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Summary

Staphylococcus aureus is a Gram-positive commensal bacterium, that asymptomatically
colonizes human skin and mucosal surfaces. Upon opportune conditions, such as
immunodeficiency or breached barriers of the host, it can cause a plethora of infections ranging
from local, superficial infections to life-threatening diseases. Despite being regarded as an
extracellular pathogen, S. aureus can invade and survive within non-phagocytic and phagocytic
cells. Eventually, the pathogen escapes from the host cell resulting in killing of the host cell,
which is associated with tissue destruction and spread of infection. However, the exact

molecular mechanisms underlying S. aureus-induced host cell death remain to be elucidated.

In the present work, a genome-wide haploid genetic screen was performed to identify host cell
genes crucial for S. aureus intracellular cytotoxicity. A mutant library of the haploid cell line
HAP1 was infected with the pathogen and cells surviving the infection were selected. Twelve
genes were identified, which were significantly enriched when compared to an infection with a

non-cytotoxic S. aureus strain.

Additionally, characteristics of regulated cell death pathways and the role of Ca" signaling in
S. aureus-infected cells were investigated. Live cell imaging of Ca** reporter cell lines was used
to analyze single cells. S. aureus-induced host cell death exhibited morphological features of
apoptosis and activation of caspases was detected. Cellular H>O, levels were elevated during
S. aureus intracellular infection. Further, intracellular S. aureus provoked cytosolic Ca®"
overload in epithelial cells. This resulted from Ca" release from endoplasmic reticulum and
Ca?" influx via the plasma membrane and led to mitochondrial Ca?" overload. The final step of
S. aureus-induced cell death was plasma membrane permeabilization, a typical feature of

necrotic cell death.

In order to identify bacterial virulence factors implicated in S. aureus-induced host cell killing,
the cytotoxicity of selected mutants was investigated. Intracellular S. aureus employs the
bacterial cysteine protease staphopain A to activate an apoptosis-like cell death characterized
by cell contraction and membrane bleb formation. Phagosomal escape represents a prerequisite
staphopain A-induced cell death, whereas bacterial intracellular replication is dispensable.
Moreover, staphopain A contributed to efficient colonization of the lung in a murine pneumonia

model.

In conclusion, this work identified at least two independent cell death pathways activated by
intracellular S. aureus. While initially staphopain A mediates S. aureus-induced host cell

killing, cytosolic Ca?"-overload follows later and leads to the final demise of the host cell.
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Zusammenfassung

Staphylococcus aureus ist ein Gram-positives, kommensales Bakterium, welches menschliche
Haut- und Schleimhautoberfldchen asymptomatisch kolonisiert. Unter giinstigen Bedingungen,
wie z. B. Immunschwéche oder verletzten Barrieren des Wirtes, kann es eine Vielzahl von
Infektionen verursachen, die von lokalen, oberflichlichen Infektionen bis hin zu
lebensbedrohlichen Krankheiten reichen. Obwohl S. aureus als extrazelluldrer Erreger
angesehen wird, kann das Bakterium von nicht-phagozytischen und phagozytischen Zellen
aufgenommen werden und dort iiberleben. SchlieBlich bricht das Pathogen aus der Wirtszelle
aus und die damit einhergehende Totung der Wirtszelle wird mit Gewebezerstorung und
Ausbreitung der Infektion in Verbindung gebracht. Die genauen molekularen Mechanismen,
die dem S. aureus induzierten Wirtszelltod zugrunde liegen, miissen jedoch noch geklart

werden.

In dieser Arbeit wurde ein genomweiter haploid genetischer Screen durchgefiihrt, um
Wirtszellgene zu identifizieren, die fiir die intrazelluldre Zytotoxizitit von S. aureus
entscheidend sind. Eine Mutantenbibliothek der haploiden Zelllinie HAP1 wurde mit dem
Erreger infiziert und die Zellen, die die Infektion liberlebten, wurden selektiert. Dabei wurden
zwolf Gene identifiziert, die signifikant angereichert waren gegeniiber einer Infektion mit

einem nicht-zytotoxischen S. aureus Stamm.

Des Weiteren wurden Eigenschaften regulierter Zelltod-Signalwege und die Rolle der Ca?*-
Signaliibertragung in S. aureus infizierten Zellen untersucht. Lebendzellbildgebung von Ca**-
Reporterzelllinien wurde zur Analyse von einzelnen Zellen eingesetzt. Der S. aureus induzierte
Wirtszelltod wies morphologische Merkmale von Apoptose auf und die Aktivierung von
Caspasen wurde nachgewiesen. Der zelluldre H>O»-Spiegel wurde durch die intrazelluldre
Infektion mit S. aureus erhoht. Zusitzlich rief der intrazelluldre S. aureus eine zytosolische
Ca?"-Uberbelastung in Epithelzellen hervor. Dies resultierte aus der Ca?'-Freisetzung vom
endoplasmatischen Retikulum und dem Einstrom von Ca?" iiber die Plasmamembran und fiihrte
zu einer mitochondrialen Ca?"-Uberbelastung. Der finale Schritt des durch S. aureus
induzierten Zelltods war die Permeabilisierung der Plasmamembran, ein typisches Merkmal

des nekrotischen Zelltods.

Um bakterielle Virulenzfaktoren zu identifizieren, die am S. aureus-induzierten Wirtszelltod
beteiligt sind, wurde die Zytotoxizitdt von ausgewidhlten Mutanten untersucht. Der
intrazelluldre S. aureus nutzt die bakterielle Cysteinprotease Staphopain A, um einen Apoptose-

artigen Zelltod zu aktivieren, der durch Zellkontraktion und Blasenbildung der Membran
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gekennzeichnet ist. Der phagosomale Ausbruch stellt eine Voraussetzung fiir den
Staphopain A-induzierten Zelltod da, wéhrend die intrazelluldre Replikation der Bakterien
nicht notwendig ist. Dariiber hinaus trug Staphopain A zu einer effizienten Kolonisation der
Lunge in einem murinen Pneumonie-Modell bei.

Zusammenfassend ldsst sich sagen, dass diese Arbeit mindestens zwei unabhéngige Zelltod-
Signalwege identifiziert hat, die durch den intrazelluldren S. aureus aktiviert werden. Wéhrend
zunichst Staphopain A den Tod der Wirtszelle einleitet, folgt spiter die zytosolische Ca**-
Uberlastung und fiihrt zum endgiiltigen Untergang der Wirtszelle.
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1 Introduction

1.1  Staphylococcus aureus

Staphylococci are facultative anaerobic, non-motile, non-spore forming Gram-positive bacteria
first described in 1881 by Sir Alexander Ogston. The Scottish surgeon isolated the bacterium
from pus of patient’s knee joint abscesses (Ogston, 1882). Characteristic and eponymous is the
arrangement of the spherical bacteria (Greek: kokkos “grain”) in grape-like aggregates (Greek:
staphyl¢ “grape”) (Figure 1.1A). The genus Staphylococcus belongs to the family of
Staphylococcaceae in the genus Bacillales. Staphylococci are natural colonizers of human and
animal skin and mucosa and can be divided into coagulase-positive and coagulase-negative
species based on their ability to clump plasma. The most prominent species is Staphylococcus
aureus (S. aureus), which is classified as coagulase-positive Staphylococcus. The German
physician Friedrich Julius Rosenbach first described this species in 1884 (Rosenbach, 1884).
Colonies of S. aureus are characterized by their orange-yellow pigmentation, after which the
species name (Latin: aureus “golden”) was given (Figure 1.1B). The size of the bacterium

ranges typically between 0.8 and 1.2 um.

Y AT e

a*-ﬂ ﬁh
'*'@a...ﬁ‘ 7%

Figure 1.1: Microscopic and macroscopic characteristics of S. aureus.

(A) Gram staining of S. aureus illustrates the typical cocci shape and grape-like aggregates of staphylococci
(Rajesh et al., 2017). (B) Colonies of S. aureus on Tryptic Soy Agar show the characteristic orange-yellow
pigmentation.

1.1.1 Human colonization and carriage

About 20-30 % of the human population is asymptomatically colonized by S. aureus.
Originally, the anterior nares were regarded as primary colonization site of S. aureus (Williams,
1963), while more recently a similar or higher carriage rate was found at other body sites like
throat and groin (Mertz et al., 2007; Ringberg et al., 2006; Senn et al., 2012). S. aureus can
further be found on skin (axillae, chest, abdomen, perineum), vagina and in the gastrointestinal
tract (Guinan et al., 1982; Williams, 1963). Three different types of S. aureus carriers were
suggested: Whereas 20 % of the population persistently carry S. aureus, the majority of

individuals (about 60 %) is only colonized for a certain period of time and classified as



Introduction 10

intermittent carriers (Kluytmans et al., 1997; Williams, 1963). The rest of the population, about
20 %, are regarded as noncarriers. Persistent carriers have a higher bacterial load and increased
anti-staphylococcal antibody titres compared to non- and intermittent carriers, which also show

similar nasal elimination kinetics (van Belkum et al., 2009).

Determinants for S. aureus carriage are not fully understood. Environmental factors, such as
geographic location, age and sex, influence the carriage rate as well as the use of oral
contraceptives, smoking behaviour, diet, drug addiction, crowding, healthcare exposure and
pre-existing diseases like diabetes, HIV or skin and soft tissue infections (Choi et al., 2006;
Johannessen et al., 2012; Kluytmans et al., 1997; Olsen et al., 2012; Sollid et al., 2014). Host
immune and genetic factors, such as polymorphisms in certain genes, were found to be
associated with nasal carriage of S. aureus as well as natural competition with other bacterial
species for the host niche impact S. aureus carriage (Bogaert et al., 2004; Emonts et al., 2008;
Frank et al., 2010; Lina et al., 2003; Messaritakis et al., 2014; Uehara et al., 2000; van den
Akker et al., 2006; Vuononvirta et al., 2011; Zipperer et al., 2016).

1.1.2  S. aureus infection and disease

S. aureus lives a double life as harmless commensal bacterium, that colonizes the human body
and is transmitted without being recognized, and as notorious pathogen frequently causing
serious infections with high morbidity, mortality and healthcare-associated costs (Schmidt et
al., 2015). Infections of S. aureus are remarkably virulent given that the organism is a
commensal. They are especially favoured by a weakened immune system of the colonized
person, but altered microbiota, breached skin or mucosal barriers and presence of foreign
material also facilitate invasive disease. Therefore, S. aureus represents a classical nosocomial
pathogen, causing infections especially in hospital settings. However, by the end of the last
century outbreaks in the community and later also infection of healthy individuals were reported
(Centers for Disease and Prevention, 1999; Herold et al., 1998; Purcell and Fergie, 2005; Udo
et al., 1993).

S. aureus can cause a wide variety of infections, which involve skin, soft-tissue, bone, joint,
respiratory and endovascular system and may lead to severe, life-threatening diseases. Infection
rates are higher in carriers of S. aureus than in non-carriers and disease is often caused by the
endogenous strain carried by the patient (von Eiff et al., 2001; Wertheim et al., 2004). Most
S. aureus infections are the result of the interaction of a variety of virulence factors. Only the
expression of certain toxins, such as the toxic shock syndrome toxin (TSST), exfoliatins or

enterotoxins, leads to clearly defined clinical pathologies such as toxic shock syndrome,
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staphylococcal scalded skin syndrome and food poisoning (Bohach et al., 1990; Hennekinne et

al., 2012; Mishra et al., 2016).

The pathogen represents a frequent cause of skin and soft tissue infections such as impetigo,
folliculitis, cellulitis, wound infections, pyomyositis or necrotizing fasciitis. It is the most
common pathogen isolated from surgical site infections (SSIs), cutaneous abscesses and
purulent cellulitis (Tong et al., 2015). Persons suffering from atopic dermatitis are often
colonized with S. aureus, which was found to exacerbate the disease (Leyden et al., 1974;
Nakatsuji et al., 2016). Besides, S. aureus is the leading cause of bloodstream infections in most
industrialized countries (Biedenbach et al., 2004; Lyytikainen et al., 2005; Martin et al.,
2003). Once the pathogen penetrates the subcutaneous tissue and reaches the blood system, it
can infect vital organs, which results in disseminated infections, such as infective endocarditis,
septic arthritis or osteomyelitis, and descending urinary tract infections (Benfield et al., 2007;
Fowler et al., 2003; Rieg et al., 2009). S. aureus is a common cause of ventilator-associated
pneumonia (Hidron et al., 2008; Kollef et al., 2005) and also a frequent causative agent of
secondary bacterial pneumonia following influenza A virus (IAV) infection (Randolph et al.,
2011). Further, initial and early pulmonary infections in cystic fibrosis patients are associated
with S. aureus (Kahl, 2010; Stone and Saiman, 2007). Although rare, S. aureus was reported to
cause meningitis (Aguilar et al., 2010). Device-related infections caused by S. aureus are
particularly problematic in nosocomial settings. Various implants, like artificial heart valves or
prosthetic joints, and catheters can be colonized by S. aureus and subsequently covered with a
biofilm. The formation of biofilms by S. aureus is recognized as major mediator of infection

and associated with chronic and recalcitrant disease (Archer et al., 2011).

1.1.3 Antibiotic resistance and epidemiology

S. aureus 1s inherently sensitive to all antibiotics effective against Gram-positive bacteria, but
the pathogen can quickly acquire resistance to a wide variety of antibiotics. All staphylococci
possessing an additional penicillin binding protein (PBP2" or PBP2a) are called methicillin-
resistant S. aureus (MRSA). Characteristic for MRSA is their multi-resistance, as they are also
frequently resistant against other antibiotic classes besides B-lactamases, like tetracycline,
aminoglycosides and macrolides. Only few reserve antibiotics are active against MRSA
infections, but here also resistances have evolved, like vancomycin resistant S. aureus (VRSA)

(Hiramatsu et al., 1997; Weigel et al., 2003).

In the late 1970s outbreaks of infections caused by MRSA strains were reported in hospitals in

the United States (Crossley et al., 1979; Peacock et al., 1980). These strains spread over the
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country and subsequently led to the worldwide pandemic of MRSA in hospitals, that continues
to the present time (Hassoun et al., 2017; Stefani et al., 2012). By the end of the last century
outbreaks in the community and later also infection of healthy individuals were reported
(Centers for Disease and Prevention, 1999; Herold et al., 1998; Purcell and Fergie, 2005; Udo
et al., 1993). This led to a dramatic increase of S. aureus infections, especially skin and soft
tissue infections and unusually severe infections like necrotizing pneumonia, necrotizing
fasciitis and myositis (Bradley, 2005; King et al., 2006; Miller et al., 2005; Pannaraj et al.,
2006). There are also increasing reports of these community-acquired MRSA (CA-MRSA)
strains isolated in hospitals (Maree et al., 2007).

CA-MRSA strains could be distinguished from hospital-acquired MRSA (HA-MRSA) strains
by pulsed-field gel electrophoresis and by their sensitivity to most antibiotics except B-lactams.
Compared to HA-MRSA, CA-MRSA harbored a novel, smaller variant of the methicillin-
resistance locus (SCCmec 1Va) (Baba et al., 2002). A further distinguishing feature is the
presence of the Panton-Valentine leukocidin (PVL) locus (Vandenesch et al., 2003) and higher
expression levels of some virulence factors, e.g. phenol-soluble modulins (PSMs) (Wang et al.,
2007), which might explain their higher virulence (Voyich et al., 2005). The two clones MW2,
pulsed-field type USA400 (sequence type 1), and LAC, pulsed-field type USA300 (sequence
type 8), hereinafter referred to as USA400 and USA300, respectively, were particular
widespread causative agents of CA-MRSA infections (Miller and Diep, 2008).

1.2 §. aureus virulence factors

Staphylococcus aureus possesses a huge armamentarium of virulence factors, which allows the
bacterium to adapt to different host niches and to cause a plethora of diseases (Figure 1.2). The
expression of virulence factors is regulated in complex signaling networks in response to extra-
and intracellular signals and mainly mediated by two-component systems (TCS) and the
Staphylococcal accessory regulator (Sar) A protein family (Cheung et al., 2004). The best-
studied global gene regulator and TCS is the accessory gene regulator (Agr), which coordinates
the expression of exoproteins and toxins via quorum sensing (Novick, 2003). As soon as a
certain bacterial density, i.e. amount of autoinducer, is reached, Agr represses the expression of
surface-associated adhesion molecules, while production of secreted proteins, such as toxins
and enzymes, is induced. Thus, the pathogen can switch from a colonization phenotype, where
proteins required for adhesion and immune evasion were found to be upregulated (Burian et al.,

2010a; Burian et al., 2010b), to an invasive phenotype associated with tissue destruction, spread
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of infection and protection against immune defense, which is mediated e.g. by toxins, proteases
and superantigens.
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Figure 1.2: Overview of S. aureus major virulence factors.

Groups of the most prominent S. aureus virulence factors are depicted with representative factors. For details on
individual components refer to section 1.2 (CWAs: cell wall-anchored proteins, SERAMs: secretable expanded
repertoire adhesive molecules, LTAs: lipoteichoic acids, WTAs: wall teichoic acids; adapted from Sause et al.
(2016)).

1.2.1 Cell surface-associated factors

The surface of S. aureus is decorated with proteins, that are covalently anchored to the cell wall
peptidoglycan. These cell wall-anchored (CWA) proteins can be classified into four distinct
groups, of which the heterogeneous family of microbial surface components recognizing
adhesive matrix molecules (MSCRAMM) is the most prevalent group (Foster et al., 2014).
S. aureus expresses up to 24 different CWA proteins, but the repertoire varies among strains
and with environmental and growth conditions (Bischoff et al., 2004; Hammer and Skaar, 2011;
McAleese et al., 2001; McCarthy and Lindsay, 2010). These surface proteins have numerous
functions, including adhesion to and invasion of host cells and tissues, evasion of immune
responses and biofilm formation (Foster et al., 2014). Staphylococcal protein A (SpA) is a well-
known CWA protein, besides iron-regulated surface determinants (Isd) and the MSCRAMMs
fibronectin-binding proteins (FnBPs), collagen adhesin (CnA) and clumping factors A/B (CIfA
and CIfB).

In addition, non-covalently bound proteins, which are associated with the staphylococcal cell
wall by ionic or hydrophobic interactions, can be found on the cell surface of S. aureus.

Coagulase (Coa), the extracellular fibrinogen binding protein (Efb), the extracellular matrix
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binding protein (Emp) or the extracellular adhesive protein (Eap) belong to this group, which
is called secretable expanded repertoire adhesive molecules (SERAM). SERAMs are
implicated in adhesion to host molecules, cells or tissue and in host defense mechanisms

(Chavakis et al., 2005).

Non-proteinaceous macromolecules associated with the bacterial cell surface, such as
Lipoteichoic acids (LTAs) and Wall teichoic acids (WTAs), were also shown to contribute to

virulence by binding to host receptors and surfaces (Xia et al., 2010).

1.2.2 Membrane-damaging toxins

Besides surface-associated factors, secreted proteins, such as membrane-damaging exotoxins,
comprise the second major group of S. aureus virulence factors. The main function of those
cytolytic toxins is damage of host tissue and lysis of host cells, which may facilitate spread of
infection. Membrane-damaging toxins form pores in the host plasma membrane and
subsequently cause leakage and lysis of the cell. Here, either an initial interaction with a host
receptor is necessary or interference with the membrane is less specific and no receptor
interaction is required (Otto, 2014). The well-known S. aureus a-toxin, also named a-hemolysin
(Hla), employs both of the described mechanisms in a concentration-dependent manner. At low
a-toxin concentrations pore formation was shown to be dependent on the ADAMI10 receptor
and apoptosis was induced by selective release of monovalent ions and subsequent DNA
fragmentation (Bantel et al., 2001; Inoshima et al., 2011; Jonas et al., 1994; Wilke and Bubeck
Wardenburg, 2010). However, at high doses a-toxin forms larger pores, which are also
permissive for divalent ions like Ca®" and massive necrosis is induced (Bantel et al., 2001). Hla
is secreted as water-soluble monomers, which form heptameric -barrel pores upon contact
with a membrane (Gouaux et al., 1994; Song et al., 1996). Typically, a-toxin is known for its
hemolytic properties, but the toxin also has been demonstrated to affect other human cell types,
including epithelial cells, endothelial cells, T cells, monocytes and macrophages, and recent
studies have shown that, besides its cytotoxic function, the toxin can interfere with cell signaling
pathways regulating cell proliferation, inflammatory responses, cytokine secretion and cell-cell

interactions (Oliveira et al., 2018).

S. aureus also produces a number of bi-component toxins, which are structurally similar to o-
toxin and belong to the B-barrel pore-forming toxin family. These toxins consist of two different
components, S- and F-subunit, which form hetero-oligomeric pores in the host membrane by
binding to cellular receptors (Aman et al., 2010; Yamashita et al., 2011). S. aureus can express

four of these leukotoxins, namely Panton-Valentine leukotoxin (PVL/LukSF), leukotoxin ED
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(LukED), leukotoxin AB/GH (LukAB/LukGH) and y-toxin (y-hemolysin/HIgAB and HigBC),
which share considerable sequence similarity. The toxins show slight differences in activity and
target range suggesting that they are not redundant, but may have specialized functions in
attacking and/or evading host defenses (Yoong and Torres, 2013). Whereas all leukotoxins can
lyse neutrophils and other leukocytes, y-toxin and LukED also target erythrocytes (Morinaga et
al., 2003). Both LukAB and PVL preferentially target human neutrophils over rabbit and murine
neutrophils (Loeffler et al., 2010; Malachowa et al., 2012). In contrast, LukED has been shown

to lyse human, rabbit and mouse cells to equal extent (Alonzo et al., 2012; Alonzo et al., 2013).

A group of small, amphipathic peptides called the phenol-soluble modulins (PSMs) also exert
cytolytic activity (Wang et al., 2007). They attach in a non-specific way and thus integrate into
the membrane forming an oligomeric pore, which is thought to be rather short-lived (Otto, 2014;
Talbot et al., 2001). Initially discovered in Staphylococcus epidermidis (Mehlin et al., 1999)
later two groups of PSMs, namely a-type (PSMal-4, d-toxin/PSMy) and B-type peptides
(PSMPB1 and PSM2), were also found to be produced by most S. aureus strains (Li et al., 2009;
Wang et al., 2007). In addition to cytolysis, which is only executed by a-type PSMs (Peschel
and Otto, 2013), they can stimulate inflammatory responses and contribute to biofilm
structuring and detachment (Kretschmer et al., 2010; Periasamy et al., 2012). However, the

function of PSMs seems to be dependent on the concentration present (Peschel and Otto, 2013).

1.2.3 Extracellular proteases

S. aureus possesses ten major secreted proteolytic enzymes, which include a metalloprotease
(aureolysin, Aur), two papain-like cysteine proteases (staphopain A (ScpA) and staphopain B
(SspB)), a serine protease (V8, SspA) and six serine-like proteases (SplA-F) (Reed et al., 2001;
Shaw et al., 2004). In contrast to the six Spl enzymes, which are active upon secretion,
aureolysin, V8 protease, staphopain A and staphopain B are produced as zymogens. Whereas
aureolysin and staphopain A zymogens auto-activate outside the cell (Nickerson et al., 2010;
Nickerson et al., 2008), V8 protease and staphopain B activation is the result of a proteolytic
cascade, in which aureolysin processes SspA and subsequently SspB is activated by SspA-
mediated cleavage (Figure 1.3B) (Drapeau, 1978; Massimi et al., 2002). S. aureus extracellular
proteases are organized in four distinct operons, aur, sspABC, scpAB and sp/ABCDEF, where
staphopain A and B are co-transcribed with their endogenous inhibitors, SspC and ScpB,
respectively, to protect the bacteria from proteolytic degradation of cytoplasmic proteins
(Figure 1.3A) (Filipek et al., 2003; Rzychon et al., 2003). Their expression is positively
regulated by agr and negatively regulated by sarA (Shaw et al., 2004). The secreted extracellular
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proteases have a broad substrate specificity and can degrade both "self" and "non-self" proteins.
While initially thought to play a role in nutrient acquisition, they were shown to cleave host
factors involved in virulence, like extracellular matrix (ECM) proteins, components of the
innate immune system, plasma proteins and antimicrobial peptides, to promote S. aureus
dissemination, tissue invasion and evasion of host immunity (Imamura et al., 2005; Laarman et
al., 2012; Massimi et al., 2002; Ohbayashi et al., 2011; Paharik et al., 2016; Potempa et al.,
1988; Sieprawska-Lupa et al., 2004). In addition, they modulate function or activity of S. aureus
surface proteins and secreted toxins (Gonzalez et al., 2012; Karlsson et al., 2001; McAleese et
al., 2001; McGavin et al., 1997, Zielinska et al., 2011). Besides, S. aureus secrets a series of
other proteases. For instance, the serine proteases exfoliative toxins specifically cleave
desmosomal cadherins of the superficial skin layers, leading to staphylococcal scalded skin
syndrome (SSSS) (Bukowski et al., 2010). Further, S. aureus produces a serine protease, EpiP,
which degrades collagen and casein (Kuhn et al., 2014).
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Figure 1.3: S. aureus extracellular protease genes and proteolytic activation.

(A) Genomic organization of extracellular protease operons based on the USA300 genome (red:
metalloprotease, blue: serine proteases, green: cysteine proteases, orange: staphostatins). (B) S. aureus
proteolytic activation cascade of Aur, SspA, and SspB is depicted. Pro-ScpA is able to autoactivate (Mootz et
al., 2013).

1.2.4 Other virulence-associated extracellular enzymes and proteins of S. aureus

Besides proteases, S. aureus also secretes a series of enzymes, which degrade host molecules
or interfere with host metabolic or signaling cascades. The sphingomyelinase B-toxin (HIb)
degrades sphingomyelin on the surface of a variety of host cells and thus leads to cell lysis
(Doery et al., 1963). However, in many S. aureus strains the hlb gene is disrupted by a
pathogenicity island (Coleman et al., 1986; Winkler et al., 1965). Further, S. aureus produces
two coagulases, staphylocoagulase (SC) and von Willebrand factor binding protein (vWbp),
which inhibit phagocytosis by immune cells, cause abscess formation and promote adhesion of

S. aureus to surfaces by the formation of fibrin clots (Cheng et al., 2010). In contrast,
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staphylokinase (SAK) leads to degradation of fibrin clots facilitating bacterial penetration into
tissue (Bokarewa et al., 2006). Moreover, it abolishes the bactericidal properties of alpha-
defensins. The function of S. aureus lipases and nucleases in pathogenesis is only poorly
understood. Nucleases may decrease the antibacterial activity of neutrophil extracellular traps
(NETs), which consist of DNA released from lysed neutrophils (Brinkmann and Zychlinsky,
2012).

Further, S. aureus secretes specific proteins, which have strong impact on the host innate and
adaptive immune system. The group of superantigens include the toxic shock syndrome toxin-
1 (TSST-1), staphylococcal enterotoxins and superantigen-like toxins (SEl) (Holtfreter and
Broker, 2005; Lina et al., 2004). Superantigens activate large subpopulations of T-lymphocytes
simultaneously and thus cause a massive cytokine release, which is thought to be a defense
mechanism of bacteria against the host immune system. Chemotaxis inhibitory protein
of S. aureus (CHIPS), formyl peptide receptor-like-1 inhibitory protein (FLIPr) and FLIPR-like
are S. aureus exotoxins, which interfere with leukocyte receptors to evade recognition and
prevent subsequent activation of the immune system (de Haas et al., 2004; Prat et al., 2006; Prat
et al., 2009). Staphylococcal complement inhibitor (SCIN) is a C3 convertase inhibitor, which
blocks the ability of human neutrophils to phagocytose S. aureus (Rooijakkers et al., 2005).

1.3  S. aureus intracellular infection

1.3.1 Invasion and intracellular survival

Although S. aureus is not considered a classical intracellular bacterium, it was shown that it can
invade host cells and survive intracellularly for various periods of time. The pathogen is
internalized by a variety of non-phagocytic cells, such as epithelial and endothelial cells,
osteoblasts, fibroblasts and keratinocytes, and survives phagocytosis by neutrophils and
macrophages (Figure 1.4) (Garzoni and Kelley, 2009; Strobel et al., 2016). Invasion of non-
phagocytic cells by S. aureus is mediated by a zipper-type mechanism, in which bacterial
adhesins interact with ECM proteins and/or specific host receptors. Here, the FnBPs, FnBPA
and FNBPB, were identified as the major adhesins (Sinha et al., 2000). They indirectly bind to
asP1 integrins on the host cell surface via the bridging molecule fibronectin, which induces
endocytic uptake of the bacteria. Interestingly, asp: integrins are rather expressed on the
basolateral membranes of polarized tissue, indicating that only disrupted or damaged tissue may
allow S. aureus invasion (Horn et al., 2018b). Additionally, other proteins, such as e.g.
extracellular adherence protein (Eap) and staphylococcal autolysin (Atl), are involved in

S. aureus invasion (Harraghy et al., 2003; Hirschhausen et al., 2010).
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After invasion, S. aureus can survive inside host cells for extended periods of time, unlike most
other extracellular bacteria (Hamill et al., 1986; Kubica et al., 2008b; Lowy et al., 1988;
Tuchscherr et al., 2011). The intracellular niche likely serves as a reservoir for chronic or
relapsing staphylococcal infections and as a hideout from the host immune system and
antibiotic treatment. Prolonged survival inside host phagosomes is associated with conversion
to a slow growing persistent form called small colony variants (SCVs) (Proctor et al., 1994).
SCVs possess a reduced metabolic activity and produce less virulence factors due to diminished
expression of agr (Moisan et al., 2006). The trigger for phenotype switching is not fully clear,
but SCVs seem to appear in a very dynamic manner and antibiotics, sub-lethal concentrations
of hydrogen peroxide or the intracellular environment in general were shown to induce
persistence of S. aureus (Krut et al., 2004; Painter et al., 2015; Tuchscherr et al., 2011; Vesga
et al., 1996). The alternative sigma factor 6B, which is a transcription factor associated with

stress responses, was identified to regulate formation of SCVs (Tuchscherr et al., 2015).
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Figure 1.4: The intracellular lifestyle of S. aureus.

After internalization by receptor-mediated phagocytosis, S. aureus resides in an endophagosome, where it can
survive for extended periods of time and/or transform to a persistent state. In professional phagocytes S. aureus
replicates in the phagosomal lumen, whereas in non-professional phagocytes the pathogen escapes from the
phagosome into the cytosol and subsequently replicates in the cytoplasm. In both cases, S. aureus kills the host
cell from within, which results in bacterial release and secondary infection (adapted from Moldovan and Fraunholz
(2018)).

Remarkably, intracellular S. aureus can withstand phagocyte-mediated killing and survive
within macrophages for several days and up to 24 hours in neutrophils (Gresham et al., 2000;
Kubica et al., 2008a; Melly et al., 1960; Rollin et al., 2017). The bacterium tolerates and may
even require the acidic environment and antimicrobial effectors within the phagosome to mount
an evasive response. The pathogen can travel hidden in these phagocytes to other sites of the

body and thus lead to dissemination of infection (Gresham et al., 2000; Lehar et al., 2015;
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Thwaites and Gant, 2011). However, the role of S. aureus intracellularity in vivo is not fully
understood. Several studies demonstrate the existence of intracellular S. aureus in human ex
vivo tissue cells. Intracellular bacteria were detected, for instance, in human tonsils, mast cells
of nasal polyps and in epithelial cells within in the nasal mucosa and anterior nares of patients
with recurrent sinusitis and healthy carriers (Clement et al., 2005; Hanssen et al., 2017; Hayes

etal., 2015; Ou et al., 2016; Plouin-Gaudon et al., 2006; Zautner et al., 2010).

1.3.2 Phagosomal escape and intracellular replication in non-professional phagocytes

In contrast to phagocytic cells, where S. aureus replicates in the phagosome prior to induction
of host cell death (Flannagan et al., 2016; Jubrail et al., 2016; Kobayashi et al., 2010;
Tranchemontagne et al., 2016; Weinrick et al., 2004), phagosomal escape is required for
intracellular replication and cytotoxicity of the pathogen in non-phagocytic cells (Figure 1.4)
(Bayles et al., 1998; Horn et al., 2018b; Strobel et al., 2016). Phagosomal escape represents a
strategy employed by intracellular bacteria, like Listeria monocytogenes, Shigella flexneri or
Francisella tularensis, to avoid phagolysosomal killing. After the endocytic uptake,
intracellular S. aureus readily translocates to the cytosol of host cells. Phagosomal escape of
S. aureus is attributed to an agr-regulated factor, as mutants in agr or strains with a defect in
agr expression are incapable of translocation into the cytoplasm (Blaettner et al., 2016; Jarry et
al., 2008; Muenzenmayer et al., 2016; Shompole et al., 2003) and agr expression was found to
be increased in phagolysosomes (Grosz et al., 2014; Qazi et al., 2001; Shompole et al., 2003).
PSMa, whose expression is controlled by agr, was identified mediating of phagosomal escape
in professional and non-professional phagocytes (Grosz et al., 2014; Muenzenmayer et al.,
2016). The reduced escape rate of a mutant in the PSM-specific ABC transporter Pmt further
corroborates this finding (Blaettner et al., 2016). However, PSMa alone is not sufficient for
inducing phagosomal escape, because overexpression of PSMa in escape-deficient strains
showed no effect (Giese et al., 2011; Grosz et al., 2014). The synergistic expression of PSMp,
d-toxin (PSMy) and the sphingomyelinase f-toxin was shown to trigger phagosomal escape of
S. aureus, but the cooperating factor(s) of PSMa-mediated phagosomal escape remain
unknown (Giese et al., 2011). Additional phagosomal escape factors have been identified,
including the non-ribosomal peptide synthetase (NRPS) complex AusAB (Blaettner et al.,
2016). In keratinocytes, but not in epithelial cells, PVL was shown to contribute to S. aureus

phagosomal escape (Blaettner et al., 2016; Chi et al., 2014; Grosz et al., 2014).

It has been reported that S. aureus is targeted by autophagy during intracellular residence in

non-professional phagocytes. However, the pathogen is able to prevent acidification and
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autophagosome-lysosome fusion and thus escapes the autophagic degradation (Mestre et al.,
2010; Neumann et al., 2016; Schnaith et al., 2007).The agr-regulated virulence factor a-toxin
is responsible for induction of autophagy (Maurer et al., 2015; Mauthe et al., 2012; Mestre et
al., 2010; O'Keeffe et al., 2015). The toxin may perforate the membrane of S. aureus-containing
endophagosomes, which is subsequently targeted by autophagy. By contrast, S. aureus-
containing macrophage phagosomes showed no accumulation of autophagy-related proteins
again indicating a different intracellular lifestyle of S. aureus in phagocytes when compared to

other cell types (Flannagan et al., 2016).

S. aureus is capable of replicating inside different types of host cells (Flannagan et al., 2016;
Kahl et al., 2000; Kubica et al., 2008b; Lowy et al., 1988; Qazi et al., 2001). In non-phagocytic
host cells intracellular replication was observed in the cytosol after endo- or autophagosomal
escape (Grosz et al., 2014; Horn et al., 2018b; Mestre et al., 2010; Neumann et al., 2016).
Accordingly, proliferation of intracellular S. aureus is dependent on the expression of virulence
factors required for translocation into the cytosol. Besides, intracellular S. aureus may subvert
autophagy to promote its intracellular survival and replication (Bravo-Santano et al., 2018).
Intracellular S. aureus severely depletes glucose and amino acid pools and glutaminolysis is
highly activated in the host cell. This state of starvation might activate autophagy in the host
cell to ensure energy generation and nutrient scavenging. This theory is further corroborated by
the finding that chemical inhibition of autophagy impairs intracellular replication, whereas
induction of autophagy leads to increased numbers of intracellular bacteria (Schnaith et al.,

2007).

1.3.3 Induction of host cell death

Intracellular bacteria have evolved several strategies to promote their exit from the host cell,
such as interference with host cell signaling to induce programmed cell death, the active
breaching of host cell-derived membranes or deformation of the host membrane (Flieger et al.,
2018). The former two mechanisms ultimately result in killing of the host cell. Induction of host
cell death is associated with tissue and membrane barrier destruction, dissemination of
infection, inflammation and pathogen transmission. Most intracellular pathogens induce exit of
the host after intracellular replication and bacterial virulence factors implicated in this process

are proteases, phospholipases and pore-forming toxins or cytolysins.

Several S. aureus virulence factors have been linked to induction of host cell death. Especially
S. aureus membrane-damaging toxins can trigger cytolysis of a variety of different host cell

types (Section 1.2.2). To what extent these effects can be attributed to cytotoxicity of
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intracellular S. aureus must be investigated in more detail. In non-professional phagocytes a-
toxin was identified as a key factor mediating intracellular cytotoxicity (Haslinger-Loeffler et
al., 2005; Menzies and Kourteva, 2000), whereas the leukotoxin LukAB was shown to induce
cell lysis after uptake of S. aureus by professional phagocytes (DuMont et al., 2013b; Melehani
et al., 2015; Muenzenmayer et al., 2016; Ventura et al., 2010). LukAB-mediated intracellular
cell death was also dependent on its host cell receptor CD11b, which is internalized upon
phagocytosis (DuMont et al., 2013a; Muenzenmayer et al., 2016). Some reports connected PVL
(Chi et al., 2014; Jin et al., 2013; Muenzenmayer et al., 2016) or PSMs (Rasigade et al., 2013;
Surewaard et al., 2013) with host cell killing by intracellular S. aureus. Induction of host cell
death is highly dependent on phagosomal escape and consequently on the expression of
virulence factors mediating this process (Blaettner et al., 2016; Grosz et al., 2014; Lam et al.,
2010). LukAB, PSMs and PVL were shown to also play a role in translocation of S. aureus
from the phagosome into the host cell cytosol (Section 1.3.2) (Blaettner et al., 2016; Chi et al.,
2014; Grosz et al., 2014).

Intracellular S. aureus has been shown to induce cell death in host cells ranging from epithelial
and endothelial cells to osteoblasts and professional phagocytes like neutrophils and
macrophages (Horn et al., 2018b). Reports on the molecular mechanisms underlying S. aureus-
induced host cell killing are rather inconsistent concerning the mode of cell death involved.
This likely arises from the diversity of S. aureus strains and types of host cells used in the
studies. Most studies describe hallmarks of apoptosis in professional as well as non-professional
phagocytes infected with S. aureus, such as DNA fragmentation, cell contraction and/or
activation of caspases (Bayles et al., 1998; Kahl et al., 2000; Menzies and Kourteva, 1998;
Nuzzo et al., 2000; Tucker et al., 2000). Activation of both the extrinsic or intrinsic pathway
was observed in epithelial and endothelial cells, osteoblasts and primary human PBMCs
(Alexander et al., 2001; Alexander et al., 2003; Baran et al., 1996; Esen et al., 2001; Haslinger-
Loeffler et al., 2005; Jin et al., 2013; Weglarczyk et al., 2004; Wesson et al., 2000; Young et
al., 2011). Besides, intracellular S. aureus was shown to induce a caspase-independent,
autophagy-associated cell death in epithelial cells (Schnaith et al., 2007). Other studies
observed characteristics of both apoptosis and necrosis in macrophages and mesothelial cells
(Flannagan et al., 2016; Haslinger-Loeffler et al., 2006), whereas in primary human
polymorphonuclear neutrophils (PMNs) intracellular S. aureus induced a necroptotic cell death

(Greenlee-Wacker et al., 2014; Kobayashi et al., 2010).
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1.4 Cell death mechanisms

Cell death is a critical process for organismal homeostasis in both physiological and
pathological settings and is found in both multicellular as well as unicellular organisms. It can
occur from perturbations of the intracellular or extracellular microenvironment or without any
exogenous stimulus for physiological development or tissue turnover. In contrast to accidental
cell death (ACD), which immediately results from severe physical, chemical or mechanical
insults, regulated cell death (RCD) is executed by a stereotypical series of biochemical and
morphological changes and usually confers a beneficial effect on the organism. A multitude of
different cell death signaling pathways with diverse morphological, biochemical and functional

characteristics have been identified in mammalian cells (Figure 1.5) (Galluzzi et al., 2018).
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Figure 1.5: Major pathways of regulated cell death in mammalian cells.

Cells exposed to irreversible perturbations of the intracellular or extracellular microenvironment can activate
several signal transduction pathways ultimately leading to their death. Dependent on the stimulus, the demise of
the cell is executed by different molecular factors. For detailed description please refer to section 1.4 (adapted
from Linkermann et al. (2014)).

1.4.1 Apoptosis

Apoptosis is the best-characterized and evolutionary most conserved form of programmed cell
death. It displays distinctive morphological and biochemical hallmarks, like blebbing, cell
shrinkage, nuclear fragmentation, chromatin condensation, chromosomal DNA fragmentation
and plasma membrane changes. The main executioners of apoptosis are caspases, a family of
protease enzymes, which - upon activation - cleave cellular components required for normal
cellular function such as cytoskeletal and nuclear proteins. Apoptotic cells retain plasma
membrane integrity and metabolic activity until the process is completed. End-stage apoptosis
is characterized by the formation of small vesicles, known as apoptotic bodies, which allow for
the rapid and immunologically silent clearance by macrophages or other cells with phagocytic

activity in a process named efferocytosis (Green et al., 2016). In vitro, the absence of phagocytic
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cells finally results in complete breakdown of the plasma membrane and the acquisition of a
necrotic morphotype called secondary necrosis (Silva, 2010; Vanden Berghe et al., 2010).
Apoptosis can be initiated through one of two distinct pathways. While the intrinsic apoptosis
pathway leads to death mostly due to intracellular cell stress, the extrinsic pathway is activated

upon perturbations of the extracellular microenvironment.

Factors like, for instance, hypoxia, genetic damage, high concentration of cytosolic Ca*",
extreme oxidative stress or survival factor deprivation trigger the initiation of the intrinsic
pathway. The crucial step for intrinsic apoptosis is irreversible and widespread mitochondrial
outer membrane permeabilization (MOMP) (Galluzzi et al., 2016; Tait and Green, 2010), which
is controlled by pro-apoptotic and anti-apoptotic members of the B-cell lymphoma 2 (BCL2)
family. The activation of either BCL2-associated X protein (BAX) or BCL2 antagonist or killer
(BAK) by BCL2 homology 3 (BH3)-only proteins is essential for MOMP. On activation, BAX
and BAK undergo extensive conformational changes, leading to the mitochondrial targeting of
BAX and the homo-oligomerization of BAK and BAX (Eskes et al., 2000; Hsu et al., 1997;
Wei et al., 2000). These oligomers are believed to promote MOMP through the formation of
proteinaceous channels or lipidic pores by destabilizing lipid membranes (Tait and Green,
2010). MOMP leads to the release of pro-apoptotic proteins, such as cytochrome c, second
mitochondria-derived activator of caspase (SMAC) and Omi, from the mitochondrial
intermembrane space. Cytochrome c binds apoptotic protease-activating factor 1 (APAF1), thus
inducing its conformational change and oligomerization, which leads to the formation of the
apoptosome, a caspase activation platform (Riedl and Salvesen, 2007). The apoptosome
recruits, dimerizes and activates the initiator caspase 9, which, in turn, cleaves and activates the
caspases 3 and 7. These effector caspases execute cell death by cleavage of various proteins.
Additional steps ensure cell death, for instance, cytosolic SMAC and Omi block inhibitor of
apoptosis proteins (IAPs), including X-linked inhibitor of apoptosis (XIAP), which are
endogenous inhibitors of caspases (Du et al., 2000; Martins et al., 2002). A specific form of
intrinsic apoptosis is termed anoikis, where the loss of integrin-dependent attachment to the

extracellular matrix leads to cell death via MOMP and caspase 3 (Paoli et al., 2013).

The extrinsic apoptosis pathway is primarily mediated by signaling through membrane-bound
death receptors, whose activation depends on the binding of their cognate ligand(s).
Dependence receptors, which are activated when the levels of their specific ligand drop below
a certain threshold, may also initiate extrinsic apoptosis (Gibert and Mehlen, 2015; Mehlen and
Bredesen, 2011). Death ligands, such as Fas ligand (Fas-L), tumor necrosis factor (TNF) and
TNF-related apoptosis-inducing ligand (TRAIL), bind to TNF family death receptors, which
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allows the assembly of a dynamic multiprotein complex at the intracellular tail of the receptor,
the so-called “death-inducing signaling complex” (DISC) (Aggarwal et al., 2012; Dickens et
al., 2012; von Karstedt et al., 2017; Wajant, 2002). Procaspases 8 and 10 are activated by DISC
and apoptosis is executed depending on the cell type (Barnhart et al., 2003). In so-called “type I
cells”, e.g. thymocytes and mature lymphocytes, the proteolytic maturation of effector
caspases 3 and 7 by caspase 8 is sufficient to induce cell death. Conversely, in “type II cells”,
e.g., hepatocytes, pancreatic 3 cells and a majority of cancer cells, the intrinsic pathway is
activated by caspase 8-dependent proteolytic cleavage of BH3 interacting-domain death agonist
(BID) (Li et al., 1998; Luo et al., 1998). The truncated form of BID (tBID) activates and
oligomerizes BAX and BAK leading to MOMP (Kim et al., 2009).

1.4.2 Necrotic cell death

The term necrosis is commonly used for non-apoptotic, accidental cell death. Originally,
pathologists invented this term to designate the presence of dead tissue or cells irrespective of
the pre-lethal processes (Majno and Joris, 1995). Cellular swelling (oncosis), swelling of
organelles, plasma membrane rupture and subsequent loss of intracellular contents, which may
cause an inflammatory response, represent typical characteristics of necrosis contrasting the
features of apoptosis. However, there is no consensus on the biochemical changes, that
characterize necrosis. Early plasma membrane permeabilization and the absence of hallmarks
of other types of cell death are used to identify necrosis (Denecker et al., 2001; Kroemer et al.,
2009). Thus, the term necrosis does not indicate a form of cell death, but rather refers to changes

secondary to cell death by any mechanism.

A regulated form of cell death morphologically resembling necrosis has been identified, which
shows a prominent role in multiple physiological and pathological settings (Vandenabeele et
al., 2010). Perturbations of the intracellular or extracellular microenvironment, which are
sensed by death receptors or pathogen recognition receptors (PRRs), such as toll-like receptors
(TLRs) or cytosolic NOD-like receptors (NLRs), induce this type of cell death termed
necroptosis. The most understood pathway of necroptosis is mediated by TNF receptor 1
(TNFR1). Upon stimulation, the death receptor induces the formation of a receptor interacting
serine/threonine kinase 1 (RIPK1)- and RIPK3-containing amyloid-like signaling complex
named as necrosome (Grootjans et al., 2017). First RIPK1 and then RIPK3 undergo a series of
trans-phosphorylation or auto-phosphorylation events, which are required for necroptosis
activation. RIPK3 is essential for TNF-induced necroptosis, whereas RIPK1 appears

dispensable in some settings (Moujalled et al., 2013; Upton et al., 2010). Besides necroptosis,
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RIPK1 also has a well-established role in mediating both TNF-dependent nuclear factor kB
(NFxB) activation and apoptosis (Ofengeim and Yuan, 2013). The major executor of
necroptosis is mixed lineage kinase domain like pseudokinase (MLKL), which is activated by
phosphorylation by RIPK3 (Sun et al., 2012). Activated MLKL forms oligomers and
translocates to organelle and plasma membranes, where it directly binds with
phosphatidylinositol phosphates (PIPs) or cardiolipin (CL) and disrupts the membrane by pore
formation (Zhang et al., 2016).

Another cell death mechanism, which manifests with a necrotic morphotype, is mitochondrial
permeability transition (MPT)-driven necrosis (Izzo et al., 2016). The opening of the so-called
“permeability transition pore complex” (PTPC), a supramolecular complex assembled at the
junctions between the inner (IMM) and the outer mitochondrial membrane (OMM) results in
the permeability of the IMM to small solutes, dissipation of the IMM potential (A¥m), osmotic
breakdown of both mitochondrial membranes and subsequently to cell death. MPT-driven
necrosis is initiated by intracellular perturbations, such as severe oxidative stress and cytosolic
Ca”" overload, which can be artificially imposed in vitro by potent oxidants, such as hydrogen
peroxide, or ionophores, e.g. ionomycin. Ischemic insults cause MPT-driven necrosis in vivo.
Cyclophilin D (CYPD), which is a crucial regulator of the MPT by promoting the opening of
PTPC, is required for MPT-driven necrosis (Baines et al., 2005; Nakagawa et al., 2005).

1.4.3 Parthanatos

Severe and prolonged alkylating DNA damage as well as oxidative stress, hypoxia,
hypoglycemia or inflammatory cues lead to the hyperactivation of a component of the DNA
damage response (DDR) machinery named poly(ADP-ribose) polymerase 1 (PARP1), which
results in a cell death called parthanatos (David et al., 2009; Fatokun et al., 2014; Virag et al.,
2013). PARP1 hyperactivation causes NAD+ and ATP depletion, which ultimately results in a
bioenergetic and redox collapse. Furthermore, it leads to the accumulation of poly(ADP-ribose)
(PAR) polymers and poly(ADP-ribosyl)ated proteins at mitochondria causing AWm dissipation
and MOMP. A key factor of parthanatos is the mitochondrial-associated apoptosis-inducing
factor (AIF), which causes large-scale DNA fragmentation and chromatin condensation after
the PAR polymer-induced translocation from the mitochondria to the nucleus (Wang et al.,
2011; Yuetal., 2006). Macrophage migration inhibitory factor (MIF) was identified as the main
nuclease, which is translocated to the nucleus by AIF to catalyze DNA cleavage and thus

execute parthanatos (Wang et al., 2016).
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1.4.4 Other modes of cell death

Pyroptosis is a caspase-dependent form of programmed cell death and part of the innate
immunity, as it plays an important role in the defense against microbial infections. “Danger”
signals, like pathogen-associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs), are sensed extra- or intracellularly by TLRs or NLRs resulting in the
formation of large protein signaling complexes called inflammasomes. Activated inflammatory
caspases (caspase 1, caspase 4 and caspase 5 or murine caspase 11) precipitate pyroptosis by
catalyzing the proteolytic cleavage of gasdermin D (GSDMD) (Cookson and Brennan, 2001;
Kayagaki et al., 2015; Shi et al., 2015). Cleaved GSDMD acts as the final and direct executor
of pyroptotic cell death through selective targeting of the inner leaflet of the plasma membrane
and subsequent pore-forming activity (Qiu et al., 2017). Initially, pyroptosis was thought to be
relevant only for the demise of monocytes or macrophages, however, recent findings indicate
that pyroptosis can also occur in cell types other than cells from the monocytic lineage, such as

epithelial cells and keratinocytes (Shi et al., 2014).

The function of autophagy in cell death has been controversial, since autophagy generally exerts
a cytoprotective function. Only blocking or defects in autophagy are associated with autophagy-
dependent cell death (ACD) (Boya et al., 2005; Mrschtik et al., 2015; Yousefi et al., 2006).
Thus, cell death occurs only when macroautophagic responses fail, which are activated in
response to stress as an ultimate attempt of the cell to preserve homeostasis (Galluzzi et al.,
2015). Nevertheless, components of the machinery for macroautophagy or macroautophagic
responses were shown to have a small impact on cell death (Denton et al., 2015; Masini et al.,

2009; Saleh et al., 2016; Sharma et al., 2014).

Lysosomal membrane permeabilization (LMP), which results in the release of lysosomal
contents, including proteolytic enzymes of the cathepsin family, to the cytoplasm, represents
another mechanism of regulated cell death (Aits and Jaattela, 2013). Lysosomes generally serve
as the cellular “recycling bins” filled with numerous hydrolases, but can cause cell and tissue
autolysis upon rupture (de Duve, 1983). The molecular mechanisms operating upstream of LMP
and lysosome-dependent cell death (LCD) are not fully elucidated. Lysosomotropic detergents,
viral proteins, bacterial, fungal or snake toxins, reactive oxygen species, proteases, lipids and
their metabolites, p53 and proapoptotic BCL2 family members were shown to contribute to
LCD (Aits and Jaattela, 2013). However, possibly all cell death pathways eventually lead to
LMP and the mechanisms underlying LMP are largely ambiguous (Vanden Berghe et al., 2010).
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Other mechanisms of regulated cell death were described, such as ferroptosis, NETotic cell

death, immunogenic cell death or entotic cell death (Galluzzi et al., 2018).

1.4.5 Calcium and cell death

In contrast to other cations, which solely contribute to enzyme activity, Ca** has an essential
regulatory function in eukaryotic cells. Due to its low cytosolic concentration, the calcium ion
is able to act as second messenger playing an important role in cell signaling and controlling
diverse cellular functions. In excitable cells, these functions include muscle contraction or
neurotransmitter release, whereas non-excitable cells Ca®" regulates gene transcription, cell
proliferation, cell cycle and also cell death (Berchtold et al., 2000; Bhosale et al., 2015;
Dolmetsch et al., 1998; Kaeser and Regehr, 2014; Kuo and Ehrlich, 2015; Machaca, 2010). The
regulation of so many processes is enabled by the versatility of the Ca’" signaling mechanism
in terms of speed, amplitude and spatiotemporal patterning and by various calcium-sensing
effectors, that translate calcium signals (Clapham, 2007). Under resting conditions, the
cytoplasmic Ca?* concentration is 10*-fold lower (approx. 100 nM) than the Ca?" concentration
in the extracellular milieu (approx. 1 mM). Intracellular organelles, like endoplasmic reticulum
(ER) and mitochondria, known as the internal Ca**-stores, accumulate Ca?" and thus exhibit a
higher Ca®" concentration (100-500 pM) compared to the cytoplasm. The plasma membrane
Ca?" transport ATPase (PMCA) and Na*/Ca®* exchanger (NCX), which transport calcium ions
to the extracellular space, are responsible for maintaining the low cytoplasmic Ca®"
concentration in a resting cell (Figure 1.6). Upon cytosolic Ca’*' elevation, the
sarcoendoplasmic reticulum Ca?**-ATPase (SERCA) and, to a lower extent, the mitochondrial

Ca** uniporter (mtCU) support this activity by filling the intracellular Ca**-stores.

Increases in cytosolic Ca** levels originate from uptake of extracellular calcium ions by plasma
membrane Ca’' channels, which is rather infrequent in many non-excitable cells, or by
extrusion of Ca?" from internal stores by the 1,4,5-triphosphate receptor (IP3R) and ryanodine
receptor (RyR). The predominant Ca*" entry mechanism in non-excitable cells is represented
by store-operated calcium entry (SOCE), whereby Ca?" influx across the plasma membrane is
activated in response to a decrease in the ER Ca*" content (Hogan and Rao, 2015). The main
role of SOCE is to refill the internal Ca®" stores for downstream Ca®* signaling. An essential
component of SOCE is stromal interaction molecule (STIM), a Ca** sensing ER transmembrane
protein, which interacts with and thus activates the plasma membrane Ca®" channel Orai-1 at
ER-plasma membrane junctions (Park et al., 2009; Prakriya et al., 2006; Zhang et al., 2005).

Release of Ca** from the ER by IP3R is mediated in response to receptor activation. G protein-
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coupled receptors (GPCRs) and tyrosine-kinase receptors (TKR) activate phospholipase C
(PLC), which in turn cleaves phosphatidylinositol 4,5 bisphosphate (PIP2) into 1,4,5-inositol
trisphosphate (IP3) and diacylglycerol (DAG) (Taylor and Tovey, 2010). IP3 binding to the
IP3R allows diffusion of Ca®" from the ER to increase intracellular Ca®" concentration and to

activate SOCE (Taylor and Machaca, 2019).
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Figure 1.6: Calcium signaling in non-excitable cells.

Plasma and organelle membrane localized Ca?* pumps, such as plasma membrane Ca?" transport ATPase (PMCA),
Na*/Ca?" exchanger (NCX), sarcoendoplasmic reticulum Ca?*-ATPase (SERCA) and mitochondrial Ca?" uniporter
(mtCU) are responsible for extrusion of calcium ions from the cell to maintain a low cytosolic Ca* concentration.
Cytosolic Ca®* elevations are caused by release of calcium ions from the ER through 1,4,5-triphosphate receptor
(IP3R) and ryanodine receptor (RyR). Activation of cell receptors and subsequent phospholipase C (PLC)-
mediated hydrolysis of phosphatidylinositol 4,5 bisphosphate (PIP,) results in the production of 1,4,5-inositol
trisphosphate (IP3), which activates IP3Rs. Low ER Ca?" concentrations promote store-operated calcium entry
(SOCE), whereby the interaction of stromal interaction molecule (STIM) and Orai at ER-PM junctions allows Ca?*
influx across the plasma membrane (adapted from Bonnet and Tran Van Nhieu (2016)).

The calcium ion possesses versatile functions in controlling cell survival and cell death in
eukaryotic cells making it challenging to separate the different and multiple mechanisms
(Figure 1.7). Ca** functions as second messenger activating or participating in cell death
pathways, but also acts as executer of cell death (Cerella et al., 2010; Orrenius et al., 2015;
Zhivotovsky and Orrenius, 2011). Regulated Ca®" elevations serve as signaling events during
the intrinsic apoptotic pathway. Local Ca’" messages at the ER-mitochondria interface
contribute to early apoptosis. Amplification loops between BAX activation and Ca** release
from ER amplify cytochrome c release to a level sufficient for apoptosome nucleation and
caspase activation. High local concentrations of Ca** favor the release of cytochrome ¢ from
mitochondria through BAX pores, whereas cytosolic cytochrome c in turn increases Ca*" levels
in the vicinity of IP3R on the ER (Boehning et al., 2003; Nutt et al., 2002a; Pan et al., 2001).
Interestingly, BAX activated via the extrinsic apoptosis pathway through tBid was not sensitive

to Ca>" modulation.
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BAX and BAK also participate in Ca®" release from the ER by either forming ion-permeable
pores in the ER membrane or inducing IP3R channel opening (Nutt et al., 2002b; Zong et al.,
2003). The anti-apoptotic protein BCL2 prevents Ca®" leakage from the ER and subsequent
activation of apoptosis by interaction with IP3R (Greenberg et al., 2014; Hanson et al., 2008;
Lam et al., 1994).

A family of cysteine proteases called calpains is further involved in Ca**-induced apoptosis.
The family comprises 15 members, of whom calpain 1, 2 and 4 are best characterized. Classical
calpains are heterodimers consisting of a regulatory subunit (calpain 4) and a catalytic subunit
(calpain 1/2). Their activation is triggered by autoproteolytic cleavage upon Ca*" increase and
is tightly regulated by the presence of the endogenous inhibitor protein calpastatin (Melloni et
al., 1992; Suzuki and Sorimachi, 1998; Wingrave et al., 2003). Calpains cleave several
members of the caspase and BCL2 family, such as BAX, Bid or BAK, to regulate apoptosis by
either activating or inactivating these proteins (Bizat et al., 2003; Chen et al., 2001; Chua et al.,
2000; Gafni et al., 2009; Gao and Dou, 2000; Mandic et al., 2002; Nakagawa and Yuan, 2000;
Panaretakis et al., 2002; Wood et al., 1998). Besides, these cysteine proteases play a role in
parthanatos by truncation and release of AIF from mitochondria (Ozaki et al., 2008, 2009).

When stress leads to Ca** overload, Ca**-produced damage may reach levels sufficient to cause
necrotic cell death. Collapse of mitochondrial energy metabolism leads to a drastic drop in ATP
levels, which stops Ca**-ATPases from pumping Ca** against a gradient from the cytosol to the
ER or extracellular space. This results in ER Ca?" depletion, cytosolic Ca*>" overload and
subsequently to excess stimulation of Ca®’-sensitive targets, like phospholipases, proteases and
endonucleases in the cytosol (Caro and Cederbaum, 2007; McConkey et al., 1989; Tang et al.,
1996). Under these conditions, coordination of the multiple Ca?*-dependent pathways is lacking

resulting in overlapping and superimposing effects leading to cell death.

Calcium ions also play a crucial role in MPT-driven necrosis induced by, for instance, oxidative
stress, ischemia/reperfusion, ceramide and Ca?" ionophores (Kristian and Siesjo, 1998;
Lemasters et al., 1999; Szalai et al., 1999). Here, high concentration of mitochondrial Ca**
activates CYPD, which promotes permeability transition pore (PTP) opening leading to MPT
(Baines et al., 2005; Eliseev et al., 2007; Schinzel et al., 2005). In necroptosis, localization of
MLKL to the plasma membrane leads to an influx of Ca®" ions, which is mediated at least partly
by a non-voltage sensitive, poorly selective cation channel of the plasma membrane named
transient receptor potential cation channel subfamily M member 7 (TRPM7) (Cai et al., 2014;

Gong et al., 2017). However, others detected a rapid intake of natrium, but not calcium ions or
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Ca?" oscillations due to Ca?* release from endoplasmic reticulum during necroptosis (Chen et

al., 2014; Ousingsawat et al., 2017).

Disruption of ER Ca*" homeostasis leads ER stress, followed by, for instance, unfolded protein
response (UPR) (Groenendyk et al., 2013; Krebs et al., 2011). During prolonged and severe
activation of the UPR, cells are eliminated by intrinsic or extrinsic apoptosis (lurlaro and
Munoz-Pinedo, 2016; Urra et al., 2013). In rodent cells, prolonged ER stress stimulates the
activation of caspase 12, which acts on effector caspases to trigger apoptosis (Nakagawa et al.,

2000).

However, the actual role of Ca?" in cell death is still debated. It is clear that the signaling
networks involved in cell death regulation are quite complex and that numerous opportunities
for cross-talk between the different pathways exist. Figure 1.7 shows the different roles of Ca*

alterations in survival or death of damaged cells.
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Figure 1.7: The role of Ca?* signaling in cell survival and death upon cell damage.

Disturbance of the intracellular calcium homeostasis, such as Ca?" depletion in the ER or mitochondrial or
cytosolic Ca?" overload, may either be repaired resulting in cell survival or results in different modes of cell
death dependent on the type and intensity of the Ca*" signal (Cerella et al., 2010).

1.5 Haploid genetic screens

Genetic screens are powerful tools to identify the molecular players in biological processes and
diseases. While reverse genetics allow to study gene function by targeted mutation, forward
genetic screens are employed to link a specific phenotype to a genotype. For the latter, genes
need to be modified at a high scale and with high efficiency. In contrast to non-mammalian
cells, genetic manipulation in human cells is complicated by the diploid nature of eukaryotic

genomes. Introduction of homozygous genetic mutations in human cells is impacted by the low
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efficiency of homologous recombination and the inability to combine mutant alleles using
genetic crossings. Only with the discovery of RNA interference large scale screens were
possible by knock-down of transcripts using small interfering RNAs (siRNAs) or short hairpin
RNAs (shRNAs) (Moffat et al., 2006; Prahallad et al., 2012; Sun et al., 2014). However, this
approach it limited, because it is prone to off-target effects and cannot completely inactivate
gene function (Barrangou et al., 2015). An additional tool to manipulate eukaryotic genomes at
a large scale was more recently discovered. The CRISPR/Cas9-System was successfully used
for genome-wide screens in human cells (Shalem et al., 2014; Wang et al., 2014). Nevertheless,

efficiency, off-target effects and scalability need to be optimized.

An alternative approach for forward genetic screens is haploid human genetics. Haploid cells
carry only a single copy of their genes, which allows the investigation of recessive genetic
phenotypes often masked in diploid cells. While most human somatic cells are diploid, some
tumors harbor a sub-diploid to haploid genome (Leeb and Wutz, 2013). The human chronic
myeloid leukemia cell line KMB-7 is haploid for all chromosomes except for chromosome 8
and a fragment of chromosome 5 (Andersson et al., 1995; Kotecki et al., 1999). An unsuccessful
attempt at reprogramming KMB-7 into fully induced pluripotent stem cells resulted in the
adherent cell line HAP1, which had lost its hematopoietic character and is lacking the second

copy of chromosome 8 (Figure 1.8 A) (Carette et al., 2011b).

In order to perform genome-wide genetic screens with these haploid cell lines, cell libraries are
generated by random insertional mutagenesis using a retroviral gene-trap vector, which contains
a strong splice acceptor site, an efficient polyadenylation signal and a marker gene (Figure 1.8
B) (Carette et al., 2009). These elements ensure generation of loss-of-function alleles, when
inserted in intronic regions in sense orientation relative to the gene or when inserted in exons
irrespective of orientation. Although insertion by the retroviral gene trap vector is not
completely random and has a bias for inserting around active promoters (LaFave et al., 2014),
mutations leading to gene knockout in nearly all genes can be found (Carette et al., 2011a).
Insertional mutagenesis allows identification of integration sites by the presence of a known
DNA sequence at the site of integration. After mutagenesis, a selection can be applied to the
pool of mutated cells in order to link genes to a phenotype. Viability or reporter gene expression
can be used as read-out for positive selections. Successful positive selection screens are highly
dependent on strong selection pressure, as few mutations leading to the desired phenotype need
to be separated from millions of cells with wild type-like behavior. For screen analysis, selected
cell clones are expanded to gain sufficient material for DNA isolation, amplification of insertion

sites and DNA sequencing. Since the flanking genomic regions are amplified with the retroviral
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sequences, insertion sites can be identified and mapped to the human genome after sequencing.
Only sequence reads, that can be uniquely aligned, are considered for further analysis and
additional reads are discarded, since a particular mutant in the population is not reliably
represented by the number of sequence reads. Further filtering is performed by removing
sequence reads, that align at multiple genomic regions, when allowing mismatch or in close
proximity to one another. Subsequently, sequence reads can be assigned to genes and counted.
By comparing the mutation density per gene to an unselected control dataset, genes with an
enriched number of mutations can be identified and the significance of enrichment is calculated.

This enables to control for background noise caused by potential retroviral integration hotspots.
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Figure 1.8: Genetic screens with human haploid cells.

(A) Light microscopic image (left) and spectral karyotyping (right) of HAP1 cell line (Essletzbichler et al., 2014).
(B) Outline of a positive selection screen using haploid cells. A pool of haploid cells is mutagenized by a retroviral
gene trap vector followed by selection for the anticipated phenotype. After expansion of selected cell clones, DNA
is isolated and the retroviral gene trap vector sequences are amplified with the flanking genomic regions. DNA
sequencing allows mapping of the vector insertion sites to the human genome. Unique mutations per gene are
counted and compared to control dataset(s).

So far, haploid genetic screens have been successfully used to identify genes involved in
anticancer drug action (Birsoy et al., 2013; Pettitt et al., 2013; Planells-Cases et al., 2015;
Winter et al., 2014), cell death mechanisms (Cao et al., 2019; Dixon et al., 2015; Jacobson et
al., 2013; Mandal et al., 2014), viral infection (e.g. Baggen et al., 2016; Hoffmann et al., 2017;
Jae et al., 2014; Riblett et al., 2016; Staring et al., 2017) and resistance mechanisms against
numerous bioactive small molecules (Elling et al., 2011; Reiling et al., 2013; Wijdeven et al.,
2015) and against bacterial toxins (Carette et al., 2009; Carette et al., 2011a; Guimaraes et al.,
2011; Papatheodorou et al., 2011). Host cell factors required for cytotoxicity of the S. aureus

a-toxin were also investigated using a haploid genetic screen (Popov et al., 2015).
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1.6 Aim of the study

Although not a professional intracellular pathogen, several S. aureus strains are capable of
escaping from the phagosome, replicating in the host cell and inducing host cell death in many
different cell types. Intracellular cytotoxicity of S. aureus is believed to contribute to tissue
destruction and spread of infection in vivo. Whereas several factors mediating phagosomal
escape of S. aureus have been identified, the molecular mechanisms underlying host cell death

induced by the intracellular bacterium remain largely unknown.

The present study aims to identify host cell as well as bacterial factors involved in cell death
mediated by intracellular S. aureus. A genome-wide screen in human haploid cells should be
employed to identify host cell genes, whose loss of function renders the host cell resistant to
S. aureus cytotoxicity. Besides, S. aureus-infected epithelial cells were to be tested for
hallmarks of different cell death pathways, such as apoptosis, necrotic cell death or parthanatos.
Live cell imaging allows to study the intracellular lifestyle of S. aureus at the single cell level.
Using this method, the role of caspases and Ca** signaling in S. aureus-induced cell death was
investigated. To study the contribution of bacterial virulence factors to S. aureus intracellular
cytotoxicity selected single gene mutants should be tested for their ability to kill the infected
host cell. Especially the role of the cysteine protease staphopain A in S. aureus infection and

intracellular lifestyle was to be tested.
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2 Material and Methods
2.1 Material

2.1.1 Laboratory instruments

Laboratory instruments used in this study are listed in Table 2.1.

Table 2.1: Laboratory instruments used in this study

Instrument Model/Name Manufacturer
Balances EW 1500-2M Kern, Germany
ABS 80-4

Electroporation system

Cell incubator

Centrifuges

Chemiluminescence imager
Electro blotter
Electrophoresis system
FACS/flow cytometer

Gel imager

Microplate reader

Microscopes

pH-meter

See-saw rocker
Spectrophotometer
Spectrophotometer (Micro)
RT-PCR system
Thermocycler

Thermo mixer

MicroPulser™ Electroporator

Heracell 2401
live-cell incubation chamber

Hitachi himac CT15RE

Biofuge 15

Mini Star silverline

Z 160 M

Megafuge 1.0 R

ChemoStar, Cooled CCD Sensor
PerfectBlue™ ‘Semi-Dry’ Blotter
PerfectBlue™ Dual Gel System
Aria III

Biostep Dark hood DH-40/50
Infinite® 200 Pro, Infinite® MPlex
DMIL, DMR, TCS SP5

Operetta

InoLab pH 720 with SenTix Electrode
SSL4

Ultrospec™ 3100 pro

NanoDrop 1000

StepOne Plus™

Biometra T3 Thermocycler

Thermomixer Comfort

Mixing block MB-102

Bio-Rad, USA

Thermo Fisher Scientific, USA

Life Imaging Services, Switzerland

Hitachi-Koki, Japan
Heraeus, Germany

VWR, USA

Hermle Labortechnik, Germany

Heraeus, Germany

Intas, Germany

VWR, USA

VWR, USA

Becton Dickinson, USA
Biostep GmbH, Germany
Tecan, Switzerland

Leica, Germany

Perkin Elmer, USA
WTW, Germany

Stuart, UK

Amersham Bioscience, UK
Peqlab, Germany

Applied Biosciences, USA
Biometra, Germany

Eppendorf, Germany

Bioer, China
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2.1.2 Consumables and glassware

Consumables and glassware used in this study are listed in Table 2.2.

Table 2.2: Consumables and glassware used in this study

Name

Specifications

Manufacturer

Cell culture dishes

Cell culture flasks

Centrifuge tubes

Chamber slides

Cryo Tubes
Cuvettes

Electroporation cuvettes

Erlenmeyer flasks

Glass bottles

Inoculation loops

Microcentrifuge tubes

Microtiter plates

Pasteur pipettes
PCR tubes
Petri Dishes

Pipette tips

PVDF membrane

Round bottom tubes (for
flow cytometry)

Serological Pipettes

Syringes

100 x 20 mm, Standard growth surface for adherent
cells, cell culture grade, sterile, Polystyrene

Corning®, sterile, cell culture grade (25 cm?, 75 cm?
and 175 cm?), Polystyrene

Falcon® Centrifuge Tubes (15 ml, 50 ml),
Polypropylene, Sterile, RNase-/DNase-free

p-Slide 8 Well, Glass Bottom, sterile, for
fluorescence microscopy

CryoPure Tube 1.6 ml, Polypropylene, sterile
Semi-micro cuvette 1.6 ml, Polystyrene

Cuvettes with 2 mm gap size, blue cap,
polycarbonate, sterile

Erlenmeyer flasks DURAN® narrow neck (21,11,
100 ml)

Duran® graduated glass bottles (1 1, 500 ml,
250 ml, 100 ml)
white (1 pl) and blue (10 pl), sterile, Polystyrene

Micro tube (1.5 ml, 2 ml) with attached lid,
Polypropylene

RNase-free Microfuge tubes (1.5 ml, 2 ml),
Polypropylene, sterile

Costar® (6, 12, 24, 48 and 96 well), cell culture
grade, clear, TC-treated, sterile

p-Plate 24 Well, black, sterile, for fluorescence
microscopy

made of glass, length 230 mm
PCR SoftTubes, 0.2 ml
92x16 mm, with cams, Polystyrene

pipette tip (20 pl, 200 pul and 1000 pl), transparent,
Polypropylene

Polyvinylidene difluoride (PVDF) Western Blotting
Membrane

Falcon® Polystyrene Test Tube, with Snap Cap,
sterile

Falcon® Polystyrene Test Tube, with Cell Strainer
Snap Cap, sterile

CELLSTAR®, sterile, cell culture grade (1 ml, 5 ml,
10 ml and 25 ml), Polystyrene

BD Plastipak™ (1 ml, 5 ml, 10 ml and 50ml), luer-
lock, sterile

Sarstedt, Germany

Corning, USA

Corning, USA

ibidi, Germany

Sarstedt, Germany
Sarstedt, Germany

VWR, USA

Duran Group, Germany

Duran Group, Germany

Sarstedt, Germany

Sarstedt, Germany
ThermoFisher Scientific,
USA

Corning, USA

ibidi, Germany

Hartenstein, Germany
Biozym, Germany
Sarstedt, Germany

Sarstedt, Germany

Sigma Aldrich, USA

Corning, USA

Corning, USA

Greiner Bio-One, Austria

Becton Dickinson, USA
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Table 2.2 (continued)

Syringe filters

Filtropur (0.22 um and 0.45 um pore size), PES

membrane, luer-lock, sterile

Test tubes

clear soda lime glass, 8 ml, round bottom, with

aluminum caps

Whatman paper

Blotting paper, Thickness: ca. 0,76 mm, 330 g/m?,

high absorbency

Sarstedt, Germany

Hartenstein, Germany

Hartenstein, Germany

2.1.3 Chemicals and enzymes

Chemicals and enzymes used in this study are shown Table 2.3.

Table 2.3: Chemicals and enzymes used in this study

Chemical/enzyme

Specification

Manufacturer

Accumax™
Acetic acid
Acetone
Agar
Agarose

Alexa-Fluor 633 hydrazide

Ammonium persulfate (APS)
Ampicillin
Anhydrotetracycline (AHT)

Annexin V-APC
BAPTA
BAPTA-AM
B-mercaptoethanol
Blasticidin

Boc-Leu-Met-CMAC

Bovine serum albumin (BSA)
Brain Heart Infusion Broth (BHI)
Bromophenol blue

Calcium chloride (CaCly,)

CellEvent™ Caspase-3/7 Green
Detection Reagent

Chloramphenicol
Coomassie R250
Cycloheximide (CHX)
DMEM

ROTIPURAN® 100 %, p.a.

Agar-Agar, Kobe I (15 g/L)
Agarose NEEO Ultra-Qualitét

for electrophoresis, >98%
Ampicillin sodium salt

Anhydrotetracycline hydrochloride

Blasticidine S hydrochloride

t-BOC-L-Leucyl-L-Methionine amide, 7-
Amino-4-Chloromethylcoumarin

Albumin Fraction V

Calcium chloride dihydrate

DMEM, high glucose, no glutamine, no
calcium

Sigma Aldrich, USA
Roth, Germany
Roth, Germany
Roth, Germany
Roth, Germany

ThermoFisher Scientific,
USA

Sigma Aldrich, USA
Sigma Aldrich, USA

ThermoFisher Scientific,
USA

Becton Dickinson, USA
Merck, Germany
Merck, Germany

Roth, Germany

Sigma Aldrich, USA

ThermoFisher Scientific,
USA

Roth, Germany
Sigma Aldrich, USA
Roth, Germany
Roth, Germany

ThermoFisher Scientific,
USA

Serva, Germany
Serva, Germany
Sigma Aldrich, USA

Gibco/ThermoFisher
Scientific, USA
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Table 2.3 (continued)

DNase 1

DNA loading dye

DNA ladder

DNA Polymerase

dNTPs
DPBS

EDTA

EGTA

Erythromycin

Ethanol

Ethanol denatured

Eo64

Fetal bovine serum (FBS)

Gentamicin

Glucose

GlutaMAX™ Supplement

Glycerol
Glycine
HD Green
Hepes

HiPerFect Transfection Reagent

Hoechst 34580

Hydrogen peroxide (H20,)

IMDM

ITonomycin

Isopropanol

Luminol
Lysostaphin

Magnesium Chloride Hexahydrate
(MgCly+6 H,0)

RNase-free, 1 U/ul

DNA Gel Loading Dye (6X)

GeneRuler 1 kb DNA Ladder
GeneRuler 50 bp DNA Ladder

Taq DNA Polymerase E

Phusion High-Fidelity DNA Polymerase

dNTP-Set (Na salt) - 100mM
DPBS (1x) —CaCl,-MgCl,

BioReagent, suitable for cell culture
puriss. p.a., absolute, >99.8% (GC)
>99,8 %

10 mg/ml

D(+)-Glucose monohydrate

ROTIPURAN® >99,5 %, p.a., anhydrous
ReagentPlus®, >99% (HPLC)
Intas HDGreen™ Plus

1 M solution

30 %, ROTIPURAN® p.a., ISO,
stabilized

IMDM (+L-Glutamine +HEPES)

Ionomycin calcium salt from
Streptomyces conglobatus

2-Propanol, ROTIPURAN® >99,8 %,
p.a., ACS, ISO

ThermoFisher Scientific,
USA

ThermoFisher Scientific,
USA

ThermoFisher Scientific,
USA
Genaxxon, Germany

ThermoFisher Scientific,
USA

Genaxxon, Germany

Gibco/ThermoFisher
Scientific, USA

AppliChem, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Sigma Aldrich, USA
Roth, Germany

Merck Millipore, USA
Sigma Aldrich, USA

Gibco/ThermoFisher
Scientific, USA

Roth, Germany
Gibco/ThermoFisher
Scientific, USA
Roth, Germany
Sigma Aldrich, USA
Intas, Germany

Gibco/ThermoFisher
Scientific, USA

Qiagen, Germany

ThermoFisher Scientific,
USA

Roth, Germany

Gibco/ThermoFisher
Scientific, USA

Sigma Aldrich, USA

Roth, Germany

Roth, Germany
AMBI, USA
Roth, Germany
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Table 2.3 (continued)

Magnesium Sulfate Heptahydrate
(MgSO4-7H20)

Methanol
NecroX-5

N,N,N',N'-
Tetramethylethylenediamine
(TEMED)

Nonfat Dried Milk Powder
OptiMEM

Paraformaldehyd
p-coumaric acid

Penicillin-Streptomycin

Polyethylenimine (PEI)
Potassium chloride (KCl)

Protein ladder

Restriction enzymes

Restore™ Plus Western Blot
Stripping buffer

Rifampicin
RNase A
Rotiphorese® Gel 30

RPMI

Saccharose

SDS

Sodium chloride (NaCl)
Sodium pyruvate

Staurosporine (STS)
SYBR Green
Thapsigargin

TNFa

Trichloroacetic acid (TCA)

>99 %, for synthesis

BioReagent, suitable for electrophoresis,
~99%

Opti-MEM™, Reduced Serum Medium,
GlutaMAX™ Supplement

100x, 10,000 U/ml penicillin &
10,000 pg/ml streptomycin

PageRuler Prestained Protein ladder

Spectra™ Multicolor Broad Range
Protein Ladder

>90 %, for biochemistry

aqueous 30 % acrylamide and
bisacrylamide stock solution at a ratio of
37,5:1

RPMI 1640 Medium, GlutaMAX™
Supplement, HEPES

RPMI 1640 Medium, no glutamine, no
phenol red

D(+)-Saccharose

SDS Pellets

100 mM (100x)

Staurosporine from Streptomyces sp.

PerfeCTa® SYBR® Green FastMix™

Roth, Germany

Roth, Germany

Cayman
Chemicals/Biomol

Sigma Aldrich, USA

AppliChem, USA

Gibco/ThermoFisher
Scientific, USA

Roth, Germany
Sigma Aldrich, USA

Gibco/ThermoFisher
Scientific, USA

Polysciences Inc., USA
Merck, Germany

ThermoFisher Scientific,
USA

ThermoFisher Scientific,
USA

ThermoFisher Scientific,
USA

Roth, Germany
Roth, Germany
Roth, Germany

Gibco/ThermoFisher
Scientific, USA

Roth, Germany
Roth, Germany
VWR, USA

Gibco/ThermoFisher
Scientific, USA

Sigma Aldrich, USA
Quantabio, USA
Sigma Aldrich, USA

Cell signaling technology,
USA

Roth, Germany
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Table 2.3 (continued)

Tris Trizma® base

Trisodium citrate (NazCsHsO7)
Triton X 100

Trypsin TrypLE™ Express Enzyme (1X), no

phenol red

Tryptic soy broth (TSB)
Tryptone/Peptone ex casein
Tween20

T4 DNA ligase

Yeast extract

Sigma Aldrich, USA
Roth, Germany
Roth, Germany

ThermoFisher Scientific,
USA

Sigma Aldrich, USA
Roth, Germany
Roth, Germany

ThermoFisher Scientific,
USA

Roth, Germany

Z-VAD-fmk Invivogen, USA

2-APB Sigma Aldrich, USA

TAAD Becton Dickinson, USA
2.14 Kits

Kits used in this study are listed in Table 2.4.

Table 2.4: Kits used in this study
Kit Manufacturer

PureLink® Quick Plasmid Miniprep kit Invitrogen™, USA
NucleoSpin® Plasmid kit
NucleoSpin® Gel and PCR Clean-up kit
NucleoBond® PC 100 kit

Macherey-Nagel, Germany
Macherey-Nagel, Germany
Macherey-Nagel, Germany

QIAprep Spin Miniprep kit QIAGEN, Germany

QIAamp DNA Mini kit QIAGEN, Germany
QuikChange II Site-Directed Mutagenesis Kit Agilent Technologies, USA
RNeasy Mini Kit QIAGEN, Germany
TURBO DNA-fiee™ kit Ambion, USA

RevertAid First Strand cDNA Synthesis kit
Cytotoxicity detection kit”*VS (LDH)

ThermoFisher Scientific, USA

Roche, Switzerland

2.1.5 Media and antibiotics

The composition of bacterial media can be found in Table 2.5.

Table 2.5: Composition of bacterial media

Name Composition/Concentration

LB 10 g/l Tryptone/Peptone ex casein, 5 g/l Yeast extract, 5 g/l NaCl

TSB 30 g/l

BHI 37 g/l

SOC 20 g/l Tryptone/Peptone ex casein, 5 g/l Yeast extract, 0.6 g/l NaCl, 0.18 g/l KCl, 4.34 g/l

MgCl,6 H>0, 5.04 g/l MgS0O4¢7H,0, 20 mM Glucose
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Media for liquid cultures and agar plates were autoclaved at 121 °C for 20 min. For preparation
of agar plates 1.5 % (w/v) agar was added to the medium prior to autoclaving. Antibiotics were
added after cooling the agar to 50 °C or to liquid culture media directly before use. The
antibiotic stock solutions were stored at -20 °C. The stock solutions for rifampicin were always

prepared freshly. The antibiotics used are listed in Table 2.6.

Table 2.6: Used antibiotics

Antibiotic Stock solution (diluted in) Final concentration
Ampicillin (Amp) 50 mg/ml (dH,0) 100 pg/ml
Chloramphenicol (Cm) 10 mg/ml (EtOH) 10 pg/ml
Erythromycin (Erm) 10 mg/ml (EtOH) 5/10 pg/ml
Lysostaphin (Lyso) 1 mg/ml (dH>O or DPBS) 2-20 ng/ml
Rifampicin (Rif) 1 mg/ml (methanol) 1 pg/ml
Anhydrotetracycline (AHT) 200 pg/ml (DMF) 200 ng/ml
Penicillin 10,000 U/ml 100 U/ml
Streptomycin 10,000 pg/ml 100 pg/ml
Gentamicin 10 mg/ml 100 pg/ml
Blasticidin 10 mg/ml (dH,0) 30 pg/ml

All media and solutions used for cell culture and cell infection assays are listed in Table 2.7.

Table 2.7: Composition of cell culture media and solutions
Name Composition
RPMI infection medium RPMI 1640 Medium, GlutaMAX™ Supplement, HEPES

1 mM sodium pyruvate
10 % FBS

IMDM infection medium IMDM
1 mM sodium pyruvate
10 % FBS

IMDM with antibiotics IMDM infection medium
1x Penicillin-Streptomycin

RPMI imaging medium RPMI 1640 Medium, no glutamine, no phenol red
1 mM sodium pyruvate
25 mM Hepes
1x GlutaMAX™ Supplement
10 % FBS

RPMI LDH medium/ FACS medium RPMI 1640 Medium, no glutamine, no phenol red
1 mM sodium pyruvate
25 mM Hepes
1x GlutaMAX™ Supplement
1 % FBS
2 pg/ml lysostaphin

Annexin V staining buffer RPMI FACS medium
10 pl/ml annexin V-APC
10 pul/ml 7AAD
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Table 2.7 (continued)
DMEM without CaCl, DMEM, high glucose, no glutamine, no calcium
1 mM sodium pyruvate
25 mM Hepes
1x GlutaMAX™ Supplement
10 % FBS

DMEM with CaCl, DMEM, high glucose, no glutamine, no calcium
1 mM sodium pyruvate
25 mM Hepes
1x GlutaMAX™ Supplement
10 % FBS
1.8 mM CaCl,

Detachment solution 10 % TrypLE in DPBS

Cryo medium infection medium
20 % FBS
10 % DMSO

2.1.6 Buffers and solutions
Buffers and solutions used can be found in Table 2.8. Distilled water (dH>O) was used for all
solutions, if not indicated otherwise. Buffers and solutions supplied by the manufacturer were

used for enzyme reactions.

Table 2.8: Buffers and solutions used in this study

Buffer Ingredients

S. aureus lysis buffer 200 pg/ml lysostaphin
20 mM Tris/HCL, pH 8
2 mM EDTA

20 pg/m RNase A
1.2 % Triton X 100

TAE buffer 40 mM Tris
20 mM acetic acid
1 mM EDTA

Electroporation buffer 0.5 M saccharose
10 % glycerol

Phage buffer LB medium
5 mM CaCl,

Soft agar LB medium
0.6 % agar
20 mM trisodium citrate

Laemmli buffer (2x) 100 mM Tris/HCI pH 6.8
4 % SDS
20 % glycerol
1.5 % B-mercaptoethanol
0.004 % bromophenol blue

SDS upper gel buffer 0.5 M Tris
pH adjusted to 6.8 (HCI)
SDS lower gel buffer 1.5 M Tris

pH adjusted to 8.8 (HCI)
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Table 2.8 (continued)

SDS upper gel solution

SDS lower gel solution

10x SDS-PAGE running buffer

10x Semi Dry Transfer buffer

Semi Dry Transfer buffer

10x Wet blot transfer buffer

Wet blot transfer buffer

10x TBS

TBS-T

Blocking solution

ECL solution 1

ECL solution 2

Coomassie staining solution

Coomassie destaining solution

Coomassie fixing solution

125 mM Tris/HCI pH 6.8 (upper gel buffer)

5 % Rotiphorese® Gel 30
0.1 % SDS

0.1 % APS

0.08 % TEMED

375 mM Tris/HCI pH 8 (lower gel buffer)

7.5-12 % Rotiphorese® Gel 30
0.1 % SDS

0.1 % APS

0.08 % TEMED

250 mM Tris
1.92 M glycine
1 % SDS

200 mM Tris
1.5 M glycine
0.2 % SDS

1x Semi Dry Transfer buffer
20 % methanol

250 mM Tris
1.92 mM Glycine

1x Wet blot transfer buffer
20 % methanol

500 mM Tris
1.5 M NaCl
pH adjusted to 7.5

1x TBS
0.05 % Tween20

5 % dry milk powder or BSA
ad TBS-T

100 mM Tris/HCI pH 8.5
2.5 mM Luminol
0.4 mM p-coumaric acid

100 mM Tris/HCI pH 8.5
0.02 % H>0»

0.25 % Coomassie R250
45 % ethanol
10 % acetic acid

40 % ethanol
10 % acetic acid

50 % methanol
10 % acetic acid




Material and Methods 43

2.1.7 Antibodies

Primary and secondary antibodies used for western blot are listed in Table 2.9 and Table 2.10.

Table 2.9: Primary antibodies

Protein Origin Dilution Manufacturer (Cat. No.)

AIF mouse monoclonal IgG2b  1:200 Santa Cruz Biotechnology (sc-13116)
a-spectrin mouse monoclonal IgG1 1:300 Santa Cruz Biotechnology (sc-48382)
a-toxin (S. aureus) rabbit polyclonal 1:2000 Sigma Aldrich (S7531)

B-actin mouse monoclonal IgG1 1:3000 Sigma Aldrich (A5441)

B-tubulin mouse monoclonal IgG2b  1:1000 Merck Millipore (MAB3408)

Bid rabbit polyclonal 1:1000 Cell signaling Technology (2002)
Calpain 1 rabbit polyclonal 1:1000 Cell signaling Technology (2556)
Calpain 4 mouse monoclonal IgG1 1:500 Merck Millipore (MAB3083)
Calpastatin rabbit polyclonal 1:1000 Cell signaling Technology (4146)
cleaved caspase 3, large rabbit monoclonal IgG1 1:1000 Cell signaling Technology (9664)
subunit

GAPDH rabbit polyclonal 1:1000 Santa Cruz Biotechnology (sc-25778)
MLKL rabbit monoclonal IgG 1:1000 Cell signaling Technology (14993)
phospho-MLKL (Ser358) rabbit monoclonal IgG 1:1000 Cell signaling Technology (91689)
PARP-1 rabbit polyclonal 1:500 Santa Cruz Biotechnology (sc-7150)
p53 mouse monoclonal IgG2a  1:500 Santa Cruz Biotechnology (sc-126)
Staphopain A (S. aureus) rabbit polyclonal 1:500 antibodies-online (ABIN967004)

Table 2.10: Secondary antibodies
Antibody Origin Manufacturer (Cat. No.)

anti-mouse [gG-HRP  goat Santa Cruz Biotechnology (sc-2005), Merck Millipore (12-349)

anti-rabbit [gG-HRP  goat Santa Cruz Biotechnology (sc-2004), Biorad (170-6515), Dianova (111-
175-144)

2.1.8 Cell lines
The cell lines used in this study are listed in Table 2.11.

Table 2.11: Used cell lines

Cell line Source/Reference

Hela 229 ATCC CCL-2.1

HeLa YFP-cwt Grosz et al. (2014)

HeLa R-Geco K. Paprotka

HeLa ER-LAR-Geco G-Geco S. Vormittag, K. Paprotka

HeLa Mito-LAR-Geco G-Geco S. Vormittag, K. Paprotka

HeLa HyPer-3 S. Vormittag, K. Paprotka

HAP1 L. Jae, Gene center Munich; Carette et al. (2011b)
HAP1 (mutagenized using gene trap vector) L. Jae, Gene center Munich; Carette et al. (2011b)

HAPI1 YFP-cwt K. Paprotka
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2.1.9 Bacterial strains
The bacterial strains used in this study are shown in Table 2.12.
Table 2.12: Bacterial strains used in this study
Strain Description Source/Reference
E. coli
DH5a K-12 derivate, F-, endAl, hsdR17 (v, my), supE44, thi-1, recAl,  BRL Life
GyrA96, relAl, X', A(lacZYA-argF)U169, ®80dlacZ AM15, Technology
deoR, nupG
S. aureus
RN4220 Restriction-deficient derivative of NCTC 8325-4 (cured of Kreiswirth et al.
prophages @11, ®12, ®13), B-toxin producer, no production of a-  (1983)
toxin or d-toxin, phenotypically agr-negative
RN4220 phld- AHT-inducible expression of §-toxin (4/d), staphopain A (scpA), This study
scpAB staphostatin A (scpB) and cerulean
RN4220 phld- AHT-inducible expression of 6-toxin (A/d), staphopain A (scpA), This study
scpAca3snB staphostatin A (scpB) and cerulean with active site substitution
C234A in scpA
6850 Clinical osteomyelitis isolate, methicillin-sensitive, HGW Vann and Proctor
(1987)
6850 GFP pJL74-SarAP1-GFP, expressing GFP as molecular marker M. Grosz
6850 mRFP pmRFPmars, expressing mRFP as molecular marker K. Paprotka
6850 Cerulean pSarAP1-Cerulean, expressing Cerulean as molecular marker K. Paprotka
6850 scpA::Bursa  staphopain A transposon mutant, produced by phage transduction ~ This study
from NE1278 in 6850
6850 scpA::Bursa  scpA complementation in 6850 scpA::Bursa This study
pscpAB
6850 Ahla hla deletion mutant S. Das
6850 Arsp rsp deletion mutant S. Das
6850 Ahla GFP pJL74-SarAP1-GFP, expressing GFP as molecular marker This study
6850 Arsp GFP pJL74-SarAP1-GFP, expressing GFP as molecular marker This study
Cowan | NCTC 8530, isolated from septic arthritis, agr dysfunction, low ATCC 12598
expression of toxins and proteases
Cowan I GFP pJL74-SarAP1-GFP, expressing GFP as molecular marker A. Moldovan
Cowan [ mRFP pmRFPmars, expressing mRFP as molecular marker This study
Cowan I Cerulean  pSarAP1-Cerulean, expressing Cerulean as molecular marker This study

LAC
LAC Apsmo.

LAC Apsmp

LAC Ahld

JE2

JE2 GFPsf
JE2 mRFP

USA300 PFGE type, CA-MRSA

psma knockout of LAC, allelic replacement with a spectinomycin-
resistance cassette

psmp knockout of LAC, allelic replacement with a spectinomycin-
resistance cassette

hld knockout of LAC; mutation in start codon abolished
translation, while keeping RNAIII structure intact

derivative of LAC, which was cured of three plasmids, USA300
PFGE type, CA-MRSA

pGFPsf, JE2 expressing GFPsf as molecular marker

pmRFPmars, expressing mRFP as molecular marker

Maree et al. (2007)
Wang et al. (2007)

Wang et al. (2007)

Wang et al. (2007)

Fey et al. (2013)

This study
This study
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Table 2.12 (continued)

TIA

resistance flanked by two TIA target sites

JE2 mRFP pmRFPmars, expressing mRFP as molecular marker This study
JE2 NE1682 JE2 higB::Bursa, deficient in y-toxin production Fey et al. (2013)
JE2 NE934 JE2 sspB::Bursa, deficient in staphopain B production, Fey et al. (2013)
SAUSA300_0950
JE2 NE1278 JE2 scpA::Bursa, deficient in staphopain A production, Fey et al. (2013)
SAUSA300_ 1890
JE2 scpA staphopain A transposon mutant, produced by phage transduction ~ This study
from NE1278 in JE2
JE2 scpA GFPsf  JE2 scpA::Bursa, pGFPsf expressing GFP as molecular marker This study
JE2 scpA mRFP JE2 scpA::Bursa expressing mRFP as molecular marker This study
JE2 pscpAB scpA complementation in JE2 scpA::Bursa This study
JE2pscpAcasa B scpA complementation in JE2 scpA::Bursa with active site This study
substitution C234A in scpA
2.1.10 Plasmids
Plasmid used in this study are listed in Table 2.13.
Table 2.13: Plasmids used in this study
Plasmid Description Reference
p2085 derivate of pALC2084 (Bateman et al., 2001) with modified Giese et al.
multiple-cloning site, shuttle vector with pC194 and pUC19 (2009)
backbones, containing tetR and Pxyl/tet promoter driving GFPuvr
expression, CmR
pscpAB p2085-scpAB, native promotor of scpAB This study
pscpAc2zsa)B pscpAB with active site substitution C234A in scpA This study
phld-hilb-cerulean p2085-hld-hib-cerulean, AHT-inducible expression Giese et al.
(2011)
phld-scpAB p2085-hld-hib-cerulean, AHT-inducible expression This study
phld-scpAca3sa)B phld-scp AB-cerulean with active site substitution C234A in scpA This study
pmRFPmars p2085-SarAP1-mRFPmars, vector expressing mRFP in S. aureus Paprotka et al.
under control of the constitutive sarAP1 promoter, Cm®? (2010)
pIL74 vector expressing GFP, Erm® J. Liese,
University
Tiibingen
pSarAP1-cerulean p2085-SarAP1-cerulean, vector expressing cerulean in S. aureus K. Paprotka
under control of the constitutive sarAP1 promoter, Cm®
pGFPsf pSK5632-SarAP1-GFPsf, low-copy vector expressing GFPsf in S. Das
S. aureus under control of the constitutive sarAP1, Cm®
pSpCas9 (BB)-2A- expressing Cas9 from S. pyogenes with 2A-EGFP, cloning Addgene
GFP backbone for sgRNA (#48138)
pSpCas9 (BB)-2A- expressing sgRNA for calpain 1 This study
GFP-sgRNA CAPNI1
pSpCas9 (BB)-2A- expressing sgRNA for calpain 4 This study
GFP-sgRNA CAPN4
pSc-TIA-CMV-BSR-  sgRNA to zebrafish 774 gene, CMV sequence and blasticidin L. Jae, Gene

center Munich
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2.1.11 Oligonucleotides
Oligonucleotides used in this study are listed in Table 2.14, Table 2.15 and Table 2.16. DNA

and sgRNA oligonucleotides were purchased from Sigma Aldrich.

Table 2.14: DNA oligonucleotides used in this study

Name Sequence (5°-3) ? Purpose

scpAB_prom fwd AAACTGCAGTATTCTATTGCATAGGTGTGG

_Pstl Cloning of

scpAB TT AAGAATTCCTATTTGAAGAGGAAAGGCTATTC pscpAB

rev_EcoRI

MP_scpAl CTCAAGGTAACAATGGTTGGgcgGCAGGCTATACGATGTCT — Cys>Ala active
site substitution

MP_scpA2 AGACATCGTATAGCCTGCogeCCAACCATTGTTACCTTGAG 1 5PA

scpAB_Avrll fwd
scpAB_Avrll rev
SCpA rev

scpA fwd
MFpUCsl1 (MF8)

MF17pC194
(MF17)

Uo-fwd

RT-CAPNI fwd
RT-CAPNI rev
RT-CAPN?2 fwd
RT-CAPN2 rev
RT-CAPN4 fwd
RT-CAPN4 rev
RT-GAPDH fwd
RT-GAPDH rev

GATCCCTAGGAGGTATAATAATGAAAAGAAACTTTCC
CATGGATCCTAGGTTATGACTTATGCTTAATGAAAG
CATTATTGCCAGTAGGTATACTCTCAGTC
GCAAACGCTGAGAGCAATTCAAATATCA
GGGATGTGCTGCAAGGCG
GCATGTAACTGGGCAGTGTC

GAGGGCCTATTTCCCATGATTCC

GAAGCGTCCCACGGAACTG
GTGCAGGAGGGTGTCGTTG
CCCAACCTGTTCAAGATCATCC
AGGCTTCCGTTACTTTCAACC
ACCCACTCCGTAACCTC
GGGTAGCAACCGTGAA
GAAATCCCATCACCATCTTCCAGG
GACCCCCAGCCTTCCATG

(Nickerson et al.,
2010)

Cloning of phld-
scpAB

Sequencing of
pscpAB and
phld-scpAB

Sequencing of
pSpCas9 (BB)-
2A-GFP

qRT-PCR for
calpain 1

qRT-PCR for
calpain 2

qRT-PCR for
calpain 4

gRT-PCR for
GAPDH

a: lower case letters mutated nucleotides

Table 2.15: siRNA oligonucleotides used in this study

Name Function Manufacturer (Cat. No.)
siCAPN1 functionally verified siRNA directed against human CAPN1 Qiagen (S102225559)
siCAPN2 predesigned siRNA directed against human CAPN2 Qiagen (SI00338114)
siCAPN4 Predesigned siRNA directed against human CAPN4 Qiagen (S100027664)
AllStars  thoroughly tested and validated nonsilencing siRNA with no Qiagen (SI103650318)

homology to any known mammalian gene
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Table 2.16: sgRNA oligonucleotides used in this study

Gene Splice variant Exon Sequence (5°-3°) (top & bottom strand)?

CAPN1  CAPNI1-004 ENST00000527323.5 1 caccGTCGGAGGAGATCATCACGC,
aaacGCGTGATGATCTCCTCCGAC

CAPN4  CAPNSI1-001 ENST00000246533.7 6 caccCATTGACACATGTCGCAGCA,

aaacATGATAAACTGGGGGTCAGC

a: lower case letters BbsI restriction sites

2.1.12 Software

The following software was used in this study: ApE plasmid editor (M. Wayne Davis), Argus
X1 gel documentation software (Biostep GmbH), BD FACSDiva™ Software (BD Biosciences),
ChemoStar imaging software (Intas), CodonCode Aligner (CodonCode Corp.), Corel Draw X8
(Corel Corp.), Endnote X8 (Thomson Reuters), Fiji (Schindelin et al., 2012), GraphPad Prism 6
(GraphPad Software), i-control™ Microplate Reader software (Tecan), LAS AF software
(Leica), Microsoft Office (Microsoft), Nanodrop ND-1000 software (Peqlab), Operetta
software Harmony (Perkin Elmer), StepOneTM software (Applied biosystems), VisiView®
software (Visitron), Windows 7 (Microsoft).

2.2  Methods

2.2.1 Bacterial culture techniques

2.2.1.1 Cultivation of bacteria

Escherichia coli (E. coli) and S. aureus strains were grown overnight at 37 °C on LB or TSB
agar plates, respectively, or in liquid medium. Media were supplemented with appropriate
antibiotics, if required. Agar plates were stored at 4 °C until maximum time of 14 days. For
bacterial overnight cultures, several colonies were inoculated in liquid medium and incubated
at 37 °C and 180 rpm overnight, if not stated otherwise. For cryo-preservation bacterial
overnight cultures were mixed with sterile glycerol to a final concentration of 25 % (v/v) and

stored at -80 °C until use.

2.2.1.2 Preparation of bacteria for in vitro infection

Bacterial overnight cultures were diluted 1:20 in liquid medium and ODgoo was measured using
a spectrophotometer. The infection preculture was inoculated to an ODgoo of 0.4 in 10 ml of
TSB with appropriate antibiotics, if required, and incubated for 1 h at 37°C with agitation at
180 rpm to reach ODeoo of 0.6. Bacteria were harvested at 14,000 rpm, washed twice and
resuspended in infection medium. A Thoma hemocytometer was used to determine bacterial

cell numbers.
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2.2.1.3 Preparation of bacteria for mouse infection

Overnight cultures of S. aureus strains in BHI medium were diluted to a final ODggo of 0.05 in
50 ml fresh BHI medium and grown for 3.5 at 37 °C. All growth media for bacterial strains
containing plasmids were supplemented with appropriate antibiotics. After centrifugation, the
bacterial pellet was resuspended in BHI with 20 % glycerol, aliquoted and stored at -80 °C. For
infection, aliquots were thawed, washed twice with DPBS and adjusted to the desired infection
inoculum of 2x10® CFU/20 ul. A sample was plated on TSB agar plates to confirm the correct

bacterial concentration.

2.2.1.4 Invitro growth curves

Bacterial growth curves were measured using a TECAN plate reader. Bacterial cultures were
inoculated in triplicates to an ODgoo of 0.1 in 400 ul TSB or infection medium and grown for
intended periods at 37 °C in a 48 well microtiter plate. Absorbance was recorded every 10 min

at 600 nm.

2.2.1.5 Collection of S. aureus supernatant
Bacteria were grown overnight in BHI medium supplemented with appropriate antibiotics and
AHT, if necessary. Cultures were adjusted to an ODsoo of 10. Bacteria were collected by

centrifugation and the supernatant was sterile filtered through a 0.22 pm membrane.

2.2.2 Cell culture techniques

2.2.2.1 Cell cultivation and passaging

Cell lines were propagated in appropriate medium supplemented with 10 % FBS and 1 mM
sodium pyruvate (Table 2.7) in cell culture flasks and incubated at 37 °C and 5 % COzin a
humidified atmosphere. For passaging, cells were diluted 5-10 times to the next passage when
they were 80-90% confluent, approximately every 2-3 days. Adherent cells were enzymatically
detached in 10 % TrypLE in DPBS at 37 °C for 5 min after two washing steps with 1x DPBS.
HelLa cells were grown in RPMI1640 and HAP1 cells in IMDM.

2.2.2.2 Cryopreservation of cells

Cells were grown up to 80-90 % confluency, detached by enzymatic digestion and pelleted at
1000 rpm for 10 min at room temperature. The pellet was carefully resuspended in 1 ml of
appropriate cell culture medium containing 20 % FBS and 10 % DMSO and transferred to cryo-
tubes, which were placed into isopropanol containers to allow slow cooling at -80 °C. For long

term storage tubes were transferred to liquid nitrogen.
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2.2.3 DNA methods

2.2.3.1 Plasmid isolation

For E. coli strains, plasmid DNA was isolated using PureLink® Quick Plasmid Miniprep kit or
NucleoSpin® Plasmid Kit, according to manufacturer’s instructions. S. aureus plasmid DNA
was isolated using QIAprep Spin Miniprep kit according to manufacturer’s instructions, with
some modifications. The resuspension buffer (P1) was supplemented with 20 pg/ml lysostaphin
and incubation was performed at 37 °C and 1000 rpm for 30 min to allow efficient lysis of
S. aureus. For isolation of larger amounts of plasmid DNA the NucleoBond® PC 100 kit was

used. Plasmid DNA was eluted with sterile water and stored at -20 °C.

2.2.3.2 Genomic DNA isolation

The QIAamp DNA Mini kit was used for isolation of genomic DNA according to
manufacturer’s instructions. Bacteria were harvested from overnight culture, washed and
resuspended in S. aureus lysis buffer (Table 2.8). The mixtures were incubated at 37 °C and
1000 rpm for 30 min or until the mixture was clear and further processed as instructed. Isolation
of genomic DNA from human cells was performed as described by the manufacturer’s protocol.
DNA quantity and quality were measured on a Nanodrop UV-Vis spectrophotometer. DNA

was stored at -20°C.

2.2.3.3 Polymerase chain reaction (PCR)

For standard PCR, Taq polymerase with buffer E (with MgClz) was used according to the
manufacturer’s instructions. A final concentration of 200 uM of each dATP, dCTP, dGTP and
dTT, 500 nM primer and 1.5 units polymerase were applied. After an initial denaturation step
at 94 °C for 5 min, 30-35 cycles were conducted starting with denaturation at 94 °C for 1 min
followed by annealing at approx. 5 °C below T of primers for 1 min and elongation for 1 min
per kb at 72 °C. The final extension time was 10 min at 72 °C. For applications, where higher
sequence accuracy was needed, Phusion polymerase was used with Phusion HF buffer. Initial
denaturation was performed at 98 °C and the final extension time was 10 min at 72 °C. The
cycling conditions were the following: 30-35 cycles of 5-10 sec denaturation at 98 °C,
annealing for 15-30 sec at a T 3 °C above the lower primer Ty, and elongation at 72 °C for 15-
30 sec per kb. The optimal annealing temperature was determined by using the online tool Tm
Calculator (www.thermofisher.com/tmcalculator). PCR products were mixed with loading dye,
separated on 1-2 % agarose gels (1x TAE buffer) supplemented with 0.005 % HD Green by
applying 80-120 V and visualized with UV light. If required, PCR products were purified using
the NucleoSpin® Gel and PCR Clean-up Kkit.
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2.2.3.4 Restriction and ligation

Amplified DNA fragments or vector DNA were digested using restriction endonucleases
according to the manufacturer’s instructions. If two restriction enzymes were used in the same
reaction, buffer compatibility was checked using the online tool DoubleDigest Calculator
(www.thermoscientific.com/doubledigest). Ligation of vector and insert was performed using
T4 DNA ligase with the corresponding T4 DNA ligase buffer. The vector/insert molar ratios
between 1:1 to 1:5 were tested. Required masses of insert and vector were calculated using the
following formula: mass of insert (ng) = molar ratio of insert/vector x mass of vector (ng) x
ratio of insert to vector lengths. For blunt-end ligation 5 % PEG 4000 solution was added to the

reaction.

2.2.4 RNA methods

2.2.4.1 RNA isolation and DNA digestion

RNA from human cells was isolated using the RNeasy Mini Kit. Briefly, cell culture medium
was completely removed and cells were quickly resuspended in RLT buffer containing 1 % -
mercaptoethanol. The lysate was homogenized by vortexing, RNA was precipitated using 70 %
ethanol and purified using a silica membrane according to the manufacturer’s instructions. RNA
quantity and quality were measured on a Nanodrop UV-Vis spectrophotometer. The TURBO
DNA-fiee™ DNase kit was used to remove DNA contamination in RNA samples. Isolated
RNA was mixed with DNase I in TURBO DNase buffer and incubated for 30 min at 37 °C
followed by addition of a bead-based DNase inactivation reagent to stop the reaction. After
5 min incubation time the mixture was sedimented by centrifugation and the aqueous layer was
collected. RNA was stored at -20 °C. DNA digestion was verified by PCR using qRT-primers
against GAPDH (Table 2.14). Absence of PCR products confirmed successful DNA digestion.

2.2.4.2 Generation of cDNA by reverse transcription

Complementary DNA (cDNA) was generated by reverse transcription of messenger RNA using
the RevertAid First Strand cDNA Synthesis kit. Briefly, 1000 ng DNA were mixed with random
hexamer primers and incubated for 5 min at 65 °C. Reaction buffer, nucleotide mix, RNase
inhibitor and reverse transcriptase were added and incubated for 5 min at 25 °C followed by

60 min at 42 °C and 5 min at 70 °C. Transcribed cDNA was stored at -20 °C.

2.2.4.3 Quantitative real-time PCR
Quantitative real-time PCR (qQRT-PCR) was performed on a StepOne Plus™ PCR system in a
96 well plate format. The reaction mix was composed of SYBR Green master mix, 300 nM

qRT-primers (Table 2.14) and 40 ng cDNA in a total volume of 20 ul. Reactions were run for
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40 cycles at 95 °C for 15 sec and 60 °C for 1 min after an initial holding stage of 10 min at
95 °C. At the end of each PCR run a melting curve was performed with 0.3 °C temperature
increment. Analysis of relative gene expression was done according to the 2-*A“r method (Livak
and Schmittgen, 2001). Gene expression was normalized to the expression levels of the house-

keeping gene GAPDH. Non-template controls were run to verify the lack of contamination.

2.2.5 Genetic manipulation of bacteria

2.2.5.1 Transformation of chemically competent E. coli

Chemically competent E. coli were carefully mixed with plasmid DNA after thawing on ice.
After 15 min incubation on ice samples were heat-shocked at 42 °C for 30 sec and subsequently
chilled on ice for 5 min. 500 ul SOC medium was added and bacteria were incubated for 2.5 h
at 37 °C and 180 rpm. Bacterial suspension was plated on selective LB agar plates and

incubated at 37 °C until colonies appeared.

2.2.5.2 Preparation of electrocompetent S. aureus

An overnight culture of S. aureus was diluted to an ODgoo of 0.1 in 100 ml TSB medium and
incubated until the culture reached ODegoo of 0.5-0.6. Bacteria were chilled on ice for 15 min,
subsequently pelleted for 10 min at 4200 rpm and 4 °C in 50 ml centrifuge tubes and
resuspended in 50 ml ice-cold, sterile dH>O. This washing step was repeated twice with
decreasing volumes of dH>O (25 ml, 10 ml). Subsequent washing steps were performed with
10 ml, 5ml and 0.35 ml sterile 10 % (v/v) glycerol at 4500 rpm and 4 °C for 15 min.
Electrocompetent S. aureus were aliquoted in ice-cold microcentrifuge tubes and stored at

- 80 °C.

2.2.5.3 Electroporation of S. aureus

Electrocompetent S. aureus were thawed on ice for 5 min with subsequent incubation for
15 min at room temperature. Heat-inactivation was performed at 56 °C for 2 min quickly
followed by addition of 500 pl electroporation buffer. After centrifugation at 6000 rpm for
10 min the pellet was resuspended in 70 pl electroporation buffer (Table 2.8) and incubated for
5 min at room temperature. 1-5 pg plasmid DNA were added and carefully mixed. After 20 min
incubation at room temperature the mixture was transferred to an electroporation cuvette and
electroporation was performed at 1.8 kV for 2.5 msec in a MicroPulser™ electroporator. 1 ml
TSB medium was immediately added. The mixture was then transferred to a 15 ml centrifuge
tube and incubated for 1.5-2 h at 37 °C and 180 rpm. Bacteria were pelleted, resuspended in
100-200 pl TSB medium and plated on TSB agar plates containing the appropriate selective

antibiotic. Plates were incubated for 24-48 h until colonies appeared.
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2.2.5.4 Phage transduction of S. aureus

Phage lysate of the donor strain was prepared from an overnight culture in LB medium, which
was diluted 1:100 and incubated at 37 °C and 180 rpm until ODgoo of 1 was reached. The
bacterial culture was mixed with phage buffer (Table 2.8) and phage lysate at a ratio of 20:20:1
and incubated at 30 °C and 150 rpm until bacteria were lysed. After centrifugation at maximum
speed the supernatant was sterile filtered and stored at 4 °C. The overnight culture of the
recipient strain was treated with CaCl; at a final concentration of 5 mM and subsequently heat-
shocked at 53 °C for 2 min. Phage lysate of the donor strain and bacterial culture of the recipient
strain were mixed at ratio of 4:1 and incubated for 2.5-4 h at room temperature. Next, warm
soft agar (55 °C) was added, mixed with the phage-bacteria solution and poured over LB agar
plates containing an appropriate antibiotic. Plates were incubated at 37 °C until colonies

appeared.

2.2.5.5 Site directed mutagenesis in scpA4

Site directed mutagenesis for Cys238>Ala active site substitution in scpA was performed using
oligonucleotides MP_scpAl and MP_scpA2 (Nickerson et al., 2010) and QuikChange II Site-
Directed Mutagenesis Kit according to the manufacturer’s instructions. Mutation was verified

by Sanger sequencing (SeqlLab, Gottingen) using primer scpA fwd.

2.2.5.6 Cloning of S. aureus mutants and fluorescent reporter strains

The S. aureus insertional transposon mutant of staphopain A (NE1278) from the Nebraska
transposon mutant library was transduced via phage @11 into the genetic background of wild
type S. aureus JE2 and 6850 in order to avoid secondary site mutations. Clones were tested by
PCR for presence of the transposon. To generate fluorescent reporter strains plasmids
pmRFPmars, pJL74, pSarAP1-cerulean or pGFPsf were either electroporated or transduced into
the respective strains (Table 2.12) using phage ¢11.

2.2.5.7 Cloning of plasmids

For complementation of staphopain A the scpAB operon including the native promotor region,
361 bp upstream of start codon, and the transcription termination signal, 253 bp downstream of
the stop codon, was amplified by PCR from genomic DNA of S. aureus JE2 using the primers
scpAB _prom fwd Pstl and scpAB TT rev EcoRI. Primers contained restriction sites
matching the vector backbone, which allowed insertion in the correct orientation. The generated

insert replaced gfpuvr in plasmid p2085 using cloning sites Pstl and EcoRI. For construction of
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phld-scpAB and phld-scpAcazsaB! the scpAB operon was amplified from pscpAB or
pscpA(c23sa)B, respectively, using primers scpAB Avrll fwd and scpAB_Avrll rev. The
resulting fragment was cloned into phld-hib-cerulean by replacing 4/b using Avrll restriction
sites. All assembled vectors were transformed into chemically competent E. coli DH5a. Correct
orientation or mutations were checked via restriction digest, PCR and Sanger sequencing
(SeqLab, Gottingen) using primers MFpUCsl, MF17pC194, scpA fwd and scpA rev.
Subsequently, vectors were electroporated into S. aureus RN4220 and, if required, further

transduced into S. aureus JE2 or 6580 using phage ¢11.

2.2.6 Genetic and transcriptional manipulation of human cells

2.2.6.1 siRNA transfection

Human cells were seeded in 12 well microtiter plates at density of 4x10* cells per well in cell
culture medium and incubated at 37 °C and 5 % CO;. Meanwhile, siRNA was diluted in cold,
serum-free cell culture medium to a final concentration of 5 nM in 100 ul. 6 ul HiPerFect were
added and the mixture was incubated for 10 min at room temperature. Then, complexes were
carefully added dropwise onto the freshly seeded cells and cells were further incubated at 37 °C
and 5 % CO.. Medium was changed after 24 h of incubation. 48 h after transfection the cells
were used for infection and RNA was isolated to determine the efficiency of the knock-down

by qRT-PCR.

2.2.6.2 Gene knock-out using CRISPR/Cas9

For designing gene-specific sgRNAs the CRISPOR online tool (crispor.tefor.net) was used and
gene sequences were retrieved from Ensemble (www.ensembl.org). Exons coding for essential
function(s) of the protein were chosen for genetic manipulation. Synthetized sgRNA
oligonucleotides (Table 2.16) were cloned into pSp-Cas9(BB)-2A-GFP according to the
protocol from Ran et al. (2013). Briefly, sgRNA strands were phosphorylated, annealed and
subsequently cloned into pSp-Cas9(BB)-2A-GFP via BbslI restrictions sites. After exonuclease
treatment the assembled plasmid was transformed into E. col/i DH5a and subsequently isolated
from single clones. Insertion of the sgRNA was verified by Sanger sequencing (SeqLab,

Gottingen) using primer U6-fwd.

For plasmid transfection, HAP1 cells with a low passage number were seeded into 6 well

microtiter plates at a density of 5 x 10° cells/well in cell culture medium containing antibiotic

! Performed by Helene Mehling, Master F1 Practical
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24 h before transfection. 3.6 ug pSp-Cas9(BB)-2A-GFP-sgRNA, 400 ng pSc-TIA-CMV-BSR-
TIA and 12 pg PEI were mixed in a total volume of 200 ul with OptiMEM and incubated for
10-15 min at room temperature. Meanwhile cells were washed and medium was renewed. The
DNA-PEI-OptiMEM-Mix was added dropwise onto the cells. After 24 h incubation at 37 °C
and 5 % COz cells were detached and seeded in cell culture dishes (100 x 20 mm) at a ratio of
1:10, 1:50 and 1:100. The next day selection was applied by treatment with 30 pg/ml
blasticidin. The BSR gene, which is released from pSc-TIA-CMV-BSR-TIA by sgRNA-
directed cleavage of TIA sequences, is randomly inserted at the genomic site of the
CRISPR/Cas9-induced double strand break. Subsequently, cells were monitored over 2-
3 weeks and, if necessary, cells were washed and medium was renewed. When cell colonies
were large enough, they were transferred to a 12-well plate using trypsin-soaked, sterile

Whatman paper. Gene knock-out was verified by western blot.

2.2.7 Protein biochemical methods

2.2.7.1 SDS-PAGE

Protein samples from human cells were prepared in 2x Laemmli buffer and denatured by boiling
at 95°C for 10 min. For SDS-PAGE of bacterial secreted factors, proteins from sterile
supernatant were precipitated overnight at -20 °C in 25 % TCA. After centrifugation at 4 °C for
30 min the pellet was washed twice with ice-cold acetone. The dried pellet was resuspended in
2x Laemmli buffer and immediately incubated at 95°C for 10 min for protein denaturation.
Proteins were separated via gel electrophoresis under denaturing conditions (SDS-PAGE) on a
7.5-12 % polyacrylamide gel. For staining of proteins, the polyacrylamide gel was incubated in
Coomassie staining solution overnight under agitation, subsequently destained with repeated
buffer exchange until protein bands were visible and fixed using appropriate buffers (Table

2.8).

2.2.7.2 Western blot

Proteins separated by SDS-PAGE were transferred to a PVDF membrane using a semi-dry
blotting system. The PVDF membrane was activated in methanol and Whatman paper was
soaked in semi-dry buffer. Sandwiches of Whatman paper, PVDF membrane and
polyacrylamide gel were prepared. Immunoblotting was performed for 2 h at 1 mA/cm? in
semi-dry buffer. For transfer of high molecular weight proteins blotting was performed in a wet
blot apparatus at 250 mA and 4 °C overnight in wet blot transfer buffer. Subsequently, PVDF
membranes were incubated for 1 hour in blocking solution and overnight at 4 °C with the first

antibody (diluted in blocking solution). Membranes were washed three times with TBS-T for
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10 min and primary antibodies were detected with a horseradish peroxidase (HRP)-conjugated

secondary antibody using enhanced chemiluminescence (ECL) and an Intas imaging system.

2.2.8 Cell infection protocols

2.2.8.1 Lysostaphin protection assay

HeLa or HAP1 cells were cultivated as described in section 2.2.2. For infection, cells were
seeded into 12 well microtiter plates at a density of 0.8-1 x 10° cells per well 24 hours prior to
infection. 1 hour prior to infection medium was renewed and, if required, antibiotics or
inhibitors were applied. Cells were counted using a hemocytometer. Infection subcultures of
S. aureus were prepared and bacteria were enumerated as described in section 2.2.1.2. Human
cells were infected with a multiplicity of infection (MOI) of 50, if not stated otherwise. After
1 h co-cultivation at 37 °C and 5 % CO: extracellular bacteria were removed by 30 min
treatment with 20 pg/ml lysostaphin followed by washing and further incubation in medium
containing 2 pg/ml lysostaphin and, if required, inhibitors or antibiotics until the end of

experiment.

2.2.8.2 Invasion assay

Human cells were infected with S. aureus strains expressing GFP or mRFP, as described in
section 2.2.8.1. 1 h after infection cells were treated with 20 pg/ml lysostaphin for 10 min to
remove extracellular bacteria, washed twice with DPBS and detached using trypsin. After
centrifugation for 10 min at 800 rpm cells were resuspended in fresh FACS medium. For
determining invasion, the percentage of GFP/mRFP-positive cells representing the number of
infected cells was measured by flow cytometry. Forward and sideward scatter (FSC-A and SSC-
A) were used to identify the cell population and doublet discrimination was performed via FSC-
H vs. FSC-W and SSC-H vs. SSC-W gating strategy. GFP fluorescence was measured using a
488nm laser and a 530/30 nm band pass filter for detection, mRFP fluorescence was detected
using a 610/20 nm band pass filter and a 561 nm laser for excitation. 10,000 events were
recorded for each sample. Uninfected cells were used to determine autofluorescence of the cells

and signals above this value were defined as infected.

2.2.8.3 Phagosomal escape assay

HeLa YFP-cwt cells were seeded at a density of 4 x 10* cells per well in a 24 well p-plate and
infected with mRFP-expressing bacterial strains at a MOI of 10, as described in section 2.2.8.1.
Bacteria were prepared for infection as described in section 2.2.1.2. After synchronization of
infection by centrifugation (10 min at 500 rpm), infected cells were incubated for 1 hour to

allow bacterial invasion. Subsequently, a 30 minute-treatment with 20 pg/ml lysostaphin
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removed extracellular bacteria. Cells were washed and medium with 2 pg/ml lysostaphin was
added. At 3 h p.i. cells were washed, fixed with 4 % paraformaldehyde overnight at 4 °C and
permeabilized with 0.1 % Triton X-100. Nuclei were stained with Hoechst 34580. 10 non-
overlapping images were acquired were acquired using an Operetta automated microscopy
system (20x objective, NA=0.45) and analyzed with Harmony Software.! Co-localization of

YFP-cwt and mRFP signals indicated phagosomal escape.

2.2.8.4 Intracellular replication

Human cells were infected with S. aureus strains expressing GFP or mRFP, as described in
section 2.2.8.1. At 1 and 3 h p.i. or 1, 3, 6 and 8 h p.i. infected cells were detached using trypsin
and resuspended in FACS medium after centrifugation for 10 min at 800 rpm. GFP/mRFP
fluorescence (AFU) of infected cells was directly measured by flow cytometry. Gating and
analysis of flow cytometry data were performed as described in section 2.2.8.2. The mean
fluorescence intensity of infected cells represents a relative amount of intracellular bacteria.
Increasing fluorescence over the time course of infection indicates intracellular replication of

bacteria. Cowan I-infected cells served as replication-negative control.

2.2.8.5 Cytotoxicity assays

The Cytotoxicity Detection Kit Plus was used according to manufacturer’s instruction to
measure release of lactate dehydrogenase (LDH). Human cells were infected as described in
section 2.2.8.1 and 1.5 h p.i. medium was replaced by LDH medium. At indicated time points
after infection culture medium was transferred to a microcentrifuge tube, shortly centrifuged
and 100 pl of supernatant from each sample were transferred into the well of a 96 well
microtiter plate in triplicates. 100 pl of the freshly prepared reaction mixture (dye solution with
catalyst) were added to the wells and incubated for 15 min at RT and protected from light. The
reaction was stopped by addition of 50 pul stop solution. Optical densities were measured in a
multimode reader at 492 nm after shaking the plate for 10 sec. Uninfected cells served as low
control and lysed cells served as high control. Percentage cytotoxicity was calculated according

to the following formula:

% cytotoxicity [(experimental value-low control)/(high control-low control)*100].

! Performed by Kerstin Paprotka, Sebastian Blittner, Ursula Eilers and the Core Unit Functional Genomics, University
Wiirzburg
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For LDH assay with sterile S. aureus supernatant, 1, 2 or 5 % dilutions were prepared in LDH
medium and added to fresh Hela cells. 24 h after treatment LDH release was measured as

described above.

For staining with annexin V and 7AAD HelLa cells were infected as described in section 2.2.8.1.
At the desired time points after infection medium was collected from the wells and adherent
cells were detached. Adherent and suspension cells of each sample were pooled and after
centrifugation for 5 min at 800 xg cells were carefully resuspended in annexin V staining buffer.
For staining with only 7AAD, annexin V was omitted from the staining buffer. After 10 minutes
incubation protected from light cells were kept in ice-cold water and immediately analyzed by
flow cytometry. Forward and sideward scatter (FSC-A and SSC-A) were used to identify the
cell population and doublet discrimination was performed via FSC-H vs. FSC-W and SSC-H
vs. SSC-W gating strategy. APC or 7AAD fluorescence was measured using a 633 nm or
561nm laser for excitation and a 660/20 nm or 610/20 nm band pass filter for detection,
respectively. 10,000 events were recorded for each sample. Uninfected or Cowan I-infected

cells served as negative control to determine autofluorescence and gates were set accordingly.

2.2.9 Microscopy

Phase contrast and fluorescence microscopic images of live cells were acquired with a LEICA
DMR microscope connected to a SPOT camera using a 10x (Leica HC PL FLUOTAR,
NA=0.32) or 20x (Leica C Plan, NA=0.3) objective and VisiView® software.

For time-lapse imaging, human cells were seeded in 8 well chamber p-slides 24 hours prior to
infection. Infection with fluorescent protein-expressing bacterial strains was performed at a
MOI of 5, as described in section 2.2.8.1. Time-lapse imaging of the samples was performed
on a Leica TCS SP5 confocal microscope using a 20x objective (Leica HC PL APO, NA=0.7)
or 40x (Leica HC PL APO, NA=1.3) or 63x (Leica HCX PL APO, NA=1.3-0.6) oil immersion
objectives. Prior to imaging cell culture medium was substituted with imaging medium
containing antibiotics, inhibitors, fluorogenic enzyme substrates and/or chemicals, if indicated.
The p-slides were transferred to a pre-warmed live-cell incubation chamber surrounding the
confocal microscope and perfusion with 5 % CO; in a humidified atmosphere and a temperature
of 37 °C were applied during imaging. LAS AF software was used for setting adjustment and
image acquisition. All images were acquired at a resolution of 1024x1024 pixels and recorded
in 8-bit mode at predefined time intervals. Z-stacks were imaged with a step size of 0.4 pm. In
certain cases, chemical treatment was performed during imaging in situ at the live-cell

incubation chamber. All image-processing steps were performed using Fiji (Schindelin et al.,
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2012). For quantification of fluorescence intensities raw imaging data was used. For single cell
analysis one region of interest (ROI) was defined for all recorded time frames. Fluorescence
intensities (mean of RFU) were measured, background was substracted and data were
normalized to time point zero (Ro) obtaining relative fluorescence values. Maximum amplitude
was determined as highest relative fluorescence value measured and peak latency was defined

as the time point of maximum amplitude.

2.2.10 Murine infection model

The mice were housed in individually ventilated cages under normal diet in groups of four to
five throughout the experiment with ad libitum access to food and water. Female Balb/c mice
(6 weeks, Janvier Labs, Le Genest-Saint-Isle, France) were intranasally instilled with the
infection dose of 2x10® CFU/20 pl.! Mice were scored twice a day and sacrificed after 48 hours
of infection. In order to measure the bacterial burden in the individual organs, lungs were

harvested, homogenized and plated in serial dilutions on TSB agar plates.

All animal studies were approved by the local government of Franconia, Germany (approval
number 55.2 2532-2-155) and performed in strict accordance with the guidelines for animal
care and experimentation of German Animal Protection Law and the DIRECTIVE 2010/63/EU
of the EU.

2.2.11 HAPI1 screen

1.7 x 10® mutagenized HAP1 cells (7 x 10° cells/175 cm? flask, 24 flasks) were seeded 24 h
prior to infection with S. aureus. Infection was performed with a MOI of 100 according to the
protocol described in section 2.2.8.1. 3 x 10® mutagenized HAP1 cells were infected with 6850
mRFP (21 flasks), whereas 0.4 x 10 cells were inoculated with Cowan I mRFP. At 6 h p.i.
infected cells were washed twice with DPBS, detached using trypsin and transferred to round
bottom tubes. After centrifugation for 5 min at 800 rpm cells were resuspended in sorting buffer
4 (Table 3.1) containing 2 pg/ml lysostaphin. Cells were counted and immediately subjected to
cell sorting at 4 °C using a FACS Aria Illl. FSC and SSC were used to identify the cell
population. To exclude cell doublets a FSC-W vs. FSC-H and SSC-W vs. SSC-H gating
strategy was applied. Infected cells, i.e. mRFP-positive cells, were detected using a 610/20 nm
band pass filter and a 561 nm laser for excitation. Approximately 400-500 events per sec were

sorted and positive cells were collected in cooled, FBS-coated 15 ml centrifuge tubes containing

! Performed by Tobias Hertlein, Institute for Molecular Infection Biology, Wiirzburg
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infection medium with 30 % FBS and 100 pg/ml gentamicin to prevent contamination. Due to
the high cell number and long sorting time infection and sorting of HAP1 cells was performed
in 8 separate steps with 42 x 10 cells each on two consecutive days. Sorted cells were
resuspended in fresh infection medium containing 100 pg/ml gentamicin, counted and seeded
into fresh 175 cm? flasks at a low cell density. A small number of cells was used for purity
analysis. At 24 hp.i. 1pg/ml rifampicin was added to kill all intracellular bacteria.
Subsequently, cells were monitored, cell colonies were counted and, if necessary, cells were
washed and medium was renewed. Six days after infection 7 x 10% or 1 x 10° infection-
surviving cells were seeded for re-infection with S. aureus 6850 mRFP or Cowan I mRFP,
respectively. Re-infection and sorting were performed as described for the first infection. Cells
surviving first or first and second infection were harvested after 6 days and cell pellets were
frozen for DNA isolation. DNA was isolated as described in section 2.2.3.2. A simplified
experimental setup of the HAP1 screen is depicted in Figure 3.6. Subsequently, insertion sites
of the gene trap vector were amplified, DNA was sequenced and the results were analyzed
bioinformatically !. Sequence reads were aligned to the human genome, stringently filtered,

assigned to genes and unique gene mutations were counted.

2.2.12 Statistical analysis

Data were analyzed using GraphPad Prism Software. If not indicated otherwise, three biological
replicates were performed and all data are presented as means with standard deviation (SD).
Pairwise comparisons were assessed using unpaired Student’s t-test. Analysis of variance
(ANOVA) was performed to determine whether a group of means was significantly different
from each other. ANOVA was performed with Tukey’s post-hoc analysis for defining
individual differences and Dunn’s multiple comparison test was applied for Kruskal-Wallis test.

P-values <0.05 were considered significant.

! Performed by Lucas Jae, Gene center Munich
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3 Results

3.1 Intracellular S. aureus induces cell death in epithelial cells

It is well known that S. aureus, although being an extracellular pathogen, can invade cells and
trigger host cell death in a variety of different cell types (Horn et al., 2018b). To investigate the
intracellular lifestyle of S. aureus in epithelial cells, HeLa cells expressing a fluorescent marker
for phagosomal escape (YFP-cwt) (Grosz et al., 2014) were infected with S. aureus 6850. After
invasion extracellular bacteria were removed by lysostaphin treatment. Live-cell imaging
revealed that intracellular S. aureus escaped from the phagosome into the cytosol of the host
cell, depicted by the formation of fluorescent rings around the bacterial cells, and only thereafter
bacterial replication and host cell death were observed (Figure 3.1 gray arrow, Video 1).
Intracellular replication and cytotoxicity of S. aureus was not detected, when the bacteria were
not able to translocate into the cytoplasm of the host cell (Figure 3.1 black arrows).
Morphological characteristics of S. aureus-induced host cell death were cell contraction,
retraction of pseudopodia and rounding of the cell, followed by cell lysis, indicated by the loss

of fluorescence, and the formation of huge membrane blebs.

Figure 3.1: Intracellular lifestyle of S. aureus in epithelial cells.

HeLa YFP-cwt cells were infected with S. aureus 6850 mRFP and time-lapse imaging was performed. Intracellular
S. aureus escaped into the cytoplasm of the host cell and subsequently replicated and induced host cell death (gray
arrow) or resided in the phagosome (black arrows) (gray: BF, yellow: YFP-cwt, red: S. aureus, scale bar: 10 pm).

Besides the MSSA strain 6850, infection of HeLa cells with the MRSA strain JE2 resulted in
rounding of the host cell and intracellular bacterial replication was observed (Figure 3.2A).
Quantification of cell lysis, measured by LDH release, demonstrated that both strains induced
host cell death within hours after infection (Figure 3.2B). Host cell lysis caused by intracellular

S. aureus began between 3 and 4.5 h p.i. and reached its maximum between 6 and 24 h p.i.. The
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S. aureus strain Cowan I did not induce host cell death during the time course of the

measurement (Figure 3.2A and B).
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Figure 3.2: Kinetics of intracellular cytotoxicity of S. aureus.

(A) Microscopical analysis of HeLa cells infected with S. aureus 6850, JE2 or Cowan I expressing mRFP at 1.5,
3 and 6 h p.i. (red: S. aureus, gray: phase contrast, scale bar: 50 um). (B) HeLa cells were infected with S. aureus
6850, JE2 or Cowan I and LDH release was measured at several time points after infection (3, 4.5, 6, 7.5 and 24
h p.i.). Cells were treated with sterile supernatant of infected cells (SNT) or left uninfected and untreated (n.i.)
(n=2). (C) LDH release of S. aureus 6850 infected HeLa cells was determined at 7 h.p.i.. Infected cells were
treated with 60 pg/ml chloramphenicol at time points 2, 3, 4, 5, 6 or 7h p.i. and compared to uninfected,
chloramphenicol-treated cells. One-way ANOV A was applied to determine statistical significance (***P<0.001,
*¥*%%P<0.0001).

The onset of S. aureus-induced host cell death was further specified using a translation

inhibition assay. Infected HeLa cells were treated with 60 pg/ml chloramphenicol at several
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time points of infection to inhibit bacterial protein biosynthesis (Figure 3.2C). Chloramphenicol
treatment at 2 and 3 h p.i. could prevent cell lysis induced by S. aureus 6850, while LDH release
was partially inhibited by addition of the antibiotic at 4 h p.i.. Cytotoxicity of S. aureus 6850
was not significantly affected by chloramphenicol treatment at 5 and 6 h p.i.. Therefore,
S. aureus induction of host cell death required synthesis of a proteinaceous factor between 3
and 5 h p.i.. To exclude secreted bacterial components, such as the cytotoxic a-hemolysin, to
contribute to host cell death induced by intracellular S. aureus, medium from infected cells
(SNT) 1 h p.i. was sterilized with 20 pg/ml lysostaphin and overlaid on uninfected cells. LDH
release was quantified over the course of the treatment, but no cell lysis was observed when
compared to uninfected, untreated cells (n.i.) (Figure 3.2B), pointing to a host cell death induced

exclusively by intracellular bacteria under the experimental conditions used.

3.2 Host cell factors involved in S. aureus-induced cytotoxicity
3.2.1 Haploid genetic screen to identify host cell factors involved in S. aureus-induced
cytotoxicity
3.2.1.1 The intracellular lifestyle of S. aureus in HAP1 cells resembles that in HeLa
cells

A genome-wide loss-of-function screening approach in human haploid cells was employed to
characterize the molecular mechanisms underlying S. aureus-induced host cell death. Haploid
genetic screens have already been successfully used to identify host factors of bacterial toxins
(e.g. Guimaraes et al., 2011; Popov et al., 2015) or viable bacteria (Rosmarin et al., 2012) and
genes involved in cell death mechanisms (e.g. Dovey et al., 2018; Mandal et al., 2014). Haploid
genetic screens are limited to the usage of haploid cell lines. Therefore, the intracellular lifestyle
of S. aureus in the adherent, haploid cell line HAP1 was initially investigated (Carette et al.,

2011b).

It was detected that S. aureus 6850 invades and escapes from the phagosome in HAPI1 cells
(Figure 3.3A and B). Additionally, intracellular replication and induction of host cell death by
S. aureus 6850 were observed in this cell line (Figure 3.3C and D). By comparison with HeLa
cells, S. aureus 6850 exhibited the same rates of invasion, phagosomal escape, replication and
cytotoxicity (Figure 3.3A-D). HAP1 and HeLa cells infected with S. aureus 6850 also showed
similar morphological changes during infection (Figure 3.3E). Infected cells contracted and
rounded up at later time points of infection, i.e. 4 h p.i., characteristic of cell death. Increasing

numbers of intracellular bacteria were observed over the course of infection. Hence, the
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microscopic analysis further illustrated the findings that S. aureus can invade, replicate and

induce cell death in the haploid cell line HAP1 similarly to HeLa cells.
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Figure 3.3: S. aureus intracellular lifestyle in HAP1 and HeLa cells.

(A) HeLa and HAP1 cells were infected with S. aureus 6850 GFP and invasion was determined at 1 h p.i. by flow
cytometry as percentage of infected (i.e. GFP-positive) cells. (B) For detection of phagosomal escape HeLa YFP-
cwt and HAP1 YFP-cwt cells were infected with S. aureus 6850 mRFP. At 3 h p.i. phagosomal escape was
determined by means of co-localization of mRFP and YFP signals. (C) For determination of intracellular
replication of S. aureus 6850 GFP in HeLa and HAP1 cells the mean GFP fluorescence (AFU), which represents
the bacterial load, was measured by flow cytometry. The ratio of GFP fluorescence at 3 h p.i. to 1 h p.i. was
calculated. (D) HeLa and HAP1 cells infected with S. aureus 6850 were stained with the cell-impermeable dye
7AAD at 5 h p.i. and analyzed by flow cytometry. (E) Microscopic images of uninfected and S. aureus 6850 GFP-
infected HeLa and HAP1 cells 2 and 4 h p.i. (gray: phase contrast, green: S. aureus, scale bar: 50 pm). Statistical
significance was assayed using unpaired t-test.

Microscopical analysis also revealed that kinetics of host cell death in HAP1 cells were similar
to HeLa cells (Figure 3.3E). To investigate the timing of S. aureus intracellular cytotoxicity in
HAP1 more precisely, LDH release was determined at several time points during infection
(Figure 3.4). Permeabilization of the plasma membrane induced by S. aureus was maximal at
24 h p.i., but this did not significantly differ from cell death rates at 6 and 7 h p.i.. Host cell
lysis started at 4 h p.i.. At this time point cytotoxicity of S. aureus was significantly higher when
compared to uninfected and Cowan I-infected HAP1 cells. Thus, S. aureus 6850-induced cell

lysis of HAPI cells was initiated between 4 and 6 h p.i.. These observations were in line with
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the timing of cell death induced by S. aureus in HeLa cells (Figure 3.2B). S. aureus 6850 killed

HeLa within hours, which was dependent on invasion and phagosomal escape (Section 3.1).

-~ Sa6850 —— SaCowan| —~— n.i. Figure 3.4: Timing of S. aureus 6850 induced cell death in

801 HAPI cells.
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1 cytometrical analysis of 7AAD-stained, infected HAP1 cells at
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24 h p.i., but differed at 2 (¥***), 3 (*¥***) 4 (¥***) and 5 h p.i.
(*) significantly from the value determined at 24 h p.i.. Besides,
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3.2.1.2 Optimization of screening conditions

Ahead of performing the genome-wide screen with haploid human cells, optimization of
screening conditions was required, since no protocol existed for S. aureus infection. First, the
number of infected cells was optimized by testing different MOIs. As viability is the read-out
for the screen, a high number of uninfected cells, i.e. cells, that survive the infection, would
lead to a high background noise masking true hits. Therefore, the aim was to achieve the highest
possible number of infected cells. HAP1 cells were infected with increasing MOls of S. aureus
6850 mRFP and the number of infected cells was determined after an invasion time of 1 h
(Figure 3.5A). Invasion efficiency of the pathogen was enhanced with increasing numbers of
bacteria per cell, but infection with MOI 50 and higher did not significantly increase the number
of infected cells compared to the highest MOI used (MOI 160). Infection with MOI 160 led to
69.0 % =+ 4.6 infected HAP1 cells and 64 % + 8.4 cells were infected using a MOI of 50. MOI
5, 10 and 20 resulted in significantly less infected cells compared to MOI 160.

Additionally, the relative number of intracellular bacteria was determined (Figure 3.5B). The
highest amount of intracellular bacteria was detected using a MOI of 100 (10466 AFU =+ 1469).
Again, infection with MOI of 50, 60 or 80 did not significantly decrease the number of
intracellular bacteria when compared to MOI 100. Instead, using a MOI 10 or 20 led to
significantly less intracellular bacteria compared to MOI 100. These results indicate that 50

bacteria per cell were sufficient for maximal infection of HAP1 cells.
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Figure 3.5: Optimization of screening conditions.

(A) HAPI cells were infected with S. aureus 6850 mRFP using increasing MOIs or with Cowan I mRFP at a MOI
of 100. At | h p.i. the number of infected cells, i.e. mRFP-positive cells, was determined by flow cytometry. For
statistical analysis samples were compared to the highest value (MOI 160). (B) HAP1 were infected with S. aureus
6850 mRFP as described in (A) and the number of intracellular bacteria, i.e. mRFP mean fluorescence intensity
(MFI), was quantified at 1 h p.i. by flow cytometry. For statistical analysis the maximum value (MOI 100) was
used. (C) HAP1 cells were infected with S. aureus Cowan I mRFP and 5 h p.i. cells were resuspended in four
different sort buffers (see Table 3.1). Infected cells were sorted by FACS at 22 °C or 4 °C. Cell doublets were
detected by FSC-H vs. FSC-W and SSC-H vs. SSC-W. (D) HAP1 cells were infected with S. aureus 6850 and at
6 hp.i. 0.2, 1,2 or 20 pg/ml rifampicin were added to kill intracellular bacteria. 48 h after rifampicin treatment
cells were lysed and plated on TBS-Agar to determine numbers of intracellular bacteria. The relative number of
intracellular bacteria was determined by comparison with DMSO treated samples (n=2). (E) 48 h after treatment
with 1 pg/ml rifampicin or DMSO as solvent control, HAP1 cells were stained with 7AAD and cytotoxicity was
measured by flow cytometry (n=2). (F) Experiment was performed as described in (C) and sort performance was
analyzed by calculating purity, recovery and yield (n=1). Statistical analysis was performed using one-way
ANOVA (¥P<0.05, **P<0.01, ****P<0.0001).

Yet, infection of all cells could not be achieved and about one third of cells remained uninfected.
Thus, fluorescence-activated cell sorting (FACS) was applied to exclude uninfected cells.

HAP1 cells were infected with S. aureus 6850 and infected cells were selected by FACS. Four
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different sort buffers (Table 3.1) were tested to identify the conditions, which favor low amount
of cell doublets, accurate sorting and minimal cell loss. Infection with the non-cytotoxic strain
Cowan I was employed for these experiments to prevent interference of S. aureus-induced
cytotoxicity. None of tested sort buffers led to significantly less formation of cell doublets and
aggregates (Figure 3.5C). The amount of cell doublets ranged from 12 % + 3.0 (sort buffer 2)
to 13.5 % £ 0.5 (sort buffer 1). Cooling of the sample to 4 °C also had no impact on cell
aggregation, the percentage of cell doublets was slightly, but no significantly higher (15.6 % =+
0.6). Re-analysis of the sorted cells revealed that purity, i.e. the number of infected cells in
relation to all sorted cells, was high under all tested conditions, ranging from 96.6 % to 98 %
(Figure 3.5F). No major impact of sorting temperature and buffer on sort purity was detected.
The sort performance was further tested by determining recovery and yield. Recovery, which
estimates the cell loss due to sort aborts, was best when using sort buffer 4 (36.1 %), while
resuspension of cells in sort buffer 3 resulted in the lowest rate of recovery (14.5 %). The same
applied for the yield, which accounts for any cell loss during the entire process of sorting. Here,
sorting of cells in buffer 4 caused the highest yield (20 %) and was lowest using sort buffer 3
(7.7 %). In conclusion, sort buffer 4 revealed the best results. As sorting at 4 °C had no major
negative effects, this temperature was chosen to slow down S. aureus infection during the

sorting process.

Table 3.1: Composition of tested sort buffers

no. Composition

1 IMDM + L-Glutamine, 25mM Hepes, 10% FBS

2 1x DPBS, 25 mM Hepes, 1 % FBS, 5 mM EDTA

3 1x DPBS, 25 mM Hepes, 1 % FBS, 1 mM EGTA, 100 pg/ml DNasel, 5 mM MgCl,
4 50 % IMDM + L-Glutamine, 50 % Accumax™, 25 mM Hepes, 5 % FBS

After sorting, the infected cells were cleared of intracellular bacteria to avoid further effects of
the pathogen on the host cells and to ensure unrestricted growth of the surviving cells. For this
purpose, the cell-permeable antibiotic rifampicin was chosen. Treatment of S. aureus 6850-
infected HAP1 cells at 6 h p.i. with rifampicin let to a concentration dependent reduction of
intracellular bacteria after 48 h of treatment compared to treatment with DMSO (Figure 3.5D).
1 pg/ml rifampicin and higher concentrations were sufficient to kill nearly all intracellular
bacteria. Treatment of HAP1 cells with 1 pg/ml rifampicin did not affect the viability of the
cells over a time period of 48 h (Figure 3.5E).

A crucial step of the haploid genetic screen is a stringent selection. An empirical value of 0.1

to 0.01 % surviving genotypes (Lucas Jae, personal communication) is favorable for this
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purpose. Thus, the number of cell clones surviving infection with intracellular S. aureus 6850
was determined. Wild type HAP1 cells were used for this experiment, as due to spontaneous
mutations results can be compared to infection of the mutagenized HAP1 cell library.
Uninfected HAP1 cells were excluded by FACS under the optimized conditions determined
before and the infected and surviving cells were sparsely re-seeded for counting cell colonies
of single clones after a few days. An amount of 0.43 % surviving cell clones in relation to the
number of infected cells was determined (Table 3.2). Taking into account that around 80 % of
cells are lost during sorting (compare Figure 3.5F yield), a percentage of 2.14 % genotypes
would survive the infection by intracellular S. aureus 6850. As these numbers were exceeding
the amount of 0.1 to 0.01 % surviving genotypes and increase of MOI did not result in
significantly higher bacterial numbers in HAP1 cells (compare Figure 3.5B), a second round of
selection was performed. Therefore, cells, that survived the first infection with S. aureus 6850
were re-infected after seven days. Here, 0.72 % surviving cell clones were determined. Based
on the results from the first and second infection, an overall survival rate of 0.0031 % was
calculated. Considering 80 % of cell loss during sorting, 0.0768 % cells survived both

infections. This was within the optimal range of 0.1 to 0.01 % surviving genotypes.

Table 3.2: Survival rates of HAP1 cells after infection with S. aureus 6850

% surviving cells* % surviving cells ? (considering cell loss )

1. infection 0.43 2.14
2. infection 0.72 3.59
both infections 0.0031 0.0768

* in relation to the number of infected cells; ® accounting for cell loss due to FACS (20 % yield)

3.2.1.3 Implementation of the haploid genetic screen

The results of the preliminary tests led to an adapted protocol for the HAP1 screen (Figure 3.6).
Haploid genetic screens using HAP1 cells are usually performed with a starting cell number of
100 million mutagenized cells to account for sufficient complexity of the cell library (Blomen
et al., 2015; Jae et al., 2013). As about one third of the cell population was not infected by
S. aureus (Figure 3.5A), the output number of mutagenized HAP1 cell was increased to 150
million cells. As control, 21 million cells were seeded for infection with the non-cytotoxic strain
S. aureus Cowan 1. A MOI of 100 was chosen, since this number of bacteria per cell led to the
second highest number of infected cells (67.7 % + 4.0) and the highest number of intracellular
bacteria (10466 AFU £ 1469) (Figure 3.5A and B). Infected cells were resuspended in sort
buffer 4 (Table 3.1) and uninfected cells were excluded by FACS. Cell doublets and aggregates

were excluded during cell sorting. 24 h p.i. 1 ug/ml rifampicin was added to the infected and
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surviving cell clones to remove intracellular bacteria. After expansion of single cell clones for
5 to 6 days cells were harvested and 21 million or 170 thousand cells were seeded for re-
infection with S. aureus 6850 or Cowan I, respectively. Here, the same infection and sorting

protocol was applied.
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Figure 3.6: Simplified illustration of the experimental setup for the haploid genetic screen.

150 million mutagenized HAP1 cells were infected with S. aureus 6850 mRFP using a MOI of 100. Infected cells
were selected by FACS and the cell clones surviving the infection were expanded to cell colonies over 5 to 6 days
after removal of remaining intracellular bacteria by rifampicin treatment. The cells were harvested and genomic
DNA was isolated, while 21 million cells were used for re-infection with S. aureus 6850. Infection with the non-
cytotoxic strain S. aureus Cowan I was performed as control.

The performance of the sort was assessed by calculating purity, recovery and yield (Table 3.3)
and similar results compared to the preliminary tests were obtained (compare Figure 3.5A and
B). Colonies of cell clones surviving the infection were quantified to determine the stringency
of the selection (Table 3.3). 0.41 % of cell clones survived the first infection with S. aureus
6850, while 0.43 % surviving cells was determined after the second infection. This resulted in
an overall survival rate of 0.0018 %, which lies below the anticipated number of surviving
genotypes of 0.1 to 0.01 %. However, cell loss was not considered. Since infection with
S. aureus Cowan I does not induce host cell death, the survival rate of these cells, which were
treated identically to those infected with S. aureus 6850, represents a good measure for
comparison. Doing so, the survival rate of S. aureus 6850-infected, mutagenized HAP1 cells
was 0.0914 % after two rounds of infection, which lies within the optimal range.

Genomic DNA of the surviving cells was isolated after the first and second round of infection
with S. aureus 6850 or Cowan I. Subsequently, insertion sites of the gene trap vector were
amplified, DNA was sequenced and the results were analyzed bioinformatically '. Sequence
reads were aligned to the human genome, stringently filtered, assigned to genes and unique
gene mutations were counted. The number of mutations in each gene after infection with
S. aureus 6850 was compared to those after infection with S. aureus Cowan I (Table 3.4, Table

6.1).

! Performed by Lucas Jae, Gene center Munich
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Table 3.3: Sort performance and selection stringency of the HAP1 screen

Bacterial strain % Purity % Recovery % Yield % surviving cells *
1. infection 94.7 37.7 14.0 0.41
Sa 6850 2. infection 95.7 42.1 21.0 0.43
both infections 0.0018
1. infection 94.8 36.9 15.4 11.37
Sa Cowan I 2. infection 95.4 35.6 21.0 17.33
both infections 1.97
1. infection 3.61
Sa 6850 vs. Sa Cowan I ® 2. infection 2.48
both infections 0.0914

® in relation to the number of infected cells; ® Infection with S. aureus 6850 in relation to infection with S. aureus Cowan I

In comparison to other haploid genetic screens (e.g. Carette et al., 2011b; Jae et al., 2013) the

number of significantly enriched genes was small and enrichment was not very strong. After

the first infection with S. aureus 6850 only one gene was significantly enriched, while

mutations in 12 genes were significantly more abundant after two infections with S. aureus

6850 in comparison to Cowan I. Additionally, gene mutations, which might favor cell

proliferation or hotspots of retroviral integration, were among the hits. TANC2, the top hit of

the screen, had the highest number of unique mutations per gene (Table 6.1). These results

suggest that the selection for genotypes, that survive infection with intracellular S. aureus, was

not stringent enough and that hits cannot easily be identified due to background noise.

Table 3.4: Significantly enriched genes in mutagenized HAP1 cells surviving infection by intracellular
S. aureus 6850 in comparison with infection by S. aureus Cowan 1

number of gene infection with Sa 6850 infection with Sa Cowan  p-value ¢ fdr-
infections 1 corrected
mutations/ total mutations/ total p-value ¢
gene * mutations”  gene ® mutations ?
Ix TANC2 4045 1103762 3202 1068592 8,61E-18 1,43E-13
2x TANC2 1861 425375 1711 560835 3,87E-27 6,17E-23
2x WDR20 540 426696 417 562129 1,17E-16  9,31E-13
2x KIAA1671 206 427030 149 562397 1,29E-08 6,85E-05
2x TBCK 210 427026 169 562377 1,10E-06 0,00439381
2x PAWR 184 427052 146 562400 2,86E-06 0,00797902
2x DIP2B 410 426826 392 562154 3,50E-06 0,00797902
2x KIF3B 320 426916 292 562254 3,51E-06 0,00797902
2x MAP4K4 102 427134 67 562479 5,18E-06  0,01030673
2x MAMLI1 40 427196 16 562530 1,76E-05 0,02782652
2x TAOK1 188 427048 158 562388 1,91E-05 0,02782652
2x MYH9 62 427174 34 562512 1,92E-05 0,02782652
2x PHLPPI 178 427058 149 562397 2,72E-05  0,0360546

 number of unique gene trap vector insertions in the respective gene; ® number of all other unique gene trap vector insertions, © Statistical
significance was determined by Fisher’s exact-test. ¢ fdr-corrected p-values <0.05 were considered significant.
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Studying the function of the significantly enriched genes, involvement in wide variety of
cellular processes were identified, ranging from intracellular signaling pathways to DNA

methylation, transcriptional co-activation and intracellular organelle transport (Table 3.5).

Table 3.5: Function of significantly enriched genes in mutagenized HAP1 cells surviving infection by
intracellular S. aureus 6850

gene name function references
TANC2 Tetratricopeptide postsynaptic scaffold protein influencing Han et al. (2010);
Repeat, Ankyrin synaptic spines and excitatory synapse Mahmood et al. (2014)
Repeat And Coiled- strength, driver gene regulating the
Coil Containing 2 proliferation/survival of clonogenic breast
cancer cells
WDR20 WD Repeat Domain 20  co-factor of ubiquitin-specific proteases Dahlberg and Juo
USP12 and USP46 (2014); Kee et al.
(2010)
KIAA1671 unknown function
TBCK TBC domain- putative GTPase-activating protein (GAP)  Chong et al. (2016);
containing protein for small GTPases of the Rab family, Liu et al. (2013); Wu et
kinase-like protein thought to play a role in actin organization, al. (2014a)
cell growth and cell proliferation by
regulating the mammalian target of the
rapamycin (mTOR) signaling pathway
PAWR Pro-Apoptotic WT1 tumor suppressor protein, selectively Hebbar et al. (2012)
Regulator induces apoptosis in cancer cells
DIP2B Disco Interacting may participate in DNA methylation Winnepenninckx et al.
Protein 2 Homolog B (2007)
KIF3B Kinesin Family acts as a heterodimer with KIF3A to aid in  Huang et al. (2014);
Member 3B membrane organelle transport, role in cell ~ Shen et al. (2019);
proliferation Yamazaki et al. (1995)
MAP4K4 Mitogen-Activated expression is modulated by TNF-alpha and  Bouzakri et al. (2009);
Protein Kinase Kinase  p53, activator of JNK signaling pathway Tesz et al. (2007); Yao
Kinase Kinase 4 et al. (1999) Miled et
al. (2005)
MAMLI Mastermind Like functions as a transcriptional co-activator Oyama et al. (2011)
Transcriptional in the Notch signaling pathway
Coactivator 1
TAOKI Thousand And One regulates various MAPK signaling Hutchison et al. (1998);
Amino Acid Protein pathways such as JNK and p38 MAPKs, Mitsopoulos et al.
Kinase 1 involved in cytoskeleton stability and (2003); Moore et al.
apoptosis (2000); Zihni et al.
(2007)
MYH9 Myosin Heavy Chain 9  non-muscle myosin, involved in several Pecci et al. (2018)
important functions, including cytokinesis,
cell motility and maintenance of cell shape
PHLPP1 PH Domain And involved in regulation of Akt and PKC Gao et al. (2008); Gao

Leucine Rich Repeat
Protein Phosphatase 1

signaling, act as tumor suppressor and
inhibits cell proliferation

et al. (2005); Liu et al.
(2009)

Roles in tumor development, cell proliferation, cell shape and cell death could be assigned more

frequently to the enriched genes. These features, as indicated above, might be advantageous for
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improved cell survival and therefore contribute to background noise in a positive selection
screen using viability as a read-out. Protein interaction analysis revealed only one interaction
of significantly enriched genes from the haploid genetic screen (Figure 3.7). The expression of
PHLPPI1, which leads to decreased cell proliferation and tumorigenesis through inhibition of
Akt, is stabilized by the deubiquitinase USP46, whose activity is stimulated by WDR20 (Kee
etal., 2010; Li et al., 2013).
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The function of some of the significantly enriched genes could be remotely linked with existing
information on cell death and S. aureus intracellular infection. TAOK1 regulates the p38 and
JNK signaling pathways (Hutchison et al., 1998; Moore et al., 2000), which have been shown
to play a role in S. aureus infection. Intracellular S. aureus can evade autophagy by a
p38a/MAPK 14-mediated mechanism (Neumann et al., 2016). TBCK, another hit gene of the
HAPI1 screen, might be involved in autophagy, too, as it regulates the mammalian target of the
rapamycin (mTOR) signaling pathway (Liu et al., 2013), which inhibits autophagy under
nutrient starvation (Noda and Ohsumi, 1998). Schnaith et al. (2007) showed that intracellular
S. aureus can exploit autophagy to promote replication and induction of host cell death.
Furthermore, the tumor suppressor protein PAWR is associated with cell death induction in
tumor cells (Hebbar et al., 2012). Therefore, the role of the genes TAOK1, TBCK, PAWR and
TANC?2 in host cell death induced by S. aureus were subsequently investigated in a Master

thesis (Matsch, 2018) under my supervision (Section 4.2.2).

3.2.2 8. aureus-induced host cell death displays characteristics of apoptosis

3.2.2.1 Inhibition of caspases attenuates S. aureus-induced host cell death

The morphology of S. aureus-induced cell death is reminiscent of an apoptotic mode of cell
death, in that infected cells showed retraction of pseudopodia, shrinkage, formation of
membrane blebs and detachment from the substratum (Figure 3.1 and Figure 3.2A) (Kroemer
et al., 2009). Therefore, a possible role of apoptosis in S. aureus-induced cytotoxicity was
investigated. Apoptosis is largely executed by a family of cysteine proteases, the caspases

(Earnshaw et al., 1999). Inhibition of caspases with the pan-caspase inhibitor Z-VAD-fmk led
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to reduced cytotoxicity of S. aureus 6850 (Figure 3.8). LDH release of 6850-infected HelLa
cells was decreased by 63 % (Figure 3.8A), while the number of annexin V- and 7AAD-positive
cells was reduced by 57 % when pre-treated with the caspase inhibitor (Figure 3.8B and C). No
difference in the number of annexin V-positive and 7AAD-negative cells and annexin V-
negative and 7AAD-positive cells was observed when the cells were pre-treated with DMSO
or 80 uM Z-VAD-fmk. In contrast to Cowan I-infected cells, infection of HeLa cells with 6850
led to an increase in annexin V-negative and 7AAD-positive cells independent of treatment.

Inhibition of caspases in Cowan I-infected cells did not induce cell death.
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Figure 3.8: Inhibition of caspases reduces S. aureus induced host cell death.

HeLa cells were treated with 80 pM Z-VAD-fmk or DMSO as solvent control 1 h prior to infection with S. aureus
6850 or Cowan 1. (A) Bacterial cytotoxicity was determined 6 h p.i. by LDH assay. (B, C) Infected cells were
stained with annexin V-APC and 7AAD 6 h p.i. to analyze cell death. Bar graph of quantified cell populations (B)
and representative dot plots (C) are shown (n=1). (D) Less cell contraction of S. aureus 6850 GFP infected HeLa
cells was observed at 6 h p.i. when cells were pre-treated with Z-VAD-fmk (gray: phase contrast, green: S. aureus,
scale bar: 50 um). Statistical analysis was performed by unpaired t-test (*P<0.05).
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Inhibition of caspases had no effect on bacterial invasion of epithelial cells. Pre-treatment of
HeLa cells with 80 uM Z-VAD-fmk or DMSO and subsequent infection with S. aureus 6850
resulted in similar numbers of infected cells (Figure 3.9A). Besides, phagosomal escape of
S. aureus 6850 in HeLa cells was detected independent of treatment with 80 uM Z-VAD-fmk
or DMSO (Figure 3.9B, Video 2).
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Figure 3.9: Invasion, phagosomal escape and replication of S. aureus 6850 upon caspase inhibition.

(A) Pre-treatment of HeLa cells with 80 uM Z-VAD-fmk did not influence the number of 6850 GFP-infected cells
(n=1). (B) HeLa YFP-cwt cells were infected with S. aureus 6850 mRFP after 1 h pre-treatment with 80 uM Z-
VAD-fmk or DMSO as solvent control. Live cell imaging revealed that 6850 was able to escape into the
phagosome independent of treatment (red: S. aureus, yellow: YFP-cwt, gray: BF, scale bar: 20um).
(C) Intracellular replication was determined by measurement of GFP fluorescence of 6850 GFP-infected HeLa
cellsat 1, 3, and 6 h p.i. (n=1). (D) Optical density (OD) at 600 nm of S. aureus 6850 treated with 80 uM Z-VAD-
fmk or DMSO in RPMI medium without FBS was determined for 18 h at 10 min-intervals.

Intracellular replication was also observed under both conditions (Figure 3.9C). While at early
time points of infection (1 and 3 h p.i.) similar amounts of intracellular bacteria were detected
after treatment with 80 uM Z-VAD-fmk or DMSO, S. aureus 6850 was more abundant at
6 h p.i. in Z-VAD-fmk-treated HeLa cells when compared to DMSO treatment. No differential
growth of S. aureus 6850 was observed, when the pathogen was cultured with 80 uM Z-VAD-
fmk or DMSO in vitro (Figure 3.9D). Thus, inhibition of caspases had no effect on bacterial
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invasion and phagosomal escape, but allowed increased intracellular replication of S. aureus

6850.

The morphology of S. aureus 6850-infected HeLa cells pre-treated with Z-VAD-fmk showed
only minor differences when compared to DMSO treatment (Figure 3.8D), but on closer
inspection cell shrinkage was more abundant in DMSO-treated cells in contrast to Z-VAD-fmk-
treated cells. Treatment with DMSO and infection with S. aureus 6850 led to cell contraction
after phagosomal escape of the bacteria, whereas Z-VAD-fmk treatment attenuated shrinkage
of some infected cells (Video 2 and 3). Also, the number of intracellular bacteria seemed to be

higher, which was consistent with the quantative data (Figure 3.9C).

3.2.2.2 Effector caspases are activated by intracellular S. aureus

As inhibition of caspases reduced S. aureus-induced host cell death, the presence of activated
caspases in S. aureus-infected cells was investigated. For activation, effector caspases 3 and 7,
which are the executioners of apoptosis, are cleaved by initiator caspases of the intrinsic or
extrinsic apoptotic pathway. HeLa cells were infected with S. aureus 6850 and an immunoblot
was performed to investigate cleavage of caspase 3 (Figure 3.10A). At 4.5 h p.i. the large
subunit p20 of caspase 3 was detected in S. aureus-infected cells, while later (6 h p.i.) both large
subunits, p20 and pl7, of caspase 3 were present. Infection with S. aureus Cowan I did not
result in detection of cleaved caspase 3 at 4.5 h p.i.. A further biochemical marker of apoptosis
is cleavage and inactivation of the DNA damage repair enzyme PARP-1, whose
hyperactivation, by contrast, is implicated in parthanatos. Cleavage of PARP-1 by caspase 3
results in a 89 kDa-large fragment (Tewari et al., 1995). Immunoblot analyses were performed
to study this protein (Figure 3.10B). During infection of HeLa cells with S. aureus 6850 the
89 kDa fragment of PARP-1 was detected at 4.5 h p.i., whereas infection with Cowan I showed
no cleavage of PARP-1. The appearance of the PARP-1 cleavage fragment coincided with
activation of caspase 3, which also occurred initially at 4.5 h p.i. (Figure 3.10B). However, both

PARP-1 and caspase 3 cleavage were not very prominent.

The activation of effector caspases in S. aureus 6850-infected HeLa cells was further visualized
by live cell imaging using a fluorogenic caspase 3/7 substrate (CellEvent™ Caspase-3/7 Green
Detection Reagent) (Figure 3.10C). The fluorogenic substrate was cleaved, allowing
fluorescence of the dye by binding to DNA, when infected cells were strongly contracted and
tightly packed with intracellular bacteria. Activation of effector caspases occurred around 4.5

to 7 h p.i., depending on the MOI used. Infection with Cowan I did not result in increased
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fluorescence of the fluorogenic caspase 3/7 substrate. These results indicate an activation of

effector caspases by cytotoxic S. aureus 6850.
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Figure 3.10: Caspase activation by intracellular S. aureus.

(A, B) Cell lysates of uninfected or S. aureus 6850- or Cowan I-infected HeLa cells were taken at 0, 1, 3, 4.5 and
6 h p.i and immunoblot analysis was performed. (A) To investigate caspase 3 cleavage anti-cleaved caspase 3
antibody (large subunits p17 and p20) and anti-B-actin antibody as loading control were used. (B) Anti-PARP-1
antibody was used to study PARP-1 (116 kDa) cleavage by caspase 3 resulting in an 89 kDa-fragment. (C) Live
cell imaging of HeLa cells infected with S. aureus 6850 Cerulean or Cowan I Cerulean revealed activation of
effector caspases in cells infected with cytotoxic S. aureus. CellEvent™ Caspase-3/7 Green Detection Reagent
was added immediately before imaging (3 h p.i.) (cyan: S. aureus, green: CellEvent™ Caspase-3/7 Green
Detection Reagent, gray: BF, scale bar: 20pm).

However, inhibition of caspases with Z-VAD-fmk did not abolish the activation of effector
caspases (Figure 3.11, Video 3). Treatment with 80 uM Z-VAD-fmk prior to infection with
S. aureus 6850 still led to an increase in fluorescence of the fluorogenic caspase 3/7 substrate
(Figure 3.11A). Quantification of the relative CellEvent Caspase 3/7 Detection reagent
fluorescence of single infected cells revealed that the amplitude of the caspase 3/7 activation
signal was not affected by inhibition of caspases, but the time point of maximal fluorescence
was delayed (Figure 3.11B-D). Activation of effector caspases happened approximately 1-2 h

later, when S. aureus-infected cells were treated with Z-VAD-fmk.
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Figure 3.11: Effector caspase activation in S. aureus infected cells cannot be inhibited with Z-VAD-fmk.
HeLa cells were pre-treated with 80 pM Z-VAD-fmk or DMSO 1 h prior to infection with S. aureus 6850 mRFP
and CellEvent™ Caspase-3/7 Green Detection Reagent was added immediately before live cell imaging.
(A) Representative stills of time-lapse fluorescence microscopy of S. aureus 6850 infected cells pre-treated with
DMSO or Z-VAD-fmk (red: S. aureus, green: CellEvent™ Caspase-3/7 Green Detection Reagent, gray: BF, scale
bar: 20um). (B) Relative CellEvent Caspase 3/7 fluorescence was quantified over the time period of infection in
single infected cells after DMSO (left) or Z-VAD-fmk (right) treatment. (C) The maximum amplitude of the
relative CellEvent Caspase 3/7 fluorescence of 7 to 8 single infected cells was determined after DMSO or Z-VAD-
fmk treatment. (D) The latency of the relative CellEvent Caspase 3/7 fluorescence maximum after S. aureus
intracellular infection was determined upon DMSO or Z-VAD-fmk in 7 to 8 single cells. Statistical analysis was
performed by unpaired t-test (¥ P<0.05).

3.2.2.3 . aureus-infected cells display apoptotic morphology and Bid cleavage
Other morphological indicators of apoptosis, besides the observed cellular shrinkage and
blebbing of the plasma membrane (Figure 3.1 and Figure 3.2A), are nuclear fragmentation,

chromatin condensation and the formation of membrane-enclosed fragments, called apoptotic
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bodies. The fluorogenic caspase 3/7 substrate, CellEvent Caspase 3/7 Detection reagent, is
conjugated to a dye, which only fluoresces upon release by cleavage of effector caspases and
subsequent binding to DNA. Thus, localization of DNA is possible in cells, which were stained
with the fluorogenic substrate and where effector caspases are activated. In HeLa cells infected
with S. aureus 6850 fluorescence of CellEvent Caspase 3/7 Detection reagent was detected
(Figure 3.10C) and revealed nuclear condensation and fragmentation of the DNA and nucleus
(Figure 3.12, Video 3). Some cells also partly broke up into extracellular vesicles containing

DNA and those apoptotic bodies were phagocytosed by neighboring cells (Video 3).

Figure 3.12: Nuclear fragmentation in S. aureus 6850 infected cells.

HeLa cells were infected with S. aureus 6850 mRFP and CellEvent™ Caspase-3/7 Green Detection Reagent was
added immediately before live cell imaging. Stills from 7 h 9 min p.i. are shown (left: merge, right: CellEvent™
Caspase-3/7 Green Detection Reagent) (red: S. aureus, green: CellEvent™ Caspase-3/7 Green Detection Reagent,
gray: BF, scale bar: 50 um). DNA fragmentation was observed, as the fluorogenic Caspase-3/7 substrate binds to
DNA upon cleavage.

To further characterize S. aureus-induced apoptosis, the pro-apoptotic BCL2 family member
Bid was investigated. Bid connects the extrinsic apoptotic pathway with the intrinsic,
mitochondria-dependent pathway of apoptosis (Li et al., 1998), which is required in type II
cells, such as HeLa cells (Mandal et al., 1996; Yasuhara et al., 1997). The protein is activated
by caspase 8-mediated cleavage, which results in a 15 kDa-large protein termed truncated Bid
(tBid) localized to mitochondria. No presence of tBid in S. aureus-infected HeLa cells was
observed (Figure 3.13A). However, the amount of full-length Bid was decreased in HeLa cells
after 4.5 and 6 h p.i. with S. aureus 6850, while a band slightly smaller compared to full-length
Bid at approximately 21 to 19 kDa appeared. Besides, the tumor suppressor p53 is implicated
in apoptosis, regulating, for instance, Bid expression (Mandal et al., 2008; Sax et al., 2002) or
assisting in translocation of Bid from the nucleus to mitochondria (Song et al., 2009). Infection

with S. aureus did not alter the protein levels of p53 in HeLa cells (Figure 3.13B).
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Figure 3.13: Immunoblot analyses of apoptosis-related proteins during infection with S. aureus.

HeLa cells were infected with S. aureus 6850, Cowan I or left uninfected and cell lysates for immunoblot analysis
were taken at 1, 3, 4.5 or 6 h p.i.. Proteins were separated via SDS-PAGE and transferred onto a PVDF membrane.
B-actin was detected as loading control. (A) Detection of Bid (22 kDa) cleavage resulting in tBid (15 kDa) after
infection with S. aureus using anti-Bid antibody. (B) Protein levels of p53 were investigated using anti-p53
antibody after infection with S. aureus 6850 in comparison to uninfected or Cowan I-infected cells.

3.2.3 A possible role of AIF in S. aureus-induced cell death

One of the key processes of parthanatos is the binding of PAR polymers to AIF (Loeffler et al.,
2001). This promotes the cleavage and release of AIF from the mitochondrial periphery to the
cytosol, where it translocates to the nucleus eventually causing DNA fragmentation and
chromatin condensation (Susin et al., 1999). The presence of the truncated, cytosolic form of
AIF (57 kDa) was only very faintly observed in S. aureus-infected HeLa cells at 5 and 6 h p.i.
(Figure 3.14). A slight decrease of the mature, mitochondrial form of AIF (62 kDa) at 6 h p.i.
was noted in contrast to the loading control, which indicated no overall protein reduction.
Staining with the anti-AIF antibody resulted in unspecific bands, which complicated the

identification of the band representing truncated AIF.
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Figure 3.14: Immunoblot analyses of AIF truncation during HeLa infection with S. aureus.

HeLa cells were infected with S. aureus 6850 or Cowan I and cell lysates for immunoblot analysis were taken at
1, 3,4, 5 or 6 hp.i.. Proteins were separated via SDS-PAGE and transferred onto a PVDF membrane. GAPDH
was detected as loading control. Anti-AIF antibody was used to detect the mature, mitochondrial form (62 kDa)
and the truncated, cytosolic form (57 kDa) of AIF.

3.2.4 . aureus-infected cells show features of necrotic cell death

Infection of epithelial cells with S. aureus 6850 ultimately resulted in cell lysis, which is
associated with necrotic cell death. After phagosomal escape, intracellular replication of
S. aureus and host cell shrinkage, bacteria lysed, indicated by loss of fluorescence. This was
presumably due to the breakdown of the host cell plasma membrane, which in turn led to influx

of tissue culture medium containing the staphylolytic protease lysostaphin (Figure 3.1, Video
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1). Host cells expressing the fluorescent escape marker YFP-cwt also showed decreasing
fluorescence indicating loss of membrane integrity accompanied by the formation of huge
membrane blebs. Lysis of S. aureus 6850-infected cells was further proven, as release of the
cytoplasmic enzyme LDH (Figure 3.2B) and staining with the membrane-impermeable dye
7AAD (Figure 3.3D) was detected. The timing of S. aureus-induced host cell lysis was
visualized using the membrane-impermeant, small fluorescent dye Alexa Fluor 633 hydrazide
(AF633) (Figure 3.15A and B, Video 4). Accumulation of the fluorescent dye in the infected
cell coincided with the formation of huge membrane blebs, after host cell contraction and
bacterial replication occurred. Uninfected or Cowan I-infected cells were not stained with

Alexa Fluor 633 hydrazide.

Figure 3.15: Cytotoxic . aureus
induces host cell lysis.

(A, B) Live cell imaging of HeLa cells
infected with S. aureus 6850 GFP or
Cowan I GFP after addition of Alexa
Fluor 633 hydrazide (AF633) showed
permeabilization of the host cell plasma
membrane by cytotoxic S. aureus 6850.
Stills of representative cells (A, green:
S. aureus, magenta: AF633, gray: BF,
scale bar: 20um) and quantification of the
relative AF633 fluorescence over the time
period of infection in single, uninfected
(ni) and infected cells (6850) (B) are
shown. (C) HeLa cells infected with
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Implementation of an apoptosis detection assay by staining of cells with annexin V and 7AAD
revealed no typical apoptotic behavior of S. aureus 6850-infected cells (Figure 3.15C, Figure

3.8B and C). Rather, a simultaneous staining of infected cells with both markers was observed,
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instead of initial acquisition of annexin V followed by 7AAD-staining. A form of regulated
necrosis, called necroptosis (Linkermann and Green, 2014), is executed by MLKL, which
inserts into cell membranes upon its phosphorylation leading to cell lysis. However, in
S. aureus-infected cells no clear phosphorylation of MLKL was detected (Figure 3.15). The
protein concentration of MLKL was decreased at 6 h p.i. in S. aureus 6850-infected cells
compared to Cowan I-infected cells, whereas the loading control (GAPDH) indicated no

reduction of the total protein concentration.

3.2.5 Cellular H20: is elevated during S. aureus intracellular infection

Reactive oxygen species (ROS) may also play arole in S. aureus-induced host cell death. Aside
from antimicrobial defence, ROS were shown to participate in intrinsic apoptosis, parthanatos
or MPT-driven necrosis (Redza-Dutordoir and Averill-Bates, 2016). In S. aureus-infected
HeLa cells an increase in cellular H>O; was detected using a cell line expressing a genetically
encoded fluorescent indicator for intracellular H,Ox (Figure 3.16A and B, Video 5)' (Bilan et
al., 2013).
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Figure 3.16: Intracellular S. aureus induces production of reactive oxygen species.

(A, B) HeLa HyPer-3 cells were infected with S. aureus 6850 mRFP and subjected to live cell imaging. The
relative amount of intracellular H,O, was determined by calculating the ratio of 496 nm to 405 nm excitation of
HyPer-3. Stills from time-lapse imaging are shown (A, red: S. aureus, green: HyPer-3 (ratio ex. 496/405 nm),
gray: BF, scale bar: 20 um) and quantification of rel. HyPer-3 fluorescence (ratio ex. 496/405 nm) of single,
infected or uninfected cells (ROI) as a function of time was performed (B). (C) LDH release was determined after
treatment of HeLa cells with increasing concentrations of NecroX-5 (10, 20, 40 and 80 uM) or DMSO as solvent
control prior to infection with S. aureus 6850 (n=2).

! Performed in cooperation with Simone Vormittag, Master student
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The rise in ROS occurred between 6 and 8 h p.i. with S. aureus 6850, after host cell contraction
and intracellular replication of the pathogen. The timing was reminiscent of activation of
effector caspases (Figure 3.10C, Video 3) and host cell lysis (Figure 3.15A, Video 4).
Uninfected cells did not show an increase in H20O,. Treatment of S. aureus 6850-infected HeLa
cells with NecroX-5, an inhibitor of mitochondrial oxidative stress (Thu et al., 2012), led to a
concentration-dependent reduction of host cell death, but could only partially inhibit cell death
(Figure 3.16C). The highest concentration of NecroX-5 applied (80 uM) led to a decrease of

S. aureus-induced cytotoxicity by 32 %, although this was not statistically significant.

3.2.6 Intracellular S. aureus induces cellular Ca** perturbations to promote host cell
death

3.2.6.1 Intracellular S. aureus triggers cytosolic Ca?* rise

A genome-wide shRNA screen to identify host cell factors involved in S. aureus-induced cell
death revealed a possible role of Ca** (Winkler, 2015). It was therefore interesting to
investigate, whether intracellular S. aureus induces Ca*" fluxes in the host cell and thus
activates signaling pathways and Ca®’-sensing proteins implicated in cell death mechanisms.
To measure changes in cellular Ca®" concentration an indicator cell line, HeLa R-Geco, was
utilized, which changes fluorescence intensity upon elevation or reduction of cytosolic Ca*".
Infection of this cell line with S. aureus 6850 and subsequent live cell imaging showed a
massive increase in cytosolic Ca*>" (Figure 3.17A, Video 6). The cytosolic Ca*" rise occurred
after the onset of bacterial intracellular replication and after host cell shrinkage, but was
followed by the formation of huge membrane blebs and loss of bacterial and cellular
fluorescence. Analysis of single cells allowed relative quantification of the cytosolic Ca®"
concentration and revealed a roughly two- to six-fold increment of R-Geco fluorescence in
infected cells between 5 and 7 h p.i. (Figure 3.17B). The high cytosolic Ca®" level was sustained
for approximately several minutes up to one hour. Uninfected cells did not exhibit any major

changes in cellular Ca?" concentration.
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Figure 3.17: Infection with S. aureus leads to a massive cytosolic Ca2" increase in epithelial cells.

HeLa R-Geco cells were infected with S. aureus 6850 GFP and infection was visualized by live cell imaging. (A)
Stills from time-lapse imaging are shown (green: S. aureus, red: R-Geco, gray: BF, scale: 25 um).
(B) Quantification of relative R-Geco fluorescence of single cells (ROI) infected with S. aureus 6850 or not
infected (ni) was performed over the course of infection.

3.2.6.2 Changes in mitochondrial and ER Ca?* concentration induced by intracellular
S. aureus

The rise in cytosolic Ca?" in S. aureus-infected cells (Figure 3.17) could result from an influx
of Ca*' ions through permeable pores in the plasma membrane or a release of Ca*" from
intracellular stores of the host cell. In order to investigate alterations in Ca** concentration of
the intracellular Ca**-storing organelles during infection with S. aureus, reporter cell lines
expressing a red-fluorescent mitochondrial- or ER-targeted fluorescent Ca>* sensor (ER-LAR-
Geco and Mito-LAR-Geco) in addition to a green-fluorescent cytosolic Ca?" indicator (G-Geco)
were employed. The localization of both ER-LAR-Geco and Mito-LAR-Geco was
compartment specific with a typical distribution of the fluorophores for ER and mitochondria,
respectively (Figure 3.20C and D). HeLa Mito-LAR-Geco G-Geco were infected with S. aureus
6850 and fluorescence was monitored over the time course of infection (Figure 3.18). A
fluorescence increase upon infection with S. aureus was observed for both the cytosolic (G-
Geco) as well as the mitochondrial Ca?" indicator (Mito-LAR-Geco) (Figure 3.18A, Video 7).
Quantification of single cell fluorescence uncovered that the increment in cytosolic Ca?* in
S. aureus-infected cells was followed by an increase of mitochondrial Ca** concentration within
minutes (Figure 3.18B). Interestingly, Mito-LAR-Geco fluorescence did not reach basal levels
after the rise in contrast to G-Geco fluorescence. No or only a partial decline of mitochondrial

Ca?" concentration was detected after the initial rise.
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Figure 3.18: The S. aureus triggered
cytosolic Ca?" increase in epithelial cells
leads to a rise of mitochondrial CaZ*
concentration.

HeLa Mito-LAR-Geco G-Geco cells were
infected with S. aureus 6850 Cerulean and
changes in mitochondrial and cytosolic Ca?*
concentration were monitored by live cell
imaging. (A) Representative stills from time-
lapse fluorescence microscopy showed
elevations in cytosolic (G-Geco, middle
panel) and mitochondrial Ca?" (Mito-LAR-
Geco, lower panel) in a S. aureus 6850
infected cell (cyan: S. aureus, red: Mito-
LAR-Geco, green: G-Geco, gray: BF, scale
bar: 25 um). (B) Relative quantification of
relative Ca?" concentrations in cytosol and
mitochondria of single, infected or uninfected
(graph lower row right) cells.
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The second major intracellular Ca**

store is the endoplasmic reticulum (ER). Similar to

mitochondrial Ca?* concentration, changes in ER Ca?" amount in S. aureus-infected HeLa cells

were detected using ER-LAR-Geco, a red fluorescent ER-targeted Ca?’ indicator, in

combination with green fluorescent cytosolic Ca?* sensor (G-Geco) (Figure 3.19).
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Figure 3.19: Intracellular . aureus
A ) 2h 45min p.i 3h24minpi. 3h 34min p.i modulates ER Ca*" concentration.
' G ' HeLa ER-LAR-Geco G-Geco cells were
infected with S. aureus 6850 Cerulean and
changes in ER and cytosolic Ca*
concentration were monitored by live cell
imaging. (A) Representative stills from
time-lapse fluorescence microscopy showed
elevations in cytosolic Ca?>" concentration
(G-Geco, middle panel), while for the ER
no clear changes of Ca?" concentration were
observed (ER-LAR-Geco, lower panel) in a
S. aureus 6850 infected cell (cyan:
S. aureus, red: ER-LAR-Geco, green: G-
Geco, gray: BF, scale bar: 20 pm).
(B) Relative  quantification of  Ca®*
concentrations in cytosol and ER of single,
infected or uninfected (graph lower row
right) cells.
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HeLa cells expressing these Ca** indicators were infected with S. aureus 6850 and fluorescence
was monitored over time. In contrast to mitochondria, no clear changes in ER Ca*'
concentration were observed in infected host cells, while the cytosolic Ca®" concentration

increased (Figure 3.19A, Video 8). However, quantification of ER-LAR-Geco fluorescence



Results 85

disclosed small changes coinciding with the huge increase in cytosolic Ca** (Figure 3.19B).
Concomitant with the onset of cytosolic Ca®" rise, a decrease in ER Ca*" concentration was
observed, while ER-LAR-Geco fluorescence increased minutes later to then drop again with
the decline of G-Geco fluorescence. Compared to the changes in cytosolic and mitochondrial
Ca’" concentration, the shift of the ER-LAR Geco fluorescence was rather small.

To determine, whether intracellular S. aureus induces only minor changes in ER Ca®"

concentration or if the dynamic range of the ER Ca?" indicator is reduced, HeLa ER-LAR-Geco
G-Geco cells were treated with Ca®" perturbing agents (Figure 3.20). Ionomycin, an ionophore
produced by Streptococcus conglobatus, led to a quick and high increase of cytosolic Ca*",
while the amount of Ca?* in the ER dropped (Figure 3.20A). Similarly, addition of the SERCA
inhibitor thapsigargin resulted in a transient rise of Ca?* concentration in the cytosol and
depletion of Ca** from the ER (Figure 3.20B). However, both substances induced only small
changes in ER-LAR-Geco fluorescence when compared to G-Geco. The results indicate that
the ER Ca”' indicator was functional and that even high concentrations of Ca®" perturbing
agents did not trigger a stronger shift of ER-LAR-Geco fluorescence when compared to

S. aureus infection.
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3.2.6.3 Store-operated Ca®" entry is not implicated in S. aureus-induced host cell death
As a decrease in ER Ca?" concentrations was observed in S. aureus-infected cells, which
occurred rather simultaneously with the cytosolic Ca?" increase (Figure 3.19B), it is conceivable
that store-operated Ca*" entry (SOCE) is implicated in S. aureus-induced cell death. Here, Ca**
depletion from the ER activates Ca’' entry across the plasma membrane. To test this, the
inhibitor 2-aminoethyl diphenylborinate (2-APB) was used, which blocks SOCE activity at
high concentrations. HeLa cells were pre-treated for 1 h with 30 uM 2-APB and subsequently
infected with S. aureus 6850. Staining of infected cells with 7AAD revealed that 2-APB
treatment significantly reduced cytotoxicity of S. aureus by 83 % when compared to DMSO-
treated cells (Figure 3.21A).
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Figure 3.21: 2-APB reduces S. aureus induced cytotoxicity, but also attenuates bacterial replication.

(A-E) HeLa or HeLa YFP-CWT (D) cells were treated with 30 uM 2-APB or DMSO as solvent control 1 h prior
to infection with S. aureus 6850 (A), 6850 GFP (B, C, E) or 6850 mRFP (D). (A) Cytotoxicity was determined at
6 h p.i. by 7AAD staining. (B) Number of infected host cells, i.e. GFP-positive cells, was measured at 1 h p.i..
(C) Translocation of bacteria into the host cell cytosol was determined by quantification of co-localization of
intracellular bacteria and the cytosolic escape marker YFP-CWT at 4 h p.i. (n=2). (D) The relative number of
intracellular bacteria was identified by measuring the mean fluorescence intensity of infected cells at 1 and 3 h p.i.
(n=2). (E) Fluorescence microscopy revealed less contracted host cells and intracellular bacteria after treatment
with 2-APB in contrast to DMSO at 6 h p.i. (green: S. aureus, gray: phase contrast, scale bar: 100 um). (F) Optical
density (OD) at 600 nm of S. aureus 6850 treated with 30 uM 2-APB or DMSO in RPMI medium without FBS
was determined for 17.5 h at 10 min-intervals. Statistical analysis was performed by unpaired t-test (*P<0.05).
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Invasion and phagosomal escape of S. aureus 6850 were not affected by 2-APB treatment
(Figure 3.21B and C). Nevertheless, a lower number of intracellular bacteria was detected at
3 h p.i. in 2-APB-treated cells in comparison to the DMSO control, although the difference was
not significant (Figure 3.21D). There was a distinct difference in the number of intracellular
bacteria when comparing 2-APB treatment (4586 AFU = 209) and DMSO control (6305 AFU
+ 1041). This result was also obtained at 6 h p.i., when HeLa cells pre-treated with 2-APB
contained considerably less intracellular bacteria compared to cells treated with DMSO (Figure
3.21E). However, S. aureus showed impaired growth in medium the presence of 30 uM 2-APB
when compared to the solvent control (DMSO) (Figure 3.21F).

Ca?" signaling was studied in S. aureus-infected HeLa R-Geco cells treated with 2-APB,
however the inhibitor was only added at approximately 3 h p.i. in order to avoid effects on
bacterial replication (Figure 3.22, Video 9). Time-lapse imaging showed that intracellular
S. aureus was replicating despite 2-APB treatment (Figure 3.22A). Still, addition of the
inhibitor did not abolish S. aureus triggered cytosolic Ca** increase. Quantification of R-Geco
fluorescence showed no major impact on Ca’" signals of single infected cells upon 2-APB
treatment when compared to DMSO treatment (Figure 3.22B). For comparison purposes, the
Ca?" response of each measured cell was characterized by the maximal amplitude of relative R-
Geco fluorescence and the latency from the time point of infection to this maximum amplitude.
Both amplitude and latency of the cytosolic Ca?" increase were not significantly affected by 2-

APB treatment (Figure 3.22C and D).
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Figure 3.22: 2-APB treatment does not abolish S. aureus induced cytosolic Ca’* increase.

HeLa R-Geco cells were infected with S. aureus 6850 GFP and cytosolic Ca?!, i.e. R-Geco fluorescence, was
measured by time-lapse imaging. At 3 h 7 min p.i. DMSO or 30 uM 2-APB were added. (A) Representative stills
from time-lapse fluorescence microscopy showed elevations in cytosolic Ca?" concentration independent of
treatment, while intracellular bacteria replicated (green: S. aureus, red: R-Geco, gray: BF, scale bar: 20 um).
(B) Relative quantification of cytosolic Ca?* concentrations of single infected (6850) or uninfected (ni) cells after
DMSO (left) or 2-APB (right) treatment. (C) The peak amplitude of the relative R-Geco fluorescence of 7 to 11
single infected cells was quantified after DMSO or 30 uM 2-APB treatment. (D) The latency of the relative R-
Geco fluorescence peak after S. aureus intracellular infection was determined and the mean value of 7 to 11 cells
was calculated. Statistical analysis was performed by unpaired t-test.

3.2.6.4 S. aureus triggers Ca?" influx via the host plasma membrane

In order to test, if the observed increase in cytoplasmic Ca** originated from the extracellular
space, HeLa R-Geco cells were cultivated in Ca®*-free cell culture medium. The cells were
tested for Ca®" concentration changes induced by ionomycin in presence and absence of Ca>"
and 0.2 mM of the selective Ca** chelator BAPTA (Figure 3.23A). The combination of Ca**-
withdrawal and chelation with BAPTA resulted in a strong reduction of R-Geco fluorescence.
Therefore, HeLLa R-Geco cells were infected with S. aureus 6850 and after bacterial invasion

and phagosomal escape, 3 h p.i., medium was replaced and cells were monitored for Ca®"
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concentration changes in presence and absence of extracellular calcium ions (Figure 3.23B and

C, Video 10).
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Figure 3.23: Removal of extracellular Ca?" during S. aureus intracellular infection in epithelial cells.

(A) HeLa R-Geco cells were cultivated in medium with 1.8 mM CaCl,, without CaCl, or without CaCl, and
0.2 mM BAPTA and 0.5 pM ionomycin were added while recording of R-Geco fluorescence. (B-E) HeLa R-Geco
cells were infected with S. aureus 6850 GFP and 3 h p.i. medium with 1.8 mM CaCl, (+ CaCl,), without CaCl,
(- CaCly) or without CaCl, and 0.2 mM BAPTA (-CaCl, + BAPTA) was added. Subsequently, R-Geco
fluorescence was monitored by live cell imaging. (B) Relative R-Geco fluorescence of single infected (6850) or
uninfected (ni) cells was quantified over the time course of infection under the different conditions.
(C) Representative stills of infected HeLa R-Geco cells with or without extracellular Ca®" (green: S. aureus, red:
R-Geco, gray: BF, scale bar: 20 pum). (D) The maximal amplitude of the relative R-Geco fluorescence of 6 to 11
single infected cells under the different conditions was determined. (E) The latency of maximal relative R-Geco
fluorescence peak after S. aureus intracellular infection was determined in 6 to 11 single infected cells. Statistical
analysis was performed by ordinary one-way ANOVA (*P<0.05).
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S. aureus triggered elevations in cytosolic Ca** under all tested conditions. However,
quantification of the relative R-Geco fluorescence showed reduced S. aureus-induced cytosolic
Ca’" increases in infected cells, when extracellular Ca’>" was omitted from the medium.
Additional chelation of residual extracellular calcium ions with BAPTA reduced the cytosolic
Ca?" peak significantly, whereas no temporal changes of the cytosolic Ca®* rise were detected
upon removal of extracellular Ca** (Figure 3.23C and D). Morphological differences of infected

cells were not detected under the all tested conditions (Video 10).
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Figure 3.24: Chelation of intracellular Ca?" during S. aureus infection of epithelial cells.

(A) HeLa R-Geco cells were treated with DMSO or 5, 10, 25 or 50 pM BAPTA-AM and while recording R-
Geco fluorescence 0.5 uM ionomycin were added. (B-E) HeLa cells were infected with S. aureus 6850 GFP,
2 h p.i. DMSO or 5 uM BAPTA-AM were added and R-Geco fluorescence was monitored over time. (B) Stills
of representative infected cells are depicted (green: S. aureus, red: R-Geco, gray: BF, scale bar: 20 um).
(C) Relative R-Geco fluorescence of single infected (6850) or uninfected (ni) cells was quantified over the time
course of infection under the different conditions. (D) The maximum amplitude of the relative R-Geco
fluorescence of 6 to 11single infected cells under the different conditions was determined. (E) The latency of
relative R-Geco fluorescence peak after S. aureus intracellular infection in 6 to 11 single infected cells was
calculated. Statistical analysis was performed by unpaired t-test.
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Next, intracellular Ca®" ions were chelated using the cell-permeable BAPTA-AM. Increasing
concentrations of BAPTA-AM delayed, but did not reduce ionomycin-induced cytosolic Ca**
increase (Figure 3.24A). Rather higher values of relative R-Geco fluorescence were detected
after addition of ionomycin in contrast to the control. Since concentrations of BAPTA-AM
above 10 uM were cytotoxic to HeLa cells after several hours of incubation (data not shown),
infected HeLa R-Geco cells were treated with 5 uM BAPTA-AM after 2 h of infection and R-
Geco fluorescence was recorded over time. Differences between BAPTA-AM treated and
DMSO treated cells were not observed (Figure 3.24B, Video 11). Infected host cells rounded
and cytosolic Ca*" increase was observed before formation of membrane blebs and cell lysis.
Quantification of relative R-Geco fluorescence of single infected cells did not reveal a clear
difference between DMSO and BAPTA-AM treatment (Figure 3.24C). The amplitude and
latency of the maximal Ca?" concentration measured was not significantly changed by BAPTA-

AM treatment (Figure 3.24C and D).

3.2.6.5 Effector caspase activation and plasma membrane permeabilization follow
cytosolic Ca?* overload in S. aureus-infected cells

To elucidate the timing of effector caspase activation and its correlation to cytosolic Ca*"
increase during S. aureus intracellular residence, HeLLa R-Geco cells were infected with
S. aureus 6850 and CellEvent™ Caspase-3/7 Green Detection Reagent (CellEvent Caspase 3/7)
was added to visualize activation of caspases 3 and 7 by live cell imaging (Figure 3.25, Video
12). First, an increase in R-Geco fluorescence was observed, which was superseded by an
increase in CellEvent Caspase 3/7 fluorescence (Figure 3.25A). Quantification of the
fluorescence of individual cells showed that CellEvent Caspase 3/7 fluorescence was activated
when R-Geco fluorescence reached its maximum (Figure 3.25B). By contrast, fluorescence of

CellEvent and R-Geco did not increase notably in non-infected cells.

Caspases were shown to cleave key components of the Ca?* regulatory system (Hirota et al.,
1999; Schwab et al., 2002). As inhibition of caspases attenuated S. aureus-induced cell death
(Figure 3.8), HeLa G-Geco cells were treated with 80 uM of the caspase inhibitor Z-VAD-fmk
prior to infection with S. aureus 6850. However, caspase inhibition did not abrogate bacteria-
induced increases in cytosolic Ca*" concentration (Figure 3.26, Video 13). Infected cells
displayed elevations in G-Geco fluorescence (Figure 3.26A). Relative quantification of
fluorescence failed to detect clear differences in cytosolic Ca** signals in infected HeLa cells

after treatment with Z-VAD-fmk when compared to the DMSO control (Figure 3.26B). The
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amplitude of the Ca?" signal was not altered upon caspase inhibition, but the Ca®" peak was

delayed (Figure 3.26C and D).
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Figure 3.25: Activation of effector caspase follows cytosolic Ca?* increase in S. aureus infected cells.

HeLa R-Geco cells were infected with S. aureus 6850 Cerulean and CellEvent™ Caspase-3/7 Green Detection
Reagent (CellEvent Caspase 3/7) was added prior to live cell imaging. (A) Representative stills from time-lapse
imaging are shown (cyan: S. aureus, red: R-Geco, green: CellEvent Caspase 3/7, gray: BF, scale bar: 20 pm).
(B) The relative R-Geco and CellEvent Caspase 3/7 fluorescence of single uninfected (graph lower row right) or
S. aureus 6850-infected cells was quantified over time.
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Figure 3.26: Z-VAD-fmk treatment does not
prevent cytosolic Ca?" overload in S. aureus
infected cells.

HeLa G-Geco cells were infected with S. aureus
6850 1 h after treatment with DMSO or 80 uM Z-
VAD-fmk and cytosolic Ca?" concentration, i.e. G-
Geco fluorescence, was measured by time-lapse
imaging. (A) Representative stills from time-lapse
fluorescence microscopy (red: S. aureus, green: G-
Geco, gray: BF, scale bar: 20 um). (B) Relative
quantification of cytosolic Ca?" concentrations of
single, infected (6850) or uninfected (ni) cells.
(C) The maximum amplitude of the relative R-
Geco fluorescence of 6 to 9 single infected cells
was determined. (D) The latency of the relative R-
Geco fluorescence peak after S. aureus
intracellular infection in 6 to 9 single infected cells
was calculated. Statistical analysis was performed
by unpaired t-test (***P<0.001).

A 3h 34min p.i. 5h 14min p.i.

80 uM Z-VAD-fmk

., DMSO

o o
] ]
c c
@ ]
0 0
7] - (7]
g o
S S
= 10 = 10+
: :
] 0
8 s 8
U] V]
2 o- ¢

204 Z-VAD-fmk

n
(=]

— ROI'1
e — ROI2
— ROI3
— Rol4 | 580
— ROI5
ROI 6

- RQI7 i

-
L3,

|

(=]
o
L

H 6 8 10 4 6 8 10
time [h p.i] time [h p.i.]

O

(=21
1

-
(=]
1
£
1

h
1

peak latency [h p.i.]
N

maximum amplitude [RFU]

(L E

04
DMSO Z-VAD-fmkK DMSO Z-VAD-fmk

Based on morphological observations of the infected host cells, the cytosolic Ca** increase
occurred prior to cell lysis. The host cell completely lost R-Geco fluorescence only after the
Ca?" concentration had risen (Figure 3.17). Additionally, lysis of intracellular bacteria due to
presence of lysostaphin in the culture medium was observed after the Ca®" increase. This
confirms the assumption about the chronological sequence of events, in which the Ca®"
concentration first increases in S. aureus-infected cells and then the cell lyses. Staining of
S. aureus-infected HeLa R-Geco cells with small and membrane-impermeant fluorophore
Alexa Fluor 633 hydrazide (AF633) could prove this theory (Figure 3.27, Video 14).
Accumulation of the fluorescent dye in the infected host cell ensued the cytosolic Ca®" rise

(Figure 3.27A). Quantification of the relative fluorescence of single, S. aureus 6850-infected
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cells revealed that AF633 fluorescence started to increase when the R-Geco fluorescence
reached its maximum (Figure 3.27B). In uninfected cells increases in fluorescence were not
observed. Thus, the activation of effector caspases in S. aureus 6850-infected epithelial cells

thus coincides with cell lysis, whereas the increase in cytosolic Ca** precedes both events.
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Figure 3.27: The cytosolic Ca?* increase in S. aureus infected cells is followed by cell lysis.

HeLa R-Geco cells were infected with S. aureus 6850 GFP and live cell imaging was performed after addition
of the fluorescent dye Alexa Fluor 633 hydrazide. (A) Stills from time-lapse imaging showed increase in R-Geco
fluorescence preceding accumulation of AF633 in infected host cells (see arrows; green: S. aureus, red: R-Geco,
magenta: AF633, gray: BF, scale: 50 um). (B) Relative fluorescence of single cells infected with S. aureus 6850
or single uninfected cells (graph lower row right) was quantified over the course of infection.
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3.2.6.6 Cytosolic Ca** overload is not a common feature of apoptosis
To test, if the cytosolic Ca*" increase in S. aureus-infected cells is a common phenomenon in
dying cells, HeLa cells were treated with different cytotoxic agents and R-Geco fluorescence

of single cells was monitored (Figure 3.28, Video 15).

Figure 3.28: Ca?" signaling in
different types of cell death.

HeLa R-Geco cells remained untreated,
were treated with 5 pg/ml CHX and
5ng/ml TNFa, 50 pg/ml blasticidin or
10 uM staurosporine (STS) or infected
with S. aureus 6850 GFP. Live cell
imaging was performed and the R-Geco
fluorescence of single cells with cell
death morphology was measured over
the period of imaging (left).
Representative images of differently
treated cells are shown (right, red: R-
Geco, green: S. aureus, gray: BF, scale
bar: 50 pm).
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In contrast to the strong increase in cytosolic Ca** induced by intracellular S. aureus, only small
Ca”" elevations or oscillations were observed in HeLa cells treated with either 5 ng/ml TNFa
and 5 pg/ml cycloheximide (CHX), 50 pg/ml blasticidin or 10 uM staurosporine (STS).
TNFo/CHX and blasticidin treatment induced cell shrinkage and rounding of cells reminiscent
of S. aureus-induced cell death, but resulted only in small cytosolic Ca*" elevations, whereas a
more necrotic phenotype was observed for STS-treated cells, which was accompanied by only
minor Ca** oscillations. This shows that only infection with S. aureus results in cytosolic Ca®"

overload when compared to the cytotoxic agents used in the present study.

3.2.7 Calpains are not essential for induction of host cell death by intracellular S. aureus
3.2.7.1 Calpains are activated by intracellular S. aureus

A family of Ca®"-activated cysteine proteases, the calpains, is implicated in cell death processes,
such as apoptosis (Lopatniuk and Witkowski, 2011). The Ca*" overload triggered by
intracellular S. aureus could mediate host cell death by the activation of calpains. An indication
for activation of calpains is the presence of autocatalytically cleaved forms of this protease
(Melloni et al., 1992). The molecular mass of calpain 1 (80 kDa) is reduced to 78 kDa and then
to 76 kDa, while autolysis of the small subunit calpain 4 results in an 18 kDa-fragment after a
series of three processing steps. In S. aureus 6850-infected HeLa cells autolysed calpains were
detected after 4.5 h p.i. by immunoblot analysis (Figure 3.29A). Uninfected cells, infection with
the non-cytotoxic S. aureus Cowan I or infections at earlier time points (1 and 3 h p.i.) did not
result in accumulation calpain autolysis products. Further, protein levels of the endogenous
calpain-specific inhibitor calpastatin were reduced 4.5 h p.i. in cells infected with S. aureus
6850. The calpain-specific cleavage of the 280 kDa-large cytoskeletal protein a-spectrin can
also be used as a biomarker for calpain activation (Zhang et al., 2009). In S. aureus 6850-
infected HeLa cells the calpain-specific 150 kDa- and 145 kDa-large breakdown products of a-
spectrin were detected at 5 and 6 h p.i. (Figure 3.29B). A weak band was also observed at a size
below 130 kDa at those time points, which likely represents the caspase-specific 120 kDa-large
breakdown product of a-spectrin (Figure 3.29B). Infection with Cowan I did not induce
cleavage of a-spectrin in HeLa cells. Next, the presence of activated calpains in S. aureus-
infected host cells was determined by applying a fluorogenic calpain substrate (Boc-Leu-Met-
CMACQ). S. aureus 6850- or Cowan I-infected cells were loaded with Boc-Leu-Met-CMAC and
increased fluorescence was specifically observed in cells infected with the cytotoxic strain 6850
(Figure 3.29C). Taken together, these results suggest that intracellular S. aureus 6850 triggers

activation of calpains.
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Figure 3.29: Calpain activation in S. aureus infected cells.

(A) HeLa cells were infected with S. aureus 6850 or Cowan I or remained uninfected (ni) and cell lysates were
prepared at 1, 3 and 4.5 h p.i.. Proteins were separated by SDS-PAGE and transferred onto a PVDF membrane.
Protein abundance and/or cleavage of calpain 1, calpain 4, calpastatin and B-actin as loading control was detected
using the specific antibodies. (B) Immunoblot assay was performed as described for (A). S. aureus 6850- or
Cowan I-infected cells were lysed at 0, 1, 3,4, 5 and 6 h p.i.. Calpain-specific cleavage of a-spectrin (150 and 145
kDa) was observed by application of an anti-a-spectrin antibody with anti-p-actin antibody as loading control. (C)
HeLa cells were loaded with a fluorogenic calpain substrate (10 uM Boc-Leu-Met-CMAC) after infection with
S. aureus 6850 or Cowan I. The presence of activated calpains was detected in 6850-infected cells at 4.5 h p.i. by
fluorescence microscopy (red: Boc-Leu-Met-CMAC, green: S. aureus, gray: phase contrast, scale bar: 100 pm).

3.2.7.2 Inactivation of calpains has no effect on S. aureus intracellular lifestyle

As inhibitors against calpains, such as ALLN, Calpeptin or PD150606, may have oftf-target
effects (McDonald et al., 2001; Ono et al., 2016; Sasaki et al., 1990) and growth of S. aureus
was attenuated when co-incubated with these inhibitors (Figure 3.30), siRNA-based knock-
downs of the large subunits Calpain 1 and Calpain 2 and the small subunit Calpain 4 were
performed to investigate their role in S. aureus-induced host cell death. Whereas knock-down

of Calpain 1 led to an increased cell death of HeLa cells infected with S. aureus 6850 at 6 h p.i.
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(38.1 £3.5 %), knock-down of Calpain 4 showed a reduction of 7AAD staining (20.6 + 1.6 %)
when compared to the control (29.2 £ 3.4 %) (Figure 3.31A). Transfection with Calpain 2-
specific siRNA only slightly reduced S. aureus-induced host cell death (27.6 % + 0.4).
However, 7AAD staining after knock-down of either Calpains 1, 2 or 4 was not significantly
different in comparison to the siRNA negative control (AllStars Negative Control siRNA).
Invasion of S. aureus into HeLa cells (Figure 3.31B), phagosomal escape (Figure 3.31C and D)
and intracellular replication of S. aureus 6850 (Figure 3.31E) were unchanged in the knock-
down cells. Nevertheless, siRNA-mediated decrease in Calpain 1 expression showed increased
numbers of escaped, cytosolic bacteria (12.1 + 0.4 % phagosomal escape, 5003 + 1957 AFU)
at 3 h p.i. when compared to the control (7.9 + 3.7 % phagosomal escape, 3850 + 891 AFU).
The expression of the targeted genes was successfully and efficiently decreased as determined
by qRT-PCR (Figure 3.31F). Transfection of Hela cells with siCAPNI led to a knock-down of
Calpain 1 by 96 %, while expression of Calpain 4 was increased in these cells. Expression of
Calpain 2 was reduced by 85 % after transfection with siCAPN2, which also resulted in
increased expression of Calpain 4. Transfection with siCAPN4 reduced the expression of

Calpain 4 by 95 %, while the mRNAs levels of Calpain 2 were decreased in these cells.
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Figure 3.31: Knock-down of calpains 1, 2 or 4 has no significant effect on S. aureus intracellular lifestyle.
(A-E) HeLa cells were transfected with siRNA against Calpain 1 (siCAPNI), Calpain 2 (siCAPN2) or Calpain 4
(siCAPN4) mRNA or AllStars Negative Control siRNA (Allstar) and subsequently infected with S. aureus 6850
(A), 6850 GFP (B, E) or 6850 mRFP (C, D). (A) Cytotoxicity of S. aureus was determined at 6 h p.i. by staining
of infected cells with 7AAD (n=2). (B) Invasion of S. aureus 6850 was measured as number of GFP-positive cells
at 1 h p.i.. (C) Translocation of bacteria into the host cell cytosol was determined by quantification of co-
localization of intracellular bacteria and the cytosolic escape marker YFP-cwt (n=2). (D) Live cell imaging of
HeLa YFP-cwt cells infected with S. aureus 6850 revealed phagosomal escape of the pathogen after knock-down
of Calpain 1 (siCAPNI) or Calpain 4 (siCAPN4) (red: S. aureus, yellow: YFP-cwt, gray: BF, scale bar: 10pum).
(E) The relative number of intracellular bacteria was identified by measuring the mean fluorescence intensity of
infected cells at 1 and 3 h p.i.. (F) RNA was isolated from HeLa cells transfected with siRNA against Calpain 1
(siCAPNI), Calpain 2 (siCAPN2) or Calpain 4 (siCAPN4) mRNA or AllStars Negative Control siRNA (Allstar)
and transcribed into cDNA. qRT-PCR was performed with specific primers against the investigated genes
(CAPNI: left graph, CAPN2: middle graph, CAPN4: right graph). Statistical analysis was performed by one-way
ANOVA (¥P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

To rule out off target-effect of siRNAs and to generate a full knock-down of calpain expression,
the CRISPR/Cas9-System was used to introduce mutations in CAPN4 and CAPNI genes. The
haploid cell line HAP1 was used for this purpose, because knock-out clones can be efficiently
and relatively easy generated due to the presence of only one allele per gene. The intracellular
lifestyle of S. aureus 6850 in HAP1 cells was shown to correspond to that in HeLa cells (Section
3.2.1.1) and activation of calpains in HAP1 cells was observed, too (Figure 3.32A). Calpain-
specific cleavage of a-spectrin was detected 6 h p.i. in HAPI cells infected with S. aureus 6850.
CRISPR/Cas9-induced mutations in CAPN4 and CAPNI led to gene knock-out as shown by
the absence of protein detected by immunoblot (Figure 3.32B and C). Mutations in CAPN4 also
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reduced or abolished protein levels of calpain 1 and calpain 2. However, knock-out of calpain 4
or calpain 1 did not reduce cytotoxicity of S. aureus 6850 in HAP1 cells at 6 h p.i. (Figure
3.32D and E). The LDH release of infected HAP1 CAPN4 and CAPNI knock-out cells did not
significantly differ from HAP1 wild type cells. In summary, these results indicate that calpains
play no essential role in S. aureus-induced host cell death, although an activation of these

proteases was observed.
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Figure 3.32: Knock-out of calpain 1 or 4 in HAP1 cells has no impact on . aureus-induced cytotoxicity.
(A) S. aureus 6850- or Cowan I-infected HAP1 cells were lysed at 0, 1, 3,4, 5 and 6 h p.i. and uninfected cells or
cells treated with 10 pg/ml cycloheximide (CHX) and 10 ng/ml TNFa for 7 h were used as control. Proteins were
separated by SDS-PAGE and transferred onto a PVDF membrane. a-spectrin was detected using an anti-a-spectrin
antibody and an anti-B-tubulin antibody served as loading control. Calpain-specific cleavage of a-spectrin (150
and 145 kDa) was observed at 6 h p.i. with S. aureus 6850, while CHX- and TNFa-treatment induced caspase-
specific cleavage of a-spectrin (150 and 120 kDa). (B, C) Immunoblot analysis of HAP1 CAPN4 KO (B) and
CAPNI KO (C) clones generated using CRISPR/Cas9 was performed to check gene knock-out. Assay was
performed as described for (A) and antibodies against Calpain 1, 2 and 4 and B-actin as loading control were used.
(D, E) LDH release of HAP1 wild type (wt), CAPN4 KO (clone 2 and 10, D) or CAPNI KO (clone 9 and 11, E)
cells infected with S. aureus 6850 revealed no effect of calpains on S. aureus cytotoxicity at 6 h p.i. (n=2).
Statistical analysis was performed by one-way ANOVA.

As it is known that calpains cleave caspases 3 and 7, which facilitates their activation (Blomgren
et al., 2001; Ruiz-Vela et al., 1999; Waterhouse et al., 1998), and effector caspase activation
was observed in S. aureus 6850-infected cells (Figure 3.10C, Video 3), it was interesting to
investigate, if a knock-out of calpains abolished activation of caspase 3. Therefore, CAPN4

knock-out cells, which were also negative for calpain 2 and had a very low expression of calpain
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1 (Figure 3.32B), were infected with S. aureus 6850 and CellEvent™ Caspase-3/7 Green
Detection Reagent was applied (Figure 3.33, Video 16). However, live cell imaging revealed

that knock-out of calpain 4 did not eliminate caspase 3 and 7 activation when compared to wild

type HAP1 cells.

HAP1 WT HAP1 CAPN4 KO cl.10

.':-g

Figure 3.33: Effector caspase activation in S. aureus infected Calpain 4 knock-out cells.

HAP1 wild type (WT) or CAPN4 KO (clone 10) cells were infected with S. aureus 6850 mRFP and effector
caspase activation was determined by addition of CellEvent™ Caspase-3/7 Green Detection Reagent immediately
before live cell imaging (red: S. aureus, green: CellEvent™ Caspase-3/7 Green Detection Reagent, gray: BF, scale
bar: 50 um).

3.3 Bacterial factors involved in S. aureus-induced cytotoxicity

3.3.1 Rsp and o-hemolysin do not contribute to S. aureus induced cytosolic Ca’* rise
Since several S. aureus toxins are known to trigger Ca** fluxes in human cells (Bouillot et al.,
2018), secreted virulence factors were tested for their ability to induce cytosolic Ca*>* overload.
Treatment of HeLLa R-Geco cells with 10 % sterilized supernatant of a S. aureus 6850 overnight
culture led to high and frequent oscillations of cytosolic Ca®" in most cells (Figure 3.34, Video
17). This was followed by a sustained Ca** increase, which occurred after cell contraction, but

prior to the formation of one or more huge membrane blebs (Figure 3.34C). This succession of

events is reminiscent of S. aureus intracellular infection (Figure 3.17A).
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Figure 3.34: Effects of S. aureus secreted factors on cellular Ca?" signaling.

HeLa R-Geco cells were treated with 10 % sterilized supernatant of a S. aureus 6850 overnight culture (SNT) and
R-Geco fluorescence was monitored over time. (A) Representative still of imaged field of view is depicted (red:
R-Geco, gray: BF, scale bar: 50 um). (B) Relative R-Geco fluorescence of single cells was quantified upon SNT
treatment. (C) Representative stills of one SNT-treated HeLa R-Geco cell (red: R-Geco, gray: BF, scale bar:
10 pm).

The well-studied pore-forming toxin a-hemolysin (%/a) can form Ca**-permissive pores, which
at high concentrations lead to Ca®" elevations in the cell cytosol (Eichstaedt et al., 2009; Fink
et al., 1989). a-hemolysin expression depends partly on the long ncRNA SSR42, which is the
effector of the virulence regulator Rsp (Horn et al., 2018a). Mutants in 7sp showed attenuated
intracellular cytotoxicity and prolonged intracellular residence of S. aureus (Das et al., 2016).
Therefore, S. aureus mutants in hla and rsp were investigated for their Ca®" flux inducing
properties. HeLa R-Geco cells were infected with S. aureus 6580, 6850 Ahla or 6850 Arsp and
relative R-Geco fluorescence was monitored by live cell imaging. Infection of HeLa R-Geco
cells with isogenic /la or rsp mutants could not abolish the cytosolic Ca** increase (Figure
3.35A-E, Video 18). Elevations in R-Geco fluorescence were observed independent of the
genetic phenotype of S. aureus. Measurements of relative cytosolic Ca?" concentrations of
single, 6850-infected cells revealed no major differences between infection with S. aureus
6850, 6580 Ahla or 6850 Arsp. The amplitude as well as the latency of maximal R-Geco
fluorescence was not significantly different in HeLa cells infected with 6580 Ahla or 6850 Arsp
compared to the wild type (Figure 3.35E and F). Investigation of cytotoxicity of S. aureus 6850
Ahla or 6850 Arsp towards HeLa cells also showed no significant differences when compared

to 6850 wild type (Figure 3.35G). Host cell death was determined by LDH release at 1, 3, 6 and
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24 h p.i. in HeLa cells. Yet, at 6 h p.i. both mutants were attenuated in cytotoxicity in contrast

to the wild type.
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Figure 3.35: Ca?* signaling and cytotoxicity in epithelial cells infected with S. aureus 6850 Ahla or 6850 Arsp.
(A-F) HeLa R-Geco cells were infected with S. aureus 6850 GFP, 6850 Ahla GFP or 6850 Arsp GFP and R-Geco
fluorescence was monitored over time by live cell imaging. (A) Stills of time-lapse imaging at 5 h 6 min p.i. are
shown (green: S. aureus, red: R-Geco, gray: BF, scale: 50 um). (B-D) Relative R-Geco fluorescence was
quantified over the time period of infection in single cells infected with S. aureus 6850 (B), S. aureus 6850 Ahla
(C) or 6850 Arsp (D) or in single uninfected cells (ni). (E) The peak amplitude of the relative R-Geco fluorescence
of 4 to 12 single infected cells was determined. (F) The latency of relative R-Geco fluorescence peak after
S. aureus intracellular infection was calculated in 4 to 12 single cells. (G) Cytotoxicity of S. aureus 6850, 6850
Ahla or 6850 Arsp in HeLa cells was determined by LDH assay at 1, 3, 6 and 24 h p.i.. Statistical analysis was
performed by one-way ANOVA.
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3.3.2 Intracellular cytotoxicity of different S. aureus mutants in epithelial cells

In order to investigate bacterial factors involved in induction of host cell death by intracellular
S. aureus, bacterial mutants were tested for their cytotoxic behavior towards epithelial cells.
Mutants of S. aureus virulence factors, which may be involved in the formation of Ca?*'-
permeable pores and/or belong to a class of proteins associated with bacterial induced cell
death, were chosen. Cell death of infected HeLa cells was determined by LDH release 6 h p.i.
(Figure 3.36). Transposon mutants of the cysteine proteases staphopain A (ScpA) and
staphopain B (SspB) and the pore-forming toxin subunit HlgB were tested for their cytotoxic
ability (Figure 3.36A). Inactivation of SspB or HlgB led to a slight, but not significant decrease
in host cell death, while mutation of ScpA showed a strong reduction in cytotoxicity of
S. aureus JE2 when compared to infection with the wild type strain. Knock-out of the phenol-
soluble modulin o (PSMa) also reduced the number of dead cells in S. aureus LAC (Figure
3.36B). The cytotoxicity of LAC Apsmf was slightly decreased, whereas a mutant in o-toxin

showed no effect on induction of host cell death when compared to the wild type.
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Figure 3.36: Cytotoxicity of different S. aureus mutants in epithelial cells.

HeLa cells were infected with S. aureus wild type or mutant strain and induction of host cell death was determined
6 h p.i. by LDH release. Cytotoxicity of S. aureus JE2, JE2 higB::bursa (NE1682), JE2 scpA::bursa (NE1278)
and JE2 sspB::bursa (NE934) (A, n=2) and LAC, LAC Apsma, LAC Apsmf and LAC Ahld (B, n=2) was
investigated. Statistical analysis was performed by one-way ANOVA (**P<0.01).

3.3.3 Staphopain A induces intracellular cytotoxicity of S. aureus
3.3.3.1 Loss of staphopain A function leads to reduced cytotoxicity of intracellular
S. aureus

The role of the cysteine protease staphopain A in S. aureus-induced host cell death was further
investigated. To exclude side effects of secondary site mutations, the bursa aurealis transposon
(Fey et al., 2013) inserted in the scpA gene was freshly transduced into the JE2 wild type strain
obtaining JE2 scpA. An apoptosis detection assay was performed by staining of infected cells
with annexin V-APC and 7AAD. Results obtained with the LDH assay (Figure 3.36A) were

confirmed, since the scp A mutant induced significantly fewer annexin V- and 7AAD-positive
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cells in contrast to the wild type (Figure 3.37A and B). No significant differences in annexin V-
and 7AAD-positive cells were observed between infection with JE2 scpA and Cowan I and the
number of annexin V-positive and 7AAD-negative cells and annexin V-negative and 7AAD-

positive cells did not significantly differ between JE2, JE2 scpA and Cowan L.
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Figure 3.37: Inactivation or inhibition of staphopain A leads to less cell death induced by intracellular
S. aureus.

(A, B) HeLa cells were infected with S. aureus JE2, JE2 scpA or Cowan I, stained with annexin V and 7AAD at
6 hp.i. and analyzed by flow cytometry. Representative scatter plots (A) and bar graph of quantified cell
populations (B) are shown. (C) HeLa cells infected with S. aureus JE2 were treated with 80 uM E-64 or solvent
control (DMSO) 1 h prior to infection and at 6 h p.i. LDH release was quantified. (D) Phase contrast images of
S. aureus JE2, JE2 scpA or Cowan I-infected cells were taken at 6 h p.i. (scale bar: 100 um). Statistical analysis
was performed by two-way ANOVA (B) or unpaired t-test (C) (*P<0.05, ****P<(0.0001) (Stelzner et al. (2019)
submitted).

Inhibition of staphopain A with the cysteine protease inhibitor E-64 led to reduction of
S. aureus cytotoxicity by 54 % (Figure 3.37C). Besides, the morphology of JE2 scpA-infected
HeLa cells was reminiscent of infection with the non-cytotoxic strain Cowan I but not with the
JE2 wild type (Figure 3.37D). While infection with JE2 showed typical signs of cell death like

rounding, retraction of pseudopodia and detachment from the substratum (Kroemer et al.,



Results 106

2009), HeLa cells infected with JE2 scpA mostly exhibited an adherent morphology, although
cells appeared to be filled with granular particles.

To further verify the role of staphopain A in S. aureus-induced cytotoxicity, loss of ScpA
function was complemented by plasmid with a functional scpAB transgene, containing the
native promotor region and the transcription terminator of the operon. LDH release in HeLa
cells induced by the complemented scpA mutant, JE2 pscpAB, was significantly increased over
the scp A mutant at 6 h p.i. (Figure 3.38A and B). Cytotoxicity levels of JE2 pscpAB (40.6 % =+
9.2) were higher when compared to the wild type (28.8 % + 2.9), but the increase was not
significant.
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Figure 3.38: Complementation with scpAB, but not with pscpAc23sB, restores the cytotoxicity of the
staphopain A mutant.

(A, B) Induction of host cell death was determined at 1.5, 3, 6, 12 and 24 h p.i. (A) or 6 h p.i (B) in HeLa cells
infected with JE2 wild type, scpA mutant (JE2 scpA), complemented mutant (JE2 pscpAB), complemented mutant
with active mutation in scpA (JE2 pscpAc23sa)B) or Cowan 1. (C) Optical density (OD) at 600 nm of bacterial
strains in TSB was determined for 18 h at 10 min-intervals. (D) HeLa cells were infected with S. aureus 6850,
6850 scpA and 6850 pscpAB and LDH release was quantified at 6 h p.i.. Statistical analysis was determined by
one-way ANOVA (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001) (Stelzner et al. (2019) submitted).

Functional inactivation of the transgene scpA by active site mutation (C238A, JE2
pscpA(c23sa)B) abolished the cell death induced by the complemented scpA mutant at 6 h p.i..
LDH release of JE2 scpA (1.9 % + 1.4) and JE2 pscpAc23sa)B (1.4 % + 3.6) was significantly
reduced to levels of Cowan I-infected cells (2.0 % + 4.4) at 6 h p.i. when compared to JE2 wild
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type or JE2 pscpAB (Figure 3.38A and B). However, at 12 and 24 h p.i. cytotoxicity of JE2
scpA- and JE2 pscpAc23sa)B was consistent with the LDH release of JE2- or JE2 pscpAB-
infected HeLa cells. This finding indicated a delayed cell death induced by the staphopain A
mutant. The observed differences in cytotoxicity were not due to impaired or enhanced growth
of the bacterial strains used (Figure 3.38C). Loss of staphopain A function also led to reduced
cytotoxicity of the MSSA-strain 6850 (4.7 % + 5.5) in comparison to the 6850 wild type
(31.6 % + 9.0), which was rescued by complementation with pscpAB (40.4 % + 5.4) (Figure
3.38D).

3.3.3.2 Staphopain A does not interfere with invasion, phagosomal escape and
intracellular replication of S. aureus

In order to investigate a possible role of staphopain A in S. aureus invasion of epithelial cells,
HeLa cells were infected with JE2 or JE2 scpA mutant and cell invasion was determined by
quantification of infected cells at 1 h p.i. (Figure 3.39A). No significant differences in the
number of infected cells was detected. Likewise, the scpA mutant was tested for phagosomal
escape (Figure 3.39B and C, Video 19). Infection of HeLa YFP-cwt cells with JE2 or JE2 scpA
revealed similar rates of phagosomal escape of both strains, while Cowan I did not or very
rarely translocate into the cytoplasm of the host cell. Therefore, effects of staphopain A on

invasion or phagosomal escape of S. aureus can be excluded.

Investigation of intracellular replication of the scpA mutant in epithelial cells showed that JE2
scpA grew to the same extent as the wild type until 6 h p.i. (Figure 3.39D and E, Video 20).
While the amount of intracellular JE2 subsequently decreased, JE2 scpA continued replicating.
The amount of intracellular JE2 scpA (82971 AFU =+ 6478) was significantly higher at 8 h p.i.
compared to the wild type (45282 AFU + 5230). The non-cytotoxic strain Cowan I did not
replicate intracellularly. A growth benefit of the staphopain A mutant was excluded, as no
differential growth was detected in vitro (Figure 3.38C). The decline in intracellular replication
of the wild type coincided with increased host cell death at 6 h p.i. (Figure 3.38A and B),
whereas the scpA mutant did not induce cytotoxicity at this time point. Besides, morphological
differences of the infected cells were detected, as described above (Figure 3.37D). Host cells
infected with JE2 underwent major morphological changes, such as cell rounding and retraction

of pseudopodia, whereas JE2 scpA induced only minor changes of cell shape (Figure 3.39E).
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Figure 3.39: Loss of staphopain A function has no effect on S. aureus invasion or phagosomal escape, but
leads to prolonged intracellular replication.

(A) HeLa cells were infected with S. aureus JE2, JE2 scpA or Cowan I expressing GFP and the number of GFP-
positive cells, representing the infected cells, was determined at 1 h p.i.. (B) Phagosomal escape was determined
by quantification of co-localization of intracellular bacteria and the cytosolic escape marker YFP-cwt at 3 h p.i.
in HeLa YFP-cwt cells infected with S. aureus JE2 mRFP, JE2 scpA mRFP or Cowan I mRFP. (C) Live cell
imaging of HeLa YFP-cwt cells infected with S. aureus JE2 mRFP (upper panels) or JE2 scpA mRFP (lower
panels) revealed phagosomal escape of both strains (red: S. aureus, yellow: YFP-cwt, gray: BF, scale bar: 20pum).
(D) HeLa cells were infected with JE2, JE2 scpA or Cowan I expressing GFP. At 1, 3, 6 and 8 h p.i. the mean
GFP fluorescence, representing the relative number of intracellular bacteria, was quantified. (E) Live cell imaging
was performed to study intracellular replication of JE2 (upper panels) and JE2 scpA (lower panels) in HeLa cells
(green: S. aureus, gray: BF, scale bar: 20pum). Statistical significance was determined by one-way ANOVA
(***P<0.001) (Stelzner et al. (2019) submitted).

3.3.3.3 Mutation of staphopain A does not abolish cytosolic Ca** overload in S. aureus-
infected host cells
As a cytosolic Ca?" rise was observed in S. aureus 6850-infected HeLa cells followed by

activation of effector caspases and host cell lysis (Section 3.2.6.1), Ca*" signaling in S. aureus
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JE2 scpA-infected cells was investigated to elucidate a possible role of staphopain A in
inducing Ca”* elevations. HeLa R-Geco cells were infected with S. aureus JE2 or JE2 scpA and
time-lapse fluorescence microscopy was performed to quantify cytosolic Ca>" concentration

during intracellular infection of S. aureus (Figure 3.40, Video 21).
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Figure 3.40: S. aureus JE2 scpA triggers cytosolic Ca?* overload in epithelial cells.

HeLa R-Geco cells were infected with S. aureus JE2 GFP or JE2 scpA GFP and cytosolic Ca®>" concentration, i.e.
R-Geco fluorescence, was measured by time-lapse imaging. (A) Representative stills from time-lapse
fluorescence microscopy showed elevations in cytosolic Ca?* concentration independent of the bacterial strain
used for infection (green: S. aureus, red: R-Geco, gray: BF, scale bar: 20 pm). (B) Relative quantification of
cytosolic Ca®* concentrations of single, infected (JE2) or uninfected (ni) cells. (C) The maximum amplitude of
relative R-Geco fluorescence of 10 single infected cells was determined. (D) The latency after infection until the
maximum amplitude of relative R-Geco fluorescence was quantified in 10 single cells. Statistical significance
was determined by unpaired t-test (*P<0.05).

Similar to S. aureus 6850, intracellular S. aureus JE2 was capable of inducing cytosolic Ca**
overload. However, loss of staphopain A function did not prevent cytosolic Ca?* rise induced
by intracellular S. aureus (Figure 3.40A). Increased R-Geco fluorescence was observed in
S. aureus JE2- and JE2 scpA-infected Hela cells. But while S. aureus JE2 wild type induced
rather sustained Ca®" elevations for hours to minutes, the duration of the cytosolic Ca>" peaks

induced by infection with S. aureus JE2 scpA seemed to be shorter (Figure 3.40B). However,

the amplitude of the cytosolic Ca*" rise did not differ, whereas the time point of maximal
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amplitude was delayed in cells infected with S. aureus JE2 scpA when compared to the wild
type (Figure 3.40C and D). Likewise, loss of staphopain A function did not abolish activation
of effector caspases (Figure 3.41, Video 22). As described before, morphological differences
between cells infected with S. aureus JE2 or JE2 scpA were evident, as infection with JE2 wild
type led to host cell contraction, whereas JE2 scpA-infected cells showed only minor alterations

of cell morphology.

4h 19minp.. 7h44minpi.  Figure 3.41: S. aureus JE2 scpA triggers activation of
st | effector caspases.

HeLa cells were infected with S. aureus JE2 mRFP or
JE2 scpA mRFP and CellEvent Caspase 3/7 detection
reagent was added prior to time-lapse imaging.
Representative  stills from live cell fluorescence
microscopy are depicted (red: S. aureus, green:
CellEvent, gray: BF, scale bar: 20 pm).

JE2

JE2 scpA

3.3.3.4 Ectopic expression of staphopain A in a non-cytotoxic S. aureus strain induces
host cell death after phagosomal escape

To elucidate the role of staphopain A in the intracellular lifestyle of S. aureus further, it was
investigated, if expression of scpAB in the non-cytotoxic laboratory strain RN4220 is sufficient
to kill the host cell. S. aureus RN4220, just as Cowan I, is internalized by host cells, yet is not
capable to escape from the phagosome. However, ectopic expression of S. aureus d-toxin has
been shown to permit translocation of this strain into the host cell cytosol, while the number of
host cells was not reduced (Giese et al., 2011). This transgenic strain was employed for ectopic
expression of staphopain A vyielding S. aureus RN4220 phld-scpAB, which collinearly
expresses d-toxin (hld), staphopain A (scpA), staphostatin A (scpB) and the fluorescent protein
cerulean under control of an AHT-inducible promotor. Secretion of the mature, proteolytically
active form of staphopain A by this strain in the presence of AHT was proven (Figure 3.42A)
(Nickerson et al., 2010). Mutation of the active site of staphopain A (scpA(c23sa)) prevented the
formation of the mature ScpA, while the inactive precursor proScpA and other, so far

unidentified forms of staphopain A accumulated.



Results 111

A w0 | B *
hid-scpAB
RALGE 5CPAcaapB 704 r 1
AHT N | T N 1 P —_ ekkk kR
= @ 604 r L 1
s5kDa— N
@
G : < 504
40 kDa — S Scoh E
1 proscp
o 404
35kDa — =
= 304
' ‘C
25 kDa — A % 204
- :
o 10+
£
ScpA Y
mature Scp) _
£ V]
15ikbe= 104 Rnaz220 RN4220 RN4220
( phid-scpAB " phld-scpAB phlc:l-sc:pA(cm,,)BI
0 ng/ml AHT 200 ng/ml AHT
C RN4220 phid-scpAB -AHT D
@B RN4220 phld-scpAB +AHT
RN4220 phid-ScpA ¢ z5s4,8 +AHT 50- e
20- —_ T 1
7]
Fhhk kkdkk g 40.
a
15+ £
T
P 3 30+
© >
2 10- z
~2 *kk kK % 20+
=)
i)
Q
> = 104
=
- - - .
0
annexin V+ annexinV-  annexinV + DMSO 80 pM E-64
7AAD - TAAD + 7TAAD +
E . RNA220 phid-scph c355mB

Figure 3.42: Ectopic expression of staphopain A in a non-cytotoxic S. aureus strain leads to host cell death.
(A) Western blot for detection of staphopain A was performed with protein samples from supernatant of S. aureus
RN4220 phld-scpAB or RN4220 phld-scpAc23sa)B cultures grown overnight with or without addition of
200 ng/ml AHT. Expression of functional ScpA allowed the detection of the mature protein (17 to 20 kDa), while
expression of an active site-mutated staphopain A led to accumulation of proScpA (ca. 40 kDa) (Nickerson et al.,
2010). (B, C) HeLa cells were infected with S. aureus RN4220 phld-scpAB or RN4220 phld-scpAc23sa)B with or
without 200 ng/ml AHT and cytotoxicity was determined by LDH assay at 6 h p.i. (B, n=6) or annexin V-APC
and 7AAD staining at 4.5 h p.i. (C). (D) HeLa cells were treated with 80 uM E-64 or solvent control (DMSO) and
200 ng/ml AHT 1 h prior to infection with S. aureus RN4220 phld-scpAB. 6 h p.i. LDH release was quantified.
(E) Phase contrast images of HeLa cells infected with S. aureus RN4220 phld-scpAB or RN4220 phld-
scpAc2sa)B in the presence of 200 ng/ml AHT (scale bar: 100 pm). Statistical significance was determined by
one-way (B) or two-way ANOVA (C) or unpaired t-test (D) (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001)
(Stelzner et al. (2019) submitted).
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Infection of HeLa cells with these transgenic strains, RN4220 phld-scpAB and RN4220 phld-
scpAc238)B, in the presence of AHT led to host cell death, when the functional, mature form of
ScpA was expressed (Figure 3.42B and C). LDH release of HeLa cells was significantly
increased after 6 h p.i. with RN4220 phld-scpAB (45.1% + 14.3) in contrast to infection with
RN4220 phld-scpAc238)B (- 0.2 % £ 1.6), where no cytotoxicity was detected (Figure 3.42B).
Infection with RN4220 phld-scpAB omitting AHT-treatment resulted in very low level of
cytotoxicity (4.0 % + 3.6). Similar results were obtained by staining of infected cells at 4.5 h p.i.
with annexin V-APC and 7AAD (Figure 3.42C). The number of annexin V-positive and
7AAD-negative cells, annexin V-negative and 7A AD-positive cells and annexin V-positive and
7AAD-positive cells was significantly increased after infection with RN4220 phld-scpAB in
the presence of AHT when compared to infection with RN4220 phld-scpA(c238)B under AHT-
treatment or RN4220 phld-scpAB without AHT. Pre-treatment of host cells with the cysteine
protease inhibitor E-64 also decreased the cytotoxicity of RN4220 phld-scp AB by 58 % (Figure
3.42D). Phase contrast microscopy of HeLa cells infected with RN4220 phld-scp AB or RN4220
phld-scpAc238)B further illustrated the cytotoxicity of staphopain A (Figure 3.42E). While
expression of the functional scpA induced cell rounding and detachment from the substratum,

viable, adherent cells were observed after expression of inactive scpAc23sa).

Both transgenic strains, S. aureus RN4220 phld-scpAB and RN4220 phld-scpAc238)B, were
able to translocate from the phagosome to the cytoplasm of the host cell (Figure 3.43A arrows,
Video 23). However, only RN4220 phld-scpAB induced cell contraction after phagosomal
escape. The morphological changes triggered by RN4220 phld-scp AB occurred within seconds
after permeabilization of the phagosomal membrane. In contrast to results obtained for
S. aureus 6850 (Figure 3.3C) or JE2 (Figure 3.39D and E, Video 20), intracellular replication
of RN4220 phld-scpAB or RN4220 phld-scpAc238)B was not observed (Video 23).

To exclude a cytotoxic effect of extracellular staphopain A, epithelial cells were treated with
supernatant from RN4220 phld-scpoAB and RN4220 phld-scpAc238)B overnight cultures
(Figure 3.43C). Induction of expression with AHT led to high amounts of the mature,
proteolytically active form of staphopain A, while RN4220 phld-scpAc238)B secretes only the
inactive precursor of ScpA (Figure 3.43B, Figure 3.42A). Treatment of HelLa cells with
increasing amounts of these supernatants showed a concentration-dependent increase in LDH
release 24 h after treatment (Figure 3.43C). However, supernatant of RN4220 phld-scpAB did
not induce more cell death when compared to RN4220 phld-scpAc23s)B.
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Figure 3.43: Staphopain A leads to cell death after phagosomal escape.

(A) HeLa YFP-cwt cells were infected with S. aureus RN4220 phld-scpAB (upper panels) or RN4220 phld-
scpAca3saB (lower panels) in the presence of 200 ng/ml AHT and live-cell imaging was performed (cyan:
S. aureus, yellow: YFP-cwt, scale bar: 20 um). (B) SDS-PAGE and Coomassie staining was performed to study
proteins secreted by S. aureus RN4220 phld-scpAB or RN4220 phld-scpAcaza)B  with or without
supplementation of 200 ng/ml AHT. (C) HeLa cells were treated with 1, 2 or 5 % of sterile culture supernatant
(SNT) of AHT-treated S. aureus RN4220 phld-scp AB or RN4220 phld-scpAc23sa)B. LDH release was determined
24 h after treatment and normalized to treatment with BHI medium used for bacterial cultures. Statistical
significance was determined by two-way ANOVA (Stelzner et al. (2019) submitted).

3.3.3.5 Staphopain A induces host cell death with characteristics of apoptosis

The morphology of S. aureus RN4220 phld-scp AB-infected cells was reminiscent of apoptotic
cells, since cell rounding and contraction, retraction of pseudopodia and plasma membrane
blebbing were observed (Figure 3.42E and Figure 3.43A) (Kroemer et al., 2009). Therefore, the
staphopain A-induced cell death was investigated for molecular markers of apoptosis. Staining
with annexin V-APC and 7AAD revealed a typical apoptotic behaviour of RN4220 phld-
scpAB-infected HeL a cells, in that the cells first acquired annexin V followed by staining with
7AAD (Figure 3.44A). At 1 h p.i. similar amounts of infected cells were annexin V-positive
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and 7AAD-negative and annexin V- and 7AAD- positive, while 4.5 h p.i. most cells were
annexin V- and 7AAD- positive (Figure 3.44B). Inhibition of caspases with Z-VAD-fmk led to
a significant reduction RN4220 phld-scpAB-induced cytotoxicity by 27 % (Figure 3.44C).
Additionally, activated effector caspases were detected in extracellular vesicles originating
from HeLa cells infected with RN4220 phld-scpAB (Figure 3.44D, Video 24). Increased
CellEvent fluorescence was observed in those vesicles, which appeared at later time points of
infection after cell contraction and the formation of membrane blebs. An increase in cytosolic

Ca?" of the infected host cell was not detected (Figure 3.44D, Video 24).
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Figure 3.44: Staphopain A-induced cell death shows features of apoptosis.

(A, B) HeLa cells were infected with S. aureus RN4220 phld-scpAB in the presence of 200 ng/ml AHT and stained
with annexin V-APC and 7AAD at 1 and 4.5 h p.i.. Representative scatter plots (A) and bar graph of quantified
cell populations (B) are shown. (C) Pretreatment of HeLa cells with 80 uM Z-VAD-fmk and 200 ng/ml AHT led
to reduction of RN4220 phld-scpAB-induced cell death when compared to treatment with solvent control
(DMSO). (D) HeLa R-Geco cells were infected with S. aureus RN4220 phld-scpAB in the presence of 200 ng/ml
AHT and prior to live cell imaging CellEvent™ Caspase3/7-substrate was added. Representative stills are shown
(cyan: S. aureus, red: R-Geco, green: CellEvent™ Caspase3/7 substrate, gray: BF, scale bar: 10 pm). Statistical
significance was determined by two-way ANOVA (B) and unpaired t-test (C) (*P<0.05, ***P<0.001,
**#%P<(0.0001) (Stelzner et al. (2019) submitted).
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3.3.3.6 Staphopain A promotes S. aureus colonization in a pneumonia infection model

To investigate, if staphopain A also plays a role in S. aureus virulence in vivo, mice were
intranasally administered with JE2 wild type, scpA mutant or complemented mutant. 48 h p.i.
the bacterial burden in the lung of the animals was determined by plating of the tissue lysates '
(Figure 3.45). Loss of staphopain A function led to significantly decreased numbers of bacteria
in the mouse lung tissue in contrast to infection with the wild type. By complementation of the
staphopain A mutant, the decrease in the bacterial numbers in the lung was reversed. The
bacterial load in the lung tissue of JE2 scpA and JE2 pscpAB-infected mice was close to
significance. Infection with JE2 wild type and complemented mutant led to the same bacterial

load in the murine lung.

ns Figure 3.45: Staphopain A promotes S. aureus colonization
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4 Discussion

4.1 The intracellular lifestyle of S. aureus in epithelial cells

Although S. aureus is not regarded as a typical intracellular bacterium, it is able to invade
epithelial and endothelial cells, osteoblasts, fibroblasts and keratinocytes and survives within
professional phagocytes for extended periods (Horn et al., 2018b). In non-professional
phagocytic cells, the pathogen escapes from the phagosome, replicates intracellularly and
induces host cell death. Time-lapse imaging performed in the present study reveals direct
evidence from live cells and bacteria that cytotoxic S. aureus only multiplies after its
translocation into the cytosol followed by induction of host cell death in HeLa cells (Figure 3.1,
Video 1). Thereby, the microscopy performed in the present study corroborates previous
findings, which demonstrate the dependence of intracellular replication on phagosomal escape

and the potential cytoplasmic location of this event (Grosz et al., 2014; Jarry et al., 2008).

The timing of S. aureus-induced host cell death in epithelial cells was characterized revealing
initiation of cell death between 3 and 5 h p.i. by a proteinaceous factor, since only at earlier
time points during infection chloramphenicol treatment was capable of suppressing LDH
release (Figure 3.2C). Likewise, the onset of host cell lysis triggered by intracellular S. aureus
lies between 3 and 4.5 h p.i. (Figure 3.2B). Thus, induction of host cell death required de novo
synthesis of a protein, which may mediate cell lysis directly or after a time lag of up to 90 min.
Since S. aureus-induced cytotoxicity is highly dependent on phagosomal escape (Blaettner et
al., 2016; Grosz et al., 2014; Lam et al., 2010), inhibition of factor(s) inducing phagosomal
escape, such as PSMa, is conceivable to also impair host cell death. Therefore, it cannot clearly
be concluded that a protein is triggering S. aureus-induced cell death independently of
phagosomal escape. However, phagosomal escape of cytotoxic S. aureus strains commenced
approx. 2.5 h p.i. in epithelial cells (Grosz et al., 2014), which is prior to the starting time point
of host cell death determined here (3-5 h p.i.).

The present study was conducted to identify factors promoting S. aureus cytotoxicity, but
having no effect on phagosomal escape. Besides the dependence of S. aureus cytotoxicity on
phagosomal escape, the molecular pathways and factors underlying S. aureus-mediated cell
death remain largely unclear. Inconsistent and to some extent contradicting findings were
reported, which were often only specific for the cell type or bacterial strain used (reviewed in

Horn et al., 2018b).
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4.2 Haploid genetic screen as a tool for identifying host genes involved in S. aureus
intracellular cytotoxicity

4.2.1 Evaluation of haploid genetic screen performance

A loss-of-function genetic screen in human haploid cells was performed to identify genes
mediating S. aureus-induced host cell death. This approach avoids potential off-target effects
and incomplete knockdowns of RNA interference-based screens and is advantageous over
chemical mutagenesis screens, since it causes only a limited number of disrupted genes per cell,
which can be readily identified (Carette et al., 2009). Nevertheless, haploid genetics is restricted
to certain few cell lines such as HAPI, whose susceptibility to infection by intracellular
S. aureus had previously not been investigated. The present study showed that the adherent
haploid cell line HAP1 is infected and killed by intracellular S. aureus (Section 3.1). The extent
of invasion, phagosomal escape, intracellular replication and cytotoxicity of S. aureus 6850 as
well as the timing of intracellular infection in HAP1 cells were comparable to infection of HeLa

cells suggesting similar pathways of pathogen-induced host cell death in both cell types.

In order to identify host factors involved in these pathways, a previously established HAP1
mutant cell library was used (Carette et al., 2011b). This library had been successfully employed
to identify host cell factors involved in viral infection (e.g. Baggen et al., 2016; Hoffmann et
al., 2017; Jae et al., 2014; Riblett et al., 2016; Staring et al., 2017). Whereas during viral
infections host cell infection rates close to 100 % can be titrated, S. aureus 6850 infects not all
HAP1 host cells (71 =7 %; Figure 3.3A, Figure 3.5A). This incomplete infection was not
dependent on the cell line or bacterial strain used, since S. aureus 6850 infection of HeLa cells
also led to 82 + 14 % infected cells and infection of HAPI1 cells with highly cell invasive
S. aureus strain Cowan I resulted in 74 £ 1 % of infected cells (Figure 3.3A, Figure 3.5A). The
reason for this is unclear. Differential expression of bacterial adhesion factors, such as
fibronectin-binding proteins, or host cell receptors promoting S. aureus invasion may explain
why not all host cell are infected. Expression of invasion-relevant factors may be influenced by
the cell cycle/growth phase of the bacterial or host cell. It is well known that S. aureus surface
proteins, such as adhesins, are primarily expressed during exponential growth phase (Gordon
and Lowy, 2008; Lowy, 1998). However, bacterial cells were harvested for infection from this

growth phase (Section 2.2.1.2).

A critical step for a successful screen is a high selective pressure and a selection stringency of
0.1t00.01 % surviving genotypes has proven to be favorable for haploid genetic screens (Lucas
Jae, personal communication). Therefore, preliminary tests were performed to determine the

number of surviving cell clones after infection with cytotoxic S. aureus 6850 (Table 3.2). HAP1
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wild type cells were infected with S. aureus 6850, extracellular bacteria were removed and
infected cells were selected by FACS. The loss of the cells during the sorting process as well
as while preparing the cells for sorting and during seeding after sorting posed a difficulty.
During sorting around 80 % of the HAP1 cells were lost (Figure 3.5F). However, considering
this cell loss, two repeated infections of HAP1 cells with S. aureus 6850 were sufficient for the

anticipated selective pressure in the preliminary tests (0.0768 %).

For the HAP1 screen, mutagenized cells were infected with S. aureus 6850, 6 h p.i. uninfected
cells were excluded by FACS and infection-surviving cell clones were expanded for several
days (Figure 3.6). Part of the cells was used for re-infection. DNA was prepared from the cells,
transposon insertion sites were amplified and sequenced, reads were aligned to the human
genome and unique gene mutations were counted (Table 6.1). Mutagenized cells were also
infected with S. aureus Cowan I as negative control. Due to the lack of cytotoxicity of this
strain, cell loss can be determined independently of the bacterial infection in contrast to
S. aureus 6850. Infection of the mutagenized HAP1 cells with Cowan I led to 83 to 89 % of
HAP1 cells irrecoverable after sorting and re-seeding (Table 3.3). Taking these numbers into
account, the selection stringency calculated for the HAP1 screen (0.0914 %) is sufficient to
enrich for target genes. Results from the HAP1 screen also revealed that the complexity of the

mutagenized HAP1 cell library was not affected by the cell loss (Table 6.1).

However, only 12 genes were significantly enriched (Table 3.4) and enrichment was not very
strong in contrast to other haploid genetic screens (compare e.g. Carette et al., 2011b; Jae et al.,
2014; Staring et al., 2017). Significantly enriched were mutants in genes, which are involved in
processes such as cell proliferation (TANC2, TBCK, KIF3B, PHLPP1) cell shape (TAOKI,
MYH9) and cell death (PAWR), which might be advantageous for survival of those cell clones
over others (Table 3.5). TANC2 demonstrated the highest total number of unique mutations
suggesting that this gene represents a hot spot for retroviral integration (Table 6.1). Insertion
by the retroviral gene trap vector is not completely random and has a bias for inserting around
active promoters (LaFave et al., 2014). Taken together, these observations suggest a too low
selective pressure in the haploid genetic screen, which complicates the identification of hits

over the background noise.

4.2.2 Validation of significantly enriched genes identified in the haploid genetic screen
Extensive literature research revealed only few connections between the genes identified in the
HAPI1 screen and factors reported in the literature to play a role in bacterial or specifically

S. aureus infection of host cells. Most interesting was the regulatory role of the kinase TAOK 1
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with the p38 MAPK and JNK signaling pathways (Hutchison et al., 1998; Moore et al., 2000),
which have been previously shown to play a role in S. aureus infection. The JNK signaling
pathway is involved in S. aureus-mediated killing of endothelial cells (Esen et al., 2001),
whereas intracellular S. aureus exploits a p38a-mediated mechanism to escape autophagy
(Neumann et al., 2016). Autophagy is triggered after invasion of non-professional phagocytes
by the agr-dependently expressed a-toxin (Mauthe et al., 2012; Mestre et al., 2010; O'Keeffe et
al., 2015). S. aureus induces activation of p38a, which localizes at the bacteria-containing
autophagosomes. Knock-out of p38a led to increased co-localization of S. aureus with
autophagosomes and to decreased survival of intracellular bacteria (Neumann et al., 2016).
Thus, knock-out of TAOK1 may result in reduced activation of p38 and JNK signaling
pathways and therefore prevent S. aureus escape from xenoautophagy and bacteria-induced
host cell death. TAOKI1 itself may be activated by a-toxin or, as it was shown that TAOK 1
regulates p38 in response to genotoxic stimuli (Raman et al., 2007), by DNA damage caused
by the pathogen. S. aureus induces DNA double strand breaks during infection (Deplanche et
al., 2019).

Subsequent investigation confirmed that p38 is phosphorylated and activated in HAP1 cells
during infection with S. aureus 6850 (Figure 4.1) (Matsch, 2018). Knock-out of TAOKI in
HAP1 cells prevented the co-localization of phosphorylated p38 and intracellular S. aureus
(Figure 4.1B), but did not reduce S. aureus-induced cell death in HAP1 cells (Figure 4.2).
Interestingly, TAOK1 was also identified in a genome-wide CRISPR/Cas9 screen as factor
contributing to S. aureus infection-induced deoxyadenosine (dAdo) intoxication of phagocytes
(Winstel et al., 2018). Disruption of the TAOK1 pathway by p38 inhibition led to increased
survival of dAdo-treated macrophages at high concentrations of the inhibitor, but could not

fully restore viability of the macrophages.

Further, TBCK was knocked-out in HAP1 cells to determine its role in S. aureus-induced host
cell death (Matsch, 2018). TBCK regulates the mTor signaling pathway (Liu et al., 2013),
which, among other pathways, controls autophagy (Noda and Ohsumi, 1998). As described
above, S. aureus infection induces autophagy in response to a-toxin. Induction of autophagy
has been implicated in promotion of S. aureus intracellular replication and induction of host
cell death (Schnaith et al., 2007), since bacteria did not replicate within and mediate killing of
autophagy-deficient atg5”" mouse embryonic fibroblasts. Autophagy induction by rapamycin
restored both replication and cytotoxicity of non-cytotoxic S. aureus strains. TBCK therefore
may trigger autophagy via mTor signaling in response to a-toxin exposure and thus enable

replication and induction of host cell death of intracellular S. aureus. However, loss of TBCK
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function did not lead to reduced cell death of mutant HAP1 cells infected with S. aureus 6850

when compared to the wild type (Figure 4.2B).
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Figure 4.1: Activation of p38 during S. aureus infection is dependent on TAOK1.

(A) Immunoblot blot of SDS-PAGE-separated cell lysates from S. aureus 6850 or Cowan I infected HAP1 wild
type cells (wt) or HAP1 ATAOKI clone 15. Protein levels of phospho-p38 (p-p38) and p38 were detected.
Detection of actin served as loading control. (B) Immunofluorescence staining of phospho-p38 (pp38) in HAP1
wild type or ATAOK1 cells infected with S. aureus 6850 expressing GFP. DNA was stained with DAPI (Matsch,
2018).

Induction of cancer cell apoptosis by PAWR has been previously described (Hebbar et al.,
2012) suggesting an involvement in pathogen-induced host cell death, too. The ability of
PAWR to selectively cause apoptosis in cancer cells has been attributed to the difference in
protein kinase A (PKA) levels between normal and cancer cells (Gurumurthy et al., 2005).
However, in a study using quantitative proteomics protein levels of PKA were not altered in
S. aureus-infected human bronchial epithelial cells compared to uninfected cells, but
phosphorylation of other proteins by PKA was important for S. aureus intracellular infection
(Richter et al., 2016). Further, the knockout of PAWR did not demonstrate changes in host cell

death after infection with S. aureus (Figure 4.2C) (Matsch, 2018).
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Figure 4.2: The role of TAOK1, TBCK, PAWR and TANC?2 in S. aureus cytotoxicity.

The genes TAOK1 (A), TBCK (B), PAWR (C) and TANC2 (D) were knocked out in HAP1 cells using
CRISPR/Cas9. LDH release was determined at 3, 6 and 24 h p.i. of HAP1 wild type cells (wt, yellow), first HAP1
knock-out clone (red), second HAP1 knock-out clone (blue) and HAP1 negative pool (green) with S. aureus 6850.
Infection of wild type HAP1 cells with S. aureus Cowan I served as non-cytotoxic control (purple) (Matsch, 2018).
Similarly, the CRIPSR/Cas9-derived knock-out of TANC2 in HAP1 did not alter host cell death
during intracellular S. aureus infection, although mutations in TANC2 were highly enriched in

cells surviving S. aureus infection (Figure 4.2 D) (Matsch, 2018).

4.2.3 Diversity of S. aureus intracellular lifestyle

Investigation of the four genes TAOKI1, TBCK, PAWR and TANC2, whose mutants were
significantly enriched in the haploid screen, did not reveal a role of those genes in host cell
death triggered by intracellular S. aureus. This further proves, as discussed above that the
selective pressure by S. aureus-mediated cytotoxicity on HAP1 host cells was insufficient
during the haploid genetic screen, although the selection stringency calculated for the HAP1

screen was within the anticipated range when accounting for cell loss (Table 3.3).

One explanation for this may be redundant pathways exploited by S. aureus to escape from the
host cell. For instance, both apoptotic and necrotic features of cell death have been described
for S. aureus-induced cytotoxicity (Section 3.2.2 and 3.2.4, Table 4.1) (Horn et al., 2018b),
which may indicate that independent processes are activated by intracellular S. aureus to kill
the host cell. However, the haploid screen cannot identify genes that contribute redundantly to

S. aureus-induced cell death, because insertional mutagenesis using the retroviral gene trap
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vector was titrated to obtain only one mutation per cell (Carette et al., 2009) and insertion sites

only from the cell pool, but not from single cells, were mapped.

The high background noise in the HAP1 screen could also be caused by impure sorting of the
infected cells. Incorrect sorting of uninfected cells leads to false-positive results. Purity of the
sort determined by re-analysis of the sorted cells ranged between 95-96 % (Table 3.3). In
comparison to the anticipated selection stringency of 0.1 to 0.01 % a value of 5 to 6 % false-
positives caused by impure sorting is very high. Re-infection, however, decreased the total
number of false-positives due to impure sorting to 0.18 % for S. aureus 6850-infected cells and
0.24 % for S. aureus Cowan I-infected cells. Besides, the purity values were very likely reduced
by dead cells, which typically occur after sorting due to e.g. mechanical or thermal stress.

Therefore, a dead cell exclusion dye should be used when re-analyzing sorted cells.

Another reason for the difficulties in identifying host cell factors involved in S. aureus-induced
host cell death in the HAP1 screen is heterogeneity in the intracellular infection of S. aureus. It
was observed that only part of the intracellular bacteria escaped from the phagosome and
subsequently killed the host cells (Figure 3.1, Video 1), which was reported by other studies,
too (Palma Medina et al., 2019; Rollin et al., 2017). It is known that S. aureus can switch to an
intracellular persistent state (Proctor et al., 1994), which is mediated by the alternative sigma
factor 6B (Tuchscherr et al., 2015). This small colony variant (SCV) phenotype is associated
with reduced intracellular cytotoxicity (Krut et al., 2003) likely resulting from low expression
of agr (Moisan et al., 2006). The mechanism of the phenotypic switch is not yet understood,
but the intracellular milieu of a host cell is sufficient for induction of persistence (Vesga et al.,
1996). Phenotypic switching from fully virulent bacteria to SCVs and back seems to be a highly
dynamic and rapid process (Tuchscherr et al., 2011). About one quarter of the initial inoculum
used for infection is able to induce persistence. Besides, genetic instability of the agr locus
during laboratory cultivation is well known and was also described to occur in vivo (McNamara
and Iandolo, 1998; Somerville et al., 2002; Traber and Novick, 2006; Traber et al., 2008).
However, a functional agr system is essential for phagosomal escape and subsequent
cytotoxicity of S. aureus (Blaettner et al., 2016; Jarry et al., 2008; Muenzenmayer et al., 2016;
Shompole et al., 2003). Therefore, it is conceivable that during the HAP1 screen not all

intracellular bacteria were cytotoxic, although a high multiplicity of infection was used.

4.3 Cell death pathways activated by intracellular S. aureus
Originally, scientists differentiated between programmed, apoptotic and accidental, necrotic

cell death. By now, several pathways of regulated cell death have been described (Section 1.4)
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(Galluzzi et al., 2018). Still, all molecular mechanisms are not always fully understood and
pathways may be activated simultaneously and overlap. Intracellular bacteria exploit these
mechanisms and either prevent premature cell death to preserve their protected replicative niche
or promote their exit from the host cell by induction of cell death (Boehme and Rudel, 2009;
Flieger et al., 2018). Intracellular S. aureus has been shown to induce apoptosis in several types
of host cells, autophagy-dependent cell death in epithelial cells and fibroblasts, necroptosis in
neutrophils or necrosis-like cell death in endothelial cells (Horn et al., 2018b). Additionally,
several studies could not clearly identify the involvement of a particular cell death mechanism
or found features of more than one cell death pathway (Flannagan et al., 2016; Greenlee-Wacker
et al., 2014; Haslinger-Loeffler et al., 2006; Melehani et al., 2015). In the present study, also
characteristics of multiple cell death mechanisms were detected in S. aureus-infected cells

(Table 4.1).

Table 4.1: Morphological and biochemical changes of different modes of cell death detected in S. aureus-
infected epithelial cells

Type of cell death Morphological Biochemical Reference
characteristics characteristics
Apoptosis cell contraction caspase 3/7 activation Section 3.2.2
membrane blebs involvement of caspases
(Z-V AD-fmk)

nuclear fragmentation

apoptotic bodies PARP-1 cleavage

1 2+
cytosolic Ca*" overload Section 3.2.6.1

increased cellular H,O, Section 3.2.5

(Secondary) necrosis cell lysis no PS exposure Figure 3.15C
MPT-driven necrosis cell lysis cytosolic and Section 3.2.6.1,
mitochondrial Ca?* 3.2.6.2
overload
increased cellular H,O» Section 3.2.5
Parthantos cell lysis AIF cleavage ? Section 3.2.3
Necroptosis cell lysis MLKL phosphorylation 2 Figure 3.15D

* only weak evidence, further prove is required

4.3.1 The role of apoptosis and caspases in S. aureus-induced cell death

Morphological features of apoptosis were detected in S. aureus-infected cells, such as cell
contraction, membrane blebs, nuclear fragmentation and the formation of apoptotic bodies
(Figure 3.1, Figure 3.2A and Figure 3.12, Video 3). This observation is in line with other
studies, where osteoblasts, epithelial and endothelial cells were infected with S. aureus (Chi et
al., 2014; Kabhl et al., 2000; Menzies and Kourteva, 1998; Tucker et al., 2000). In professional
phagocytes membrane blebbing, lamellipodium retraction and nuclear condensation upon

infection with S. aureus was reported (Flannagan et al., 2016; Kobayashi et al., 2010). The
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involvement of caspases, the major executers of apoptosis, in S. aureus-induced cell death is
controversial. Some studies report a role of caspases in S. aureus-infected cells (Flannagan et
al., 2016; Haslinger-Loeffler et al., 2005; Jin et al., 2013; Weglarczyk et al., 2004; Wesson et
al., 2000), while others describe a caspase-independent cell death mechanism (Kobayashi et al.,

2010; Muenzenmayer et al., 2016; Schnaith et al., 2007).

In the present study, a potential role of caspases in S. aureus-induced cytotoxicity was detected.
Inhibition of caspases led to a strong reduction of S. aureus cytotoxicity without affecting
bacterial invasion and phagosomal escape (Figure 3.8 and Figure 3.9, Video 2). Intracellular
replication may even be enhanced upon Z-VAD-fmk treatment. Morphologically, inhibition of
caspases with Z-VAD-fmk attenuated cell contraction of pathogen-infected cells (Video 3).
These findings were highly reminiscent of host cell death induced by the scp A mutant (Sections
3.3.3.1 and 3.3.3.2). Loss of staphopain A also strongly reduced S. aureus intracellular
cytotoxicity, while enhancing intracellular replication of the pathogen and preventing host cell
contraction. These apparent similarities suggest nonspecific effects of Z-VAD-fmk on
staphopain A. Indeed, Z-VAD-fmk has been shown to inhibit the activity of cathepsins,
calpains, papain, picornaviral 2A proteinases and peptide N-glycanase (Deszcz et al., 2004;
Misaghi et al., 2006; Misaghi et al., 2004; Rozman-Pungercar et al., 2003; Schotte et al., 1999;
Wolf et al., 1999). Thus, the results obtained by the use of Z-VAD-fmk have to be carefully

evaluated.

Moreover, in the present study activation of effector caspases 3/7 was documented in S. aureus-
infected cells by a fluorogenic caspase substrate (Figure 3.10, Video 3). Increased fluorescence
of the effector caspase substrate occurred at rather late time points of infection, which is after
cell contraction and cytosolic Ca?" overload of S. aureus-infected cells and approximately at
the same time as cell lysis (Figure 3.10 and Figure 3.15A, Video 4 and Video 12).The presence
of active caspase 3 subunits and cleavage of PARP-1, which is a substrate of caspases 3/7,
further corroborate this observation (Chaitanya et al., 2010). Both plasma membrane
permeabilization and effector caspase activation were initiated at the maximum amplitude of
cytosolic Ca?" concentration (Figure 3.25, Figure 3.27). It can be speculated that apoptosis,
executed by caspases 3/7, and a necrotic cell death, as indicated by permeabilization of the
plasma membrane, are triggered in parallel by S. aureus-induced cytosolic Ca*>" overload.
Alternatively, apoptosis and activation of effector caspases may be rapidly followed by

secondary necrosis, which occurs in the absence of efferocytosis (Silva, 2010).
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Interestingly, S. aureus-infected macrophages are also killed through a pathway characterized
by membrane blebbing and activation of caspase 3 followed by cell lysis (Flannagan et al.,
2016). In this study, plasma membrane permeabilization occured 12 to 18 min after caspase 3
activation. The authors therefore suggest an apoptotic mode of cell death, which readily transits

to a necrotic state and which is likely mediated by S. aureus cytolytic toxins.

Besides the potential side effects of Z-VAD-fmk, the inhibitor also did neither attenuate nor
abolish caspase 3/7 activation in S. aureus-infected cells (Figure 3.11, Video 3). Upon inhibitor
treatment, only a delay of caspase 3/7 activation was observed, whereas the amplitude of
effector caspase substrate fluorescence was not reduced. Likewise, in S. aureus-infected
macrophages caspase 3 activation was not completely blocked by Z-VAD-fmk treatment
(Flannagan et al., 2016). Caspase 3 activation was found delayed, too, with only a slightly
reduced number of caspase 3-positive cells. The identical fluorogenic caspase 3/7 activity
reporter was used in both studies, while the concentration of Z-VAD-fmk differed marginally
(100 uM vs. 80 uM in the present study). It is therefore conceivable that effector caspases are
massively activated in pathogen-infected cells and the inhibitor concentrations used were not
sufficient to block this process, although rather high amounts of Z-VAD-fmk were applied.
Alternatively, cleavage of the fluorogenic caspase substrate might non-specifically be mediated
by other proteases, which are activated during S. aureus intracellular infection. For instance,
other families of human and bacterial cysteine proteases, i.e. calpains and staphopain A, are
active during intracellular infection of S. aureus and could account for caspase substrate
cleavage. However, neither knock-out of calpain 4 nor mutation of staphopain A did abolish
effector caspase activation (Figure 3.33 and Figure 3.41, Video 16 and Video 22). The

fluorogenic caspase substrate may also be redundantly cleaved by several proteases.

Thus, an involvement of caspases in S. aureus-induced cytotoxicity cannot be clearly shown.
These findings may also explain the controversial results on the role of caspases by other studies

(reviewed in Horn et al., 2018b), as described above.

4.3.2 Parthanatos and necroptosis in S. aureus-mediated cytotoxicity

Since contribution of apoptosis in S. aureus-induced host cell death was not evident and
S. aureus cytotoxicity culminated in permeabilization of the host cell membrane (Figure 3.2B,
Figure 3.15A-C, Video 4), a possible role of other cell death mechanisms was investigated.
Parthanatos, also formerly known as a caspase-independent apoptosis mechanism, is activated,
for instance, upon oxidative stress and severe DNA damage. During S. aureus infection an

increased production of cellular HoO» was observed (Figure 3.16) and DNA damage is induced
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(Deplanche et al., 2019). A key factor of parthanatos is AIF, which normally resides within
mitochondria, but translocates to the nucleus upon proteolytic activation (Wang et al., 2011;
Yu et al., 2006). The truncated form of AIF, and thus activation of parthanatos, can be detected
by Western blot. In S. aureus-infected HeLa cells only faint bands were detected, which

potentially represent truncated AIF (Figure 3.14).

Similarly, necroptosis of S. aureus-infected host cells could not be clearly demonstrated.
Activation of MLKL upon phosphorylation by RIPK3 triggers this cell death pathway, which
culminates in rupture of the cellular membranes and release of intracellular components
(Vandenabeele et al., 2010). In the present study, only very weak phosphorylation of MLKL
was detected in epithelial cells infected with S. aureus (Figure 3.15D). Other studies found an
opposing role of MLKL and necroptosis during S. aureus infection. S. aureus-induced killing
of human PMNs partially required the activity of RIPK3, but was independent of MLKL and
RIPK1 (Greenlee-Wacker et al., 2017). Likewise, knockout of RIPK3 improved the outcome
of mice infected with S. aureus in skin, sepsis and pneumonia models, whereas RIPK1 and
MLKL were implicated in bacterial clearance (Kitur et al., 2015; Kitur et al., 2016). The authors
conclude that the host cell triggers necroptosis executed by RIPKI1 and MLKL to limit
pathological inflammation, while S. aureus exploits apoptosis activated by RIPK3 to induce

host cell death.

In conclusion, implication of MLKL and AIF and the respective regulated cell death pathways
in cytotoxicity induced by S. aureus requires further investigation. Results on AIF cleavage and
MLKL phosphorylation need to be further validated by repetition of the experiments with

positive controls and evidence of other characteristics of these cell death pathways.

4.4 Ocxidative stress in S. aureus-infected cells

High levels of intracellular ROS represent an intracellular stress signal that is implicated as
stimulus of several types of regulated cell death, for instance intrinsic apoptosis, MPT-driven
necrosis, parthanatos or lysosomal cell death (Redza-Dutordoir and Averill-Bates, 2016).
Oxidative stress can cause damage to proteins, nucleic acids, lipids, membranes and organelles
such as mitochondria (Halliwell, 2011). The present study detected an increase of intracellular
H>0; in §. aureus-infected cells (Figure 3.16A and B, Video 5). The timing of H>O» increase
was reminiscent of plasma membrane permeabilization and activation of caspases 3/7, as it
occurred after cell contraction but with the formation of membrane blebs. Due to leakage from
the respiratory electron transport chain most intracellular ROS is produced in the mitochondria

(Murphy, 2009). NecroX-5 can effectively inhibit mitochondrial H>O> and ONOO™ generation
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and thus protect the cell from death by caspase-, RIPK1- and PI3K-independent mechanisms
such as MPT-driven necrosis or parthanatos (Kim et al., 2010). In S. aureus-infected
macrophages NecroX-5 treatment reduced bacteria-induced mitochondrial H>O; elevations
(Abuaita et al., 2018). S. aureus-induced cell death was attenuated by NecroX-5, however no
significant decrease was noted (Figure 3.16C). These results indicate an additional source of
H>O2, besides mitochondria, in S. aureus-infected cells. ROS can also be produced by NADPH
oxidases (Nox) and their dual oxidase relatives (Duox) localized at various cellular membranes
(Dickinson and Chang, 2011). Nox proteins are classically known as important ROS producers
implicated in phagocytic killing of pathogens, but Nox and Duox isoforms were also found to
be expressed in virtually every cell type and Nox activation is associated with cell death (Bedard

and Krause, 2007).

H>0, may also be produced by the host cell to contain bacterial infection. Although non-
phagocytic cells produce ROS at lower rates when compared to immune cells, they can kill
intracellular pathogens by the same mechanism (Battistoni et al., 2004). S. aureus was killed
inside osteoblasts via induction of oxidative stress (Mohamed et al., 2016). Besides, the
pathogen possesses several strategies to resist oxidative killing by host cells (Clauditz et al.,
2006; Cosgrove et al., 2007; Karavolos et al., 2003). Reduced S. aureus cytotoxicity upon
NecroX-5 treatment rather supports a positive effect of ROS for the pathogen. It is also
interesting to note that treatment of S. aureus with sublethal doses of H>O; increases expression
of virulence factors associated with cytotoxicity such as staphopain A (Das et al., 2016).
Therefore, the cellular increase in HoO> may promote S. aureus cytotoxicity by enhanced
expression of the protease staphopain A. Yet, to what extent the host cell and the bacteria

benefit or suffer from intracellular oxidative stress needs further investigation.

4.5 Ca’ signaling and S. aureus-induced host cell death

4.5.1 8. aureus-mediated cytosolic and mitochondrial Ca* elevation

As a genome-wide shRNA screen to identify host cell factors involved in S. aureus-induced
cell death revealed a possible role of Ca** (Winkler, 2015) and upregulation of transcripts
involved in regulation of calcium homeostasis were reported in neutrophils after phagocytosis
of CA-MRSA strains (Kobayashi et al., 2010), alterations in intracellular Ca** levels during
S. aureus intracellular infection were investigated in the present study. Intriguingly,
intracellular S. aureus induced a massive overload of cytosolic Ca®" levels after the onset of
bacterial intracellular replication and cell contraction (Figure 3.17, Video 6). This was followed

by the formation of membrane blebs, cell lysis and the subsequent decrease of cytosolic Ca**
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concentration. These observations indicate that the perturbance of intracellular Ca**
homeostasis by S. aureus infection may result in cell lysis. Results from later experiments could
support the hypothesis that prolonged high cytosolic Ca?" concentrations culminate in cell lysis
(Figure 3.27). Thus, a high and sustained concentration of cytosolic Ca’*' induced by
intracellular S. aureus may induce a necrotic cell death by excess stimulation of Ca**-sensitive
targets, such as phospholipases, proteases and endonucleases in the cytosol (Caro and

Cederbaum, 2007; McConkey et al., 1989; Tang et al., 1996).

The rise in cytosolic Ca** was succeeded by Ca" elevation in mitochondria (Figure 3.18, Video
7). Mitochondria are involved in Ca*" compartmentalization and are able to buffer cytosolic
Ca®" to a certain extent. A Ca®' rise in the cytosol is typically paralleled by a cycle of
mitochondrial Ca*" uptake and subsequent release (Celsi et al., 2009). The affinity of the
mitochondrial uniporter for Ca®* is rather low and the size of the mitochondrial Ca** pool is
small under physiological conditions, but upon high cytosolic Ca** concentrations larger
amounts of Ca®" can accumulate in the mitochondria (Thor et al., 1984). Excessive Ca*" uptake
by mitochondria activates PTP via CYPD leading to MPT-driven necrosis (Baines et al., 2005;
Basso et al., 2005). Abrupt loss of permeability to small solutes of the inner mitochondrial
membrane leads to AWm dissipation and an osmotic imbalance eventually resulting in the
structural breakdown of the organelle. MPT-driven necrosis induced mitochondrial swelling
and mitochondrial outer membrane rupture. Accordingly, the cytosolic Ca®" rise induced by
intracellular S. aureus may lead to cell death by subsequent mitochondrial Ca*" overload and
MPT-driven necrosis. The detection of mitochondrial morphological alterations in S. aureus-
infected cells based on Mito-LAR-Geco fluorescence was impeded by host cell contraction and
may require higher magnification imaging. The generation of cellular H>O; in S. aureus-
infected cells (Figure 3.16) may further point towards a role of MPT-driven necrosis, because
MPT can result from or generate ROS (Izzo et al., 2016; Kinnally et al., 2011). Besides, as
discussed above, intracellular S. aureus induces plasma membrane permeabilization, which is

the final step of this cell death pathway.

Interestingly, the facultative intracellular pathogen Shigella was shown to induce MPT-driven
necrotic cell death (Carneiro et al., 2009; Dupont et al., 2009). This cell death pathway was
induced as a result of an altered ratio of the two BCL2 family members Bnip3 and BCL2 leading
to loss of mitochondrial inner membrane potential, mitochondrial damage and CYPD
activation. It is speculated that a sustained cytosolic Ca®" increase due to plasma membrane
permeabilization induces mitochondrial Ca®" overload and thus MPT-driven necrosis (Bonnet

and Tran Van Nhieu, 2016). So far, only during host cell invasion of Shigella local and global



Discussion 129

Ca?" responses were noted, which are regulated by a bacterial type 111 effector (Sun et al., 2017;

Tran Van Nhieu et al., 2003; Tran Van Nhieu et al., 2013).

Ca”' signaling is implicated in several cell death pathways and mechanisms (Section 1.4.5).
However, the amplitude and duration of the cytosolic, ER and mitochondrial Ca*" signal in
these processes are only poorly characterized. Thus, the cytosolic Ca?* increase induced by
intracellular S. aureus was directly compared to Ca>" signal in cells dying by different apoptotic
mechanisms (Figure 3.28). Cell death was induced by TNFa and CHX treatment (Pajak et al.,
2005), staurosporine (Kabir et al., 2002) and the translation inhibitor blasticidin (Lindqvist et
al., 2012). Morphologically, cell death induced by TNFo/CHX and blasticidin resembled that
of intracellular S. aureus, whereas cell death induced by staurosporine, which was reported to
also induce necroptosis (Dunai et al., 2012; Simenc and Lipnik-Stangelj, 2012), appeared more
necrotic. However, none of the treatments induced cytosolic Ca®" elevations to a similar extent
when compared to intracellular S. aureus. This observation suggests that a high cytosolic Ca**
increase is not characteristic to all cell death mechanisms and may rather be unique for

S. aureus-mediated cell death.

4.5.2 The role of calpains in S. aureus-induced host cell death

Ca®" can also induce apoptosis via the Ca®’-activated cysteine proteases calpains. During
infection with S. aureus, the activation of effector caspases 3/7 followed after the increase in
cytosolic Ca*" (Figure 3.25) suggesting an involvement of an apoptotic mode of cell death in
S. aureus-infected cells. Indeed, calpains were activated almost simultaneously with the
cytosolic Ca?" rise (Figure 3.29). However, knock-down and knock-out of calpains 1, 2 and 4
could not abolish or reduce S. aureus-induced host cell death (Figure 3.31 and Figure 3.32).
Additionally, activation of effector caspases was not affected by calpain 4 gene inactivation
(Figure 3.33). Therefore, activation of calpains 1, 2 and 4 plays no essential role in S. aureus-
induced host cell death. Apart from these most studied calpain isoforms, other members of the
calpain family might be implicated in S. aureus-induced host cell death. So far, fifteen
mammalian calpain isoforms have been identified, out of which some show only tissue specific
expression (Ono and Sorimachi, 2012). Calpain 10, which is ubiquitously expressed, was
shown to be targeted to mitochondria as well as calpain 1, 2 and 4 and calpastatin (Kar et al.,
2007; Ozaki et al., 2009; Tavares and Duque-Magalhaes, 1991). Mitochondrial calpains are
associated with apoptosis by cleaving the mitochondrial Na/Ca*" exchanger, which may lead
to mitochondrial Ca** overload and release of proapoptotic proteins, such as cytochrome C (Kar

et al., 2009). Mitochondrial calpains were also shown to cleave AIF upon an intracellular Ca**
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increase leading to parthanatos (Chen et al., 2011; Norberg et al., 2008; Ozaki et al., 2009;
Polster et al., 2005). However, AIF cleavage was only weak in S. aureus-infected cells (Figure
3.14). Interestingly, overexpression of mitochondrial calpain 10 led to mitochondrial
fragmentation and swelling, which was blocked with the MPT inhibitor cyclosporine A
(Arrington et al., 2006). This observation is in line with earlier findings that a mitochondrial

calpain-like activity regulated MPT (Aguilar et al., 1996; Gores et al., 1998).

Shigella flexneri also activated calpains, which ultimately leads to necrotic cell death
(Bergounioux et al., 2012). Calpains, which are activated by Ca*’ release from intracellular
stores and calpastatin degradation by the bacterial virulence factor VirA, prevent rapid
apoptotic cell death by degradation of p53. At the same time, calpains likely act as executioners
for MPT-driven necrosis. Despite similarities such as activation of calpain 4, p53 degradation
was not observed in S. aureus-infected cells (Figure 3.13) and knock-out and knock-down of

calpain 4 did not abrogate bacterial induction of cell death (Figure 3.33).

4.5.3 Origin of S. aureus triggered Ca>* rise

The endoplasmic reticulum is the major compartment for Ca*" storage and signaling and thus
usually the source of increases of cytosolic Ca** concentration. In non-excitable cells, such as
epithelial cells, perturbations of the cellular Ca>* homeostasis may arise from Ca" leakage from
the ER or, less frequently, the extracellular space. In the present study, a cytosolic Ca*" overload
was detected after infection of reporter cells with S. aureus (Figure 3.17, Video 6). If this Ca>"
originated from the ER, an earlier decrease in the ER Ca*" concentration should be measurable.
Indeed, a decline in the ER Ca** level was detected after S. aureus infection of epithelial cells,
which coincided with the cytosolic Ca*" rise (Figure 3.19). However, it was difficult to resolve
the temporal correlation between cytosolic and ER Ca?" signals during S. aureus infection. The
dynamic range of the ER Ca?" sensor (ER-LAR-Geco) is rather small (Figure 3.20A and B)
(Wu et al., 2014b) requiring exact measurements to detect the small changes in its fluorescence.
However, live cell imaging over longer time periods often does not allow for high
spatiotemporal accuracy. Since the live cells move laterally but also in z-direction, imaging of
whole cells and even more their intracellular organelles is impeded, for instance, by a shift in

focus or migration of the cell or cellular structure under investigation.

Automated cell segmentation for every time frame would be desirable to identify single cells,
but the fluorescent signal of the Ca*" sensors was too weak for this purpose. Other ER Ca?"
sensors could be tested, which may exhibit a higher dynamic range, although very few ER Ca?"

sensors have been developed until now (Henderson et al., 2015; Suzuki et al., 2014; Zhuo et
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al., 2015). Brightfield images have been used for cell segmentation, but this requires deep
learning models with individual adaptation from experiment to experiment (Falk et al., 2019).
The alternative manual definition of each region of interest (ROI), such as the cell cytoplasm,
in all samples for each of the recorded time frames would not only be time consuming, but
would also introduce the possibility of human error. In present study, hence a single ROI was
defined, for which the mean fluorescence was extracted from all time frames. Changes in cell

shape were taken into account as good as possible.

Therefore, it cannot be clearly concluded, whether the decline in ER Ca*" concentrations is the
direct cause or result of the cytosolic Ca>" overload. After the initial decrease of ER Ca*" a rise
was detected, which peaked during the second half of the cytosolic Ca*" rise, but did not exceed
the resting ER Ca®" concentration. The decrease followed by an increase in ER Ca®’
concentration points to a role of SOCE in S. aureus-induced Ca** cytosolic overload. During
SOCE, release of Ca** from the ER triggers an influx of the ion from the extracellular space to

refill the internal Ca®* stores (Hogan and Rao, 2015).

To investigate a potential role of SOCE in S. aureus-induced perturbations of cellular Ca*" and
subsequent cell death, the inhibitor 2-APB was applied. This substance inhibits SOCE at higher
concentrations (2 10-50 uM), while potentiation occurs at lower concentrations (1-5 uM)
(Dellis et al., 2011; Prakriya and Lewis, 2001). Inhibition of SOCE with 30 uM 2-APB led to
strong reduction of S. aureus intracellular cytotoxicity (Figure 3.21A). While treatment with 2-
APB did not affect S. aureus invasion and phagosomal escape, an effect on intracellular
replication is likely (Figure 3.21B-E). S. aureus intracellular growth was attenuated upon
inhibitor treatment. Likewise, S. aureus showed impaired growth in vitro in broth, when treated
with 2-APB (Figure 3.21F). Thus, the inhibitory effect of 2-ABP on S. aureus-induced host cell
death may partly be attributed to bacterial growth attenuation. However, in the present study

S. aureus-induced host cell death by staphopain A was replication-independent.

To minimize the inhibitory effect of 2-APB on S. aureus growth, infected epithelial cells were
treated with the inhibitor only shortly before reaching intracellular Ca** overload (approx.
3 hp.i.), instead of 1 h before infection. Although intracellular replication of S. aureus was
observed upon 2-APB treatment (Video 9), no effect of the SOCE inhibitor on §. aureus-
induced cytosolic Ca*" increase was detected (Figure 3.22). The efficacy of 2-APB should be
examined and other SOCE inhibitors could be tested, since 2-APB lacks specificity (Hu et al.,
2004; Maruyama et al., 1997; Missiaen et al., 2001; Trebak et al., 2002; Xu et al., 2005) and

has a replication attenuating effect on S. aureus. However, most of the available inhibitors also
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have drawbacks, such as poor specificity or high toxicity (Jairaman and Prakriya, 2013; Putney,

2010).

An attenuation of the cytosolic Ca*" increase was observed, when extracellular Ca®" was
omitted from the cell culture medium (Figure 3.23B-D). This observation proves that
intracellular S. aureus induces a Ca®" influx from the extracellular space via the plasma
membrane. Whether this is the initial cause for the cytosolic Ca*>" overload, cannot be answered,

since the observed ER Ca?" decrease may also be responsible for the cytosolic Ca?" increase.

Treatment of S. aureus-infected cells with BAPTA-AM to chelate intracellular Ca®" did not
impair the cytosolic Ca** increase (Figure 3.24B-D). A test with the Ca®" ionophore ionomycin
showed that loading of HeLa cells with BAPTA-AM only shortly (seconds to minutes) delayed
the cytosolic Ca*" rise in a concentration-dependent manner (Figure 3.24A). Thus, the highly
selective Ca®* chelator is saturated rather fast even at high concentrations, which are cytotoxic
at extended incubation times. At non-cytotoxic concentrations (5 pM), the Ca**-chelating effect
of BAPTA-AM likely was too small to substantially interfere with S. aureus-induced cytosolic

Ca*" overload.

In conclusion, intracellular S. aureus triggers both an efflux of Ca** from the ER and Ca*" influx
from the extracellular space. Both events occur rather simultaneously or with a short delay in
the range of only seconds to a few minutes. Inhibitor studies with 2-APB rather exclude an
involvement of SOCE in this process. To conclude a possible mechanism for the S. aureus-
induced cellular Ca** perturbations the timing of Ca?" efflux from the ER and Ca" influx via

the plasma membrane will have to be resolved.

4.5.4 S. aureus virulence factors and cytosolic Ca?* overload

Secreted bacterial factors induce strong cytosolic Ca®" elevations and oscillations in HeLa cells
when added to the cell culture medium (Figure 3.34, Video 17). The morphology and Ca*" rise
in HeLa cells treated with S. aureus supernatant resembled that of intracellular S. aureus
infection, in that the cytosolic Ca*" elevation occurred after cell contraction but before the
formation of plasma membrane blebs (compare Figure 3.17 and Figure 3.34). Thus, virulence
factors secreted by S. aureus may also trigger Ca®" flux(es) when secreted into the cytoplasm
of the host cell by intracellular bacteria. Although the inner leaflet of the plasma membrane
differs significantly from the outer leaflet in its composition of proteins and phospholipids,
receptor-independent pore formation of S. aureus toxins, for instance, can possibly also occur

from the inner side of the plasma membrane.
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The pore-forming toxin a-hemolysin can nonspecifically integrate into the membrane at high
concentrations (Hildebrand et al., 1991). Areas of specific lipid composition may be involved
in receptor-independent attachment of a-toxin to the host cell plasma membrane (Galdiero and
Gouaux, 2004; Tomita et al., 1992; Valeva et al., 2006; Watanabe et al., 1987; Ziesemer et al.,
2019). S. aureus a-toxin was shown to induce cytosolic Ca*" elevation in different types of cells
at sublytic concentrations (Eichstaedt et al., 2009; Fink et al., 1989; Kwak et al., 2012; Rath et
al., 2013; Suttorp et al., 1985; von Hoven et al., 2016) and calcium ions can enter the cells
directly through a-toxin pores (Eiffler et al., 2016). Thus, it is conceivable that intracellular
S. aureus secretes a-hemolysin in the cytoplasm of the host cell, where it forms Ca?*-permissive
pores in the plasma membrane and possibly also in membranes of host cell organelles, such as
the ER, and consequently triggers cellular Ca*>" perturbations and host cell death. Yet, infection
of epithelial cells with an a-toxin mutant did not significantly reduce the cytosolic Ca*>* overload
(Figure 3.35). Only a small reduction of intracellular cytotoxicity of S. aureus Ahla was
detected at 6 h p.i.. The same applies for a mutant in the virulence regulator gene rsp, which
was previously shown to play a role in S. aureus-induced cytotoxicity and regulates a-toxin

expression (Figure 3.35) (Das et al., 2016; Horn et al., 2018a).

Besides a-hemolysin, S. aureus leukotoxins can induce intracellular Ca?" increase in leukocytes
and neurons (Jover et al., 2013; Staali et al., 1998; Woodin and Wieneke, 1963; Yanai et al.,
2014). Leukotoxin pores are likely not directly permeable to calcium ions, but mediate cellular
Ca?" rise indirectly by binding to a receptor linked to a divalent cation-selective channel or to
the channel itself, which is activated subsequently. The bi-component y-hemolysin was the most
potent leukotoxin, initiating transient rises in intracellular Ca®>" concentration. However, a
mutant in 4/gB did not show reduced intracellular cytotoxicity in HeLa cells (Figure 3.36A).
PSMs were shown to induce Ca®" influx in human neutrophils, which can be blocked by an
inhibitor for formyl peptide receptor 2 (FPR2) (Cheung et al., 2015; Kretschmer et al., 2010).
Loss of function of PSMf or PSMy (8-toxin) did not affect S. aureus-induced host cell death,
whereas a mutant in PSMa exhibited reduced cytotoxicity (Figure 3.36B). The reduced
cytotoxicity of the PSMa mutant results, at least partly, from its ability to mediate phagosomal
escape, which is a prerequisite for S. aureus-induced host cell death (Figure 3.1, Figure 3.43)

(Blaettner et al., 2016; Grosz et al., 2014; Lam et al., 2010; Muenzenmayer et al., 2016).

It is conceivable that indirect Ca*" influx, for instance, by activating or inhibiting a Ca?*-
permissive channel, is not only triggered by pore-forming toxins, but also by other S. aureus
virulence factors, such as proteases or lipases. As mentioned above, mammalian calpain

proteases were shown to cleave the mitochondrial Na*/Ca?" exchanger (Kar et al., 2009).
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Inactivation of the S. aureus cysteine protease staphopain A significantly reduced induction of
host cell death (Figure 3.36A), but did not abolish cytosolic Ca?* overload (Figure 3.40). Only
the duration of the cytosolic Ca?* rise seems to be shorter and Ca** oscillations were observed
indicating that staphopain A might directly or indirectly interfere with S. aureus-induced Ca>*
overload. As inactivation of staphopain A did not abolish cellular Ca** perturbations and
infection with the non-cytotoxic S. aureus strain RN4220 expressing staphopain A did not

affect cytosolic Ca?* concentrations (Figure 3.44D, Video 24), other factors are likely involved.

4.6 Staphopains in S. aureus intracellular cytotoxicity

4.6.1 A novel function for staphopain A

Staphopain A is one of two cysteine proteases secreted by S. aureus, which was first identified
by Arvidson in 1973 (Arvidson et al., 1973). It was named after its structural similarity to the
papaya protease papain, which founds the most abundant family of cysteine proteases, including
human cathepsins and calpains. Early studies revealed that staphopain A possesses a rather
broad substrate specificity, resembling the substrate preferences of cathepsins (Bjoerklind and
Joernvall, 1974). The role of staphopain A in S. aureus virulence is not fully clear.
Staphopain A can process elastin, collagen and fibrinogens found in connective tissues and
extracellular matrix, which allows the conclusion that the protease is implicated in tissue
invasion and destruction (Ohbayashi et al., 2011; Potempa et al., 1988). Staphopain A is also
associated with biofilm dispersal, although aureolysin has a higher impact (Loughran et al.,
2014; Mootz et al., 2013). Besides, staphopain A was shown to interfere with innate immunity
by cleaving pulmonary surfactant protein A in the lung and the chemokine receptor CXCR2 on
leukocytes (Kantyka et al., 2013; Laarman et al., 2012). Staphopain A promotes vascular
leakage by activating the plasma kallikerin/kinin system, resulting in hypotension (Imamura et

al., 2005).

In the present study, a novel function of staphopain A was elucidated. A S. aureus mutant in
staphopain A as well as treatment of infected cells with the specific cysteine protease inhibitor
E-64 showed significantly reduced cytotoxicity in epithelial cells (Figure 3.37). The
morphology of the host cells infected with the staphopain A mutant further proved the
involvement of this cysteine protease in the intracellular lifestyle of S. aureus. Infected cells
showed no or less cell contraction when compared to infection with the wild type strain.
Reintroduction of a functional staphopain A operon could reverse the attenuated cytotoxicity
of the scpA mutant in a MRSA- and MSSA-strain background (Figure 3.38). In contrast,

inactivation of the protease function of staphopain A by introduction of an active site mutation



Discussion 135

did not restore S. aureus cytotoxicity. A role of the protease in other steps of S. aureus
intracellular lifestyle was excluded. Staphopain A inactivation had no effect on S. aureus
invasion and phagosomal escape in HeLa cells (Figure 3.39A-C). Intracellular replication was
favored by knock-out of staphopain A at later time points of infection (8 h p.i., Figure 3.39D
and E), but this effect was likely due to delayed induction of host cell death by the staphopain A

mutant.

To clearly assign a cytotoxic role to staphopain A, the protease was overexpressed in an
otherwise non-cytotoxic strain. S. aureus RN4220 exhibits altered expression of virulence
factors, for instance this strain shows delayed expression of the virulence regulator agr with
small amounts of its major effector RNAIII and failure to translate a- and d-toxin (Traber and
Novick, 2006). This likely explains its non-cytotoxic phenotype of RN4220. Ectopic expression
of d-toxin allows RN4220 to translocate into the cytoplasm of the host cell, but no induction of
host cell death was observed (Giese et al., 2011). However, additional expression of
staphopain A led to plasma membrane permeabilization of the infected host cell (Figure 3.42).
Expression of the inactive protease did not induce host cell death. Similarly, inhibition of
cysteine proteases with E-64 reduced staphopain A-induced cytotoxicity. These findings prove
the cytotoxic potential of this cysteine protease. Whether staphopain A acts alone or in
combination with other bacterial factors, cannot be concluded with certainty, since S. aureus

RN4220 may express other virulence factors involved.

4.6.2 The role of staphopain B in S. aureus cytotoxicity

Despite sharing limited primary sequence identity (46 %), ScpA and SspB share high structural
similarity and the tertiary structure of both staphopains closely resembles the fold of papain
(Filipek et al., 2005; Hofmann et al., 1993). Similarly to ScpA, staphopain B is implicated in
biofilm dispersion and affects the host connective tissue and coagulation system (Loughran et
al., 2014; Mootz et al., 2013; Ohbayashi et al., 2011; Potempa et al., 1988). However,
staphopain B is reported to have a far more restricted specificity compared to staphopain A. It
promotes bacterial survival by degradation of the antimicrobial peptide LL-37 and prevents
phagocytosis and killing of the pathogen by host immune cells (Elmwall et al., 2017; Smagur
et al., 2009a; Smagur et al., 2009b; Sonesson et al., 2017). Interestingly, treatment of human
neutrophils and monocytes with purified staphopain B led to a mixed necrotic- and apoptotic-
like cell death by reducing the expression of CD11b/CD18 integrins on the cell surface (Smagur
et al., 2009b). In the present study no significant effect of staphopain B on S. aureus
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intracellular cytotoxicity was detected (Figure 3.36A). A sspB mutant induced similar rates of

host cell death in HeLa cells at 6 h p.i. when compared to the wild type.

To exclude that staphopain A possesses an extracellular cytotoxic activity similar to
staphopain B, HeLa cells were treated with sterile supernatant from S. aureus RN4220
overexpressing staphopain A (Figure 3.43B and C). Supernatant, which contained the
functional staphopain A, did not induce higher cell death rates compared to supernatant from
RN4220 overexpressing non-functional staphopain A. Therefore, staphopain A possesses no
extracellular cytotoxicity. Nevertheless, treatment with the RN4220 supernatant did induce a
concentration-dependent cell lysis, but other factors besides staphopain A may account for this
effect. For instance, d-toxin, which is also highly expressed by this strain, has been shown to
possess cytolytic properties (Verdon et al., 2009). Interestingly, it was found that staphopain A
activity is inhibited in human plasma. The protease inhibitors a2-macroglobulin, cystatins,
serpins or other yet unidentified inhibitors may account for this effect (Kantyka et al., 2011a;
Potempa et al., 1988; Takahashi et al., 1999). Staphopain B activity is affected by mouse serum,
but not by human serum (Kantyka et al., 2011b). Additionally, no effective inhibitors of SspB
in human plasma were found. Theses finding further strengthen an intracellular role of

staphopain A in human cells.

4.6.3 Mechanism of staphopain A-induced cell death

Further evidence for an intracellular activity of staphopain A comes from the observation that
cytotoxicity induced by staphopain A was only detected after translocation of S. aureus to the
host cell cytosol (Figure 3.43A). This is in line with previous findings that induction of host
cell death by intracellular S. aureus highly depends on phagosomal escape in non-phagocytic
cells (Figure 3.1) (Blaettner et al., 2016; Grosz et al., 2014; Lam et al., 2010). Staphopain A
may cleave protein(s) present in the phagosome, which only induce cell death upon entering
the cytosol. Alternatively, the direct target substrate(s) of staphopain A may only have a

cytoplasmic location.

Induction of cell death by staphopain A was rather fast. Host cell contraction was observed
within minutes after phagosomal escape of S. aureus (Figure 3.43A, Video 23). Therefore,
expression of ScpA may already be induced during phagosomal residence of the bacterium.
Intriguingly, agr expression, which induces synthesis of staphopain A (Bjoerklind and
Arvidson, 1980), was found to be increased in phagolysosomes (Grosz et al., 2014; Qazi et al.,

2001; Shompole et al., 2003). A comprehensive transcriptome study also showed that
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staphopain A expression was increased during S. aureus intracellular residence in THP1 cells,

however paradoxically not in the bronchial epithelial cell line S9 (Maeder et al., 2016).

Staphopain A expression is further dependent on the pleiotropic transcriptional regulator Rsp,
which plays a role in S. aureus intracellular cytotoxicity in epithelial cells (Das et al., 2016).
Infection of HeLa cells with the »sp mutant significantly reduced host cell death induced by
intracellular S. aureus at4 and 8 h p.i. in contrast to the wild type. This phenotype is reminiscent
of the scp A mutant and may allow the conclusion that the attenuated cytotoxicity of the rsp
mutant is the consequence of diminished staphopain A expression. However, rsp expression

and scpA expression in the 7sp mutant in intracellular S. aureus was not yet investigated.

Upon staphopain-induced host cell killing of HeLa cells, features of an apoptotic mode of cell
death were detected. Infected cells first exposed phosphatidylserine on the cell surface indicated
by annexin V staining, while at later time points loss of plasma membrane integrity shown by
additional staining with 7AAD was detected (Figure 3.44), which is typical for apoptosis
(Martin et al., 1995). Further, characteristic morphology of apoptotic cells, such as cell
contraction, retraction of pseudopodia, plasma membrane blebbing and formation of
extracellular vesicles, was observed (Kroemer et al., 2009, Lynch et al., 2017). Effector
caspases were activated with the formation of membrane blebs (Video 24), but no elevations in
cytosolic Ca®" concentration were observed. The trypanosomal cysteine cathepsin cruzipain
was shown to directly activate caspases 3/7 (Stoka et al., 2001). Since the activation of effector
caspases upon staphopain A-induced cell death happened late, i.e. hours after phagosomal
escape and cell contraction, and inactivation of staphopain A did not affect S. aureus-induced
effector caspase activation (Figure 3.41, Video 22), a direct activation of caspases 3/7 by
staphopain A is rather unlikely. Additionally, cytotoxicity of intracellular S. aureus RN4220
expressing staphopain A was attenuated after inhibition of caspases with Z-VAD-fmk (Figure
3.44). A potential inhibitory effect of Z-VAD-fmk on staphopain A has to be elucidated, as
mentioned above. The fact that inhibition of caspases did not fully abolish staphopain A-
induced cytotoxicity and permeabilization of the host cell plasma membrane was observed,
suggests that other cell death pathways may be activated by staphopain A in parallel to

apoptosis.

Interestingly, staphopains share the closest structural similarity with cathepsin B among the
eukaryotic enzymes (Filipek et al., 2003; Hofmann et al., 1993) and the overall substrate
preferences of human cathepsin H are most similar those of staphopains (Kalinska et al., 2012).

This further underpins an intracellular role of staphopain A. Cytoplasmic location of cathepsins
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upon lysosomal membrane rupture is associated with the induction of apoptosis via the cleavage
of Bid and degradation of the anti-apoptotic BCL2 homologues BCL2, Bcl-xL and Mcl-1
(Cirman et al., 2004, Droga-Mazovec et al., 2008, Roberg et al., 2002, Stoka et al., 2001). A
decrease in the protein amount of full-length Bid was detected in S. aureus-infected cells
accompanied by the appearance of a slightly smaller protein, which possibly represents a
degradation product of Bid (Figure 3.13A). The size of this degraded version of Bid is, however,
larger (approx. 21-19 kDa) compared to truncated Bid (tBid, 15 kDa). tBid is generated by
caspase 8-mediated Bid cleavage in so-called type II cells, which include HeLa cells, upon
activation of extrinsic apoptosis and connects both apoptosis pathways by inducing
cytochrome c release through the action of BAX or BAK (Borner, 2003). Bid is not only
cleaved by caspase 8, but also by other caspases, granzyme B, calpains and cathepsins (Billen
et al., 2008). Interestingly, JNK-dependent cleavage of Bid results in a larger degradation
product, termed jBid, exhibiting approximately 21 kDa (Deng et al., 2003). The protease
responsible for generation of jBid was not yet identified, but jBid translocates from the cytosol
to mitochondria, where it induces MOMP. It is conceivable that staphopain A induces cleavage
of Bid upon phagosomal escape of S. aureus, which results in jBid-mediated apoptosis.
Staphopain A was also reported to liberate the activity of cathepsin B in vitro by proteolytic
degradation of cystatin C, a natural inhibitor of cysteine proteases (Vincents et al., 2007).
Accordingly, cathepsin-induced cell death may also represent a pathway of staphopain A-

induced cytotoxicity.

4.6.4 In vivo effects of staphopain A

The in vivo relevance of S. aureus staphopain A is still under debate. Staphopain A had no
effect on S. aureus virulence in a mouse abscess model (Shaw et al., 2004). However, S. aureus
expression of staphopain A was enhanced during infection in a murine osteomyelitis model
compared to in vitro exponential growth, similarly to other extracellular proteases of S. aureus
(Szafranska et al., 2014). Moreover, antibodies specific to ScpA, SspB, SspA and Aur were
detected in sera from S. aureus-infected mice (Calander et al., 2008). A S. aureus mutant
lacking all ten major extracellular proteases, including staphopain A, exhibited higher
mortality, but impairment during organ invasion and decreases in skin abscess formation in
murine infection models (Kolar et al., 2013). The protease-null mutant also displayed increased
bacterial numbers in professional phagocytes of whole human blood. This observation is in
concordance with findings from the present study, where loss of staphopain A leads to higher
numbers of intracellular bacteria at late time points of infection (8 h p.i.) (Figure 3.39D and E).

However, the observed phenotype of the protease-null mutant cannot be clearly assigned to
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staphopain A, since other extracellular proteases of S. aureus may also play a role.In the present
study loss of staphopain A function led to less bacterial burden in the lung tissue of infected
mice when compared to the wild type (Figure 3.45). This contrasts the above mentioned
findings in a mouse abscess model (Shaw et al., 2004). These discrepancies may result from
the use of different mouse models and bacterial strains. S. aureus 8325-4, which was used for
infection in the latter study, was shown to be less cytotoxic in human cells compared to USA300
(Rasigade et al., 2013). Consequently, the intracellular cytotoxicity induced by staphopain A

may not be as relevant for in vivo infection of S. aureus 8325-4 in contrast to USA300.

Quantification of intracellular S. aureus in HeLa cells revealed that loss of staphopain A
function led to increased bacterial growth presumably due to prolonged intracellular residence
of the pathogen (Figure 3.39D and E). Oppositely, staphopain A facilitated S. aureus
colonization of the lung in vivo. However, these findings are not directly comparable, since
strictly intracellular bacteria were quantified in the in vitro experiment with HeLa cells, whereas
the bacterial location was not defined in the in vivo experiment. It is also not clear, whether the
wild type was capable of colonizing the murine lung more efficiently due to increased bacterial
replication or enhanced survival. Besides, other effects of staphopain A cannot be excluded,
such as interference with innate immunity. For instance, staphopain A was shown degrade lung

surfactant protein A (SP-A) (Kantyka et al., 2013).

4.7 Summary and perspectives

The fact that the mutation of staphopain A only delays, but does not prevent cytotoxicity
induced by intracellular S. aureus, suggests that the pathogen possesses several mechanisms to
kill the host cell. In the present study at least two independent mechanisms were detected, which
were temporally separated (Figure 4.3). First, staphopain A causes a relatively rapid cell death.
It induces host cell killing within minutes characterized by cell contraction, induction of an
apoptosis-like cell death and subsequent cell lysis. Phagosomal escape was identified as a
prerequisite for staphopain A-induced cell death. Intracellular replication was not required
proving that S. aureus-induced host cell death is not solely the consequence of mechanical
stress resulting from bacterial overload. The mechanism of staphopain A-induced cell death is

not yet clear. The protease may induce cytotoxicity by cleaving a cytoplasmic target protein.

A pull-down experiment could be performed to identify the intracellular target of staphopain A.
Ideally, staphopain A containing the active site mutation would be fused to an affinity tag, since
this may result in a more stable interaction of the protease with its target(s). Bid may be a

promising target substrate of staphopain A. Therefore, Bid cleavage upon infection with the
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ScpA mutant should be tested. Further, it would be interesting to elucidate the expression and
localization of staphopain A in the host cell. Regarding the in vivo role of
S. aureus staphopain A, cytotoxicity of the protease in primary cells as well as immune cells
should be studied. Investigation of the presence of intracellular S. aureus in the lung or other
organs and its contribution to virulence of the pathogen in vivo is of high interest for the present
study. 3D tissue culture models, ex vivo-models, organoids or mouse models could be used to
mimic the human in vivo situation. Application of cell-impermeable antibiotics or the use of
cells lines devoid of bacterial invasins may allow to study the impact of intracellularity of

S. aureus in vivo.
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Figure 4.3: Potential mechanisms of S. aureus induced host cell death.

Upon phagosomal escape intracellular S. aureus employs its cysteine protease staphopain A to induce a mixed

apoptotic and necrotic cell death. Staphopain A may cleave a yet unknown target substrate in the host cell cytosol,

which results in cell contraction, activation of caspases 3/7 and plasma membrane permeabilization. This is

followed by a Ca*-induced, staphopain A-independent cell death mechanisms. Intracellular S. aureus triggers

cytosolic Ca?" overload by release of Ca?* from the ER and influx via the plasma membrane. High cytosolic Ca?*

concentrations induce a (re-)uptake of the ion into mitochondria and ER. Perturbations of mitochondrial Ca**

homeostasis result in MPT-driven necrosis and/or apoptosis by activation of effector caspases 3/7.

Host cell death induced by bacteria lacking ScpA occurred at later stages of infection and is
associated with the formation of membrane blebs, cellular Ca®* perturbations, effector caspase
activation, ROS generation and permeabilization of the plasma membrane. A bacterial
virulence factor, which requires increased bacterial density or a certain critical concentration,
in contrast to staphopain A, may account for this later cell death. Alternatively, physical forces
imposed by the high number of intracellular bacteria occupying the host cell cytoplasm can
trigger initial Ca®>" permeability of the plasma membrane, which culminates in cell lysis.
S. aureus-induced Ca** perturbations in the host cell may lead to MPT-driven necrosis, which
is initiated by mitochondrial Ca** overload. In parallel, apoptosis may be activated, which

results in effector caspase activation.
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The cytotoxicity of S. aureus double knock-out mutants in staphopain A and other virulence
factors, for instance leukotoxins, PSMs, lipases or other extracellular proteases, can be tested
to reveal, if additional bacterial factors are involved and if host cell death can be completely
abrogated. Furthermore, inhibition of intracellular replication after phagosomal escape of the
staphopain A mutant using, for instance, rifampicin can help to uncover, whether bacterial
replication is necessary for staphopain A-independent host cell killing by S. aureus. Inhibition
of cytosolic Ca?" overload is difficult, as depletion of Ca** from the medium leads to
detachment of cells and has cytotoxic effects. Nevertheless, reduced cytotoxicity of S. aureus
under Ca**-depleted conditions would substantiate cytosolic Ca*>" overload as the trigger for
staphopain A-independent cytotoxicity of S. aureus. To clearly assign MPT-driven necrosis to
S. aureus-induced host cell death further experimentation needs to be performed. For instance,
CYPD, a major mediator of MPT-driven necrosis, could be knocked-out or inhibited with
cyclosporine A. Loss of the mitochondrial membrane potential may be investigated using
MitoTracker (Chazotte, 2011). It would be also interesting to elucidate the role of calpain 10 in
S. aureus-induced cytosolic and mitochondrial Ca®" increase potentially leading to MPT-driven
cell death. A role of caspases in S. aureus-induced cell death could not conclusively be proven.
Using knock-out cell lines of caspases 3/7 may help to clarify, if these caspases are essential
for S. aureus-induced cell death. Direct inhibition of staphopain A by Z-VAD-fmk may be

tested in vitro to study potential unspecific inhibitory effects.

The activation of at least two independent cell death mechanisms by intracellular S. aureus
might be the reason, why the haploid genetic screen resulted in very few and poorly enriched
hits. Although the determined selective pressure applied by infection with cytotoxic S. aureus
was sufficient for a successful haploid genetic screen, the identification of relevant genes was
impeded by a high background noise. False-positives, which could not be eliminated, likely led
to reduction of the selective pressure. Besides redundancy of S. aureus-acitvated cell death
pathways, the heterogeneity in S. aureus intracellular infection may also be responsible.
Nevertheless, a genetic screen could be performed with S. aureus wild type and staphopain A
mutant infection to discriminate between the two cell death mechanisms. Moreover, other
selection criteria for FACS may be used, such as the cytosolic location of the bacteria, since
phagosomal escape is known to be a prerequisite for induction of host cell death in non-
phagocytic cells (Blaettner et al., 2016; Strobel et al., 2016) and SCVs persist in phagosomes
(Horn et al., 2018b).
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6 Appendix

6.1 Electronical supplement

Videos and Table 6.1 are available in the electronical supplement attached to this thesis. The

respective video and table captions are found below.

Video 1: Phagosomal escape of S. aureus in epithelial cells.

HeLa YFP-cwt cells were infected with S. aureus 6850 mRFP and live cell imaging was performed to visualize
translocation of intracellular bacteria from the phagosome into the cytosol of the host cell (yellow: YFP-cwt, red:
S. aureus, gray: BF).

Video 2: Phagosomal escape of S. aureus upon inhibition of caspases.

Pre-treatment of HeLa YFP-cwt cells with 80 uM Z-VAD-fmk or DMSO as solvent control and subsequent
infection with S. aureus 6850 mRFP was performed to visualize phagosomal escape of S. aureus by live cell
imaging (yellow: YFP-cwt, red: S. aureus, gray: BF).

Video 3: Activation of effector caspases by intracellular S. aureus.

HeLa cells were infected with S. aureus 6850 mRFP after pre-treatment of cells with 80 uM Z-VAD-fmk or
DMSO. CellEvent™ Caspase 3/7 detection reagent was added prior to live cell imaging (green: CellEvent, red:
S. aureus, gray: BF).

Video 4: Visualization of host cell plasma membrane permeabilization induced by intracellular S. aureus.
HeLa cells were infected with S. aureus 6850 GFP and Alexa Fluor 633 hydrazide (AF633) was added prior to
live cell imaging (magenta: AF633, green: S. aureus, gray: BF).

Video 5: S. aureus increases cellular H20: concentration during intracellular infection.

HeLa HyPer-3 cells were infected with S. aureus 6850 mRFP and live cell imaging was performed to measure the
relative amount of intracellular H,O; during infection (red: S. aureus, green: HyPer-3 (ratio ex. 496/405 nm), gray:
BF).

Video 6: Intracellular S. aureus induces a rise in cytosolic Ca?".
HeLa R-Geco cells were infected with S. aureus 6850 GFP and live cell imaging was performed to visualize
cytosolic Ca?* concentrations during infection (green: S. aureus, red: R-Geco, gray: BF).

Video 7: S. aureus-induced cytosolic Ca?* overload is followed by a mitochondrial Ca** rise.

HeLa Mito-LAR-Geco G-Geco cells were infected with S. aureus 6850 Cerulean and live cell imaging was
performed to visualize cytosolic and mitochondrial Ca®" concentrations during infection (cyan: S. aureus, green:
G-Geco, red: Mito-LAR-Geco, gray: BF).

Video 8: Cytosolic and ER Ca?* concentration during S. aureus infection.

HeLa ER-LAR-Geco G-Geco cells were infected with S. aureus 6850 Cerulean and live cell imaging was
performed to visualize cytosolic and ER Ca?* concentrations during infection (cyan: S. aureus, green: G-Geco,
red: ER-LAR-Geco, gray: BF).

Video 9: The cytosolic Ca?' rise induced by intracellular S. aureus is not affected by 2-APB treatment.
HeLa R-Geco cells were infected with S. aureus 6850 GFP and during live cell imaging 30 uM 2-APB or DMSO
were added. Cytosolic Ca?" concentrations were recorded over the time course of infection (green: S. aureus, red:
R-Geco, gray: BF).

Video 10: Visualization of S. aureus-induced cytosolic Ca>* overload in Ca?" depleted medium.

HeLa R-Geco cells were infected with S. aureus 6850 GFP and prior to live cell imaging medium was replaced by
DMEM with 1.8 mM CaCl,, DMEM without CaCl, or DMEM without CaCl, and 0.2 mM BAPTA. Cytosolic
Ca®" concentrations were recorded over the time course of infection (green: S. aureus, red: R-Geco, gray: BF).

Video 11: Visualization of S. aureus-induced cytosolic Ca** overload in Ca?* depleted medium.

HeLa R-Geco cells were infected with S. aureus 6850 GFP and prior to live cell imaging 5 uM BAPTA-AM or
DMSO were added. Cytosolic Ca?" concentrations were recorded over the time course of infection (green:
S. aureus, red: R-Geco, gray: BF).

Video 12: Cytosolic Ca** overload precedes activation of effector caspases in S. aureus-infected cells.

HeLa R-Geco cells were infected with S. aureus 6850 Cerulean or Cowan I Cerulean and CellEvent™ Caspase
3/7 detection reagent was added prior to live cell imaging (green: CellEvent, red: R-Geco, cyan: S. aureus, gray:
BF).
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Video 13: S. aureus-induced cytosolic Ca** rise upon inhibition of caspases.

Pre-treatment of HeLa G-Geco cells with 80 uM Z-VAD-fmk or DMSO as solvent control and subsequent
infection with S. aureus 6850 mRFP was performed to visualize cytosolic Ca?" concentrations by live cell imaging
(green: G-Geco, red: S. aureus, gray: BF).

Video 14: S. aureus-induced cytosolic Ca** overload is followed by plasma membrane permeabilization.
HeLa R-Geco cells were infected with S. aureus 6850 GFP and Alexa Fluor 633 hydrazide (AF633) was added
prior to live cell imaging (red: R-Geco, magenta: AF633, green: S. aureus, gray: BF).

Video 15: Cytosolic Ca?* signaling upon apoptosis-inducing agents.

HeLa R-Geco cells remained untreated, were treated with 5 pg/ml CHX and 5 ng/ml TNFa, 50 pg/ml blasticidin
or 10 uM staurosporine (STS) or infected with S. aureus GFP. Live cell imaging was performed to monitor
cytoplasmic Ca?" concentrations (red: R-Geco, green: S. aureus, gray: BF).

Video 16: Activation of effector caspases by intracellular S. aureus in calpain 4 knock-out cells.

HAP1 wild type cells (WT) or calpain 4 knock-out clone 10 (CAPN4 KO cl.10) were infected with S. aureus 6850
mRFP and CellEvent™ Caspase 3/7 detection reagent was added prior to live cell imaging (green: CellEvent, red:
S. aureus, gray: BF).

Video 17: S. aureus secreted factors induce cytosolic Ca?* signaling and overload.
HeLa R-Geco were treated with 10 % sterile supernatant from a S. aureus 6850 overnight culture. Live cell
imaging was performed to monitor cytoplasmic Ca?" fluxes (red: R-Geco, gray: BF).

Video 18: a-toxin and rsp do not affect S. aureus-induced cytosolic Ca®" rise.

HeLa R-Geco cells were infected with S. aureus 6850 GFP, 6850 Ahla GFP or 6850 Arsp GFP and live cell
imaging was performed to visualize cytosolic Ca?" concentrations during infection (green: S. aureus, red: R-Geco,
gray: BF).

Video 19: Phagosomal escape of S. aureus JE2 and JE2 scpA.

HeLa YFP-cwt cells were infected with S. aureus JE2 mRFP or JE2 scpA mRFP and live cell imaging was
performed to visualize translocation of intracellular bacteria from the phagosome into the cytosol of the host cell
(yellow: YFP-cwt, red: S. aureus, gray: BF) (Stelzner et al. (2019) submitted).

Video 20: Intracellular replication of S. aureus JE2 and JE2 scpA.
HeLa cells were infected with S. aureus JE2 GFP or JE2 scpA GFP and live cell imaging was performed to
visualize intracellular replication (green: S. aureus, gray: BF) (Stelzner et al. (2019) submitted).

Video 21: Staphopain A does not interfere with S. aureus-induced cytosolic Ca?" rise.
HeLa R-Geco cells were infected with S. aureus JE2 GFP or JE2 scpA GFP and cytosolic Ca?* concentrations
were measured during infection by time-lapse imaging (green: S. aureus, red: R-Geco, gray: BF).

Video 22: Loss of function of staphopain A does not prevent activation of effector caspases by intracellular
S. aureus.

HeLa cells were infected with S. aureus JE2 mRFP or JE2 scpA mRFP and CellEvent™ Caspase 3/7 detection
reagent was added prior to live cell imaging (green: CellEvent, red: S. aureus, gray: BF).

Video 23: Phagosomal escape of S. aureus RN4220 phld-scpAB and RN4220 phld-scp A c23sa)B.

HeLa YFP-cwt cells were infected with S. aureus RN4220 phld-scpAB or RN4220 phld-scpAc23sa)B after AHT
treatment (200 ng/ml) and live cell imaging was performed to visualize translocation of intracellular bacteria from
the phagosome into the cytosol of the host cell (yellow: YFP-cwt, cyan: S. aureus, gray: BF) (Stelzner et al. (2019)
submitted).

Video 24: Ca?" signaling and activation of effector caspase in S. aureus RN4220 phld-scpAB-infected cells.
HeLa R-Geco cells were infected with S. aureus RN4220 phld-scpAB after AHT treatment (200 ng/ml) and
CellEvent™ Caspase 3/7 detection reagent was added prior to live cell imaging. Cytoplasmic Ca®* concentrations
and activation of effector caspases were monitored over the time course of infection (red: R-Geco, green:
CellEvent, cyan: S. aureus, gray: BF) (Stelzner et al. (2019) submitted).

Table 6.1: HAP1 screen sequencing data table
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6.2 Abbreviations

A
AF633
AFU
Agr
AHT
AIF
Amp/Amp®
APC
ATP
AU
BF
Bid

BSA

CA

C a2+
CaClz
cDNA
CFU
CHX
Cm/Cm®

CO,
cwt

°C

Da
dH,0O
DMEM

DMSO
DNA

DNase
dNTPs

DPBS

ECL

E. coli
EDTA
EGTA

e.g.
ER
Erm/Erm®

ampere
Alexa fluor 633

arbitrary fluorescence units
accessory gene regulator
anhydrotetracycline
apoptosis inducing factor
ampicillin/ampicillin resistance
Allophycocyanin

adenosine triphosphate
arbitrary units

brightfield

BH3 interacting-domain death
agonist

base pairs

bovine serum albumin

centi (107%)

community acquired

calcium ion

calcium chloride
complementary DNA

colony forming unit
cycloheximide
chloramphenicol/
chloramphenicol resistance
carbon dioxide

cell wall targeting

degree Celsius

dalton

distilled water

Dulbecco's Modified Eagle's
Medium

dimethyl sulfoxide
deoxyribonucleic acid
deoxyribonuclease
deoxyribonucleoside-
triphosphate

Dulbecco’s phosphate buffered
saline

enhanced chemiluminescence
Escherichia coli
ethylenediaminetetraacetate
triethylene glycol diamine
tetraacetic acid

exempli gratia (for example)
endoplasmic reticulum
erythromycin/erythromycin
resistance

H,0;
IMDM

1.€.

kb
KCl
KO

LB
LDH

MEM
MFI
MgCl,
min
MOI
MOMP

MPT
mRFP

mRNA
MRSA

NA
NaCl
ncRNA
n.i.

ns

oD
ONC

et alii (and others)

ethanol

fetal bovine serum

forward scatter

forward

gram

green fluorescent protein
hour

height

hospital acquired
horseradish peroxidase
hydrogen peroxide

Iscove's Modified Dulbecco's
Media

id est (that is)

kilo (10%)

kilo bases

potassium chloride
knock-out

Liter

Luria Bertani

lactate dehydrogenase
meter, milli (10°%)

Molar

Micro (10°°)

minimal essential medium
mean fluorescence intensity
magnesium chloride
minute

multiplicity of infection
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