2aDb), indicating Ply-independentneutrophil activation. This effect may be caused by
pneumococcaH202, becausét caninduce disruption of neutrophil barrier propertieend cell
death[2927. However possible neutrophil activation by other pneumococcal virulence factors

cannot be excluded.

Furthemore neutrophilswere also stimulated with differentoncentrations opurified Ply.
Stimulations were performed with and without supplementation of autologopgsma.
A concentratiordependent lysis of neutrophigas observedp@per 1V, Fig. 39. Based on
cytotoxicity assayswith plasma supplementatip . 3 1 2abd 2&g ¢Ply were defined as
sublyticand lyticamouns of Ply, respectivelyBoth sublytic and lyticconcentrations of Ply
were able toinduce neutrophil degranulatiorfpaper IV, Fig. 3b). Immunofluorescence
imaging ofPly-stimulated neutrophilsonfirmedthe presence &ly on neutrophil surface even

at sublytic concentratior(paper IV, Fig. 3¢).

5.3.2 ATP neutralizes Plyinduced neutrophil lysis and ativation

Studies suggest th&ly induces neutrophiéctivationthrough specific interactions with the
purinergc receptoP2XR [293. The P2X%R also serves as a pattern recognitieceptor for
extracellular ATPmediated apoptotic cell deadnd inflammasome activatioji93 21Q.
Under physiological condition8 TP is presenin low concentrationg the extracellular milieu
and is maily releasedrom dying cells[194, 195 294]. Nevertheless, as a result tidsue
infections, &tracellular ATP levelsanreach up to mM rangd491, 295. Once outside, it
functionsas a danger signal and is involvedheutrophil chemotaxis mediated pyrinergc
signaling[191, 288 289. To investigatethe direct effect of Ply and ATP on neutrophil
activation, we stimulated purified neutrophils with sublytic and lytic concentrations of Ply in
the presencemal/or absence oP2X7R agonist ATP and/goharmacological P23R inhibitor
AZ10606120 paper IV, Fig. 4 and Supplementary Fi@). Ply-mediated neutrophilysis
(paper IV, Supplementary Fig3) and degranulatiorpéper 1V, Fig. 438, diminished with
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increasing concentration of ATFAZ10606120did not affect Ply-neutrophil interactions.
Thisresultcontradicts studieby Domon et. al., suggesg that Ply interacts with P2)XR to
induce neutrophil cytotoxicity[293. However,it cannot be excludethat Ply interactswith

other neutrophil receptots initiate activation

To further validate these results, we analyzed gberetomecomposition ofneutrophils
stimulated with Ply and ATPSamplesstimulated withboth Ply and ATPhad sgnificantly
fewer pepides/proteinsthan those stimulated witliPly alone (paper IV, Fig.4b and
Supplementary Table 1principal component analysi®CA) showed thasampleexposedo
both sublytic and lytic concentrationsf Ply clusteed together,suggestingthat a sublytic
amount of Plypotentlyactivates neutrophils(paper IV, Fig. 4c). The released granule content
of stimulations with sublytic Ply concentration was equivalent to that of lytic stimulations
(paper IV, Fig. 4band Supplementary Tables 5 and®)e ®cretome of PRATP stimulated
neutrophils had significantly lower @iein abundance comparedieutrophilsstimulated with
Ply alone Additionally, usingg:Profiler pathway analyzeswe confirned that use of ATP
inhibited various neutrophil defense mechanisms suclactisation, degranulation, and

iImmune responsegdper IV, Fig. 5).

5.3.3 Ply and ATP directly interact with each other

Ply mediated neutrophil degranulation was independent offe2Xowever, addition of ATP
significantly diminished Ply mediated neutrophil degranulation. Therefore, we hypothesized
that ATP and Ply interact witkachother in the extracellular space. Microscale thermophoresis
revealed thaboth ATP and ADPinteract wth Ply, albeit weakly(paper IV, Fig. 6a and 6

Onthe contrary, dATP showed no such interactipaper 1V, Fig. 6b). Flow cytometry
analysis further confirmed this findingddition of ATP to Ply stimulationalmost completely
abolishedPly binding tothe neutrophilsgaper IV, Figure 6d. These results confirmed that
ATP directly binds to Ply thereby dampening Ply mediated neutrophil degranulation.
Ourresults are further supportedttestudies which show thaital pneumococci can suppress
ATP-mediated responses aliveolar epithelial cellf296].

The biologicafrelevancef Ply-ATP interactions remains debatable. On the one HRIgATP
interactions cangientiallybe beneficial for the hogdtirstly,tissue damage caused by excessive
activation of neutrophilss diminished as a result of PATP binding Secondly, botlly and

ATP can initiate inflammasome activatjoresulting inpyroptotic cell death179, 192 193
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263. Further incrementgo host tissue damageduced by uncontrolled inflammasome
activationcould be possiblyimited by PIyATP interactionsOn the other handsurfactant
secretionin a healthy lungis regulated byATP mediated purinergic signalinf297].
Lack of surfactant productiopromotes alveolar instability and collapséhereby makinghe
host vulnerable to developing severe infec{i®88 299. The observedPly-ATP interaction
instigatesa discussion on whether surfactant disruptiaring pneumococcal infection is due

to inhibition of purinergic signalingaused by PRATP interactions
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5.4 Conclusion and tture perspective

Steptococcus pneumonidae a common colonizer of # human upper respiratory tract.
However, under certain conditions, for example, invitlials with a weakened immune
system, orfollowing viral infectiors, it can cause a wide range of lifereatening disases
This project was designed to understand the effepnelumococcatlerivedH202 and Ply on

the host innate immune defenses.

Paper | and I

In paper | we discussed about the structure, assembly and activation of the NLRP3
inflammasome. Wexplored varioutl -1b inhibiting drugs and summarized tharrentimited
knowledge of infammasome activation in pneumococpakthogenesisAlthough previous
studieshawe revealedhe importance gbneumococcal £D2 in causing cell damage, not much
Is known about its impact on the activation of cell death pathways. Therefqoapenr II,
we determined the impact of pneumocockaD: on two crucial cell death pathwaysamely
apoptosis and pyroptosis.a/ghowthat:
1 pneumococecderived HO: has a detrimental effeon human bronchial epithelial cells
1 H202 mediates priming and activation of the NLRP3 inflammasome, resulting in
caspasd dependent#l b pr oduct i on.
1 IL-1 brelease is independent of GSDMD and mainly dependent oapthotic cell
lysis.
In amultifacetedcellular environment, it is plausible to expect crtadks between the various
cell death pathways. Therefore, to delineate the complex nature of ¢hlirmthzced by HOz,
further studies pertaining twrosstalks with othercellular pathways such as necroptcsisl

PANoptosisare warranted.

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

an infection. Inpaper Il , we performednetabolome profiling oin vitro single bacterial and
viral as well as confections of bronchial epithelial etls with Influenza A virus
Streptococcupneumoniag and Staphylococcuaureus We show that each respiratory
pathogen has itsniqueway of interaction with host metabolon@n the one hand, pathogens
such adAV and S. aureusise the host resourcks survivaland multiplicationOn the other

hand, meumococci significantlyalter various host metalio pathways. Additionally,
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pneumococcal infections were characterized A cycle inhibition andntracellular citrate
accumulation.Intracellular citrate accumulation was directly attributed to the action of
pneumococederived H202. However, further in vivo experiments should be performed
tounderstand the relevance ofitrate accumulation in pneumococcal infections.
Anotherunexplorel question is to determine whether intracellular citrate accumulation plays a

role in activation of the cell death pathways.

Paper IV
Neutrophils areypically the first leukocytes to be recruitedttee site of infectiorand are

capable of eliminating pathogens tgrious mechaisms However, excessive activation of
neutrophils is associated with tissue injury, which results irrdlease ofntracellular ATP.
In paper IV, we aimed to investigate the role of ATP in neptril response tpneumococcal
infections. We show that:

1 Ply is one of the major pneumococcal neutropbilvators

1 ATP significantlyneutralizePly-mediated neutrophil degranulation

1 The reduction in neutrophil activation is attributeditebinding of ATP to Ply.
Our data suggests that PN P interactions are potentially beneficial during the course of the
infection as they limit the excessive Rhediated neutrophil activation.uRher studies to
determine theimpact of these interactionsn inflammasome activation and surfactant
production would shed more light on the biological significance of this interaction.
Additionally, whether such ATP interactions applyotter cholesteretlependentytolysins,
including streptolysin O, listeriogm 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
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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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