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ABSTRACT

1. Abstract

Salmonella enterica is a common foodborne, facultative intracellular enteropathogen. The typhoidal S.
enterica serovars Paratyphi A (SPA) and Typhi (STY) are human-restricted, and cause severe systemic
diseases, while many S. enferica serovars like Typhimurium (STM) have a broad host range and in
human hosts usually lead to self-limiting gastroenteritis. There are key differences between typhoidal
(TS) and non-typhoidal (NTS) Salmonella in pathogenesis, but research on TS is challenging due to host
restriction. Since STM causes a typhoid-like disease in mice, it was widely used as model organism to
mimic human TS infection. Although results gained by research on STM could provide major insights
in Salmonella virulence in general, the specific virulence mechanisms of TS are far from being under-
stood.

Both TS and NTS are able to invade mammalian cells and to replicate within host cells, including epi-
thelial cells and macrophages. After invasion or phagocytic uptake, Salmonella resides in a membrane-
bound compartment, the Salmonella-containing vacuole (SCV). The subsequent intracellular lifestyle is
dependent on the translocation of effector proteins via a type 3 secretion system (T3SS) which is en-
coded by genes on Salmonella pathogenicity island 2 (SP12). During the intracellular lifestyle, vesicular
compartments of host cells are manipulated by effector proteins of the SP12-T3SS and Salmonella-in-
duced filaments (SIF) are formed. It is currently unknown if observations regarding the molecular path-
ogenesis made for STM are applicable to TS serovars SPA and STY.

In this work, the intracellular lifestyles of TS were investigated on single cell level. Analyses of intra-
cellular activities of STY and SPA in various host cells showed that STY and SPA deploy SPI2-T3SS
to actively manipulate their host cells, but with far lower frequency than STM. A role of SPI2-T3SS for
proliferation of STY and SPA in epithelial cells was observed, but not for survival or proliferation in
phagocytic host cells. Reduced intracellular activities and pronounced SCV integrity of STY and SPA
might contribute to the stealth strategy of STY and SPA, facilitating systemic spread and persistence.
Furthermore, by analyses of intracellular transcriptomic architecture during human epithelial cell infec-
tion of SPA and STM, different gene expression patterns in key virulence and metabolic pathways were
identified. Elevated expression of SPI1 and flagella-chemotaxis genes by intracellular SPA results in
cytosolic, flagella-mediated motility and increased invasiveness of SPA. Distinct gene expression pat-
terns of carbon utilization pathways, flagella-chemotaxis and SPI1 genes might contribute to the inva-
sive and systemic disease developed following SPA infection in humans. Live cell imaging revealed
that SPA invades host cells in a cooperative manner with multiple bacteria per invasion site, leading to
error-prone macropinocytosis with increased membrane damage of the early SCV. After release into the
cytosol, motile bacteria showed reduced autophagosomal capture.

The results provide new insights into the virulence profile of STY and SPA by unravelling previously
unknown intracellular phenotypes and virulence traits. The established 3D and 2D intestinal organoid

models offer new tools for analyses of human-restricted pathogens in a more in vivo relevant context.



ZUSAMMENFASSUNG

II. Zusammenfassung

Salmonella enterica ist ein weitverbreiteter, fakultativ intrazelluldrer Krankheitserreger. Viele S. ente-
rica Serovare wie Typhimurium (STM) besitzen ein breites Wirtsspektrum und 16sen im Menschen eine
selbstlimitierende Gastroenteritis aus. Die typhoidalen S. enterica Serovare Paratyphi A (SPA) und Ty-
phi (STY) sind human-spezialisiert und verursachen schwere systemische Erkrankungen. In der Patho-
genese gibt es wesentliche Unterschiede zwischen typhoidalen (TS) und nicht-typhoidalen (NTS) Sal-
monellen, jedoch ist die Erforschung von TS aufgrund der Wirtsbeschrankung schwierig. Da STM In-
fektionen in Miusen eine typhusdhnliche Erkrankung hervorrufen, wurden diese hiufig als Modell fiir
TS Infektion verwendet. Obwohl Ergebnisse aus Studien mit STM wichtige Erkenntnisse {iber die all-
gemeine Virulenz von Salmonellen liefern konnten, sind die spezifischen Virulenzmechanismen von TS
nicht vollstidndig geklart.

Sowohl TS als auch NTS sind in der Lage, in Sdugerzellen zu invadieren und sich in Wirtszellen, ein-
schlieBlich Epithelzellen und Makrophagen, zu vermehren. Nach der Invasion oder phagozytischen Auf-
nahme befinden sich die Salmonellen in einem membrangebundenen Kompartiment, der Salmonella-
containing vacuole (SCV). Die anschlieBende intrazelluldre Lebensweise hidngt von der Translokation
von Effektorproteinen iiber ein Typ-3-Sekretionssystem (T3SS) ab, das von Genen auf der Salmonella-
Pathogenitétsinsel 2 (SP12) kodiert wird. Wéhrend der intrazelluldren Lebensweise werden vesikulére
Kompartimente der Wirtszellen durch Effektorproteine des SPI2-T3SS manipuliert und Salmonella-in-
duced filaments (SIF) gebildet. Es ist derzeit nicht bekannt, ob die fiir STM gemachten Beobachtungen
zur molekularen Pathogenese auch fiir die TS-Serovare SPA und STY gelten.

In dieser Arbeit wurden die intrazellulidren Lebensweisen von TS auf Einzelzellebene untersucht. Ana-
lysen der intrazelluldren Aktivitdten von STY und SPA in verschiedenen Wirtszellen zeigten, dass STY
und SPA, im Vergleich zu STM, das SPI2-T3SS seltener einsetzen, um ihre Wirtszellen aktiv zu mani-
pulieren. Es wurde eine Rolle des SPI2-T3SS fiir das Uberleben und die Proliferation von STY und SPA
in Epithelzellen, jedoch nicht in phagozytischen Wirtszellen beobachtet. Dariiber hinaus wurden durch
Transkriptomanalysen wihrend der Infektion menschlicher Epithelzellen mit SPA und STM, unter-
schiedliche Genexpressionsmuster in wichtigen Virulenz- und Stoffwechselwegen identifiziert. Eine er-
hohte Expression von SPI1-, sowie Flagellen- und Chemotaxis-Genen durch intrazelluldre SPA fiihrt zu
erhohter Invasivitdt und flagellenvermittelter Motilitdt im Zytosol. Lebendzellmikroskopie zeigte, dass
SPA kooperativ in Wirtszellen eindringt, was zu einer fehleranfalligen Makropinozytose mit erhdhter
Membranschiadigung der frithen SCV fiihrt. Nach der Freisetzung in das Zytosol wiesen die beweglichen
Bakterien eine reduzierte Dekoration mit autophagosomalen Markern auf.

Die Ergebnisse dieser Arbeit geben neue Einblicke in das Virulenzprofil von STY und SPA, indem sie
bisher unbekannte intrazelluldre Phénotypen und Virulenzmerkmale entschliisseln. Die etablierten 3D-
und 2D-Intestinalorganoid-Modelle bieten neue Moglichkeiten fiir die Analyse, von auf den Menschen

beschrénkten Krankheitserregern, in einem in vivo relevanten Kontext.



INTRODUCTION

IT1. Introduction

Infectious diseases caused by organisms such as fungi, parasites, bacteria or viruses are a major health
concern around the world. After cardiovascular diseases they are the second most common cause of
death (WHO, 2008). Infections are often mediated by pathogens which can cause severe diseases with
complicated progression or even lethal outcome. Rising infection rates and frequently emerging antimi-
crobial resistance in pathogenic bacteria are one of the top ten threats to global health issues (WHO,
2014). Antibiotic resistance is often referred to as silent pandemic which threatens our ability to treat
common infectious diseases and may take over the number one cause of death globally already in 2050
(Antimicrobial Resistance, 2022). This illustrates the need for a better understanding of pathogenesis to
develop strategies to counteract infections or for vaccine development. Many bacterial pathogens cause
enteric infections, which are a major cause of disease, predominantly in developing countries. Enteric,
diarrhea causing diseases can be severe, especially for infants, elderly, or immunocompromised persons.

Approximately half a billion people suffer from diarrheal diseases every year (WHO, 2018a).

II1.1. Salmonella enterica

One of the four most prevalent enteropathogens belongs to the genus Salmonella that can cause diseases
ranging from self-limiting gastroenteritis to life-threatening systemic infections (typhoid fever)
(Johnson et al., 2018). The pathogenic, Gram-negative bacteria are rod-shaped and live facultative an-
aerobic. There are over 2,600 serovars within the species Salmonella enterica (S. enterica) which can
be highly human adapted like S. enterica serovar Typhi (STY) or S. enterica serovar Paratyphi A (SPA),
or with a broad host range like S. enterica serovar Typhimurium (STM) (Pui, 2011). S. enterica devel-
oped sophisticated strategies to invade mammalian host cells, and to survive and replicate within host
cells (Haraga et al., 2008). However, these host-pathogen interactions are still not understood in detail

and further research with appropriate model systems is required.

I11.1.1.Pathogenesis of Salmonella enterica

Infections with Salmonella are initiated by consumption of contaminated food or water. Once the bac-
teria reach the gastrointestinal tract, they are able to cross the epithelial barrier of the intestine, mainly
through microfold-cells (M-cells) (Jepson and Clark, 2001). The invasion of and the subsequent intra-
cellular lifestyle in epithelial cells and cells of the immune system are major characteristics of Sa/mo-
nella. The pathogenesis is thereby mediated by virulence genes mainly encoded on Salmonella patho-
genicity islands (SPI). SPIs are large genetic areas on the chromosome consisting of several virulence
associated genes (Gerlach and Hensel, 2007; Hensel, 2004). SP14 is crucial to initiate first contact and
adherence to the brush boarder of polarized epithelial cells (PEC) with the giant adhesin SiiE secreted
by the SPI4-encoded type I secretion system (SPI4-T1SS) (Lorkowski ef al., 2014; Wong et al., 1998).
SPI1 and SPI2 play a major role in efficient invasion of non-phagocytic cells (Mills et al., 1995) and
intracellular survival (Shea et al., 1996), respectively. Both encode for type III secretion systems (T3SS)
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with associated chaperones and effector proteins. T3SS act as molecular syringes spanning over both
inner and outer bacterial membrane and inserting a translocation pore into the hosts membrane for effi-

cient translocation of effector proteins (Galan and Wolf-Watz, 2006).

II1.1.2.Invasion: Breaking the barrier

Salmonella establishes initial contact with host cells by adhesive structures as the giant adhesin SiiE, or
other adhesins such as fimbriae or flagella (Wagner and Hensel, 2011). While the SPI4-T1SS substrate
SiiE is mandatory for invasion of PEC, the function of SPI1-T3SS alone is sufficient to invade non-PEC
(Gerlach et al., 2008). During the invasion process, the host actin cytoskeleton is dramatically reor-
ganized to allow internalization of the pathogen in non-phagocytic cells. The process is mediated by
translocated effector proteins of the SPI1-T3SS and is referred to as trigger invasion (Figure I11.1). The
vigorous membrane ruffling and the formation of large macropinosomes also allow non-invasive bacte-
ria to be co-engulfed during the invasion process in a cooperative manner (Lorkowski et al., 2014).
Shortly after internalization, membrane ruffling subsides and the actin cytoskeleton restores its initial
architecture (Cossart and Sansonetti, 2004) while Sa/monella resides in nascent Salmonella-containing

vacuole (SCV), preparing for an intracellular lifestyle (Krieger et al., 2014).
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Figure I11.1. SPI4-T1SS dependent adhesion to and SPI1-T3SS-dependent trigger invasion of polarized ep-
ithelial cells by Salmonella. (A) Salmonella (Sal) mediates adhesion to the brush border of polarized epithelial
cells mediated by giant adhesin SiiE. (B) Tight adhesion allows translocation of SPI1-encoded effector proteins
into the host cell through SPI1-T3SS. (C) SPI1-T3SS effector proteins lead to disruption of F-actin and thus to
destabilization of microvilli. (D) Effector proteins manipulate host cell functions and lead to activate specific actin
recruitment at the invasion site, leading to membrane ruffling and macropinocytosis. (E) Subsequent to internali-
zation, restoration of actin cytoskeleton is induced and intracellular lifestyle of Sa/monella begins within the early
SCV.

Several genes encoding SPI1-T3SS effector proteins are located on SPI1, but others are located else-
where in the genome and some originate from genomes of bacteriophages, hence the set of effector
proteins can vary between Salmonella serovars (Galan, 2001; Johnson ef al., 2018). Besides mediating

invasion of host cells, SPI1-genes also play a role in host immune response, apoptosis and biofilm



INTRODUCTION

formation (Lou et al., 2019). The expression of genes encoding SPI1-T3SS effector proteins involves
many environmental stimuli and genetic regulators in complex networks. The two-component systems
BarA/SirA and PhoPQ regulate SPI1 gene expression dependent on pH, bile, Mg?" and phosphate con-
centration, as well as concentration and composition of short-chain fatty acids allowing adaptation to
different host environments (Baxter and Jones, 2015; Lawhon et al., 2002; Prouty and Gunn, 2000).
Direct activators of SPI1 gene expression are the SPI1-encoded transcription factors HilA and InvF
(Ellermeier and Slauch, 2007). Expression of 4il4 and invF is further positively regulated by e.g. HilD,
HilC and FimZ (Altier et al., 2000). Repression of SPI1 is mediated by H-NS, LeuO and HilE.

The SPI1-T3SS consists of proteins forming the inner rod (PrgJ), the export apparatus (SpaPQRS/InvA),
the base units inner ring (PrgHK) and outer ring (InvG), the needle filament (Prgl), the tip (SipD) and
the translocon (SipBC) which is inserted in the host cell membrane (Cornelis, 2006; Galan and Wolf-
Watz, 2006; Lou et al., 2019). Other proteins are involved as chaperones (SicAP, InvB) required for
loading effectors and translocases onto the sorting platform (SpaO, OrgAB, InvI, InvC) (Lara-Tejero et
al., 2011).

The cocktail of translocated SPI1-T3SS effector proteins is responsible for hijacking of and interference
with various host cell functions. AvrA plays a critical role in inhibiting activation of the key proinflam-
matory transcription factor NF-xB (Ye ef al., 2007). It is further involved in stabilization of tight junc-
tions to prevent disruption by Salmonella-induced inflammation (Liao et al., 2008). SipA and SipC are
actin-binding proteins and act in different stages of infection by regulating concentration, polymeriza-
tion and stability of actin molecules at the invasion site (Kaniga et al., 1995; Zhou et al., 1999). SopA,
SopB, SopD, SopE and SopE2 target different host proteins to induce further actin rearrangement and
immune modulation. SopE and SopE2 are major factors driving membrane ruffling and micropinocyto-
sis. However, only few Salmonella strains possess the respective genes located on bacteriophage ge-
nomic regions (Mirold et al., 1999). SopE and SopE2 are guanine exchange factors (GEF) for Cdc42
and Racl (only SopE) which activate Arp2/3-dependent actin nucleation (Friebel et al., 2001; Guiney
and Lesnick, 2005). Presence of sopF is linked to increased SCV damage and cytosolic release of bac-
teria (Roder ef al., 2021b). The role of SopA in efficient invasion process is still unclear but it stimulates
immune signaling via members of the TRIM E3 ubiquitin ligases and also contributes to bacterial escape
from the SCV to the cytosol inside epithelial cells (Fiskin et al., 2017; Kamanova et al., 2016; Wood et
al., 2000; Zhang et al., 2006). SopB, located on SPIS, contributes in immune modulation by inhibition
of apoptosis in early and late infection (Finn et al., 2017; Knodler et al., 2005) and cooperatively acts
with SopD to promote membrane fission and macropinosome formation (Bakowski et al., 2007;
Raffatellu ef al., 2005). SptP consists out of three different functional domains: a binding site for chap-
erone SicP, a phosphorylation site for activation of GTPase proteins (GAP) and a tyrosine phosphatase
domain (Johnson et al., 2017). It is acting as antagonist to SopE/SopE2 by dephosphorylating Rho

GTPases Racl and Cdc42 leading to rearrangement of pathogen-induced F-actin accumulation into



INTRODUCTION

normal apical brush border architecture and is thereby directly responsible for reversal (Fu and Galan,
1999). Only recently, SopF was identified as SPI-T3SS effector protein promoting stability of the nas-
cent SCV and replication within macrophages. (Cheng et al., 2017; Lau et al., 2019). Furthermore, SopF
blocks V-ATPase recruitment of ATG16L1 to damaged SCV membranes and thereby specifically in-
hibits xenophagy without affecting canonical autophagy (Xu et al., 2019). Altogether, the mentioned

SPI1-T3SS effector proteins are key to orchestrate Salmonella-induced trigger invasion into host cells.

II1.1.3.Intracellular lifestyle: The life within

Following internalization, Sa/monella is present in a membrane-bound compartment, the SCV. The SCV
shares characteristics of a late endosomal compartment, yet allows Salmonella survival and prolifera-
tion. The manipulation of the host cell endosomal system mainly mediated by effector proteins of the
SPI2-encoded T3SS is crucial for SCV formation and maintenance (Jennings et al., 2017). The expres-
sion of these genes is regulated by the PhoPQ- and SsrAB-two-component systems (TCS) which are
primarily activated by acidification and phosphate limitation (Deiwick et al., 1999; Lober ef al., 2006).
Main characteristics of the SCV are a low pH, limitation of nutrients and the presence of late endosomal
and lysosomal markers decorating the SCV membrane (Liss ef al., 2017; Malik-Kale et al., 2012). A

schematic illustration of the SCV maturation is depicted in Figure I11.2.

During infection, the SCV interacts with early endosomes and acquires the markers Rab4, Rab5 and
EEA1 (Smith et al., 2005; Smith et al., 2007; Steele-Mortimer et al., 1999). Within 15-60 min post
infection (p.i.) the SCV maturation continues by loss of early endosomal proteins and accumulation of
late endosomal and lysosomal markers like the lysosomal-associated membrane protein 1 (LAMP1),
LAMP2, Rab7, Rab10, Rab11 and syntaxinl1 (Malik-Kale et al., 2012; Smith et al., 2005; Smith et al.,
2007). In the maturation process, the SCV migrates along the microtubule network towards the Golgi
apparatus to a perinuclear position (Ramsden et al., 2007). By active manipulation of host cell mem-
branes, a tubular membrane network of Salmonella-induced tubules (SIT) that emanates from the SCV
and extends to the cell periphery is established (Schroeder et al., 2011). A well-established SIT-network
is utilized by Salmonella for efficient intravacuolar nutrition and dilution of antimicrobial and proteo-
lytic components acquired by recruited vesicles (Liss et al., 2017; Noster et al., 2019). Salmonella-
induced filaments (SIF) are the best studied class among SIT. SIF are microtubule-associated mem-
branes and characterized by the presence of LAMP1. Salmonella is also capable of replication inside
the SCV before host cell exit by inflammatory responses and spreading throughout the gastrointestinal
tract occurs (Bakowski et al., 2008; Knodler et al., 2010; Sellin et al., 2014).



INTRODUCTION

« SPI1-T3sS o SPI1-effector

( SPI2-T3SS e SPI2-effector

network

Figure II1.2. Intracellular lifestyle of Salmonella. Subsequent to invasion due to rearrangement of actin fila-
ments, Salmonella (Sal) is present in a spacious Salmonella-containing vacuole (SCV). The formation of early
tubular structures is induced. In this phase, there are mainly early endosomal (EE) markers associated at the SCV
membrane. In the process of SCV maturation, they get replaced by late endosomal (LE), lysosomal (Lys) and
multivesicular body (MVB) markers. In late stages of infection, Salmonella is located near the microtubule-organ-
izing center (MTOC) and the Golgi apparatus. Additionally, the formation of Sa/monella-induced filaments (SIF)
is induced. ER: endoplasmatic reticulum.

The SPI2-T3SS consists of multiple proteins which together form the translocation apparatus in a similar
manner as described for the SPI1-T3SS (Galan et al., 2014). The SPI12-T3SS is required for translocation

of at least 28 effector proteins, some of which are crucial for virulence in different hosts and are therefore

considered as “core” effectors (SseF, SseG, PipB, SteA, SifA, SteD, PipB2, SopD2, Ssel) (Jennings et
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al., 2017). These effectors are responsible for manipulation of various host cell functions, such as actin
arrangement, vesicular transport, ubiquitination, microtubule organization, apoptosis and cytokine reg-
ulation, and thus are responsible for intracellular survival and replication of Salmonella inside host cells

(Figueira and Holden, 2012; Jennings et al., 2017).

Mutant strains lacking components of the SPI2-T3SS (e.g. AssaV) or one of the TCS (e.g. AssaR) show
severe defects regarding intracellular lifestyle including no SIF-formation (Cirillo et al., 1998; Hensel
et al., 1998; Ochman et al., 1996; Rajashekar ef al., 2014; Salcedo et al., 2001; Shea et al., 1996). The
effector SifA interacts with different host proteins like SKIP/PLEKHM?2 and is thereby able to activate
and interact with autoinhibited kinesin leading to budding and anterograde tubulation of SCV membrane
along microtubules and therefore SIF-formation (Boucrot et al., 2005; Dumont et al., 2010; Schroeder
et al., 2011). Autoinhibited kinesin-1, indispensable for this process, is recruited to the SCV membrane
by the effector protein PipB2 (Henry et al., 2006). Mutant strains lacking SifA show loss of SCV mem-
brane and do not form SIF (Beuzon et al., 2000; Stein et al., 1996). STM mutants which are residing in
the cytosol after SCV rupture (e.g. Asif4) show a hyper-replication phenotype in cultured epithelial cells
(Brumell et al., 2002). Sse] and SopD2 are important regulators of SCV-stability and SIF-biogenesis
(Ruiz-Albert et al., 2002; Schroeder et al., 2011). It has been reported, that a sseJ mutation leads to
increased tubulation of endosomal membranes (Ruiz-Albert et al., 2002). SopD2 manipulates functions
of host cell proteins including RILP and FYCO1 by the inhibition of the small GTPase Rab7 and thereby
affects microtubule motor activity and the vesicular transport within the host cell (D'Costa et al., 2015;
Schroeder ef al., 2010). SIF-morphology itself is shaped by effector proteins SseF, SseG and PipB2.
Wild-type SIF are very dynamic and show a typical double membrane structure (Liss and Hensel, 2015).
SseF and SseG are tethering the SCV to the Golgi binding the Golgi network-associated proteins
ACBD3 (Yu et al., 2016). Close proximity of the SCV to the Golgi enables efficient acquisition of
endomembranes and a lack of SseF or SseG results in thinner, instable, single membrane SIF (Krieger
et al., 2014; Rajashekar ef al., 2014). In contrast, pipB2 mutants show formation of bulky, non-dynamic
SIF (Rajashekar et al., 2014). The underlying mechanism of this process is not yet fully understood, it
is possible that binding of PipB2 to kinesin-1 plays a role (Alberdi ef al., 2020; Henry et al., 2006).

Besides developing and maintaining the SCV as intracellular niche in host cells, SPI2-T3SS effector
proteins also enable nutrient acquisition of SCV-inhabiting Salmonella (Liss et al., 2017), contribute to
bacterial replication inside host cells (Deiwick et al., 2006; Figueira et al., 2013) and manipulate innate
and adaptive host cell immune responses (Jennings et al., 2017). A direct suppression of proinflamma-
tory immune response was shown for GtgA, GogA and PipA by disrupting transcriptional activation of
the NF-kB pathway (Sun ef al., 2016). SseK1, SseK2 and SseK3 do not only inhibit NF-kB but also
TNFa signaling (Gunster et al., 2017; Yang et al., 2015). Transcription of proinflammatory cytokines
is prevented by phosphothreonine lyase activity of SpvC on host mitogen-activated protein kinases

(Mazurkiewicz et al., 2008). For many effectors, the molecular functions are still elusive. However,
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effects like inhibition of dendritic cell migration are described for multiple effectors like SseF, SifA,
SspH2, SIrP, PipB2 and Ssel (McLaughlin et al., 2014). As research continues, molecular details such
as the hijacking of AP1-mediated vesicular trafficking by SteD are uncovered (Godlee et al., 2022). In
this way, SteD specifically targets major histocompatibility complex (MHC) class II molecules to sup-

press adaptive immune response (Bayer-Santos et al., 2016; Godlee et al., 2022).

I11.2. Typhoidal Salmonella

Human specialized, typhoid fever causing Salmonella serovars infect approximately 20 million people
every year and 200,000 people succumb to the disease annually, particularly in regions with poor eco-
nomic development and limited public health infrastructure (Crump et al., 2004; WHO, 2018b). Tradi-
tionally, STM has been served as surrogate to investigate systemic Salmonella infections because it can
easily be genetically manipulated, there are well-established in vitro and in vivo infection models avail-
able using cell culture and susceptible mouse strains and research can be carried out under low biosafety
level (Gerlach and Hensel, 2007; Schulte and Hensel, 2016). However, the infection process of non-
typhoidal Sa/monella (NTS) and typhoidal Sa/monella (TS) is similar but differs in specific details. Both
infections begin with an oral uptake of Salmonella. The infectious dose of NTS with over 10° bacteria
is high and the incubation time with 1-3 days is short. NTS are capable of excessive luminal replication
and trigger an inflammatory response but the local infection is self-limiting. In contrast, the infectious
dose of TS is low (10%-10° bacteria), but the incubation time with 1-3 weeks is long and the systemic
infection has to be counteracted with antibiotics (Dougan and Baker, 2014; Khan et al., 2012). The lack
of mucosal rapid inflammation response is a unique key feature of TS. The TS infection involves repli-
cation in macrophages and a subsequent systemic dissemination by passing unnoticed through immu-
nological checkpoints like lymph nodes to e.g. spleen, gallbladder, lymph nodes, blood and bone marrow
(Hiyoshi et al., 2018a). Due to resistance to high concentrations of bile, STY can form biofilms in
gallbladder and on gallstones (Di Domenico ef al., 2017; Prouty et al., 2002). The ability to avoid a
massive inflammatory response and the higher frequency of persister formation, that are able to survive
host immune responses and harsh antibiotic treatment, is considered as part of a ‘stealth strategy’ of TS
(Dougan and Baker, 2014). A schematic illustration of substantial differences between TS and NTS

infection is depicted in Figure I11.3.
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Figure I11.3. Typhoidal and non-typhoidal infections. Schematic comparison of the infection process with non-
typhoidal (NTS, A) and typhoidal (TS, B) Salmonella. Both NTS and TS invade the intestinal mucosa through
microfold (M-) cells. NTS are also capable of invasion of polarized epithelial cells (PEC) and massive replication
in epithelial cells which leads to extrusion of enterocytes. NTS trigger a massive inflammatory response by luminal
replication and macrophages which leads to further attraction of immune cells. TS like SPA and STY show only
limited luminal replication and do not trigger a rapid inflammatory response. The infection involves replication in
macrophages and subsequent systemic dissemination to gallbladder, lymph nodes and bone marrow.
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I11.2.1.Adapted armory: Genetic equipment of typhoidal Salmonella

Despite genomes of Salmonella serovars sharing often beyond 90% of genetic similarity, a hallmark of
TS is the presence of a large number of pseudogenes, a characteristic which is often associated with the
evolution of host restriction (Chan et al., 2003; Didelot et al., 2007; Holt et al., 2009; McClelland et al.,
2004). Expression of pseudogenes is impaired due to inactivation by insertion, deletion or nucleotide
substitution. Coding sequences of STY and SPA harbor over 4% pseudogenes (Holt et al., 2009). Other
host-specific serovars like the avian-restricted S. Gallinarum harbor similar amounts of pseudogenes
(>6%) (Feng et al., 2013; Foley et al., 2013; Thomson et al., 2008). In contrast, the genome of the host
generalist STM harbors less than 0.9% pseudogenes and the related host generalist enterobacterium

Escherichia coli possesses about 0.7% pseudogenes (Holt et al., 2009).

Pseudogenes in TS are spread across the genome and affect SP1-T3SS effector proteins (SopE2, SopA)
or SPI2-T3SS effector proteins (SopD2, Ssel) (Holt et al., 2009; Johnson et al., 2018; McClelland et
al., 2004). Others lead to expression of proteins with altered functionality (SiiE, SptP) (Barlag and
Hensel, 2015; Johnson et al., 2017). Some pseudogenes may restrict the metabolic flexibility like aux-
otrophies of SPA and STY for cysteine and tryptophan (Sabbagh et al., 2010), or affect amino acid
synthesis (asnB), nutrient transport (araH, rbsC, gitJ, yaaJ, cbiM), carbon metabolism (rhaD, rhasS,
gatZ, uhpT), tetrathionate reduction (¢S, ttrB, phsA), vitamin biosynthesis (chid, cbiC, cbil, cbiK) or
iron uptake (fepE, fhud, fhuk) (Holt et al., 2009; Langridge, 2010).

Additionally, TS differ in their gene expression and regulating patterns, for instance of SPI1 regulating
genes hilA and hilD in SPA (Elhadad et al., 2016), or barA and sird in STY (Johnson et al., 2018). In
some cases, loss of genes in TS may be directly linked to host adaptation, e.g. in the case of SPI2-T3SS
effector GtgE which proteolytically targets Rab29, Rab32 and Rab38 and thereby promotes replication
inside murine macrophages during STM infection (Ho et al., 2002; Spano and Galan, 2012; Spano et
al., 2011). A recently published study also stated, that SPI2 may not be required at all for intracellular

survival of TS in human macrophages (Forest et al., 2010).

Furthermore, additional virulence genes were also gained in the evolutionary process such as SPI7 and
SPI11. SPI7 genes encode the Vi capsule, a unique feature of STY, S. Paratyphi C and S. Dublin (Pickard
et al., 2003). The capsule expression depends on osmolarity (Arricau et al., 1998; Pickard ef al., 1994).
In low to medium osmotic environments (<0.3 M NaCl; aqueous environment e.g. bloodstream) it is
upregulated, whereas under high osmotic conditions (>0.3 M NaCl; e.g. intestinal lumen) and during
the intracellular lifestyle Vi capsule expression is inhibited (Janis et al., 2011). The adherence and inva-
siveness of STY reaches its maximum under high osmotic conditions without Vi capsule (Tartera and
Metcalf, 1993), though the expression increases virulence and reduces antibody binding and the activa-
tion of the complement system (Hart ef al., 2016; Hornick ez al., 1970a, b). However, the Vi capsule is

not essential for infection and TS such as SPA cause enteric disease in absence of SP17 (Hirose et al.,
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1997). Another notable feature of TS is the expression of typhoid toxin. It is a unique type of AB toxin
and plays a key role in host-pathogen interaction and the human host due to its cytolethal capacity
(Chong et al., 2017, Haghjoo and Galan, 2004; Song et al., 2013). Typhoid toxin binding is highly
restricted to human cells through binding to N-acetylneuraminic acid (Neu5Ac) which is exclusively
present on human cells (Song ef al., 2013). Expression of typhoid toxin is upregulated in intracellular
TS and promotes pathogenicity (Spano et al., 2008) although a recent large clinical study with human
volunteers showed no clear effect in systemic infection (Gibani et al., 2019). Altogether, pseudogenes,
differential gene expression patterns and newly acquired genetic features may lead to differences in host
interaction and intracellular lifestyle of TS. An overview of important virulence associated genes present

in SPA and STY in comparison to STM is listed in Table III.1.

Table I11.1: SPI1 and SPI2 effector proteins of STM, SPA and STY. Subset of effector proteins with differ-
ences regarding presence in Salmonella serovars STM, SPA or STY. Functional effectors are highlighted with
check mark, pseudogenes are highlighted with “X” in red, proteins with altered function in blue and effectors only
present in certain strains in orange (adapted from (Johnson et al., 2018)).

T3SS Effector STM SPA STY
SopA v
SopE
SPI1 SopE2
SopF
SptP
CigR
GogB
GtgA
SifB
SopD2
SpvB
SpvC
SPI2 Ssel
Ssel
SseK 1
SseK2
SseK3
SspH2
SteC
SteD
AvrA
GtgE
SIrP
SpvB
SteB
SteE
GogA
unknown PipA
StoD v

o AN N NS
AN I RSN N

AN N N NV Y U N N N I N NN

N
AN

SPI1/SPI2

AN N N V. Y Y N NN
o
o
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I11.2.2.Host specificity & limitations of model systems

The strict host specificity of TS has limited studies of virulence mechanisms in the past. NTS like STM
have been used as surrogate to provide an insight into the molecular mechanisms of the general patho-
genesis of Salmonella but failed to enlighten the specific characteristics of typhoid disease in humans.
Studies with TS were difficult or impossible to perform due to their human-restricted host tropism, alt-
hough some studies with susceptible mice, primates or human volunteers have been carried out (Edsall
et al., 1960; Gibani et al., 2019; Glynn et al., 1995; Hindle et al., 2002). Next generation sequencing
together with modern bioinformatic approaches made it possible to analyze large amounts of clinical TS
isolates and supported to uncover the evolution as well as the genetic features of TS. However, the
distinct host-tropism and clinical manifestation in humans is still not well understood and needs other
(infection) model systems to investigate the molecular mechanisms behind these processes. Although
working with cell culture models, like HeLa, Caco-2, U937 and THP-1 cells, allow defined and easy
reproducible experiment design with high throughput they do not reconstitute in vivo conditions. Pri-
mary immune cells isolated from blood that allow differentiation into macrophages and dendritic cells
serve as option to mimic natural conditions if working with single cell is required. As alternative, hu-
manized mouse models based on transplantation of human immune cells and genetic engineering have
been developed (Karlinsey et al., 2019; Mathur et al., 2012). Organoids also serve as method to establish
complex in vivo like conditions in 3D structure with a heterogeneous cell population. The organoid
system, a recent methodological development probably becoming a game changer across various disci-

plines in life sciences is introduced in a following chapter.

II1.3. Organoids, a game changer in life sciences?

Organoid systems represent one of the major recent advances for biological research across biological
fields including drug treatment, cancer therapy, developmental biology and also infection biology. In
contrast to cell culture with only a single cell population, organoids are in vitro model systems of minia-
turized organs suitable to recapitulate the architecture and physiology of organs in remarkable detail.
Organoids can be derived from organ-specific adult stem cells (AdSC) or induced pluripotent stem cells
(iPSC) and are able to reconstitute complex tissues with different cell types and physiological functions
(Hofer and Lutolf, 2021). Therefore, stem cells are embedded in an artificial extracellular matrix and
supplemented with a complex medium, containing growth factors that allow differentiation into various

types of organs (Kim et al., 2020).

I11.3.1.0rganoids in infection biology research

Analyses of host-pathogen interactions are a key requirement for the understanding of bacterial viru-
lence mechanisms. Rising infection rates and frequently emerging antibiotic resistance in pathogenic
bacteria as well as newly emerging zoonotic diseases like SARS-CoV-2 illustrate the importance to
better understand pathogenesis for development of new strategies to counteract infections and vaccine

development. Cell culture models are frequently used to study cellular interactions with a high temporal
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and spatial resolution. However, these models lack the complex tissue architecture of whole tissues. For
many diseases including typhoid fever, the broader biological context is necessary to elucidate infection
routes, disease progression and pathogenesis of the causative agent. Most recently, organoids have be-
come a promising tool to study host-pathogen interactions in a more in vivo relevant setting (Bartfeld,
2016; Dutta and Clevers, 2017; Rios and Clevers, 2018). Despite being only a recently developed
method, numerous bacterial, viral and parasitic pathogens have been analyzed in organoid systems such
as Cryptosporidium, enterohemorrhagic Escherichia coli, Campylobacter jejuni, Clostridium difficile,
Helicobacter pylori, Listeria monocytogenes, Shigella flexneri, Vibrio cholerae, Salmonella enterica,
Zika virus, rotavirus and SARS-CoV-2 (Bartfeld and Clevers, 2015; Finkbeiner et al., 2012; Forbester
et al., 2015; Garcez et al., 2016; He et al., 2019; Heo et al., 2018; Lamers et al., 2021; Leslie et al.,
2015; Ranganathan et al., 2019; Roodsant et al., 2020; Tse et al., 2018; Zomer-van Ommen et al., 2016).
Even formerly unculturable pathogens like norovirus show the high potential of organoids to become a
promising model system for pathogens (Ettayebi et al., 2016). Especially the research with human-re-

stricted pathogens like TS is dependent on human cell culture with a close relation to in vivo conditions.

Many bacterial pathogens are using the intestinal tract as route of entry to deeper tissues and systemic
spread in the host (Ribet and Cossart, 2015). The intestinal epithelium, composed of a single layer of
cells, is assembled by a majority of four differentiated cell types: enterocytes, enteroendocrine cells,
goblet cells and Paneth cells. Together with a small population of multipotent Lgr5* stem cells, tuft and
M-cells they constitute the distinct areas of the villus and crypt domains of the intestine (Allaire et al.,
2018; Haegebarth and Clevers, 2009; Sato et al., 2009). Enterocytes are the most abundant cell type in
the intestinal epithelium and with a dense brush border they act as physical barrier and are responsible
for nutrient and water absorption (Snoeck et al., 2005). Goblet cells are distributed in the intestinal
mucosa and secrete mucins providing a protective barrier atop the intestinal epithelium (Johansson and
Hansson, 2016). M-cells are constantly sampling luminal content for presentation of particular antigens
and microorganisms to immune cells at the basolateral side, thereby acting as an antigen sampling sys-
tem (Kucharzik ef al., 2000). Enteroendocrine and tuft cells secrete hormones and cytokines in response
to luminal content, such as nutrients and pathogens, and constantly regulate digestion, intestinal motility
and inflammatory response (Moran et al., 2008; von Moltke et al., 2016). Intestinal stem cells reside at
the base of the crypts and give rise to proliferative cells that differentiate as they travel up to the tip of
the villus (Crosnier et al., 2006). Paneth cells support stem cell function and release antimicrobial factors
for efficient protection of the crypt domain (Rodriguez-Colman et al., 2017). Crypt-derived intestinal
organoids mimic tissue characteristics of distinct sections of the gastrointestinal tract. Therefore, stem
cells of human or murine origin can be differentiated to 3D or 2D tissues with crypt formation, distinct

cell populations, polarization and mucus secretion (Taelman ez al., 2022).

Intestinal organoids with their ability to recapitulate infection relevant characteristics such as crypt and

microvilli domains, mucus production, defensive and antimicrobial peptide secretion can serve as
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adequate model system for enteric pathogens (Bartfeld and Clevers, 2015; Dutta and Clevers, 2017).
Further systems with gallbladder and liver organoids can help to study specific infection foci in systemic
diseases in case of typhoid fever (Caiazza et al., 2021; Sepe et al., 2020). Co-culture models with im-
mune cells in medium could serve as model for microenvironments like the lamina propria (Schreurs et
al.,2021). Altogether, a decent set of methods with organoid systems is available by now and only future

will tell what a giant leap organoids represent for research in infection biology.

I11.4. From vacuole to cytosol: Lifestyles of intracellular pathogens

The human host is constantly patrolled by immune cells and contains lots of antibodies and other mol-
ecules, like the complement system, that can target extracellular bacteria and lead to clearance. The
environment inside host cells can therefore provide a safe space to subvert the immune system. Intra-
cellular bacteria either inhabit a specialized compartment, a pathogen-containing vacuole (PCV), or they
escape into the cytosol (Creasey and Isberg, 2014). Both PCV and cytosol can be antibacterial environ-
ments if intracellular pathogens are incapable of successful manipulation of cellular immune mecha-
nisms to establish a niche for persistence and proliferation (Asrat et al., 2014; Kellermann et al., 2021).
Cellular immune mechanisms lead to the development of various bacterial counter mechanisms to with-

stand or circumvent inhibition and degradation.

I11.4.1.How pathogenic bacteria manipulate their host

Several bacterial pathogens have evolved an intracellular lifestyle, such as the Gram-negative Salmo-
nella, Yersinia, Legionella and Shigella as well as Gram-positive Listeria. While Salmonella, Yersinia
and Legionella inhabit a PCV as replication niche, Shigella and Listeria actively escape out of their PCV
to the host cell cytosol (Figure II1.4). Maintaining the integrity of the PCV is of crucial importance to
avoid degradation within the lysosomal or autophagosomal pathway. Autophagy is an adaptive process
that occurs in response to different forms of stress, including nutrient deprivation, growth factor deple-
tion and hypoxia, thereby providing nutrients for vital cell functions (Dikic and Elazar, 2018). It is also
involved in elimination of unwanted, potentially harmful cytosolic material, such as damaged mitochon-
dria or protein aggregates and also degradation of intracellular pathogens. Notably, many pathogens
have evolved strategies to escape the autophagic machinery by interference with autophagosome matu-
ration, blocking fusion of the autophagosome with the lysosome and competing with host autophagy

receptors such as LC3 (Dikic and Elazar, 2018).

In the case of Salmonella, SPI2-T3SS effector proteins play a major role in the process of autophagic
escape (Figure I11.4 A). The effector protein SseL, for instance, deubiquitinates the SCV membrane and
thus prevents recognition by autophagic receptors of the host cell (Mesquita et al., 2012). In later stages
of infection, Sa/monella is able to recruit the negative regulator of autophagy, mTOR, to the SCV mem-
brane, thereby preventing autophagic recognition (Tattoli ef al., 2012). Invasion by trigger mechanism

can already lead to SCV rupture in early stages of infection (Roder and Hensel, 2020). Cellular processes
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like ESCRT-dependent endolysosomal repair mechanisms and sphingomyelin scrambling play a major
role in maintenance of SCV integrity (Ellison ef al., 2020; Goser et al., 2020). Upon SCV rupture, Sal-
monella is exposed to the host cell cytosol and lipopolysaccharide (LPS) is ubiquitylated by the E3
ubiquitin ligase ring finger protein 213 (RNF213) (Otten et al., 2021). However, massive hyper-repli-
cation in host cell cytosol obscures defects in vacuolar replication and fuels intestinal expansion and

chronic fecal shedding (Chong ef al., 2021; Malik-Kale et al., 2012).

In contrast, invasion of Yersinia by zipper mechanism involves less severe membrane ruffling at the
entry site (Roder and Hensel, 2020). The signaling cascades allowing invasion into epithelial cells by
invasion/B1-integrins interaction have already been well studied (Isberg and Falkow, 1985; Isberg and
Leong, 1990; Isberg et al., 1987). In the subsequent intracellular lifestyle, Yersinia interferes with mem-
brane trafficking and favors bacterial replication by activating autophagy (Figure I11.4 B) (Lemarignier
and Pizarro-Cerda, 2020). Yersinia-containing vacuoles (YCV) enlarge progressively over time by fus-
ing with LAMP1- and LC3-positive membranes establishing a double or multimembranous compart-
ment (Moreau et al., 2010). However, degradation by fusion with lysosomes is somehow inhibited and
Yersinia is able to replicate in a non-acidic autophagosome (Connor et al., 2018; Straley and Harmon,

1984).

Following uptake by phagocytic cells, Legionella avoids lysosome-mediated degradation and forms a
replication-permissive compartment, the Legionella-containing vacuole (LCV; Figure 1I1.4 C). The
LCV has a defined membrane signature due to recruitment of vesicles rich in lipids and proteins (Oliva
et al., 2018). Upon nutrient starvation in later stages of infection, drastic morphological changes are
induced by activation of stringent response. A short, highly motile form with a thickened cell wall de-
velops which is 10-100 times more infectious. These highly infectious bacteria are able to lyse the LCV
membrane and induce host cell lysis (Hoffman, 1997; Oliva et al., 2018). Recent studies demonstrated
an autophagic escape mechanism by modulating host sphingolipid metabolism or autophagosome for-

mation, e.g. by T4SS effector protein RavZ (Choy et al., 2012; Rolando et al., 2016).

In contrast to the bacterial pathogens above, Shigella and Listeria are not residing in a PCV. Both path-
ogens are able to actively move within the host cell cytosol through Arp2/3-mediated actin polymeriza-
tion following escape from the PCV (Haglund and Welch, 2011; Welch and Way, 2013). Subsequently
to invasion into epithelial cells, Shigella actively escapes from the PCV and the surface protein IcsA
polymerizes host actin at the bacterial surface (Figure II1.4 D) (Kocks et al., 1995). Shigella prevents
recognition of IcsA by the autophagy related protein ATGS via the translocated effector IcsB which
binds to IcsA and blocks recognition by ATGS (Ogawa et al., 2005). Additionally, the secreted effector
VirA targets and inactivates RAB1 which is involved in ER-Golgi vesicular transport and is crucial in
the formation of autophagosomes (Zoppino et al., 2010). Subsequent to zipper invasion mediated by

Internalin A (InlA) and InlB, Listeria actively escapes the PCV with the pore-forming protein
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listeriolysin O (LLO) and recruits the host actin polymerization machinery by the surface protein ActA
(Kocks et al., 1995). Additionally, another surface protein InlK recruits the hosts major vault protein
(MVP) which inhibits p62 recruitment and prevents recognition of the autophagosomal machinery
(Dortet et al., 2011). For both Shigella and Listeria, the intracellular motility is a major mechanism,
enabling cell-to-cell spread and avoidance of recognition by autophagy. Mutants lacking the ability of
vacuolar escape and subsequent intracellular movement are highly impaired in their pathogenicity

(Ogawa et al., 2011; Yoshikawa et al., 2009).
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Figure II1.4. Schematic representation of bacterial inhibition and evasion of autophagy, intracellular move-
ment and cell-to-cell spread. (A) Recruitment of active mTOR and deubiquitinating activity of SseL inhibit au-
tophagic recognition of Salmonella-containing vacuole (SCV). Upon SCV rupture, LPS of cytosolic Salmonella
is ubiquitylated and LC3-mediated xenophagy is induced. Extensive hyper-replication can occur in host cell cyto-
sol. (B) Yersinia inhibits fusion of Lysosomes (Lys) with the Yersinia-containing vacuole (YCV) and by this pre-
vents degradation. By recruitment of LC3-positive membranes, the YCV matures to a double or multimembranous
compartment in which Yersinia replicates. (C) Legionella recruits endoplasmatic reticulum (ER) -derived vacuoles
rich in lipids and proteins to establish the Legionella-containing vacuole (LCV). The T4SS effector RavZ inhibits
autophagosome formation. In late stages of infection, Listeria develops into a short, highly motile and infectious
form and induces LCV and host cell lysis. (D) Both Shigella and Listeria actively escape their pathogen-containing
vacuole, in the case of Listeria by pore-forming listeriolysin O (LLO). The Shigella T3SS effector IcsB blocks
autophagic recognition of IcsA. Additionally, the T3SS effector VirA blocks formation of LC3-phagophores. InlK
and subsequent recruitment of MVP prevent ubiquitination of Listeria. IcsA and ActA mediate actin-based motility
and xenophagic escape of Shigella and Listeria, respectively. Collision with the plasma membrane leads to pro-
trusions and cell-to-cell spread.
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IV. Aims of this work

The strict adaptation to primate hosts limits studies of virulence mechanisms of TS. Studies investigating
Salmonella systemic pathogenesis typically rely on NTS, and since STM causes a typhoid-like systemic
infection in susceptible mice, it is often the model of choice. However, pathogenesis of human-restricted
TS has several features distinct from systemic infections of STM in the mouse model. Until today, un-
derstanding of the molecular mechanisms of pathogenesis of STY and SPA is still elusive, and further
research is urgently required. Multiple topics regarding the intracellular lifestyle of typhoidal Salmonella

will be investigated in this thesis:

1) Various studies with STM suggest a functional SPI2-T3SS as crucial factor for intracellular
survival, replication and pathogenesis of Sa/monella in general. This work will investigate the contribu-
tion of SPI2 to intracellular lifestyle of STY and SPA in comparison to STM. Is the SPI2-T3SS func-
tional in STY and SPA? Do STY and SPA remodel the endosomal system of infected host cells to a
same degree as STM? Are there differences regarding the biosynthetic capability during the intracellular

lifestyle?

i) SPA represents an understudied Salmonella serovar, although a commercial vaccine is not avail-
able and antibiotic resistant strains are increasingly reported. While STM and SPA share many virulence
factors, the underlying mechanisms for these differences are not fully understood. What are possible
reasons for differences in host-pathogen interactions of SPA compared to STM? Does SPA exhibit sim-

ilar intracellular phenotypes and gene expression patterns during epithelial cell infection?

i) Single cell analyses of intracellular pathogens rely on efficient bacterial and cellular reporter
systems. Already established bacterial reporter systems for STM will be adapted for use in TS. Further-
more, cellular reporters will be optimized to analyze host cell responses during infection. For this pur-

pose, stable lentiviral-transfected cell lines will be generated.

iv) Subsequent to establishment of suitable reporter systems for single cell analyses of intracellular
TS, these systems will be used to analyze the route of SPA infection and the intracellular lifestyle with
regard to bacterial and host cell response. How does SPA escape from the SCV to host cell cytosol?

What are possible host cell responses during the cytosolic lifestyle of SPA?

V) Since research with cell lines lacks complex tissue architecture, another topic of this work is the
establishment of a human intestinal organoid systems for further use with human-specialized TS. Imag-
ing approaches and quantitative analyses will be adapted to analyze Sa/monella infection processes with

a focus on adhesion and invasion.

With these research projects, this work aims to develop new methods for analyses of TS infection and

contribute to a better understanding of the virulence traits of TS.
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V.4.1. Abstract

Salmonella enterica is a common foodborne, facultative intracellular enteropathogen. Typhoidal S. en-
terica serovars like Paratyphi A (SPA) are human restricted and cause a severe systemic disease, while
many S. enterica serovars like Typhimurium (STM) have a broad host range and in human hosts usually
lead to a self-limiting gastroenteritis. There are key differences between typhoidal and non-typhoidal
Salmonella in pathogenesis, but underlying mechanisms remain largely unknown. Several genes encod-
ing Salmonella pathogenicity island (SPI) effector proteins are absent or pseudogenes in SPA. Expres-
sion of virulence and metabolism genes show differential expression compared to STM. The intracellu-
lar transcriptomic architecture and phenotypes during presence in epithelial cells were recently de-
scribed. Surprisingly, induction of motility, flagella and chemotaxis genes showed distinct expression
patterns in intracellular SPA vs. STM and led to cytosolic motility of SPA. This study applies single cell
microscopic analyses approaches to investigate the triggers and cellular consequences of cytosolic mo-
tility. Live cell imaging revealed that SPA invades host cells in a highly cooperative manner. Extensive
membrane ruffling at the invasion site leads to increased membrane damage in the nascent SCV with
subsequent cytosolic release. After release into the cytosol, motile bacteria showed same velocity as
under culture conditions used for infection. Reduced decoration by autophagosomal protein LC3B was
observed during LCI and electron microscopy. Our results indicate cytosolic motility as possible xe-
nophagy evasion mechanism that could drive disease progression and contribute to dissemination of

invasion-primed SPA in systemic infection.
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V.4.2. Introduction
Life inside mammalian host cells is a common virulence strategy of microbial pathogens and various
forms of adaptation to life within host cell cytosol or pathogen-containing vacuoles (PCV), as well as

exit strategies from host cells occur.

Salmonella enterica is a ubiquitous, invasive and facultative intracellular pathogen. Oral uptake of S.
enterica by contaminated food or water causes infectious diseases ranging from self-limiting gastroen-
teritis to systemic infections with often fatal outcome (Dougan and Baker, 2014). While non-typhoidal
Salmonella (NTS) serovars, such as S. enterica serovar Typhimurium (STM) often have broad host
range, typhoidal Salmonella (TS) serovars such as S. Typhi (STY) or S. Paratyphi A (SPA) are charac-
terized by adaptation to primate hosts in which typhoid or paratyphoid fever are important systemic
diseases. The strict host adaptation limits studies of virulence mechanism of TS, and frequently infection
models of STM in susceptible mouse strains are used as surrogate to investigate systemic Salmonella
infections. However, SPA, STY and other TS are distinct from NTS by presence of increased accumu-
lation of pseudogenes (Holt et al., 2009; McClelland et al., 2004), additional virulence factors as Vi
capsule (STY) or typhoid toxin (STY, SPA), and distinct regulation of expression of virulence functions

(Cohen et al., 2022; Reuter ef al., 2021).

Both NTS and TS invade non-phagocytic mammalian cells, such as epithelial cells, by trigger invasion
mediated by translocation of effector proteins by the Sa/monella pathogenicity island 1 (SPI1)-encoded
type III secretion system (T3SS). Host cell invasion is considered to initiate the intracellular lifestyle of
Salmonella, and allows to breach epithelial barriers. Translocation of SPI1-T3SS effector proteins also
evokes strong proinflammatory responses of epithelial cells, leading to intestinal inflammation, a hall-
mark of gastroenteritis by NTS. While SPI1-T3SS also mediates invasion by SPA and STY, intestinal
inflammation usually is absent and other routes of entry appear to be used to breach epithelial barriers

of the intestines in order to reach systemic sites.

Compiling data on the intracellular lifestyle in mammalian host cells reveal that STM is well-adapted to
life in specific PCV, referred to as Salmonella-containing vacuole, or SCV. The SCV possesses canon-
ical markers of late endosomal compartments, yet allows STM survival and proliferation. The manipu-
lation of the host cell endosomal system mainly mediated by effector proteins of the SPI12-encoded T3SS

is central to SCV formation and maintenance (Jennings et al., 2017).

In addition to survival and proliferation in the SCV, further intracellular fates of STM are observed. If
the integrity of the SCV is not maintained, STM is exposed to host cell cytosol. This may evoke xe-
nophagic clearance, induce pyroptotic cell death, or may lead to cytosolic hyper-replication resulting in

release of highly infected enterocytes as observed for STM (Brumell et al., 2002; Knodler et al., 2010).

In an approach to understand specific virulence mechanisms of TS, a comprehensive comparative tran-

scriptional analysis of intracellular STM and SPA was performed (Cohen et al., 2022). The data revealed
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various differences in expression of metabolic functions and distinct patterns of expression of flagella
genes. We followed potential phenotypic consequences of the distinct expression patterns and observed
that a subpopulation of intracellular SPA expresses flagella and is motile in host cell cytosol. Such fla-
gella-mediated cytosolic motility was not observed for STM present in host cell cytosol, and clearly is
distinct from intracellular motility evolved by other pathogens, where host cell actin polymerization is

hijacked by various surface proteins.

Here we set out to analyze why SPA is released into cytosol, and how host cells respond to intracellular
motile SPA. In contrast to intracellular motility mediated by actin polymerization, intracellular motility
of SPA did not allow intercellular spread. However, flagella-mediated motility enables SPA to avoid

xenophagic clearance, as prerequisite of host cell exit of invasion-primed motile SPA.
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V.4.3. Results

Early escape to host cell cytosol depends on invasion mechanism of SPA

Although STM and SPA belong to the same species, the disease they cause in humans is very different
ranging from a self-limiting gastroenteritis in case of STM infection, to severe systemic disease with
potentially lethal outcome caused by SPA. We recently compared the intracellular gene expression pro-
files of STM and SPA during infection and identified differences in the expression of flagella/chemo-
taxis, SPI1, and carbon utilization pathways, and demonstrated flagella-mediated movement of SPA in
cytosol of host cell (Cohen et al., 2022). Flagella-mediated motility was not observed for intracellular

STM, despite a small proportion of STM also enters host cell cytosol.

To further investigate phenotypic heterogeneity of intracellular SPA, we performed live cell imaging
(LCI) of infected LAMP1-GFP expressing HeLa cells, and compared SPA WT to isogenic mutant
strains deficient in flagella synthesis (Af7iC), chemotaxis regulation (AmotAB), or certain effector pro-
teins of SPI1-T3SS (AsopE, AsopE2) or SPI2-T3SS (AsifA) crucial for early and late SCV integrity.
Furthermore, a SPA strain with a synthetic zipper invasion mechanism was investigated, i.e. SPA Ainv4
[Pine::Y.p. inv] with defective SPI1-T3SS and Yersinia pseudotuberculosis (Y.p.) Invasin protein Inv

synthesized under control of SPI1 promoter Piur.

We quantified the intracellular phenotypes in categories of ‘cytosolic motile’ and ‘cytosolic non-motile’,
while ‘other’ includes SPA residing in an SCV or showing cytosolic hyper-replication (Fig. V.4.1). In
line with previous findings (Cohen et al., 2022), about 38% of SPA WT-infected host cells harbored
cytosolic SPA exhibiting intracellular motility, while in 5% of infected cells cytosolic SPA WT were
non-motile (Fig. V.4.1AB). SPA mutant strains with defects in maintaining SCV integrity (Asif4), or
lacking SPI1-T3SS effectors (AsopE, AsopE2) showed similar results of phenotypes with cytosolic mo-
tile SPA AsopE, AsopE2 and AsifA4 in 30%, 39% and 40 % of infected cells, respectively. This popula-
tion was absent in cells infected with non-motile mutant strains lacking flagella filament FliC (Fig.
V.4.1A and Fig. V.4.1C) or with a defective energizing of flagella rotation (AmotAB) similar to cells
exposed to the antibiotics cefotaxime and ciprofloxacin affecting bacterial cell wall synthesis and DNA-
replication during infection. As the Amot4AB and AfliC mutant strains are constitutive non-motile, we
also tested if motility during invasion has an effect on the intracellular phenotype with inducible mot4B
expression under control of promoter P4 which can be induced by non-antibiotic derivates of tetracy-
cline such as anhydrotetracycline (AHT) (Schulte et al., 2019). We induced expression of motAB with
AHT in bacterial culture and omitted AHT during infection and the following incubation time to avert
motility in infected HeLa cells. SPA AmotAB [Piea::motAB] showed increased invasion compared to
AmotAB (Fig. S 4) but also completely lacked cytosolic motile subpopulation. Further, we set out to
evaluate the contribution of the mode of invasion to cytosolic release and subsequent intracellular mo-

tility with a mutant strain incapable of secretion of trigger invasion-mediating SPI1 effectors (AinvA).
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We introduced a plasmid with Y.p. inv under control of SPI1 promoter P;,.r, allowing expression under
similar conditions as the SPI11-T3SS and therefore enabling SPA invasion by zipper mechanism. Inter-
estingly, this strain showed also no subpopulation of cytosolic motile bacteria in 1% of the infected
cells, in fact, the cytosolic subpopulation was almost absent (5%) with SPA predominantly residing in
an SCV (Fig. V.4.1A and Fig. V.4.1D). These data confirm previously published data stating trigger

invasion as a promoting factor for cytosolic release (Roder and Hensel, 2020).
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Fig. V.4.1. Quantification of intracellular SPA phenotypes. A-E. HeLa cells stably expressing LAMP1-GFP
(green) were infected with Salmonella Paratyphi A (SPA) WT or isogenic mutant strains expressing mCherry (red)
at MOI 30, 60, or 90 for WT, AinvA [Piwr::Y.p. inv], or AfliC, AmotAB, respectively. A. Quantification of intra-
cellular phenotypes was performed during live cell imaging. From 4-6 h p.i., at least 100 infected cells per strain
were examined for intracellular phenotypes. Data are means +/- SD from three independent experiments. Statistical
analysis was performed with one-way ANOVA and is indicated as n.s., not significant; *, p < 0.05; **, p <0.01;
**% p <0.001. B, C. Time-lapse images of infected HeLa-LAMP1-GFP cells showing movement of three cyto-
solic SPA WT (B, turquoise, magenta and yellow arrowhead), no movement of cytosolic SPA AfliC (C, red and
blue arrowhead) and SPA AfliC residing in SCV (C, green arrowheads). D. Maximum intensity projection of HeLa-
LAMPI1-GFP cells infected with SPA AinvA [PinvF::Y.p. inv] residing in SCV (green arrowheads). Scale bars: 10
pm.

Cooperative trigger invasion of SPA leads to increased membrane damage of the SCV

It was previously described, that the mode of trigger invasion and also the set of involved SPI1 effectors
secreted by the T3SS contribute to cytosolic release following host cell entry and that trigger invasion
is often a cooperative event (Lorkowski et al., 2014; Roder and Hensel, 2020). We set out to investigate
membrane ruffling during invasion by live cell imaging of different STM serovars and SPA WT as well
as SPA invading through zipper mechanism (Fig. V.4.2, Fig. S 1, Movie 1, Movie 2, Movie 3, Movie
4). We observed rather small membrane ruffling for STM NCTC 12023 (Fig. V.4.2A, Fig. S 1, Movie
1) and more extensive membrane ruffling for STM SL1344 (Fig. V.4.2B, Fig. S 1, Movie 2). Prolonged
and extensive membrane ruffling of a larger cell area was observed for SPA WT (Fig. V.4.2C, Fig. S 1,
Movie 3). SPA AinvA [Piwr Y.p. inv] showed lowest actin rearrangement at the invasion site (Fig.
V.4.2D, Fig. S 1, Movie 4). Image analysis of invasion sites indicated that STM NCTC 12023 invasion
is characterized by mostly single bacteria at invasion sites (mean = 1.6) whereas during the invasion of
STM SL1344 multiple bacteria are involved in the process (mean = 3.2). SPA WT showed highest
accumulation of bacteria at sites of membrane rearrangement (mean = 7.3) which is reduced when SPA

is invading through zipper mechanism (mean = 2.1).
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Fig. V.4.2. SPA induces massive membrane ruffles during trigger invasion, and invades in highly coopera-
tive manner. A-D. HeLa cells stably expressing Lifeact-eGFP (green) were infected with STM NCTC 12023 (A),
STM SL1344 (B), SPA WT (C), or SPA AinvA [Pinr::Y.p. inv] (D) expressing mCherry (red) at MOI 75. Cells in
chambered coverslips were infected on microscope stage and imaged for 1 h by spinning disc confocal microscopy
with intervals of 3-5 min between images. Still images from time-lapse are shown. Arrowheads indicate sites of
ongoing invasion. Scale bars: 10 pm. E. Image series were assessed for invading bacteria per ruffle. Shown are
Tukey s box plots of invading bacteria per ruffle during infection with error bars including data of 1.5 x interquar-
tile range (IQR). Outliers beyond the 1.5 x IQR are shown as dots. Middle lines and “+” denote median and mean
value, respectively. Compiled from three independent experiments, 200, 169, 170, and 130 individual invasion
events were analyzed for STM NCTC 12023, STM SL1344, SPA WT, and SPA AinvA [Pinr::Y.p. inv], respec-
tively,. Statistical analysis compared to SPA WT was performed with unpaired two-tailed t test and is indicated as
*** for p <0.001.

Trigger invasion enhances membrane damage at nascent SCVs

Previous work revealed that the SCV is prone to ruptures, which are targeted by membrane damage
markers like galectins, sphingomyelin or the ESCRT machinery (Ellison et al., 2020; Goser et al., 2020;
Paz et al., 2010; Thurston et al., 2012). We used an engineered version of equinatoxin II (EqtSM) as
rapid membrane damage reporter that is binding cytosol-exposed sphingomyelin (Deng ef al., 2016;
Niekamp et al., 2022) and infected HeLa cells expressing Halo-tagged EqtSM with SPA WT or SPA
AinvA [Pivr::Y.p. inv] to assess contribution of invasion mechanism to membrane damage of the nascent
SCV (Fig. V.4.3). LCI revealed that trigger invasion of SPA WT enhances SCV disruption in 45% of
counted SCVs, in contrast to 14% when SPA is invading through zipper mechanism (Fig. V.4.3D). The
results reinforce the notion that the invasion mechanism plays a major role in SCV integrity in subse-

quent intracellular lifestyle.

Motility of cytosolic SPA delays xenophagic clearance

A subset of intracellular pathogens such as Listeria monocytogenes (L.m.) or Shigella flexneri actively
escape the early PCV. As the host cell cytosol is a hostile environment for cytosolic bacteria, e.g. due
to recognition and clearance by cell-autonomous defense mechanisms such as the autophagosomal ma-
chinery, these pathogens evolved sophisticated defense mechanisms to avoid decoration and degradation
by expression of proteins interfering and inhibiting xenophagy. Such mechanisms have not been re-
ported for cytosolic Salmonella. An intermediate step in autophagic clearance of cytosol-invading bac-
teria is the ubiquitylation of bacterial structures such as LPS (Otten et al., 2021). While we could also
observe ubiquitylation of cytosol-invading SPA (Fig. S 2), we analyzed cytosolic motility of SPA as
possible xenophagy counter-mechanism, interfering with decoration of late-autophagic proteins like
LC3B, by infecting HeLa cells stably expressing LC3B-GFP and assessed decoration of intracellular
SPA with LC3B (Fig. V.4.4, Movie 5, Movie 6). We compared SPA WT with SPA AmotAB
[Prera: :motAB] (motile during infection but no intracellular motility) and SPA WT treated with cefotax-
ime and ciprofloxacin (non-motile and non-replicative) regarding LC3B-decoration. SPA infected cells
show heterogenous population as representative images in Fig. V.4.4D-F illustrate. The number of bac-
teria and also the degree of LC3B decoration varies from cell to cell (Fig. V.4.4D-F, Movie 5, Movie
6).
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Fig. V.4.3. Trigger invasion by SPA destabilizes nascent SCVs. A. To localize sites of SPA-induced membrane
damage and to quantify the frequency of SCV damage, HeLa cells stably expressing Lifeact-eGFP (B) or LAMP1-
GFP (C) (green) were transfected for expression of EqtSM-HaloTag and labeled with HaloTag-ligand (blue). Sub-
sequently, cells were infected with SPA WT or SPA AinvA [Pir::Y.p. inv] expressing mCherry (red). Infected
cells were imaged 1-2 h p.i. and representative infected cells are shown as maximum intensity projection. Arrow-
heads indicate intact SCVs (green), or SCVs targeted by EqtSM (orange). Scale bars: 10 um. D. SCVs were scored
for association with EqtSM-HaloTag. Data are means + SD from three independent experiments. Statistical anal-
ysis was performed with unpaired two-tailed t test and is indicated as * for p <0.05.

Image analysis of more than 170 infected cells with over 1,200 bacteria per condition (Fig. V.4.4A, Fig.
V.4.4B) revealed that residing in an SCV efficiently avoids LC3B decoration for all strains (4.5% LC3B-
positive SPA WT, 5.7% LC3B-positive SPA AmotAB [Pw::motAB]) with the highest rate of LC3B
decoration observed in cefo/cipro-treated SPA WT (9% LC3B-positive, Fig. V.4.4C), possibly due to
failure of maintaining SCV integrity due to antibiotics treatment. However, the cytosolic populations of
the respective strains showed significant differences regarding LC3B decoration. The whole cytosolic
population of SPA WT showed about 41.5% LC3B-positive bacteria, whereas cytosolic populations of
SPA AmotAB [Pieia::motAB] and SPA WT + cefo/cipro both showed a high grade of LC3B decoration
(70.6%, 79.7%, respectively, Fig. V.4.4C). We further split the cytosolic population into groups of non-

motile and motile to analyze the contribution of motility to xenophagic escape.
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Fig. V.4.4. Cytosolic non-motile SPA are targeted by autophagosomal membranes. A-C. HeLa cells stably
expressing LC3B-GFP (green) were pulse-chased with Dextran-Alexa647 (blue) and infected with SPA WT or
SPA AmotAB [P :motAB] expressing mCherry (red) at MOI 30. 100 pg x ml"! cefotaxime and ciprofloxacin
were added to infected cells at 2 h p.i. if indicated. At 3-4 h p.i. randomly selected cells were imaged and later
assessed for SPA associated with LC3B-positive membranes. A, B. Total counts of SPA with (dashed bars) or
without (bars) LC3B decoration, compiled from three independent experiments. B. Cytosolic SPA quantified in A
were further scored as motile or non-motile, and assessed for LC3B decoration. C. Percentage of SPA targeted by
LC3B-containing membranes calculated from data shown in A and B. Data are means +/- SD of 195 infected cells
with 2,450 bacteria for WT, 171 infected cells with 3,360 bacteria for AmotAB [Preta::motAB], and 215 infected
cells with 1,291 bacteria for WT + cefo/cipro from three independent experiments. Statistical analysis was per-
formed with one-way ANOVA and is indicated as n.s., not significant; *, p < 0.05; ** p <0.01; *** p <0.001.
D-F. Representative images showing subpopulations in SPA-infected cells. Arrowheads indicate SPA residing in
SCV (blue), cytosolic SPA (red), LC3B-decorated SPA (yellow). Images are shown as single Z-plane from stack
(D) or as maximum intensity projection (E, F). Scale bars: 10 um.

Surprisingly, SPA WT showed a high grade of LC3B decoration in the non-motile population (87.7%)
and a moderate value of the motile fraction (18.6%). In contrast, the motile fraction is almost absent for
SPA AmotAB [Pieis::motAB] and SPA WT + cefo/cipro strains with only 31 and 8 counted bacteria,
respectively (Fig. V.4.4B). Thus, the grade of LC3B decoration of the cytosolic population of the two
strains reflects that of the non-motile fraction with 71.1% and 80.2%, respectively. In summary, our data

proposes cytosolic motility as major factor for xenophagic escape.

We also performed correlative light and electron microscopy (CLEM) analyses in order to reveal differ-
ences in ultrastructure of the heterogenous populations (Fig. V.4.5). Light microscopy allowed identifi-
cation of cytosolic motile and non-motile, as well as SCV-inhabiting SPA for subsequent transmission
electron microscopy (TEM) analyses. Whereas cytosolic motile SPA showed no contact to membranous
structures, we observed SCV harboring SPA with distinct membrane morphology in close contact to the
bacterial envelope (Fig. V.4.5D, E). Cytosolic non-motile SPA showed enclosing LC3B-positive mem-
branes (Fig. V.4.5F).
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Fig. V.4.5. Various degrees of xenophagic capture of distinct subpopulations of intracellular SPA. HeLa cells

expressing LC3B-GFP (green) were pulse-chased with Dextran-Alexa647 (blue) and infected with SPA WT ex-
pressing mCherry (red) at MOI 30. Cells were fixed 4 h p.i. during LCI (A) and afterwards processed for
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transmission electron microscopy (TEM) of ultrathin sections. LCI and TEM images were superimposed for cor-
relation (D) and details are shown at higher magnification (E, F). Arrowheads indicate SPA residing in SCV (blue),
cytosolic SPA (red) and SPA targeted by LC3B-positive autophagosomal membrane (yellow). Partial enclosure
by autophagosomal membranes is indicated by green arrowheads Scale bars: 10 um (A, B), 5 um (C, D), 1 um
(E), 500 nm (F).

Increasing LC3B decoration hinders motility of cytosolic SPA

For many bacteria of different shapes, flagellar movement acts as important mode of locomotion in their
habitat. The rotation of one or multiple flagellar filaments is thereby mediating the forward motion,
interrupted by stops to measure chemical gradients and determine the direction. We set out to investigate
the maximum velocity of flagella-mediated movement of cytosolic SPA. As previously demonstrated
for multiple other bacteria, swimming speed is dependent on type of flagellation and rotation speed of
the flagellum (reviewed in Wadhwa and Berg, 2022). First, we compared maximum velocity during
different growth conditions in LB medium (Fig. V.4.6A). SPA cultures grown under aerobic conditions
showed a median maximum velocity of 11 pm s™! when grown over night and 42 pm s when grown
for 3.5 h while SPI1-inducing microaerophilic conditions lead to a median maximum velocity of 26 um
s’ Other intracellular pathogens such as L.m. utilize actin polymerization as mode of locomotion in
host cell cytosol. We observed median maximum velocity of cytosolic L.m. of 0.5 um s (Fig. V.4.6B)
which is within the range of previously published data (Lacayo and Theriot, 2004). In contrast, cytosolic
SPA were able to move almost as fast as SPA grown under microaerophilic conditions (25 um s™'; Fig.

V.4.6C).

As described above, a subpopulation of LC3B-decorated SPA is still able of movement (Fig. V.4.4,
Movie 5, Movie 6). We set out to correlate the maximum velocity of cytosolic SPA with the degree of
LC3B-decoration by tracking of individual SPA and parallel measurement of LC3B-GFP fluorescence
intensity over time (Fig. V.4.6D, Fig. S 3). Our data indicate a decrease of velocity during increasing
decoration by LC3B. Linear regression with principal component analysis shows a negative slope (y=-
19.5x +21.9) with maximum velocity dropping down to <5 um s at a relative LC3B-GFP fluorescence

of 0.86 which reflects an almost complete enclosure of SPA.

114



RESULTS AND PUBLICATIONS

Vinax [HmM/s]

80 B s~ C 15m
— o®
o
°
60 '::!o. 60 ¢
.o S008%e
...'. } 4
[ 1] 1.0= L
. dlaseid
- ° i
oo
0
£
= 40= T 40=4 r
E e08ele
>
. P p
e e +
— + 0.5=
20 = 20 =t
+ ]
o o ’T. L ]
(L
—— e® o®0e
0 T T T 0 T 0.0 T
SPAWT SPAWT SPAWT SPAWT L.m.
O/N late log micro-aerobic cytosolic cytosolic
nof/low LC3 medium LC3 high/complete LC3
decoration decoration decoration

40 =

30m=

y=-19.507x + 21.86

0.5 1.0 1.5 2.0
rel. LC3-GFP fluorescence

115



RESULTS AND PUBLICATIONS

Fig. V.4.6. Xenophagic capture reduces velocity of intracellular motile SPA. Single bacterial cells after culture
in broth media (A), or within infected host cells (B, C) were registered by LCI. Subsequently, bacterial motility
was analyzed by automated (A, C) or manual (B) tracking analyses. A-C. Maximum velocity of single bacterial
cells from tracking SPA grown in culture (A), or intracellular SPA (B) or L.m. (C). For single cell analyses, tracks
of 476 SPA WT from O/N culture, 7,058 SPA WT from late log culture, 2,998 SPA WT from micro-aerobic
culture were collected from one experiment. For intracellular bacteria, tracks of 16,248 cytosolic SPA WT were
collected from three independent experiments, and 42 tracks for L.m. from one experiment. Data are shown as
Tukey’s box plots with error bars including data of 1.5 x IQR. Outliers beyond the 1.5 x IQR are shown as dots.
Middle line denotes median and “+” mean value. D. Plotting of SPA-associated relative LC3B-GFP intensity
against maximum velocity of individual cytosolic SPA. Representative images from measurement of fluorescence
intensity are shown as single Z-plane from image stacks. Linear regression and 95% confidence bands were cal-
culated for analyses of 63 cytosolic SPA from two independent experiments.

116



RESULTS AND PUBLICATIONS

V.4.4. Discussion

Our study investigated the causes and contributions of the recently described cytosolic motility of SPA
to intracellular lifestyle. We demonstrated that the mode of invasion and the set of SPI1-T3SS effector
proteins is substantial for membrane damage at the nascent SCV membrane and cytosolic release in
early stage of infection. Furthermore, we could show non-motile SPA are targeted by autophagosomal
membranes. However, the population of cytosolic motile SPA is able to delay or escape xenophagic

clearance as infection progresses. The main observations of this study are summarized in Fig. V.4.7.

Based on our observations, we propose that release of SPA into cytosol occurs early after invasion, and
is likely due to the inability to form a stable nascent SCV. We frequently observed clusters of invading
SPA that induce high levels of local actin recruitment, and extensive membrane ruffles. Such events
likely lead to incomplete formation of an SCV and may allow clusters of bacteria to directly enter cyto-
sol. This early exit from a labile nascent SCV is so rapid that the transcriptional profile cannot be ad-
justed to the SCV-specific repression of SPI1 and flagella regulons. We propose that a large proportion
of intracellular SPA maintains the transcriptional profile of invading bacteria. This hypothesis may be
tested by labelling of flagella, infection, and live cell imaging to follow the fate of flagella on SPA single

cells after invasion.

SPA possesses both SopE and SopE2. We previously demonstrated that STM harboring SopE2 and
SopE induce more severe membrane ruffles compared to the majority of STM strains only harboring
SopE2 (Roder and Hensel, 2020). The more overt trigger invasion by SopE-positive STM was associ-
ated with increased cytosolic release, also occurring early after invasion. This may be similar to the
nascent SCV damage induced by SPA. However, we did not observe flagella-mediated intracellular
motility of SopE/SopE2-positive STM SL1344 (Cohen et al., 2022), indicating further differences be-
tween STM and SPA. SPA possesses functional sopE and sopE2, while STY strains possess functional
sopE and pseudogenic sopE2 (Valenzuela et al., 2015), thus damage of nascent SCVs after invasion of

STY may be less pronounced compared to SPA.

A factor possible contributing to decreased stability of the nascent SCV is the altered function of SptP,
a SPI1-T3SS effector protein with activity antagonistic to SopE. Prior work showed that host cells fails
to restore normal actin cytoskeleton organization when SptP is defective and SopE activity overrules
(Kubori and Galan, 2003). Recent work by Johnson et al. (Johnson ef al., 2017) demonstrated that SptP
in STY and SPA have several amino acid exchanges that affect the binding of chaperone SicP, and by

this the efficiency of translocation.
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« SPI1-T3SS o SPl1-effector & Yp.Inv LC3-positive

membrane

¢ sPI2-T3sS ® SPI2-effector A membrane damage

Fig. V.4.7. Model for SPA entry into host cell cytosol and autophagic decoration. Zipper and trigger invasion
with little membrane ruffling (A, B) primarily lead to an intracellular lifestyle with SCV maturation (D). Trigger
invasion with extensive membrane ruffling and increased cooperative invasion (C) lead to membrane damage and
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rupture of the nascent SCV (E) and a cytosolic lifestyle of SPA. Flagellated and motile cytosolic SPA delay or
escape xenophagic capture (F). Non-motile cytosolic SPA are captured by LC3B-positive membranes (G).

Actin-based intracellular motility enables cell-to-cell spread, and thus enables infection of new host cells
without demanding exit and exposure to antimicrobial mechanisms acting on extracellular bacteria. We
did not observe intercellular spread of SPA. This may be explained by lower force generated by flagella
rotation compared to actin polymerization, and/or the switch between swimming and tumbling that may
limit the generation of membrane protrusions that are productive in infection of neighboring cells. Yet,
we have to consider that the applied model of confluently cultured non-polarized epithelial cells may
not reflect host cell types relevant during infection of human hosts as main host cells of SPA are phag-
ocytic cells, leading to dissemination through the lymphatic system and further colonization of internal
organs such as the liver, spleen, bone marrow and gall bladder. Motility of SPA inside phagocytic cell
line U937 has only been observed in spacious vacuoles rather than in the cytosol of host cells (Cohen et
al., 2022) probably because presence of bacteria in cytosol of phagocytic cells most likely results in
inflammatory cell death, so-called pyroptosis (Castanea and Garcia-Del Portillo, 2017). Similar obser-
vations were made for STM in gallbladder epithelium (Knodler et al., 2010). In contrast to STM, SPA
shows a lower replication rate in host cells (Reuter ef al., 2021) and does not induce massive inflamma-
tory response in systemic infections due to bacteria-induced extrusion of infected cells which is consid-
ered to contribute to stealth strategy of TS (reviewed in Dougan and Baker, 2014; Hiyoshi et al., 2018a).
Certain features of immune evasion, such as avoidance of neutrophil oxidative burst have convergently
evolved, i.e. by expression of Vi capsule (STY) or the very long O-antigen of LPS (SPA) (Hiyoshi ef
al., 2018b). Flagella-mediated intracellular motility has not been reported for STY, and we did not ob-
serve increased numbers of cytosolic STY, nor detected flagella expressed by intracellular STY. Func-
tional flagella are expressed by intracellular Legionella pneumophila during transition from the replica-
tive to non-replicative, transmissive forms, and a recent study showed that flagellated subpopulations
emerge in the Legionella-containing vacuole (Schell ef al., 2016; Striednig et al., 2021). This transition
occurs at the end of the intracellular replication cycle, and stimulates host cell pyroptotic death, and
release of L. pneumophila for new rounds of host cell infection (Schell ez al., 2016). We did not observe
induction of host cell death by cytosolic motile SPA, but this host cell response is highly cell type de-
pendent. Further understanding of physiological consequences of intracellular motility of SPA demand
analyses in improved infection models such as organoids of human origin that are capable to simulate

tissues closely related to in vivo conditions (Sepe et al., 2020).

Deficits in metabolic utilization of nutrient sources in host cell cytosol such as glucose-6-phosphate and
amino acids and low SPI2-mediated replication inside SCV may contribute to reduced replication num-
bers of intracellular SPA (Cohen et al., 2022; Forest et al., 2010; Holt et al., 2009). Further analyses
with fluorescence reporters regarding intracellular activities would be of interest in the future (Fig. S 5).
We showed that the cytosolic population is escaping xenophagic clearance by flagella-based motility

and cytosolic replication is reduced. Motile bacteria showed same maximum velocity in host cell cytosol
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as under conditions used for infection, interfering with decoration by autophagosomal membranes, alt-
hough cytosolic bacteria are already ubiquitylated. If decoration by LC3B-positive membranes is only
delayed to late time points of infection and if this also leads to lysosomal degradation of engulfed bac-
teria deserves further investigation. For several Yersinia strains it was reported that degradation by fu-
sion with lysosomes is inhibited and Yersinia is able to replicate in a non-acidic autophagosome (Connor
et al., 2018; Lemarignier and Pizarro-Cerda, 2020; Moreau et al., 2010; Straley and Harmon, 1984).
Further investigations assessing acidification of LC3B-positive compartments and interfering with au-
tophagosome formation using Lysotracker, siRNA approaches and autophagy inhibitors such as 3-
methyladenine (3-MA) in combination with replication assays could help to understand the host-patho-

gen interactions in SPA in more detail.
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V.4.6. Materials and Methods

Bacterial strains and growth conditions

In this study, Salmonella enterica serovar Typhimurium (STM) NCTC 12023, STM SL1344 and S.
enterica serovar Paratyphi A (SPA) 45157 were used as wild-type (WT) strains. All mutant strains are
isogenic to the respective WT and Table V.4.1 shows the characteristics. STM and SPA strains were
routinely cultured at 37 °C on Luria-Bertani (LB) agar or in LB broth using a roller drum at 60 rpm.
Listeria monocytogenes was grown on brain heart infusion (BHI) agar or in BHI broth using a roller
drum at 60 rpm. Antibiotics for maintenance of plasmids listed in Table V.4.2 were added to LB in

concentrations of 50 ug x ml! carbenicillin, 50 pg x ml! kanamycin, or 12 ug x ml! chloramphenicol.

Generation of bacterial strains

Isogenic mutant strains were generated by A Red recombineering for insertion of kanamycin resistance
(aph) cassettes amplified from template plasmids pKD4 or pKD13 as described before (Chakravortty et
al., 2002; Datsenko and Wanner, 2000) using oligonucleotides listed in Table V.4.3. Insertion of aph
cassettes was confirmed by colony PCR. If required, the ap/ cassette was removed by introduction of

pE-FLP for FLP-mediated recombination.

Construction of plasmids

Plasmids were generated by Gibson assembly as described before (Roder et al., 2021; Roder and Hensel,
2020; Schulte et al., 2019) using oligonucleotides listed in Table V.4.3. Plasmids used in this study are

listed in Table V.4.2 and were introduced into the respective strains by electroporation.

Host cell culture and infection

Host cells were cultured and infected as described previously (Cohen et al., 2021). In short, HeLa cells
(ATCC no. CCL-2) were seeded in surface-treated 8-well chambered coverslips (ibidi) 24 or 48 h prior
to infection to reach ~80% confluency (~80,000 cells) and were then used for infection. Cells were
continuously maintained in high-glucose (4.5 g x I'') DMEM (Merck) supplemented with 10% inacti-
vated fetal calf serum (iFCS, Sigma) at 37 °C in a humidified atmosphere with 5% CO,. If indicated,
cells were pulse-chased with 100 pg x ml™! fluid phase marker Dextran AlexaFluor 647 (Thermo Fisher
Scientific) 16 h prior infection. STM strains for infection experiments were subcultured from an over-
night culture (1:31) in fresh LB medium and grown for 3.5 h at 37 °C under aerobic conditions using a
roller drum at 60 rpm. SPA strains for infection were grown for 8 h under aerobic conditions as described
above and subcultured (1:100) in fresh LB medium and stationary-phase subcultures were grown for 16
h under microaerophilic conditions as described in (Elhadad et al., 2015a). For infection with Listeria
monocytogenes, overnight cultures grown under aerobic conditions were used. Bacteria were adjusted
to an optical density of 0.2 at 600 nm in PBS and used for infection with the respective MOI (between

5 and 90, dependent on strain and experiment). Bacteria were centrifuged onto the cells for 5 min at 500
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x g to synchronize infection and incubated for 25 min. After washing thrice with PBS, cells were incu-
bated in medium containing 100 pg x ml™! of gentamicin to kill extracellular bacteria. Afterwards, cells
were maintained in medium containing 10 ug x ml"! gentamicin until fixation or LCI. To image invasion

of Salmonella into HeLa cells, cells were infected directly on microscope stage and imaged for ~1 h.

Generation of HeLa cells stably expressing LC3B::GFP

HeLa cells stably expressing LC3B-GFP were generated using 3™ generation lentiviral vectors and sub-
sequent fluorescence-activated cell sorting (FACS) (TRC, 2015). Supernatant containing lentivirus was
generated by seeding 3.8 x 10° cells x ml"' HEK 293FT cells (Invitrogen R700-07) in 10 cm tissue
culture plates (10 ml per plate, TPP) in antibiotic-free growth media (high-glucose DMEM + 10% iFCS).
After 24 h, cells should be 70-80% confluent and were then transfected with lentiviral packaging plas-
mid (9 pug psPAX2), envelope plasmid (0.9 ug pMD2.G) and pLX304 carrying eGFP-LC3B (9 ug)
using Opti-MEM (Fisher Scientific) and FuGENE HD transfection reagent (Promega). Transfection mix
was incubated for 30 min at room temperature before added to cells dropwise. Cells were incubated for
at least 18 h and medium was changed to 15 ml growth medium containing 30% iFCS. Medium con-
taining lentivirus was harvested after 24 h and 48 h and centrifuged at 350 x g for 5 min to pellet any
residual packaging cells. Supernatant was stored in sterile polypropylene storage tubes and stored at -
80 °C. Half of the harvested supernatant was filtered using fast flow & low binding filters (Merck Mil-
lipore).

HeLa cells were seeded in 24-well plates (1 x 10° cells x ml ") and incubated for 24 h before 8 ug x ml!
Polybrene (Sigma) was added to the cells. Filtered supernatant containing lentivirus was added to cells
48 h after seeding. 48 h after lentivirus was added to cells, medium was exchanged to DMEM containing
10 ug x ml! Blasticidin (Invitrogen) and incubated for 72 h. Medium was changed to DMEM without
antibiotics to allow growth for 24 h before cells were detached to culture them in tissue culture flasks

(TPP) to get a sufficient number of cells for FACS.

For FACS of lentivirus transfected HeLa cells, cells were detached from tissue culture flask and resus-
pended in appropriate amount of medium to reach concentration of 1 x 107 cells x ml"'. A 100 um cell
strainer (BD Falcon) was used to prevent aggregation of cells prior to FACS. Cells were sorted for GFP
fluorescence with BD FACS Aria. A mixed population of cells with different GFP expression levels
was obtained. GFP-positive cells were cultured again in tissue culture flasks before a second round of
FACS with Sony SH800S was conducted. Single cells were sorted into 96-well plates to obtain single
clones of LC3B-GFP expressing cells. Cell clones were analyzed regarding GFP intensity, cell division

and intracellular Sa/monella phenotypes prior to be used in further experiments.
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Live cell imaging (LCI)

Prior to LCI, medium of infected HeLa cells was changed to high glucose DMEM without phenol red
supplemented with 30 mM HEPES. LCI was performed at 37 °C and an atmosphere of 5% CO, with
Cell Observer microscope (Zeiss) equipped with Yokogawa Spinning Disc Unit CSU X1a5000, an in-
cubation chamber, 63x objective (a-Plan-Apochromat, NA 1.46) and 40x objective (Plan-Apochromat,
NA 1.4), two ORCA Flash 4.0 V3 cameras (Hamamatsu) and appropriate filters for the respective fluo-

rescence proteins or dyes.

Correlative light and electron microscopy (CLEM)

CLEM of HeLa LC3B-GFP infected by SPA was performed as previously described (Krieger et al.,
2014). Briefly, HeLa LC3B-GFP cells were grown on MatTek dishes with gridded coverslips. Cells
were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) and 0.1% glutaraldehyde (Elec-
tron Microscopy Sciences) in 200 mM HEPES directly on microscope stage during imaging of cytosolic
motile SPA. Cells were incubated for 30 min and were then rinsed thrice with 200 mM HEPES buffer.
Cells were subsequently fixed with 2.5% glutaraldehyde in 200 mM HEPES for 1 h, washed thrice with
buffer and post-fixed with 2% osmium-tetroxide (Electron Microscopy Sciences), 0.1% ruthenium red
(Applichem) and 1.5% potassium ferrocyanide (Sigma) in 200 mM HEPES on ice. After several wash-
ing steps, the cells were dehydrated in a cold graded series of ethanol and finally one rinse in anhydrous
ethanol and two rinses in anhydrous acetone at room temperature. Infiltration was performed with in-
creasing concentrations of EPON812 (Sigma) in anhydrous acetone. Utilizing the coordinate system,
the ROI from light microscopy was relocated on the EPON block, trimmed and 70 nm serial sections
were cut with an ultramicrotome (Leica EM UC7, Leica, Wetzlar, Germany) and collected on formvar
coated copper slot grids (Plano). Grids were post-stained for 30 min with 2% uranyl acetate (Roth) and
20 min with 3% lead citrate (Leica). TEM images were acquired using a Zeiss Leo 912 Omega (Zeiss,
Oberkochen, Germany) equipped with a CCD camera (TRS, Moorenwies, Germany). Overlays of the
light and electron microscopic images were generated using LAS AF (Leica) and Photoshop CS6
(Adobe).

Tracking analyses

For microscopic tracking analyses, bacterial cultures were imaged with Cell Observer microscope
(Zeiss) equipped with 100x objective (a-Plan-Apochromat, NA 1.46) and CoolSNAP camera at ~8
frames per second (fps) over 1 min. For tracking of intracellular SPA, infected cells were imaged with
Cell Observer microscope (Zeiss) equipped with Yokogawa Spinning Disc Unit CSU X1a5000, an in-
cubation chamber, 63x objective (a-Plan-Apochromat, NA 1.46), two ORCA Flash 4.0 V3 cameras
(Hamamatsu) and appropriate filters for the respective fluorescence proteins at ~18 fps over 1 min.
Tracking analyses were performed in Fiji with TrackMate v5.0.2 plugin (Tinevez et al., 2017) with

minimal displacement threshold of 1 um. For tracking of intracellular L.m., infected cells were imaged
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with setup as described for intracellular SPA at ~0.1 fps over 10-30 min. Tracking analyses were per-

formed in FIJI with manual tracking plugin.

Analyses of LC3B-decoration

For analyses of LC3B-decoration of intracellular SPA, randomly selected infected cells were imaged 3-
4 h p.i. as described above and were analyzed manually regarding LC3B-GFP signal at SPA cell bodies.

100 pg x ml! cefotaxime and ciprofloxacin were added 2 h p.i. if indicated.

For correlation of maximum velocity and LC3B decoration of cytosolic SPA, individual bacteria were
analyzed regarding LC3B-GFP fluorescence intensity using ZEISS Efficient Navigation (ZEN) soft-

ware. Manual tracking with the same bacteria was performed as described above.

Transfection of Hel a cells with Halo-tagged EqtSM

HelLa cells were maintained and infected as described above. In short, cells were seeded in 8-wells 2 d
prior infection. Cells were transfected with Halo-tagged EqtSM expression construct 1 d prior infection
using FuGENE HD in 1:2 ratio. Infected cells were labeled with 100 nM Janelia Fluor 646 HaloTag
(Promega, GA1120) for 30 min, washed five times with PBS and subsequently imaged using the Zeiss

Cell Observer SD microscope set-up.

Immuno-staining and fluorescence microscopy

For immuno-staining of HeLa LAMP1-GFP cells infected by SPA, cells were seeded in 24-well plates
(TPP) on coverslips 24 h or 48 h prior infection to reach ~80% confluency (~180,000 cells). Cultivation
of bacteria and infection of HeLa cells was carried out as described above. Infected cells were fixed with
3% PFA at the desired time point. After washing thrice with PBS, cells were incubated in blocking
solution (2% goat serum, 2% BSA, 0.1% saponin in PBS) for 30 min. Next, cells were incubated for 1
h at RT with mouse monoclonal antibodies against Ubiquitin (Biomol PW 8810). After washing cells
thrice with PBS, cells were incubated with primary antibodies against Sa/monella O-Antigen of SPA
(BD Difco 229471) for 1 h. After washing thrice with PBS, cells were stained with the appropriate
secondary antibodies for 1 h (Invitrogen A11031, Dianova 111-607-003). After three washing steps with
PBS, coverslips were mounted with Fluoroshield (Sigma) and sealed with Entellan (Merck). Microscopy
of fixed samples was performed with Leica SP5 confocal laser-scanning microscope using 100x objec-

tive (HCX PL APO CS, NA 1.4-0.7) and polychroic mirror TD 488/543/633.

Flow cytometry

The assay was performed as described previously (Reuter et al., 2021). Briefly, HeLa cells were seeded
in 12-well plates (TPP) 48 h prior infection to reach confluency (~4 x 10° cells per well) on the day of
infection. Cells were infected with STM and SPA cultures at MOI 30 as described above. The bacterial

strains harbored fluorescence reporter plasmids. At 1 h and 3 h p.i., cells were washed thrice with PBS,
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detached from culture plates, fixed with 3% PFA and analyzed by flow cytometry using Attune NxT
cytometer. At least 3,000 infected cells were measured and analyzed regarding expression of fluores-

cence reporter.

Gentamicin protection assays

The assay was performed as described before (Kuhle and Hensel, 2002). Briefly, HeLa cells were seeded
in 24-well plates (TPP) 48 h prior infection to reach confluency (~2 x 10° cells per well) on the day of
infection. Cells were infected with STM and SPA cultures at MOI 5 as described above. Cells were
washed thrice with PBS and lysed using 0.1% Triton X-100 at 1 h and 16 h p.i. Colony forming units
were determined by plating serial dilutions of lysates and inoculum on Mueller-Hinton II agar and in-
cubated overnight at 37 °C. The percentage of internalized bacteria of the inoculum (from subcultures)

and the replication rate of intracellular bacteria was calculated.
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V.4.7. Tables

Table V.4.1. Bacterial strains used in this study

Designation

Relevant characteristics

Reference

S.  Typhimurium NCTC
(ATCC 14028) (MvP)

12023

wild type, sopE2

Lab collection

MvP503 AsifA::FRT (Kuhle and Hensel, 2002)
MvP1890 AssaV::FRT (Noster et al., 2019)
MvP2769 AuhpT::aph This study

MvP2801 AuhpT::FRT This study

MvP818 AinvC::FRT (Gerlach et al., 2008)

S. Typhimurium SL1344

wild type, sopE, sopE2

Lab collection

S. Paratyphi A 45157 (SPA)

wild type, clinical isolate, Nepal out-

(Gal-Mor et al., 2012)

break in 2009

SPA146 AsopE::aph This study

SPA147 AsopE2::aph This study

SPA110 AsifA::aph (Reuter et al., 2021)
SPA144 AfliC::FRT (Cohen et al., 2022)
SPA145 AmotAB::aph This study

SPA invA AinvA::FRT (Elhadad et al., 2015b)
SPA ssaR AssaR::FRT (Reuter et al., 2021)

Listeria monocytogenes EGD

EGDe::pPL2Pyii0ng-Lm RFP

(Studer et al., 2016)
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Table V.4.2. Plasmids used in this study

Designation Relevant characteristics Reference
p3589 P,psyr::mCherry, Cm* (Lorkowski et al., 2014)
pFPV-mCherry P.psm::mCherry, Carb” (Drecktrah et al., 2008)
pKD4 template aph cassette Datsenko and Wanner, 2000
pKD13 template aph cassette Datsenko and Wanner, 2000
pWRG730 Red recombinase expression (Hoffmann et al., 2017)
pMD2.G 2™ generation lentiviral packaging vec- | Addgene #12259
tor, Carb®
psPAX2 VSV-G envelope expressing vector, | Addgene #12260
Carb’
p3776 Pem7::RFP Pyyui::sfGFP, Carb® (Roder and Hensel, 2020)
p5400 pLX304 eGFP::LC3B, 3" generation | This study, based on Addgene #25890
lentivirus vector, Carb®
p4l114 Pinr::Y.p. inv, Carb" (Roder and Hensel, 2020)
p4889 Pem7::RFP Pyypri:sfGFP, Carb” (Roder and Hensel, 2020)
p5212 STM uhpABCT, Kan" This study
p5387 Pem7::mScarlet-1 Pyopz::sSFGFP, Carb® This study
p5776 EqtSMcyto::HaloTag in pLX304, Carb® | This study, based on (Niekamp ef al.,
2022)
p5825 Pyopr::stGFP::LVA, Carb” This study
p5833 Piwr::Y.p. inv Pemy::tagRFP-T, Carb” This study
p6159 tetR Pieia::motAB, Carb” This study
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Table V.4.3. Oligonucleotides used in this study

DLLLLYDIIDLLODIILODOVILVODIIDIOLVVILVVDLOD

VR gVIowy dS11

LODLOOVLIOOVILLVLLOLVLLODLOVVOIOVVVVOVOVLVOLOVOLVLODD

gviouydS-viad-J1

VIODLOVOOOVIVOILOVOLVIOLOLLLLOVOLL

ViIRld-IA

OVDIOVIOLLYVDLLYDDDDIDL

VIRdIA

OVVLVOVIOLVLVLLLLODLVDLVVLDODILYDOVLOOVIODDIIIL

qdosd-vdS-11

VVOLLODVLIDLOVOODODLOLLLLVLLVLLLLLLDODDIJLVVLLVLLVD

qdosd-vdS-J1

DLOLVVLVVLLVODDDDVVVVVVLVVIVVVVDV

€ 68SPd-IA

IODLVIOVVVVDVDOVOVVVDDDIIIVILODOVIOOLVD

S 9LLEAIA

A[quidsse uosqro

DIOVVLVILVIIIDLVODVIV AY 23D Ldyn
DOVVDIDLLLVODODLLOLDD 10, 319943 1_d Ldyn
JDLVVVVLVOLDOODIDLVOLV AY-AOYD-VION

OVDIVILOVOOIILLLLODDVIIDD 104-bag
VOVVVLODIIOVOVIIVID ARY-dADJS-SU-INASSO
DIOOHVVDHILOVLVVOVIDLID AY-NOYD-dION

VLVVDIOVVVVVLVODDILDID

PASI-SO3Y-7Jd0S

VILLODDVDOLVVVLIODIOVIDOVLIL

ATY-NOYI_-gdoS

DDLOVVHLYVOHLIDIODLODD

[9P-pal-g3

AId HPYD

DOLLODLODOVOHOLOODDVILOLOLIDLIOVOLLYLVDOOVVLLLYVDOVOVIODLVVVIOOVLLDD

A €112d Ldyn

DOVDIOLDOIILVDDODIILLVOLVIILVVILOVODVILIDVLLVVVVVLVLODVIDIOLLVIOD

104 €119 Ldyn

DIOLLODIODHVOHOHLIDOVIOLLIDODHOIDHODDIDLLIDIOVIOODDILOLYVOIDDLLLLIODIDLL

AY-ETI°d-dI0N

DOVOHOLODODLVODOOIDLLVLIOOVILVLLOLVLLODLODIOLVOLYDOVVOHDIDVIVVD

104-€11°Pd-VION

OVLLODLODLVLVVOLVLVOVOIVIOVLLLVIOLLVIOVODOVIVVLLODLVLVOLLVVLL

ASg-120-Pay-¢4dos

OLLODLODOVOHDLODOVILDOLOIIVILOVVOVODVVVVIILVLLOVLVODLVIODVIOLOVVV

104-[2Q-pay-zddos

DVLLODIODIVILVVOLVLVOVOLLOLOVOLLLLIODILLLLLIVLIVODDDLODOVOVVDHOHY

AY-[P-qdos

JOLLOOLOOVODOIOOOVIODIOLLLLVOVVVLLODLOVVVLIVVVOVODLIOIOVOODOHIDIODOHD

I0-19g-gdos

SISOUdSEINW PIY

€ - SIuInbag

uoneusIsdq
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V.4.8. Movies

Movie 1: Live-cell imaging of STM NCTC 12023 trigger invasion. HeLa cells stably expressing Lifeact-GFP
(green) were infected with STM NCTC 12023 WT expressing mCherry (red) and imaged over 1 h. Movie shows
2 individual clips successively. Time stamp in upper corner indicates hrs:min:sec. Scale bar: 10 pm.

Movie 2: Live-cell imaging of STM SL1344 trigger invasion. HeLa cells stably expressing Lifeact-GFP (green)
were infected with STM SL1344 WT expressing mCherry (red) and imaged over 1 h. Movie shows 3 individual
clips successively. Time stamp in upper corner indicates hrs:min:sec. Scale bar: 10 pm.

Movie 3: Live-cell imaging of SPA WT trigger invasion. HeLa cells stably expressing Lifeact-GFP (green) were
infected with SPA WT expressing mCherry (red) and imaged over 1 h. Movie shows 2 individual clips succes-
sively. Time stamp in upper corner indicates hrs:min:sec. Scale bar: 10 pm.

Movie 4: Live-cell imaging of SPA zipper invasion. HeLa cells stably expressing Lifeact-GFP (green) were
infected with SPA invA4 [Y.p. inv] expressing mCherry (red) and imaged over 1 h. Movie shows 3 individual clips
successively. Time stamp in upper corner indicates hrs:min:sec. Scale bar: 10 pm.

Movie 5: Live-cell imaging of intracellular SPA WT targeted by LC3B. HeLa cells stably expressing LC3B-
GFP (green) were infected with SPA WT expressing mCherry (red) and imaged every two minutes over two hours.
Movie shows 3 individual clips with various degrees of xenophagic capture successively. Time stamp in upper
corner indicates minutes. Scale bar: 10 pm.

Movie 6: Real-time imaging of intracellular SPA WT. HeLa cells stably expressing LC3B-GFP (green) were
infected with SPA WT expressing mCherry (red) and pulse-chased with Dextran AlexaFluor 647 (blue) if indicated
and imaged at a frame rate of 2-3 frames per second. Movie shows 3 individual clips with various degrees of
xenophagic capture successively. Time stamp in upper corner indicates sec:ms. Scale bar: 10 pm.
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V.4.9. Supplementary Figures

STM NCTC 12023+

STM SL1344

SPA AinvA
[P, Y.p. inv]

Salmoneila
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Fig. S 1. SPA trigger invasion induces massive membrane ruffles and mediates highly cooperative invasion.
HeLa cells stably expressing Lifeact-eGFP (green) were infected as indicated with STM NCTC 12023, STM
SL.1344, SPA WT, or SPA AinvA [Piwr::Y.p. inv] expressing mCherry (red) at MOI 75. Cells were infected on
microscope stage and imaged for 1 h by spinning disc confocal microscopy. Still images from representative time-
lapse series are shown, corresponding with the quantitative analyses shown in Fig. V.4.2. Time stamp indicating
min:sec. Sites of ongoing invasion used for quantification of number of bacteria are indicated by arrowheads. Scale
bars: 10 um.

merge

Fig. S 2. Ubiquitylation of cytosolic SPA. HeLa cells expressing LAMP1-GFP (green) were infected with SPA
WT at MOI 30. Cells were fixed at 7 h p.i. and immunolabeled for SPA LPS (blue) and ubiquitin (red) prior to
confocal microscopy. A representative maximum intensity projection of an infected host cell is shown. Arrow-
heads indicate SPA in SCV without ubiquitin signal (white), cytosolic SPA with ubiquitin signal (yellow), and
SPA within partially intact SCV and ubiquitin signal (orange), Scale bar: 10 pm.
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t = 0.563 sec
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Fig. S 3. Single cell quantification of LC3B-GFP fluorescence intensity and velocity of cytosolic SPA. HeL.a
LC3B-GFP cells were infected with SPA WT expressing mCherry at MOI 30. At 3-4 h p.i. cells were imaged and
cytosolic SPA were identified (boxes). For single SPA cells LC3B-GFP fluorescence signal intensity was recorded,
and velocity was determined by single cell tracking. Three time points of a representative time lapse series are
shown, and quantitative data are displayed in Fig. V.4.6. Images shown are single Z-planes from a stack. Scale
bar: 10 um.
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Fig. S 4. Host cell invasion and intracellular replication of various STM and SPA strains. HeLa cells were
infected with STM (green) or SPA (cyan) WT or isogenic mutant strains at MOI 5. Presence of plasmids for
expression of Y.p. inv, Pewu::motAB or STM uhptABCT is indicated by hatched bars. AB indicates addition of
antibiotics cefotaxime and ciprofloxacin. Invasion (A) and intracellular replication (B) were determined by gen-
tamicin protection assays comparing CFU counts of inoculum with lysates 1 h and 16 h p.i. Depicted are means
+/- SD of one biological replicate performed as triplicate.
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Fig. S 5. Intracellular fate of STM and SPA. HeLa cells infected with Salmonella were fixed at 1 h and 3 h p.i.
and at least 3,000 bacteria per condition were analyzed by flow cytometry to determine induction of dual fluores-
cence reporter plasmids. Depicted are means +/- SD of one biological replicate performed as duplicate.
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V.5.1. Abstract

Salmonella spp. are classified into typhoidal and non-typhoidal serovars and can cause a range of food-
borne illnesses from self-limiting gastroenteritis to life threatening systemic disease. Analyses of host-
pathogen interactions is a key requirement for the understanding of bacterial virulence mechanisms. In
former studies, cell culture models as HeLa, MDCK and CaCo cell-lines were frequently used to inves-
tigate interactions with Salmonella in high temporal and spatial resolution. However, these models lack
the complex tissue architecture of whole tissues, therefore interpretation of the results and transition to
the human host is limited. Thus, the need for a cell culture system, displaying all different cell types of
organs, is essential to gain more insights in physiological processes. Most recently, organoids have be-
come a promising tool to study host-pathogen interactions in a setting resembling the in vivo situation.
Especially the research with human-restricted pathogens like typhoidal Salmonella is dependent on hu-
man cell culture with a close relation to in vivo conditions. In contrast to cell culture with only a single
cell population, crypt-derived intestinal organoids mimic tissue characteristics of distinct sections of the
gastrointestinal tract. Stem cells of human or murine origin can be differentiated to 3D or 2D tissues

with crypt formation, distinct cell populations, polarization and mucus secretion.

Here, we demonstrate the use of murine and human intestinal organoids in 3D and 2D to study virulence
mechanisms of both typhoidal and non-typhoidal Salmonella regarding adhesion, invasion, and extra-
and intracellular lifestyles. We performed infections with Salmonella enterica Typhimurium (STM) and
Paratyphi A (SPA), quantified invaded bacteria, and imaged infection. For this, we adapted our imaging
approaches to analyze Salmonella infection with confocal spinning disc microscopy (SDCM), scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Using different labeling tech-

niques, we aimed to identify cell types important in Salmonella infection.

Previous investigations in cell culture models led to definition of hallmark virulence functions such as
invasion with induction of massive membrane ruffles, formation of Salmonella-containing vacuoles
(SCV), and remodeling of the endosomal system of host cells, resulting in Salmonella-induced filament
(SIF) formation. An established organoid model will help to critically analyze if these phenotypes also
occur in more tissue-like organoid infection models and also offers options to investigate the cellular

mechanisms of pathogen exit from infected host cells.
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V.5.2. Introduction

V.5.2.1. Characteristics and cultivation of patient-derived organoids

The development of a cell culture model, representing all different cell types of an organ or tissue, was
shown to be scientifically transformative with various applications in epithelial and cell biology, includ-
ing tissue polarity, adhesion, growth control and differentiation, pathology and clinical applications
(Fujii et al., 2016; Urbischek et al., 2019; van de Wetering et al., 2015). The critical aspect of organoid
cultivation is the culture medium, containing defined ingredients, controlling growth, proliferation and
differentiation, as R-spondins, potentiating Wnt pathway, and Noggin, inhibiting differentiation signals

from the bone morphogenetic protein (BMP) pathway (Urbischek et al., 2019).

Besides tissue development and regeneration, metabolic diseases and other biological processes, intes-
tinal organoids can be used to study host-pathogen interactions as in the Sa/monella infection process.
The intestinal epithelium displays an effective barrier against the invasion of microorganisms (Turner,
2009). Simpler cell culture models like Madin-Darby canine kidney (MDCK) cells or Henrietta Lacks
(HeLa) cells only consist of a single cell type and are derived from tumors, thus they have error-filled
genomes and investigations of host-pathogen interactions are more difficult to interpret (Beskow, 2016;
Gaush et al., 1966; Ponce de Leon-Rodriguez ef al., 2019). The possibility of intestinal organoids that
can be isolated from stem cells of the crypts, let scientists now gain insights in infection processes much

closer to reality (Figure V.5.1).

The intestine is surrounded by a monolayer of epithelial cells, typically forming villi and crypts to en-
large the surface of the intestine (Figure V.5.1 A). The epithelium consists of four major differentiated
cell types (enterocytes, enteroendocrine cells (EEC), goblet cells and Paneth cells), multipotent stem
cells, namely Lgr5* crypt based columnar (CBC) cells and +4 cells, and a small population of epithelial
cells that include tuft and microfold (M)-cells (Beumer and Clevers, 2016; Gerbe and Jay, 2016; lismaa
et al.,2018; Takashima et al., 2013). These different cell types are part of distinct areas of the villus and
crypt, respectively. EEC, enterocytes, goblet cells and M cells migrate to the tip of the villus, whereas
Paneth cells are located at the bottom of the crypt, involved in stem cell maintenance (Gassler, 2017;
Gomez and Boudreau, 2021). Enterocytes are the most abundant cell type here (Egi Kardia, 2020). Gob-
let cells function in production and secretion of mucus and EEC synthesize hormones and neuropeptides.
Absorptive cells are not only involved in metabolic and digestive functions, but also express specific
reporters on their surface important for innate immune response (Pott and Hornef, 2012; van der Flier
and Clevers, 2009). By the recognition of luminal antigens and microorganisms, M cells are associated
with the immunological vigilance and maturation (Peterson and Artis, 2014). The different cell types of
the mammalian intestine are constantly being renewed after reaching the villus tip 4-5 days after their
generation (lismaa et al., 2018). As the intestine has a cellular and molecular complexity, investigating

the mechanisms of the regulation of the epithelial homeostasis is difficult and the usage of conventional
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cell lines was more beneficial (Ponce de Leon-Rodriguez et al., 2019). However, progress in the organ-
oid cultivation now allows the successful growth of intestinal organoids in 3D (Figure V.5.1) and 2D

(Figure V.5.15).
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Figure V.5.1. Cultivation of 3D intestinal organoids from biopsy samples. A) Schematic overview of cultiva-
tion of 3D intestinal organoids. The epithelial layer of the intestine consists of villi and crypts. The villi are built
up from differentiated epithelial cells, including enterocytes, enteroendocrine cells (EEC), tuft cells and goblet
cells. The crypts consist of paneth cells, +4 cells and crypt base columnar cells (CBC). Paneth cells represent
mature cells that remain in the crypts and influence the stem cell environment. By continuous proliferation of the
CBC, new cells are provided during differentiation of the villus. Stem cells are isolated from the crypts of intestinal
biopsy samples and seeded in a Matrigel-culture medium mix, allowing growth of 3D cultured cells reproducing
the physiology and structure of the intestine. Initially, the culture medium is supplemented with growth factors
and 10 uM Y27623 for inhibition of the Rho-associated, coiled-coil containing protein kinase (ROCK) pathway,
improving the survival of stem cells in the initiation of differentiation protocols (Ishizaki et al., 2000; Rezania et
al., 2014). Y27623 inhibits stem cell differentiation, so spheroids are formed. For differentiation, the medium is
exchanged after 3 days with supplemented medium without Y27623, allowing differentiation. The intestinal or-
ganoids form villi and crypts and after 10 days, organoids can be dissociated and seeded again. B) Micrographs of
intestinal organoid growth over time. Exemplary shown are murine colonoids and enteroids. Scale bar: 100 pm.

After first cultivation attempts with murine small intestine segments, the approach extended to other

parts of the intestine, resulting in growth of colonoids, if colon was used, and enteroids, if the small
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intestine was used (Sato ef al., 2009; Stelzner et al., 2012). One of the most essential cell types during
enteroid formation are the Lgr5* CBC cells, which differentiate to enterocytes, goblet cells, EEC and
Paneth cells (Sato et al., 2009) (Figure V.5.1 A). These cells initially form spheroids under cultivation
conditions with Rho-associated, coiled-coil containing protein kinase (ROCK) pathway inhibitor
(Y27623), improving the survival of stem cells in the initiation of differentiation protocols (Ishizaki et
al., 2000; Rezania et al., 2014). Following spheroid stadium, protrusions are formed, mimicking crypts
and the intestinal architecture (Sato and Clevers, 2013). It was also shown that Paneth cells are crucial
for organoids and the maintenance of intestinal stem cells (Sato et al., 2011). Organoids can grow under
in vitro conditions, but the medium has to be supplemented with factors and molecules normally com-
posing their natural niche (Gomez and Boudreau, 2021). To provide this essential environment, organ-
oids are cultured in semi-viscous medium, enriched with an extracellular matrix (Matrigel) to allow
differentiation and interactions of the cells. Additionally, a cocktail of biological enhancers is added to
the medium, containing the bone morphogenetic protein inhibitor R-spondin, Wnt3a, Noggin and epi-
dermal growth factors (Ootani et al., 2009; Sato et al., 2011; Sato et al., 2009). Following spheroid
assembly, the ROCK inhibitor is removed from the medium and the spheroids break the symmetry,
leading to crypt formation. Intestinal organoids form a lumen with an apical side, in which apoptotic
cells and metabolites are ejected (Gomez and Boudreau, 2021). In contrast to the gut epithelium, the
external milieu is not in touch with the apical side of the organoid, but with the basolateral side (Sato et
al., 2009). This organization makes infection models and analyses of host-pathogen interactions more
difficult. However, new strategies were devised that allow to reverse this polarity, leading to new infec-

tion protocols and analyses of infection processes.

1V.5.2.2. Organoids as model for infection biology

Infectious diseases are one of the most common causes of death and represent a major health problem
around the world (WHO, 2008). In times of rising infection rates and frequently emerging antibiotic-
resistance in pathogenic bacteria as well as newly emerging zoonotic diseases as SARS-CoV-2, it is of
crucial importance to better understand their pathogenesis for development of new strategies to coun-

teract infections or for vaccine development (WHO, 2014).

Organoid systems are one of the major recent advances for biological research across biological research
fields including drug treatment, cancer therapy, developmental biology and also infection biology. Or-
ganoids can be derived from induced and adult stem cells and are able to reconstitute complex tissues
with different cell types and physiological functions. For many diseases, the broader biological context
is necessary to elucidate infection routes, disease progression and pathogenesis of the causative agent.
With their ability to mimic the in vivo context, organoids can therefore serve as model in infection
biology (Bartfeld, 2016; Dutta and Clevers, 2017; Rios and Clevers, 2018). Despite being only a recently
developed method, numerous bacterial, viral and parasitic pathogens have been analyzed in organoid

systems such as Cryptosporidium, enterohemorrhagic Escherichia coli, Campylobacter jejuni,
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Clostridium difficile, Helicobacter pylori, Listeria monocytogenes, Shigella flexneri, Vibrio cholerae,
Salmonella enterica, Zika virus, rotavirus and SARS-CoV-2 (Bartfeld and Clevers, 2015; Finkbeiner ef
al., 2012; Forbester et al., 2015; Garcez et al., 2016; He et al., 2019; Heo et al., 2018; Lamers et al.,
2021; Leslie et al., 2015; Ranganathan et al., 2019; Roodsant et al., 2020; Tse et al., 2018; Zomer-van
Ommen et al., 2016). Even formerly, unculturable pathogens like norovirus show the high potential of
organoids to become a promising model system for pathogens, especially if they are adapted to the

human host (Ettayebi ef al., 2016).

Many bacterial pathogens using the intestinal tract as route of entry to deeper tissues and systemic spread
in the host (Ribet and Cossart, 2015). Intestinal organoids with their ability to recapitulate infection
relevant characteristics such as crypt and microvilli domains, mucus production, defensive and antimi-
crobial peptide secretion can serve as adequate model system for enteric pathogens (Bartfeld and
Clevers, 2015; Dutta and Clevers, 2017). Further systems with gallbladder and liver organoids can help
to study specific infection foci in systemic diseases (Caiazza et al., 2021; Sepe et al., 2020). Co-culture
models with immune cells in medium could serve as model for microenvironments like the lamina pro-
pria (Schreurs et al., 2021). A decent set of methods for infection biology research with organoid sys-

tems is available by now which is schematically presented in Figure V.5.2.
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Figure V.5.2. Methods of infection studies with 3D and 2D organoids. A) stem cells are cultured in Matrigel
as described in figure V.5.1 until they develop 3D organoids (B). C) To allow pathogens access to the apical side
of 3D organoids, microinjection can be performed. D) Generation of apical-out organoids allows infection with
pathogens added directly to the culture medium. E) Organoid-derived monolayers allow infection from the apical
side in a more defined manner described in figure I11.4.15. F) Microbiota and immune cells can be added to or-
ganoids grown on transwells (E) and in microfluidic chambers (G).

Salmonella enterica

One of the most prevalent enteropathogens belongs to the family Salmonella enterica that can cause
diseases ranging from self-limiting gastroenteritis to life-threatening systemic infections (typhoid fever)
(Johnson et al., 2018). The pathogenic, Gram-negative bacteria are rod-shaped and live facultative an-
aerobic. There are over 2,500 serovars within the genus of Sa/monella which can be highly human-
specific like Salmonella enterica serovar Typhi (STY) or S. enterica serovar Paratyphi A (SPA), or with
a broad host range like S. enterica serovar Typhimurium (STM) (Pui, 2011). The ability of invasion and
subsequent intracellular lifestyle in epithelial and immune cells is a major characteristic of Sa/monella.
The pathogenesis is thereby mediated by virulence genes which are mainly encoded on Salmonella path-
ogenicity islands (SPI), large chromosomal regions harboring several virulence-associated genes

(Gerlach and Hensel, 2007; Hensel, 2004). Salmonella is able to actively invade polarized epithelial
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cells by the so-called trigger mechanism (Gerlach et al., 2008). Prior invasion, the giant non-fimbrial
adhesin SiiE mediates first close contact to the apical side of the target cell. SiiE is secreted by the SPI4-
encoded type 1 secretion system (SPI4-T1SS). In the further process of the infection, effector proteins
are translocated via a SPI1-encoded type 3 secretion system (SPI1-T3SS) into the target cell and thereby
induce manipulation of the actin cytoskeleton in enterocytes (Ly and Casanova, 2007). This process
leads to membrane protrusions (membrane ruffles) and subsequently the non-phagocytic cells internal-
ize the Salmonella in a phagocytic-like manner (Galan and Curtiss, 1989; Gerlach et al., 2008). After
invasion, Salmonella is present in the Salmonella-containing vacuole (SCV), similar to a phagosome.
The following intracellular lifestyle with maturation of the SCV and as well as replication is depending
on effector proteins which are translocated via a SPI2-encoded T3SS (SPI2-T3SS). Human-specific ty-
phoidal Salmonella serovars replicate in immune cells like macrophages and are able to systemic dis-
seminate to gallbladder, lymph nodes, bone marrow and liver as the infection progresses (Dougan and

Baker, 2014).
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V.5.3. Results

3D imaging of intestinal organoids

Organoids possess complex structures and are embedded in hydrogel that reconstitute an extracellular
matrix and allows growth in 3D. These circumstances make microscopy approaches of whole-mount
organoids challenging and imaging is highly dependent on specimen preparation, microscope and ob-
jective properties. Staining of organoids with fluorescent probes can be performed directly in suitable
cell culture chambers or with detached organoids, released from Matrigel. Imaging is then performed in
the respective chambered coverslip or after embedding of the detached organoids on conventional mi-
croscope slides (Figure V.5.3). Imaging quality is further dependent on working distance, parfocal
length and numerical aperture of the used objective and the wavelength of light used to illuminate the

specimen.
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Figure V.5.3. Light microscopy of whole-mount intestinal organoids. A) Distance from specimen to micro-
scope objective is higher in setups with organoids cultured in Matrigel in a p-slide chambered coverslip (ibidi)
than with fixed organoids that were mounted on microscope slides (B).

Scanning electron microscopy (SEM) gives an impression of the dimensions of 3D organoids (Figure
V.5.4 A). A side view of 3D enteroids cultured in chambered coverslips reveals how challenging fluo-
rescence microscopy with such large specimen can be (Figure V.5.4 B). With up to 500 um in diameter,
not nearly half of the organoid can be imaged properly in Z dimension with loss of focus and decreasing
fluorescence signal with increasing imaging height. Especially the illumination with shorter wave-
lengths for DAPI or Alexa488 fluorescence samples is problematic as penetration depth in confocal
microscopy is typically limited to less than 100 um (Graf and Boppart, 2010). However, the organoid
side near the coverslip bottom and also some crypt domains were imaged in adequate resolution (Figure
V.5.4 B, C, C°). Staining with DAPI, phalloidin and CellMask can give an insight into the general or-
ganization of a fully differentiated enteroid. CellMask allowed a uniform staining of the plasma mem-

brane without cell-type differences exhibited by lectins and shows the dimensions of the enteroid. Nuclei
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staining with DAPI and F-actin staining with phalloidin showed the distribution and orientation of cells
in the organoid. High F-actin accumulation was visible at the apical side of the epithelial cells, which
showed a high order of polarization with a high number of microvilli that were densely packed on the
apical surface. The apical side faced the lumen of the enteroid. DAPI stained nuclei were located at the

basolateral side.

nuclei plasma membrane

Figure V.5.4. Imaging and fluorescence labeling of 3D enteroids. A) SEM image of mouse intestinal organoid.
3D side view (B), maximum intensity projection (C) and cross-section (C’) of whole-mount enteroid. Murine
ileum organoids were cultured, fixed and stained with phalloidin-iFluor647 (green), DAPI (blue) and CellMask
Deep Red (red) in p-slide chambered coverslip before imaging. Imaging with 40x objective. Multiple images with
overlaps were acquired and stitched. Scale bars: 50 pm.

Imaging of enteroids released from Matrigel and embedded on microscope slides is easier in terms of
microscope prerequisites. Due to flattening of the organoids between microscope slide and coverslip
and the resulting lower distance between objective and specimen, imaging of whole organoids in full Z
was possible (Figure V.5.5). This allowed imaging with higher magnifying objectives and detailed char-
acterization of cells e.g. at the apical side of enterocytes (Figure V.5.5 C’). Additionally, the brush bor-

der with microvilli structures was visible in detail.
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actin nuclei plasma membrane:

Figure V.5.5. Imaging and fluorescence labeling of 3D enteroids. A and B) Maximum intensity projection and
cross-section (A’, B”) of whole-mount murine ileum organoids that were cultured and fixed in a 24-well, detached
and stained with phalloidin-iFluor647 (green), DAPI (blue) and CellMask Deep Red (red) before mounted on
microscope slide for imaging. Imaging with 63x objective. Multiple images with overlaps were acquired and
stitched. Scale bars: 50 pm.

Transmission electron microscopy (TEM) of ultrathin sections of a 3D-cultured enteroid revealed dif-
ferences regarding the ultrastructure of various cell types (Figure V.5.6). The apical side of epithelial
cells that are facing the lumen of the enteroid showed highly ordered microvilli structure, which there-
fore were defined as brush border (Figure V.5.6 A). Goblet cells were easily distinguishable by TEM
because of their unique cellular architecture. A large volume of the goblet cell was densely packed with
mucus containing secretory vesicles with large glycoproteins called mucins (Figure V.5.6 B). Due to
harsh fixation methods necessary for TEM, the structure of carbohydrate-rich polymeric mucins may be

disrupted, yet secretion of it was also visible in Figure V.5.6 B.
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Figure V.5.6. 3D organoids develop multiple cell types with brush border and mucus secretion. TEM image
of mouse intestinal organoid. A+B) Green arrowheads indicate microvilli in a brush border. B) Goblet cells with
secretory vesicles (blue arrowheads) inside of the cell and secreted mucus (red arrowheads) are shown. Scale bars:
2 pm.

Lectins like wheat germ agglutinin (WGA) with a high affinity for sialic acid and N-acetylglucosamine
can be used to distinguish between certain cell types within organoids e.g. goblet and Paneth cells.
WGA-stained murine and human enteroids showed expected high WGA signal predominantly in crypt
domains (Figure V.5.7 A, B), the area where goblet and Paneth cells are mainly present (Figure V.5.1)
(Birchenough et al., 2015). Imaging in higher magnification also revealed single cells with secreted
mucus at the apical side of the cell, these cells also showed less F-actin signal (Figure V.5.7 C, C’, C*).

Note that WGA also stains the nuclear envelope, which was therefore also visible.

149



RESULTS AND PUBLICATIONS

Figure V.5.7. Fluorescence analysis of 3D enteroids with wheat germ agglutinin. Murine (A) and human (B,
C, C’, C*) enteroids were cultured, fixed and stained with AlexaFluor488-phalloidin (green), DAPI (blue) and
CF®640R WGA (red) in p-slide chambered coverslip before imaging. (C*) and (C*) show magnification and side
view of a region of interest. Arrowheads indicate accumulation of WGA signal. Images are shown as maximum
intensity projection. Imaging with 40x objective (A, B) and 63x objective (C, C’, C*). Multiple images with over-
laps were acquired and stitched. Scale bars: 50 um (A, B), 10 um (C, C’, C*).
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Lentiviral transfection

To further analyze host-pathogen interactions without additional staining, we aimed to stably transfect
the organoids with LifeAct-GFP by lentiviral transduction as a highly efficient method of gene transfer
into mammalian cells (Figure V.5.8) (Miyoshi and Stappenbeck, 2013). The organoids were grown for
2-4 days in 3D organoid medium, supplemented with ROCK inhibitor, to generate as many stem cells
as possible. As the lentiviruses interfere with the Matrigel, the organoids were seeded on a thin Matrigel
layer. Following this step, we incubated the organoids for 3 days to allow differentiation. After 7 days,
we started selection by Blasticidin treatment for 24 h. Blasticidin is a selection antibiotic, acting on
eukaryotic and prokaryotic cells. The cell death induced by Blasticidin occurs rapidly and allows selec-
tion of transfected cell lines carrying a Blasticidin resistance gene within one week (Miyoshi and
Stappenbeck, 2013). Additionally, organoids were selected without Blasticidin treatment (Figure V.5.8)

and non-transduced organoids were treated with Blasticidin (not shown).

After selection with Blasticidin, we obtained successfully transfected human colon and ileum organoids
with a rate of approximately 50% (Figure V.5.8). We found a varying distribution of the GFP signal
among the survived organoids ranging from only one to a few cells, up to nearly all cells of a single
organoid. Interestingly, we found partly damaged organoids after Blasticidin treatment (Figure V.5.8).
Thus, as the untreated organoids showed less to no damage, the Blasticidin concentration has to be
decreased. However, we passaged the successfully transduced organoids and tried to further select for
organoids with many positive cells to increase the amount in the population. The stable transfection was
tested over several months and could be confirmed for most of the selected organoids. In future attempts,
sorting of the stem cells by FACS or by visual inspection during passaging could lead to a monoclonal
population of stably transfected organoids (Miyoshi and Stappenbeck, 2013). In a next step, these stably
transfected organoids can then be used for 2D analyses or apical-out approaches to gain more insights

into STM, SPA or STY infection process under nearly physiological parameters.
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3 days 7 days Blasticidin

human colon

human ileum

Figure V.5.8. Lentiviral transfection of human organoids with LifeAct-GFP. Microscopic analyses of the len-
tiviral transduction and following selection. Human organoids were lentiviral transfected for 24 h. After 24 h
transduction, medium was exchanged, organoids covered with additional Matrigel and covered with medium. Se-
lection occurred with Blasticidin. Microscopy was performed with the Zeiss Axio Vert.Al. Scale bar: 100 pm. A)
Human colon spheroids (left) and colonoids (center and right). B) Human ileum spheroids (left) and enteroids
(center and right).
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In addition to human organoids, we successfully transfected murine enteroids (Figure V.5.9). These cell

line survived the Blasticidin treatment and showed no damaged organoids.

murine ileum

Figure V.5.9. Murine enteroids stably transfected with lentivirus. Microscopic analyses of the lentiviral trans-
duction of murine enteroids. Organoids were transfected with LifeAct-GFP lentiviruses. Procedure as described
in Figure V.5.8. Images show maximum intensity projection (MIP), brightfield (BF) and fluorescence microscopy
images with LifeAct-GFP (green, actin) of stably transfected enteroids after blasticidin treatment. Scale bar: 100
pm.
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Analysis of intestinal organoids microinjected with Salmonella

Fluorescence microscopy of human organoids microinjected with Salmonella

One challenge in using organoids to study pathogen-host interactions is the difficulty in accessing the
apical, or luminal, surface of the epithelium, which is enclosed by the organoid cell layer. Infection of
3D cultured organoids with Salmonella by microinjection is a method to allow apical invasion of the
pathogenic bacteria to mimic in vivo conditions. Microinjection with a glass micropipette is used to
enable Salmonella to invade the apical side. Often, not fully differentiated organoids with crypts are
used, but mostly round shaped spheroids in early cultivation because microinjection is much easier with

these.

Figure V.5.10 shows an exemplary image of a 3D human colonoid microinjected with STM WT carrying
a plasmid for constitutive expression of GFP. For microinjection, a fluorescence microscope was used
to control injection of STM (Figure V.5.10 B). STM were visible inside the glass micropipette and the
round shaped organoid but also leaking out of the injection side. Microinjected human colonoids were
fixed for fluorescence imaging, detached, stained with DAPI, phalloidin and CellMask and mounted on
microscope slides. Multiple small round shaped organoids were visible as well as a large organoid with
approximately 350 pm in diameter (Figure V.5.10 A). Some STM were visible outside of the organoid
and at the basolateral side. A large number of poorly visible individual STM were dispersed in the
organoid lumen. At the injection site, tissue damage could be detected as well as a huge accumulation
of STM. Invasion sites could not be analyzed in detail because of the tissue damage that occurred during
microinjection and the staining and embedding steps. Also, the flattening of the organoid due to mount-
ing on microscope slides hamper the determination of individual infection sites at the bacterial-cell con-

tact site.
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Figure V.5.10. Fluorescence imaging of 3D human colonoid microinjected with Salmonella Typhimurium.
A) Human colonoids were microinjected with STM WT expressing GFP (white), fixed at 1-1.5 h p.i. and stained
with phalloidin-iFluor647 (green), DAPI (blue) and CellMask Deep Red (red) before imaging. Arrowheads indi-
cate STM at injection site inside and outside of the organoid (white) and with and without direct contact to baso-
lateral side of the enteroid (red, yellow, respectively). Images are shown as maximum intensity projection. Imaging
with 40x objective. Multiple images with overlaps were acquired and stitched. Scale bar: 50 um. B) Exemplary
image of microinjection process with STM WT expressing GFP (green). Arrowheads indicate injection site with
STM leaking off the lumen.

TEM analysis of murine and human organoids microinjected with Salmonella

Murine organoids were fixed 60 to 90 min p.i. with STM WT. The organoid shown in Figure V.5.11
possessed a diameter of approximately 330 um. It had a round shape and consists of a mixture of mon-
olayers and multilayers, some with different cell types (Figure V.5.11 B), surrounding a large, central
lumen (Figure V.5.11 A, B). Both, in the lumen and outside of the organoid, a multitude of Salmonella
were visible (Figure V.5.11 A, B, C). While there were no microvilli on the basolateral side of the cells,
a large amount can be detected on the apical side (Figure V.5.11 E), where also some invading Salmo-
nella could be observed (Figure V.5.11 C - F). Two bacteria were already completely enclosed by the
plasma membrane of the host cell, and were located in a SCV in the distal area of the cell (Figure V.5.11
C - D). At another site of the organoid, the Salmonella were only half-enclosed by the host membrane
(Figure V.5.11 E, F). In both cases, however, much of the microvilli around the invasion site were ef-
faced and the cell showed an extensive membrane ruffle around the bacteria (Figure V.5.11 D - F),

similar to previously described membrane ruffles in polarized cell culture models (Gerlach et al., 2008).

In another murine organoid, Sa/monella had already fully invaded both from basolateral and apical side
and were located in an area near the nucleus, and possess a SCV (Figure V.5.12). Possibly, due to the
embedding protocol, the SCV were no longer completely preserved. It seems that in this organoid sam-
ple mainly basolateral invasion happened. A high number of Salmonella and also most of the invasion
events were detected at the basolateral side, which could indicate that invasion happened primarily at

this side (Figure V.5.12 A).
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Figure V.5.11. TEM images of a murine colonoid microinjected with Salmonella Typhimurium. Murine co-
lonoids were microinjected with STM WT and fixed for TEM 1-1.5 h p.i. A) Overview image of the murine
colonoid. B) Magnified area from (A) showing presence of STM on the basolateral side (bl) outside of the organoid
(white arrowhead), the monolayer (black arrow) and multilayer (white arrow) surrounding the lumen (ap), and the
cellular debris located in the lumen (black arrowhead). C) Section of the cell layer surrounding the lumen. Some
STM are located on the apical side (ap) (black arrowhead); bl (basolateral). D) Detailed view of two invading STM
with SCVs partially present (red arrowheads) and microvilli effacement (black arrows). E) Section of cell layer of
an intestinal organoid showing apical (ap) and basolateral (bl) sides and absence of microvilli (black arrows). F)
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A detailed view shows dividing invading STM that trigger membrane protrusion but that have not yet formed an
SCV (blue arrowhead). No microvilli are present in the vicinity of the invasion site (black arrows). Scale bars: 100
pm (A), 25 pm (B), 10 pm (C), 1 pm (D, F), 5 pm (E).

Figure V.5.12. TEM images of a murine colonoids microinjected with Salmonella Typhimurium. Murine
colonoids were microinjected with STM WT and fixed for TEM 1-1.5 h p.i. A) Overview image of the murine
colon organoid showing apical (ap), basolateral (bl) side and several intracellular STM, one is located near the
nucleus (black box). B) Detailed view from A shows STM (s) is located within an SCV with a single membrane
(black arrowhead). C) Overview image from another area of the organoid showing apical (ap) and basolateral (bl)
sides, as well as intracellular STM on the basolateral side near the nucleus. D) Detailed view from C showing
intracellular STM (s) enclosed by an SCV with a single membrane (red arrowhead). Scale bars: 7 um (A), 500 nm
(B), 5 um (C), 750 nm (D).
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The human intestinal organoids were microinjected as mentioned above, but they were fixed for TEM
already 30 min after injection. The organoid shown in Figure V.5.13 A had a diameter of approximately
540 um at its widest point, and again Sa/monella were present both outside (Figure V.5.13 A) and inside
of the organoid (Figure V.5.13 E). With an alternation between monolayer and multilayer, with partly
different cell types, a similar organization as in the murine variant was observed (Figure V.5.13 B).
Several invading Salmonella could be recognized, which just contact the host cell membrane, so that a
membrane ruffle was formed (Figure V.5.13 G, I). In the posterior part of this protrusion, fine elongated
structures could be observed, which have morphological similarity to cytoskeletal components (Figure
V.5.13 G). In close vicinity to the invading Sa/monella, small round structures were visible and the
microvilli of the apical side of the cells were still present (Figure V.5.13 I). Furthermore, Sa/monella
were observed to be located, together with other materials, in an electron-light compartment enclosed

by a membrane (Figure V.5.13 F).
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Figure V.5.13. TEM images of a human colon organoid microinjected with Salmonella Typhimurium. Hu-
man colonoids were microinjected with STM WT and fixed for TEM 30 min p.i. A) Overview image of the human
colon organoid. B) Magnified area from (A) shows presence of STM (black arrowhead) on the basolateral (bl)
side, the apical (ap) side, and the monolayer (black arrow) and multilayer (white arrow) surrounding the lumen.
C) Overview of a possibly apoptotic cell with intracellular STM near the lumen (lu). D) Detailed view of STM
from C shows enclosure within an SCV with a single membrane (red arrowhead). E) Detail of another area of the
organoid showing cells in the luminal region (lu). F, G) Detail from E. F) Detail of two STM located along with
other unknown structures within a single membrane compartment (black arrowhead) and STM in an SCV (blue
arrowhead). G) A close-up shows STM in contact with a membrane protrusion (green arrow), but not invaded. H)
Overview of a part of the cell layer of the organoid. I) Detailed view of invading STM with contact to a membrane
protrusion (purple arrow) and surrounding microvilli (black arrows). Scale bars: 100 um (A), 25 um (B), 3 pm
(C), 750 nm (D, F, G, I), 7 um (E), 5 um (H).

Generation of apical-out intestinal organoids

Another method to infect 3D organoids without physical injury is the generation of apical-out organoids
(Co et al., 2019). The reversal of the polarity of 3D organoids enables analyses of pathogen-host inter-
actions at the apical side without microinjection. For the generation of apical-out organoids, murine
enteroids were cultured as regular for 7-10 days in Matrigel. These normal 3D basal out enteroids were
dislodged and solubilized to remove the Matrigel. The solubilized enteroids were re-seeded in medium
without Matrigel in low-attachment plates or with a minimal amount of Matrigel to immobilize the
organoids at the bottom of the chambered coverslips. In first attempts, mostly enteroids with mixed
polarity could be observed (Figure V.5.14 A, B). Mixed-polarity enteroids were fixed and stained with
DAPI, phalloidin and CellMask whereas high F-actin signal indicates the apical side. In cross-sections
of mixed polarity enteroids both apical-out and basal out areas were visible (Figure V.5.14 A’). The
formation of apical-out organoids is highly heterogenic; however, it allows to infect multiple 3D organ-

oids directly within the medium without microinjection.
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Figure V.5.14. Fluorescence imaging of 3D apical-out enteroids. Maximum intensity projection (A, B) and
cross-section (A’) of induced mixed polarity murine ileum organoids. Murine ileum organoids were cultured with
minimal amount of Matrigel. Arrowheads indicate apical (green) and basal (red) regions. Cultivation, fixation and
staining with phalloidin-iFluor647 (white) and DAPI (blue) in p-slide chambered coverslip before imaging. Im-
aging with 40x objective. Multiple images with overlaps were acquired and stitched. Scale bars: 50 um.
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2D cultivation, characterization and infection

Organoid cultivation on transwells — from 3D to 2D

In addition to 3D cultivated organoids, enzymatic dissected organoids can be seeded on a flat plastic
surface or transwells (Figure V.5.15). The attachment of the organoid fragments or single cells requires
coating with complex matrices, e.g. Matrigel, or gelatin, collagen or fibronectin (Aguilar et al., 2021).
The complex matrix on the one hand provides a suitable coating surface, but on the other hand has
several disadvantages like the presence of growth factors and other components like gentamicin with
batch-to-batch variability (Aguilar et al., 2021). To obtain a confluent cell layer, parameters as seeded
cell number and medium composition has to be considered. With the medium composition, cell differ-
entiation can be inhibited or induced for example. The advantages of organoid-derived monolayers are
the access to the apical side without the need of special equipment. Pathogens can easily be added or
removed, as well as cell debris and waste products. Additionally, due to the usually flat monolayer,
microscopic analysis should be also more straightforward. Single cells can easily be analyzed by high-
throughput screenings. However, cell characteristics like differentiation and intercellular connections

can differ between organoids and organoid-derived monolayers (Aguilar et al., 2021).

electrode for

TEER measurement
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Figure V.5.15. Cultivation of organoid-derived monolayers on transwells. The organoids are enzymatically
dissected and single cells are seeded on a matrix-coated membrane (here polyester). Growth is dependent on the
cell number seeded, medium composition as well as the coating matrix. The cells of the monolayer have access to
nutrients from both cellular surfaces, enabling a more physiological growth. To assess monolayer confluence,
transepithelial electrical resistance (TEER) is measured.

Transwells or other permeable inserts can be used to get access to both sides of the epithelium, increasing
the possibilities of investigations. Thus, the cells are able to take up molecules from both cellular sur-
faces, leading to a more physiological metabolic activity. The confluence of transwell monolayers is
assessed by measuring the transepithelial electrical resistance (TEER). The confluent layer then can be

used for specific staining, e.g. PAS staining or immunostaining, and infections.
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PAS staining of murine tissue and 2D cultured intestinal organoids

The periodic acid-Schiff (PAS) reaction is one of the most frequently used chemical methods in histol-
ogy. As unstained structures are low in contrast under the light microscope, staining with peroxide so-
lution and Schiff’s reagent increases contrast and can help to distinguish forms and structures. This
method was already used for other biopsy samples and scientific approaches (Adams and Dilly, 1989;
Lauren and Sorvari, 1969; Nikiforou et al., 2016; Osho et al., 2017; Spicer, 1960). During the PAS
reaction, the samples are treated with periodic acid, resulting in the oxidation of the 1,2-glycols into
aldehyde groups. Following oxidation, fuchsin-sulfuric acid (Schiff’s reagent) is added to the samples,
causing a reaction of the aldehydes to form a red color. Thus, this reaction yields a specific color reaction
with unsubstituted polysaccharides, neutral mucopolysaccharides, muco- and glycoproteins, and glyco-
and phospholipids and can be used as evidence for mucus production. We wanted to investigate potential
mucus production of our human 2D monolayers (Figure V.5.16 A and B) before infection to get a better
insight and result interpretation. Additionally, for comparison, we stained freshly prepared and embed-
ded murine gut samples (Figure V.5.16 D). As a control, we performed a toluidine staining (Richart,
1963; Sridharan and Shankar, 2012) (Figure V.5.16 C). Besides nucleic acids, toluidine blue also stains
mucins, amyloids and granules from mast cells and endocrine cells and is described for epoxy resin

embedded thin sections (Sridharan and Shankar, 2012).

We stained the human organoid monolayers after 3 days and 11 days, directly before infection (Figure
V.5.16 A and B). We were able to find smaller areas high in contrast, as exemplarily indicated. After 3
days, the amount of these spots was less than after 11 days, indicating a differentiation of the cells also
in our 2D monolayers. Thus, we concluded that infections can be performed under mucus producing
conditions with these cells. Additionally, we found an increased mucus production and potential goblet
cells in colon monolayers in comparison to ileum monolayers. Furthermore, epoxy resin embedded thin
sections of murine gut samples showed an increased signal in toluidine stain (Figure V.5.16 C) and also
PAS reaction (Figure V.5.16 D). Hence, we performed infections for 30 min and 60 min and demon-
strated that usage of organoid cell culture can lead to a more complex result in comparison to conven-

tional and simpler cell culture models (Figure V.5.18).
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Figure V.5.16. PAS analysis of human organoid monolayer and murine biopsy samples. PAS staining of
human colonoids and enteroids (A and B), as well as toluidine stained murine biopsy samples (C) and PAS stained
murine biopsy samples (D). Arrows indicate stained structures. A and B) Monolayers were fixed with 3% PFA in
PBS and incubated with periodic acid solution (10%). After washing, samples were incubated with Schiff’s rea-
gent. Following these preparations, the samples were fixed on microscope slides. For microscopy, 10x and 20x
magnification were used, respectively. Scale bars: A) and B) 10 um, C) 50 pm, D) 100 pm.

2D infections — TEER measurements

Various cells can be cultured on porous filters. However, due to optical properties of the filter material
and cell shape, the quality of the cell monolayer is difficult to evaluate (Chen ef al., 2015). However,
the TEER measurement can be used as an indicator of the polarization level quality for the cultivation.
It is described that completely differentiated cell cultures possess a stable TEER between 500 and 1,100
Q/cm? (Chen et al., 2015).
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Figure V.5.17. TEER measurement during infection process of intestinal organoid monolayers. Shown are
TEER measurements during growth (A, C) and infection of human- and mouse-derived monolayers (B, D). The
transepithelial electrical resistance (TEER) was measured every day after seeding the cells (A) or every hour post
infection (p.i.) (B). A) 1*10° cells/well were seeded in 2D monolayer medium at day 0. At day 5, medium was
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changed to differentiation medium as indicated. Monolayers were grown for 12 days before infection. B) For
infection, 2.5 h subcultures of infective STM were grown and organoid monolayers were infected at MOI of 50
for 60 min. The cells were treated with 100 pg/ml gentamicin per well for 1 h, washed three times with prewarmed
PBS and incubated with 10 pg/ml gentamicin per well for additional 4 h. C) Growth of murine-derived monolayer.
Set-up as described for human-derived monolayer, with exception of 1.5%10° cells/well were seeded. TEER meas-
urement as indicated. D) Infection of mouse-derived monolayer as described for human-derived monolayer.

During cultivation of our 2D monolayers of murine and human organoids, we measured the TEER daily,
(Figure V.5.17 A, C) whereas during infection, it was determined every hour (Figure V.5.17 B, D),
respectively. We used transwells with polyester membranes with a pore size 0.4 um (= 0.4 pm transwell]
and 3.0 pm (= 3.0 um transwell), respectively, to investigate growth (Figure V.5.17 A) and also behavior
of the cell layer during infection (Figure V.5.17 B). 3.0 um transwells were tested, because potential
exit strategies were aimed to be analyzed, allowing the bacteria to cross the filter more easily after
passaging the 2D monolayer. In the first growth phase with 2D monolayer medium, TEER of human-
derived monolayers increased almost exponentially from day 0 (170 Q/cm?) to day 3 (740 Q/cm?) on
0.4 pm transwells and from day 0 (130 Q/cm?) to day 5 (1,000 /cm?) on 3.0 um transwells. For the
mouse-derived monolayer we measured a TEER of Q/cm? on 0.4 um transwells and 387 Q/cm? on
3.0 um transwells after 5 days (Figure V.5.17 B). The growth curve of the human-derived monolayers
on 0.4 pm filter flattened earlier than on 3.0 um transwells, indicating an earlier saturation regarding
cell-cell contacts and differentiation. At day 5 we changed the medium to differentiation medium and
observed a saturation of the human-derived monolayers up to day 7 (1,000 Q/cm?) on the 3.0 um
transwells, whereas TEER of the monolayer continuously increased on 0.4 pm transwells to
1,120 Q/cm?. Between day 7 and 10, TEER increased up to 1,300 Q/cm? on the 3.0 um transwells and
decreased back to 960 Q/cm?. Thus, on both transwells we were able to reach an optimal TEER for the
human-derived monolayers, indicating a confluent and differentiated monolayer. In contrast to this,
mouse-derived monolayers at day 7 with a TEER of 800 Q/cm? (3.0 pm) and 2,967 Q/cm? (0.4 um)
were infected (Figure V.5.17 D).

In a next step, we infected the monolayers with STM WT and measured the TEER during infection over
5 h (Figure V.5.17 B, D). Directly at the point of infection, the TEER of the monolayer on the 3.0 um
transwells decreased to 590 Q/cm? (human) and 335 Q/cm? (murine), whereas TEER of the monolayer
on the 0.4 um transwells remained stable at 1,070 &/cm? (human). Contrary, the TEER of the mouse-
derived monolayer decreased to 820 Q/cm? on 0.4 pm transwells. After 1 h, a minimum for human-
derived monolayers was measured on both filters (3.0 um: 430 Q/cm?; 0.4 um: 940 Q/cm?) (Figure
V.5.17 B). Whereas the TEER of the mouse-derived monolayer on 0.4 um transwells was slightly in-
creasing (1,300 /cm?), TEER on 3.0 um transwells was still decreasing until the end of the measure-
ment (Figure V.5.17 D). At 2 h p.i. the TEER of the human-derived monolayer on the 3.0 pm transwells
reached 700 Q/cm?, not fully recovering to its initial value of 960 /cm?, indicating a loss of barrier
integrity. In contrast to this, the TEER of the monolayer on the 0.4 um transwells reached a maximum

of 1,300 Q/cm? 2 h p.i., slowly decreasing to 1,000 Q/cm? after 5 h p.i., similar to the starting TEER.
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Thus, we concluded a full recovery of the monolayer on 0.4 um transwells. Comparably, the TEER of
the mouse-derived monolayer also increased on 0.4 pm transwells to 2,200 Q/cm?, not reaching fully
recovered start TEER 5 h p.i. (Figure V.5.17 D). This loss of barrier integrity and recovery during inva-
sion of STM is already described and we concluded that the selected parameters are compatible with the
chosen system and can be used for further investigations on infection of mutant strains (Figure V.5.18)
and also of STY/SPA. Additionally, in combination with lentiviral transfected organoids, a microscopic

analysis of the infection process and actin remodeling can be possible in a next step.

2D infections — quantification of invasion

As there are known described phenotypes regarding the SPI1 and SPI4 in cell lines as HeLa, MDCK
and CaCo2 (Gerlach and Hensel, 2007; Gerlach ef al., 2007), in a next step we aimed to investigate the
invasion of cells in human organoid monolayers. It was already shown that distinct SPI are important
for different stages of infection (Gerlach and Hensel, 2007). Whereas the SPI4 and its giant substrate
SiiE are essential for adhesion and invasion of polarized cells by supporting translocation of the SPI1-
T3SS effector proteins, SPI4 function is not required for invasion of non-polarized cells (Gerlach et al.,
2008; Wagner et al., 2011). In contrast to this, the SPI1-encoded T3SS is essential for a successful
invasion of polarized and non-polarized cells. Thus, we decided to analyze these known phenotypes in
monolayers of human enteroid- and colonoid-derived cells. As we demonstrated mucus production of
the cells (Figure V.5.16), these monolayers differ from simple tumor-based cell culture lines like polar-
ized MDCK and non-polarized HeLa cells. We infected the human monolayers for 30 and 60 min, lysed
the cells, plated lysates onto agar plates and determined colony forming units to quantify invasion (Fig-
ure V.5.18) of STM WT, Aspi4 and AinvC) strains. Because of co-regulation of the SPI with other
systems, important during invasion, it was shown that invC deletion specifically inhibits SPI1-T3SS

assembly (Gerlach et al., 2008; Gerlach et al., 2007).

Interestingly, for STM WT we found a 9-fold higher invasion of colon cells 30 min p.i. in comparison
to ileum (Figure V.5.18 A), whereas invasion of colon cells was slightly lower 60 min p.i. (76.5%)
(Figure V.5.18 C). At both time points and for both types of organoids, the AinvC strain showed the
most decrease in invasion compared to WT and Aspi4 (Figure V.5.18 B, D). An exception to this is the
invasion of colon cells after 30 min, indicating the essential role of the SPI1-T3SS for invasion as already
described. With an invasion of 2.2% of WT (Figure V.5.18 B), Aspi4 showed an even more decreased
invasion of colon cells after 30 min in comparison to AinvC (10% of WT). Invasion of ileum cells was
less influenced by a spi4 deletion 30 min p.i. (65% of WT) than 60 min p.i. (27.4% of WT). Thus, we
concluded a higher invasion of ileum cells by the WT over time, which is not possible if spi4 is deleted,
as invasion of ileum cells by the WT was increased 13-fold of 60 min p.i. in comparison to 30 min p.i.
In contrast to this, Aspi4 invasion of colon cells 60 min p.i. was increased in comparison to 30 min
infection (43.7%). Hence, we assumed that invasion of colon cells is partly possible after 1 h, even if

only the SPI1-T3SS is expressed. If the SPI4-T1SS is not expressed for mediating adhesion to the apical

168



RESULTS AND PUBLICATIONS

side, SPI1-T3SS is possibly affected in the efficient translocation of the effector proteins into the host
cell. Thus, we gained first insights in the SPI1- and SPI4-dependent invasion of human-derived cells 30

min p.i. and 60 min p.i., showing distinct differences and making further investigations favorable.
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Figure V.5.18. Infection of intestinal organoid monolayers with STM. Shown are representative infections of
exemplary chosen human enteroid and colonoid monolayers on 0.4 pm transwells as indicated with STM WT,
Aspi4 and AinvC. Infection occurred as described above for 30 min or 60 min at MOI 50. To determine invasion,
cells were treated with 100 pg/ml gentamicin per well for 1 h, washed thrice with prewarmed PBS and lysed with
0.5% deoxycholate in PBS (freshly prepared) for 10 min. The samples of inoculum and lysates were diluted and
plated to determine CFU. The percentages of invaded bacteria were calculated. A) Comparison of the invasion of
ileum and colon monolayers by STM WT 30 min p.i. B) Invasion of ileum and colon monolayers by Aspi4 and
AinvC in comparison to STM WT 30 min p.i. C) Comparison of the invasion of ileum and colon monolayers by
STM WT 60 min p.i. B) Invasion of ileum and colon monolayers by Aspi4 and AinvC in comparison to STM WT
60 min p.i.

In conclusion, we were able to establish a way to quantify the invasion of 2D cultured intestinal organ-
oids by STM. As the typhoidal serovars STY and SPA are pathogens that are highly adapted to the

human host, analysis of these will be of great interest.

2D cultivation and infection — microscopy

Imaging of cells grown on transwells is challenging due to the high position of the cells in the well and
the transwell membrane interfering with illumination. For microscopic analysis, the cell culture inserts

have to be taken out of the culture well and transwell membranes have to be punched out. This makes
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live cell imaging nearly impossible. However, microscopy of fixed membranes, embedded on micro-

scope slides or taped on SEM stubs is possible and analysis is described below.

After fixation and preparation of 2D cultured intestinal organoids for SEM, monolayers could be ana-
lyzed in highest magnification (Figure V.5.19). Ultrastructural analysis of monolayers of human colon,
human ileum and murine ileum organoids show adjacent growing cells with a densely packed apical
brush border that is also intact at the cell borders (Figure V.5.19A, B, C, D). A detailed view of the
brush border shows microvilli in a high order with almost identical length (Figure V.5.19 D). Some
areas of the monolayer show higher heterogeneity regarding the morphology of cells (Figure V.5.19 E,
E’). This may indicate the successful cultivation of distinct cell types, e.g. goblet cells that possess less
microvilli on their apical side and a large secretion pore on their apical side in the center of the cell

(Figure V.5.19 E’) similarly shown in the side-view TEM image above (Figure V.5.6 B).

Monolayers infected with STM and SPA WT were also analyzed (Figure V.5.20). The Salmonella-
induced rearrangement of the actin cytoskeleton into membrane ruffles during the invasion process has
been studied in detail in our lab (Gerlach ef al., 2008; Kommnick and Hensel, 2021; Kommnick ef al.,
2019; Lorkowski et al., 2014). We identified Salmonella-induced membrane ruffles at adhesion and
invasion sites on 2D cultured murine enteroid-derived monolayers (Figure V.5.20). STM WT induced
the formation of small membrane pedestals at adhesion sites (Figure V.5.20 A) and small bulky mem-
brane ruffles at invasion sites with multiple bacteria inside (Figure V.5.20 B, B’, B”’). First infection
experiments with human-adapted typhoidal SPA showed less invasiveness and almost no invasion sites
at cells with dense brush border. Membrane ruffles were only observed at cell borders and cells largely

lacking microvilli (Figure V.5.20 C, C°).

Fluorescence microscopy of STM-infected monolayers was performed (Figure V.5.21). The murine en-
teroid monolayers show adjacent growing cells with high F-actin accumulation at the apical site, indi-
cating a densely packed brush border. Multiple invasion sites with microvilli effacement are visible at

low and high magnification (Figure V.5.21 A, B, C).
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Figure V.5.19. SEM imaging of 2D cultured organoids. Organoids were cultured on transwell cell culture inserts
and fixed for SEM. Overview of 2D cultured human colon (A), human ileum (B) and murine (C, D, E, E’) enter-
oids. Inset (E’) shows a possible goblet cell. Scale bars: 10 um (A, B, C), 50 pm (E), | pm (E’).
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Figure V.5.20. SEM imaging of 2D cultured STM and SPA infected organoids. Murine ileum enteroids were
cultured on transwell cell culture inserts and fixed 30-60 p.i. for SEM. Adhesion (A) and invasion sites (B, B’,
B’”) of STM WT on apical side of enterocytes. Invasion site of SPA WT at a cell with less prominent brush border
(C, C*) Scale bars: 1 um (A, B’, B’, C’), 5 um (B, C).
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Figure V.5.21. Fluorescence imaging of 2D cultured STM infected organoids. Murine ileum enteroids were
cultured on transwell cell culture inserts and fixed 30-60 min p.i. for fluorescence microscopy and stained with
phalloidin-iFluor647 for actin visualization (magenta). Adhesion and invasion sites of STM WT expressing GFP
(green) on apical side of enterocytes with membrane ruffles are indicated with arrowheads. Images are shown as
maximum intensity projection of X-Y, X-Z and Y-Z plane. Scale bars: 10 pm.

All in all, we established intestinal organoids in 2D and 3D as infection models for S. enterica. Here,

we demonstrated a wide range of methods, possible to use for investigation of STM and SPA infection.
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V.5.4. Discussion

Frequently used cell culture models were over several years the tool to unravel virulence mechanisms
in host-pathogen interactions. However, the experimental design was restricted to one cell type for most
of the cell culture-based assays. While it was possible to investigate cellular interactions of pathogens
with high temporal and spatial resolution, these experiments lacked complex tissue architecture and
were not suitable to reflect in vivo relevant settings. Most recently, organoid systems have been estab-
lished in a wide field of biological research, including infection biology. Stem-cell derived organoids
are capable to reconstitute a certain degree of multicellular complexity with a close relation to in vivo
conditions in a 3D environment. But still, organoid culture remains complex, expensive and time con-

suming with some issues in reproducibility between labs because of the highly heterogenic nature.

The results presented here show uninfected and infected 3D and 2D grown organoids of human and
murine origin that were labeled and imaged across scales as well as analyzed regarding their behavior
during infection. Organoids are difficult to image because of their dimensions in X, Y and Z. Imaging
in Z is limited, which is dependent on working distance, parfocal length and numerical aperture of the
used objectives and the wavelength of light used to illuminate the specimen (Figure V.5.3). SDCM of
3D organoids revealed the overall architecture with enterocytes facing inward with their apical side but
imaging of higher Z planes resulted in blurry images with loss of focus and high background (Figure
V.5.4). The penetration depth of confocal microscopy is roughly limited to less than 100 pm (Graf and
Boppart, 2010). Multiphoton microscopy can improve penetration depth at least 2-fold (Centonze and
White, 1998), but lateral resolution is worse and it may lead to photo toxic and bleaching effects due to
higher light intensities (Hopt and Neher, 2001). Recently developed methods like light sheet-based mi-
croscopy offer live cell imaging well suited for large specimens with more photons and less photo dam-
age (Reynaud er al., 2008). Dipping objectives could be used to reduce distance to specimens
(Rakotoson et al., 2019). Matrigel may interfere with fluorescence excitation and emission and may

result in higher background.

Better resolution and less background can be achieved by releasing organoids from Matrigel and mount-
ing them on microscope slides (Figure V.5.5). This method may simplify imaging approaches but could
create artefacts because of the treatment of the organoids. Detachment and preparation with multiple
staining and washing steps in solution could damage the specimens. Large, complex organoids may
disrupt during this procedure and in result, only round shaped spheroids are being analyzed. Flattening
of the organoids between coverslip and microscope slide can also falsify the interpretation of infection
sites. However, imaging of organoids mounted on microscope slides allows analyses of cell structures

in more detail.

Immunostaining and other labeling techniques are commonly used to identify structures of interest.

Also, in the context of organoids as infection model, these methods can help to shed light on the cell
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types important in infection processes. Frequently used antibodies and fluorescent probes are e.g. villin
(polarized epithelium), mucin 2 (goblet cells), MMP7 (Paneth cells), chromogranin A (enteroendocrine
cells), Ki67 (dividing cells), lysozyme (Paneth cells), ZO1 (tight-junctions), wheat germ agglutinin
(goblet cells, Paneth cells, mucus), ulex europacus agglutinin I (goblet cells, Paneth cells, mucus, M
cells), phalloidin (F-actin) and also histological staining like PAS are used to determine certain cell types
and structures (Broguiere ef al., 2018; Farin et al., 2016; Fatehullah et al., 2013; Noel et al., 2017a, b).
Through WGA staining we also could identify regions of interest with secretory granules inside cells
and mucus in crypt domains in enteroids and colonoids as well as the general structure with a combina-
tion of phalloidin, DAPI and CellMask staining (Figure V.5.7). However, it was difficult to analyze
staining with first and secondary antibodies due to high background. The used methods have to be im-
proved for further experimental procedures. Flow cytometry, especially if combined with reporters that
provide information about the physiological state of Salmonella (SPI1-T3SS & SPI2-T3SS activity, in-
duced stress, and metabolic pathways), could also represent a powerful tool to investigate cell types
targeted by Salmonella in single cell-based studies (Reuter ef al., 2021; Roder et al., 2021a, b; Schulte
etal.,2021a,b).

To investigate infection processes in organoids, it is crucial to allow pathogens access to the apical side
of organoids. One of the techniques to facilitate that is the microinjection of pathogens into the lumen
of the organoids. This method has been used successfully with Helicobacter pylori, Clostridium difficile,
Escherichia coli, Salmonella enterica and even SARS-CoV-2 (Aguilar et al., 2021; Bartfeld and
Clevers, 2015; Hentschel et al., 2021; Lamers et al., 2021; Ramirez-Flores and Knoll, 2021; Tindle et
al., 2021). Technical limitations such as the highly heterogenic nature of organoids and the labor- and
cost-intensive infection are drawbacks of this method. Further, the penetration with an injection needle
can damage cell layers and spillage of pathogens into the medium could favor unwanted infections at
the basal site of the organoid. Our microinjection experiments showed exactly these injuries at the in-
jection site (Figure V.5.10) and Salmonella infection sites at the basolateral side of intestinal organoids
(Figure V.5.10, Figure V.5.11, Figure V.5.12, Figure V.5.13). We could observe Sa/monella-containing
compartments in microinjected intestinal organoids (Figure V.5.11, Figure V.5.12, Figure V.5.13) with
a localization near the nucleus as described before (Abrahams and Hensel, 2006; Salcedo and Holden,
2003) and in an electron-light compartment which probably represents a phago-lysosome with subse-
quent degradation of the pathogen (Buchmeier and Heffron, 1991; Carrol ef al., 1979). Due to the early
fixation time points, no Sa/monella-induced tubular structures such as SIF could be observed (Krieger
et al., 2014; Yin and Zhou, 2018a, b). Krieger et al. (2014) described these tubular structures in detail
with a CLEM approach in epithelial cell culture. However, no CLEM compatible methods have been

yet developed for such large specimens as organoids.

Another method to circumvent physical injury of the organoids is the addition of the pathogens directly

to the culture medium. To prevent infection processes from happening at the basolateral side it is
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possible to control the epithelial polarity to generate apical-out organoids (Co et al., 2019; Co et al.,
2021) (Figure V.5.22). We were indeed able to reproduce this recently published method to generate
organoids with mixed polarity (Figure V.5.14). As in all the other 3D-based methods, the generated
apical-out organoids are highly heterogenic which could hamper experimental design and reproducibil-
ity. However, apical-out organoids could represent a possibility of a 3D infection model without the

drawbacks of microinjection.

All the 3D-based methods described above are difficult to combine with live cell imaging techniques.
Lentiviral transfected organoids may help to develop live cell imaging approaches in the future (Maru
et al., 2016). Interpretation of fixed samples is often hard to analyze e.g. time and location of invasion
sites (apical or basal side) and also fixation with aldehydes may interfere with surface structures such as
mucus. It was also reported that invasion of Salmonella is higher in secretory cells, but for some methods
as microinjection, not fully differentiated spheroids are utilized which possess only a low number of
these cell types (Gagnon et al., 2013; Yin and Zhou, 2018a, b). TEM analyzes are also challenging due
to the sheer size of the specimen with several hundred micrometers in contrast to the ultrathin sections
with a thickness of about 70 nm used for TEM. Also, interactions with cell debris that accumulates
inside of 3D organoids is problematic. Newly developed organoid-on-a-chip models could represent a
future technique to address this issue, even in combination with a defined microbiota applied to the

organoid tissue (May et al., 2017; Wang et al., 2021).
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Figure V.5.22. Generation and infection of apical-out enteroids. A-E) Basal-out enteroids and apical-out en-
teroids are depicted schematically (A), imaged using modulation contrast microscopy (B) and imaged using con-
focal microscopy (C). D) STM selectively invades the exposed apical surface (green arrows) of a mixed polarity
enteroid. E-F) 3D confocal reconstruction of STM within an epithelial cell in the process of extruding from the
apical enteroid surface (E) or within a fully extruded cell after 6 h of infection (F). G) STM at different stages of
invasion of apical-out enteroid. Nuclei in blue, actin in white, ZO-1 in green, B-catenin/STM in red. Scale bars 10
um (B, C). Figure adapted from Co et al. (2019) under CC BY license.

To investigate host-pathogen interactions, organoid-derived monolayers can have many advantages in
comparison to 3D organoids as they provide access to the apical side of the cells (Aguilar et al., 2021).
Thus, pathogens, debris and solutes can be added or removed and a microscopic analysis is even better
possible and single cells can be analyzed by high-throughput screening. 2D monolayers were already

successfully used for analysis of infections, including Helicobacter pylori (Bartfeld and Clevers, 2015;
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Boccellato et al., 2019; Schlaermann et al., 2016), Escherichia coli (VanDussen et al., 2015), norovirus
(Ettayebi et al., 2016; Hosmillo et al., 2020) and Epstein Barr virus (EBV) (Wallaschek et al., 2021)
infections. Here, we demonstrated the possibility of 2D cultivation of human- and murine-derived or-
ganoids (Figure V.5.16-Figure V.5.21). By high-resolution SEM, we were able to image the intestinal
brush border on the apical side and conclude a high number of enterocytes in intestinal 2D monolayers
(Figure V.5.19, Figure V.5.20). Together with TEER measurements, we can assess cell integrity and
differentiation of the cells. In contrast to 3D approaches, no further equipment, e.g. for microinjections,
is necessary and growth and infection parameters can be controlled more easily as already described
(Aguilar et al., 2021). Additionally, TEER measurement allows assessment of the cell integrity during
infection (Figure V.5.17). With the calculated number of cells or staining, we are now able to calculate
the MOI and are consequently able to quantify the adhesion, invasion and intracellular replication, not
possible in 3D organoids. For comparison and also further applications, mucine-producing cell line
HT29 can be used, which is an adherent epithelial cell line, derived from human colon cancer tumor.
This cell line was already used to determine viral titers of the human parechovirus (Abed and Boivin,
2006) and to analyze Bifidobacterium and Lactobacillus strains counteraction to the toxic effect of Clos-
tridium difficile (Boonma et al., 2014; He et al., 2002; Wang et al., 2014). In future investigations, we
are now able to combine infections with specific staining and/or transfected organoid-derived cells, to
analyze if different Salmonella serovars preferentially invade distinct cell types. Experimental setups
can easily be adjusted, like disadvantageous growth of 2D monolayers on transwells on complex matri-
ces like Matrigel, which can be bypassed by using alternatives as collagen (Aguilar et al., 2021). Growth
on collagen was already shown to be a good alternative for stomach and intestinal organoids (Hosmillo
et al., 2020; Kayisoglu et al., 2021; Lulla et al., 2019; Schlaermann et al., 2016). Furthermore, it is
possible to grow cells in an air-liquid interface, where the cells are in contact with the culture medium
only from the basolateral side, whereas the apical side is exposed to air (Aguilar ez a/., 2021). This model
showed a higher cell differentiation induced by the air exposure (Boccellato et al., 2019; Li et al., 2014a;
Li et al., 2014b; Sachs et al., 2019; Sepe et al., 2020).

Besides the microscopic analysis, we were also able to quantify STM infection in human-derived or-
ganoid monolayers (Figure V.5.18). Interestingly, STM WT showed reduced invasion of organoid-de-
rived monolayers than in other published cell lines (Gerlach et al., 2008; Gerlach et al., 2007; Kommnick
and Hensel, 2021). Invasion increased 60 min p.i. Thus, we concluded that the mucus layer, we stained
by PAS stain, slowed down the invasion of the cells. Whereas invasion of colon 30 min p.i. was 9-fold
higher in comparison to ileum, invasion was comparable 60 min p.i., indicating that invasion of STM of
colon cells is faster than ileum cells. Aspil could not invade, as published before, indicating mucus and
different cell types do not alter invasion depletion. Interestingly, Aspi4 showed different phenotypes in
ileum and colon monolayers, as well as 30 min p.i. and 60 min p.i. No invasion of colon cells was

observed 30 min p.i., but approximately 70% invasion of WT of ileum cells, indicating a more important
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role of the SPI4 for invasion of colon-derived monolayers. 60 min p.i. invasion of Aspi4 was comparable
to slightly increased invasion of colon-derived monolayers. We concluded that invasion of colon cells
without SPI4-T1SS is more difficult. Thus, we were able to gain new insights in STM infection by using

human organoid-derived monolayers.

V.5.5. Outlook

Organoids have advanced infection research, leading to better understanding of host-pathogen interac-
tions and diseases. During cellular and molecular pathways triggered by pathogen interactions, the or-
ganoids maintain tissue architecture. By combining infections with stained and transfected organoids,
we can gain further insights into host-pathogen interactions and preferred cell types for invasion and
proliferation. Thus, this knowledge will allow us to treat Sa/monella infections more targetedly or pre-
vent them, especially those of typhoidal serovars. As the typhoidal serovars are highly adapted to the
human host, the analysis of their infection process is of great interest. As STY during infection influ-
ences and reprograms host functions and protection mechanisms as immune response to evade immune
defense in intestinal human organoids (Nickerson et al., 2018), further details about Salmonella infec-
tion can provide new input into future vaccine development. Furthermore, M cell differentiation by
addition of Receptor activator of NF-«xB ligand (RANKL) could be of great importance as M cells rep-
resent a common portal for pathogen invasion (Jepson and Clark, 1998) and controlled testing of these

cells will lead to a better understanding of Sa/monella infection.

Infection process can be analyzed in intestinal organoids, but to analyze the systemic infection of ty-
phoidal Salmonella also other organoids, e.g. derived from gall bladder or liver, can shed new light on
Salmonella infection. In general, first insights of the typhoidal serovars were already gained in intestinal
and gallbladder organoids in 3D and 2D (Nickerson et al., 2018; Scanu ef al., 2015). Scanu et al. found
indications that STY can be a causative agent of gallbladder cancer by transforming genetically predis-
posed cells (Scanu et al., 2015). STM was also already shown to be able to induce tumor growth in those
predisposed cells in primary mouse fibroblast model (Scanu et al., 2015). Sepe et al. observed host cell
DNA damages in invaded epithelial cells, where double-strand breaks are induced by the CdtB subunit
of the typhoid toxin also in neighboring non-infected cells (Sepe et al., 2020). However, the typhoid
toxin was found to be not involved in initial cell cycle arrest during air-liquid infection of polarized
monolayers. Thus, with help of the constantly growing field of different organoids, we gain more and
more insights in Salmonella and other infections and by optimizing growth and infection conditions get

closer to processes induced in the human body.
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V.5.7. Materials and Methods

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table V.5.1. Bacteria were grown aerobically in LB or

on LB agar plates, if necessary supplemented with carbenicillin (cb, 50 pg/ml). Subcultures were grown

for 2.5 h (1:31).

Table V.5.1. Bacterial strains used in this study.

Designation Relevant characteristics Reference

S. Typhimurium ATCC14028s wild type Salmonella genetic stock center,
University of Calgary

MvP589 Aspi4::FRT (Gerlach and Hensel, 2007)

MvP818 AinvC::FRT (Gerlach and Hensel, 2007)

S. Paratyphi A 45157

wild type, clinical isolate, Nepal

(Gal-Mor et al., 2012)

outbreak 2009

Plasmids used in this study

Plasmids used in this study are listed in Table V.5.2.

Table V.5.2. Plasmids used in this study.

Plasmid Relevant characteristics, resistance Reference
pFPVmCherry const. mCherry (Drecktrah et al., 2008)
pFPV25.1 const. GFP (Valdivia and Falkow, 1996)
p4878 pLX304 LifeAct::GFP, 3" generation based on Addgene #25890
lentivirus vector
pMD2.G 2™ generation lentiviral packaging plas- | Addgene #12259
mid
psPAX2 VSV-G envelope expressing plasmid Addgene #12260

Cell culture

Murine and human organoids and protocols were kindly provided by Guntram Grassl. The organoids
were cultured in defined medium, mentioned in Table V.5.3. The organoids were incubated at 37 °C
with 5% CO,. Every 7 to 10 days after seeding, the enteroids were passaged. For passaging, the medium
was removed and 1 ml ice-cold DPBS was added to each well. The Matrigel was broken up by pipetting
back and forth (20x with P-1000 tip + 15x with P-1000 + P-200 uL tip on top). All wells were collected
in one 15 ml conical tube on ice, filled up with ice-cold PBS and centrifuged for 5 min at 4 °C at 250 x g.

The supernatant was discarded and the dissociated organoids were resuspended in an organoid medium-
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Matrigel mix (50:50). 50 ul were spotted in each well and overlayed with 500 ul organoid medium (3D).
Every other day, medium was replaced. The first two days, the medium additionally was conditioned

with 10 uM Y27623.

Table V.5.3. Ingredients for organoid medium.

2D monolayer medium 2D differentiation medium 3D medium
L-WRN 50% 5% 50%
conditioned
supernatant
DMEM F-
12/Gluta-
max
Y27623 10 uM 10 uM (only early culture)
Pen/Strep 100 pg/ml 100 pg/ml
FCS 20% 20%
rm-EGF 50 ng/ml 50 ng/ml 50 ng/ml
DAPT 5 uM
Gastrin I 10 nm
HEPES 10 mM
A83-01 500 nM
SB202190 10 pM
ACC 1 mM
B27 1x

For infections, we also used monolayers of intestinal murine and human organoids. Matrigel was mixed
with cold DPBS and 200 pul were filled into the transwells and incubated for at least 1.5 h at 37 °C, 5%
CO:. The medium was removed from all wells with 3D crypt organoids and 2 wells were resuspended
with 1 ml cold DPBS. As described above, organoids were resuspended and collected in 15 ml tubes,
pre-filled with cold DPBS. The tubes were centrifuged at 500 x g. Following centrifugation, supernatant
was discarded and the pellet was resuspended in 1 ml warm 0.05% Trypsin/EDTA and incubated for 5
min at 37 °C in a water bath. Cells were then resuspended 20x with P-1000 tip + 15x with P-1000 + P-
200 puL tip on top. We added 10 ml cold DMEM with 10% FCS and centrifuged an additional time for
5 min at 4 °C at 500 x g. Supernatant was discarded and the pellet was resuspended in monolayer me-
dium (Table V.5.3). For human organoids 1*10° cells/well and for murine organoids 1.5*10° cells/well
were seeded. Every other day medium was replaced and transepithelial electrical resistance (TEER) was
measured every day. At approximately day 5 (TEER 500-1000), medium was changed to differentiation
medium (Table V.5.3).
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Lentiviral transfection

For microscopic analysis, we transfected organoids with third generation lentivirus system (Table V.5.2)
(Miyoshi and Stappenbeck, 2013). The organoids were cultured in 24-well plates in 3D for 10 days. The
organoids were resuspended as described above and centrifuged for 5 min at 4 °C at 400 x g and then
trypsinized for 5-10 min in 1 ml PBS. Trypsin digestion was stopped by addition of 5 ml cold DPBS
and cells were centrifuged again for 5 min at 4 °C at 400 x g. Cells were resuspended in 3D organoid
medium, supplemented with 10 uM Y27623. Organoid solution was spotted on Matrigel, prepared be-
fore. After 16 h, the medium was discarded and organoids were coated with additional Matrigel (incu-
bation for 20 min) and 3D organoid medium, supplemented with 10 uM Y27623. The organoids were
incubated 2-4 days to generate many stem cells. In the following, the organoids were extracted with
medium and Matrigel and transferred into 15 ml tubes. The organoids were centrifuged for 5 min at 400
x g and supernatant was carefully removed and were resuspended in 1 ml warm 0.05% Trypsin/EDTA
and incubated for 5 min at 37 °C in a water bath. We added 5 ml cold DPBS and centrifuged an additional
time. Cells were resuspended in 3D organoid medium, supplemented with 10 pM Y27623. Organoids
were adhered to a thin layer of Matrigel for 15 min at 37 °C, prepared before, because of the interference
of the lentiviruses with the Matrigel. Lentiviral particles were prepared by C. Kommnick and V. Géser.
We added lentivirus and 8 pug/mL polybrene to the cells on hardened Matrigel in a 12-well plate. We
incubated the organoids 24 h with the lentivirus-polybrene mix, discarded the supernatant and coated
the cells with additional Matrigel and added 3D organoid medium, supplemented with 10 uM Y27623.
We incubated the organoids for 3 days, changed the medium to 3D organoid medium without ROCK
inhibitor and started selection with 10 pg/ml Blasticidin (pLX304 p4878 5) after 7 days for 24 h.

Fluorescence labeling of murine and human organoids

For microscopic analysis of uninfected and infected 3D and 2D cultured organoids, we washed the cells
thrice with DPBS and fixed them with 3% PFA in PBS for 25 min at RT. Organoids grown on transwells
were stamped out with the membrane before staining. Fixed cells were washed thrice with DPBS and
incubated in blocking solution (2% goat serum, 2% bovine serum albumin) with 0.5% Triton-X100 for
30 min. For staining, the samples were incubated within the respective reagents, diluted in blocking
solution with 0.2% Triton-X100 and incubated for 1 h at RT. Following this step, the samples were
washed thrice with DPBS and were mounted on microscope slides, using Fluoroshield (Sigma) and

Entellan (Merck).
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Table V.5.4 Reagents used for fluorescence microscopy

fluorescence reagent concentration reference

excitation

488 AlexaFluor488-phalloidin 1:100 Molecular Probes

405 DAPI 1:1000 Sigma

588 CellMask Deep Red 2 pg/ml ThermoFisher Scientific
642 CF®640R WGA 5 ug/ml Biotium

647 phalloidin-iFluor647 1:100 AAT Bioquest

PAS staining of intestinal organoid monolayers and mouse tissue

As the PAS (periodic acid-Schiff) reaction is one of the most frequently used chemical methods for
histology, we used this method to investigate the mucus layer of our intestinal organoid monolayers.
First, the fixed monolayers (3% PFA in PBS) were washed with MQ for 1 min. In a next step, periodic
acid solution (10%) was added and incubated for 5 min. The samples were washed for 3 min with MQ.
Schiff’s reagent was added and samples were incubated for 15 min. The washing step was repeated for
3 min. Following this step, the samples were fixed on microscope slides, using Entellan. Mouse ileum
and colon tissue was acquired from C57BL/6 mouse kindly provided by the division Neurobiology (Os-
nabrueck University). The dissected tissue was cut in 0.5 cm pieces and fixed for 24 h in 10% formal-
dehyde. Dehydration was done with ethanol series at RT with 10% for 15 min, 30% for 30 min, 50%
for 1 h, 70% for 2 h, 70% for 72 h, 80% for 4 h, 80% for 16 h, 90% for 24 h and two steps with 100%
ethanol for 24 h each. Samples were embedded with Technovit 8100 according to manufacturer instruc-
tions (1:1 ethanol:Technovit step for at least 2 h at 4 °C, Technovit and hardener 1 for 72 h at 4 °C,
Technovit and hardener 1+2 for 48 h at 4 °C under anerobic conditions). Trimming and semithin sec-
tioning (5 pm) was done with conventional microtome. Toluidine staining was performed with one drop
of filtered toluidine blue stain solution and let dry. Excess stain was rinsed gently with water and dried
before microscopy. PAS staining with mouse tissue was performed as described in manufacturer proto-
col from Roth. Briefly, semithin sections were rinsed with distilled water, incubated in 1% periodic acid
solution for 10 min and rinsed with tap water afterwards for 10 min. After two 2 min washing steps with
distilled water, sections were stained with Schiff’s reagent for 10-20 min and rinsed with warm tap water
afterwards for 5 min. For microscopy, Zeiss Axio Observer.Z1 was used. with LD Plan-Neofluar 20x/0.6
objective. Imaging with CoolSNAP camera with a camera adapter 1.0x, total magnification 20x, zoom
1.0x. Additionally, a Zeiss Axio lab A1 with 10x and 20x objectives and Bresser MicroCam SP 3.1 was

used. Images were further processed with MicroCamLab II, version x64, 3.7.8752.
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Invasion assay of human organoid monolayers

For infection, 2.5 h subcultures of infecting STM were grown, intestinal organoids on 0.4 um porous
filters were infected at multiplicity of infection (MOI) of 50, and incubated for 30 min or 60 min at
37 °C in an atmosphere of 5% CO». The cells were washed three times with prewarmed PBS. To deter-
mine invasion, cells were treated with 200 ul medium containing 100 pug/ml gentamicin per well for 1 h,
washed three times with prewarmed PBS and lysed with 0.5% deoxycholate in PBS (freshly prepared).
Lysis was performed for 10 min at 37 °C on a shaking platform. Lysates were collected in single tubes
and serial dilutions of inoculum and lysates were plated logarithmic on MH plates to determine CFU.
Plates were incubated o/N at 37 °C and CFU were counted the next day with Acolyte software. The
percentages of invaded bacteria were calculated. Additionally, single wells were fixed with PFA and
stained for microscopy as described above. For microscopy, Zeiss Axio Observer.Z1 was used. The used
objective was the LD Plan-Neofluar 40x/0.6 Korr. Imaging with CoolSNAP camera with a camera
adapter 1.0x, total magnification 40x, zoom 1.0x. Bacteria were imaged for 60 s with 150 ms exposure

time and 2x2 binning.

Infection of organoid monolayers for microscopy

For imaging of infections, Organoids were cultured in 2D as described above. STM infection was carried
out as described above. SPA WT strain was grown for 8 h under aerobic conditions, subcultured (1:100)
in fresh LB medium to stationary phase for 16 h under microaerophilic conditions as described in
(Elhadad et al., 2015). Bacteria were adjusted to an optical density of 0.2 at 600 nm in PBS, used for
infection with MOI 50 and incubated for 30-60 min at 37 °C. After washing thrice with PBS or HEPES,

cells were fixed for fluorescence or scanning electron microscopy, respectively.

3D Organoid cultivation for imaging

Ileum and colon organoids of murine and human origin were seeded on surface-treated p-slide 8-well
chamber slides. 8-wells were cooled during seeding to prevent solidification of Matrigel and allow or-
ganoids to settle near the polymer coverslip bottom of the chamber. Imaging was performed with Cell
Observer microscope (Zeiss) equipped with Yokogawa Spinning Disc Unit CSU-X1a5000, an incuba-
tion chamber, two ORCA Flash 4.0 V3 cameras (Hamamatsu) and appropriate filters for the respective
fluorescence dyes. The following objectives were used: 40x (LD-Plan-Neofluar, NA 0.6), 40x (Plan-
Apochromat, NA 1.4) and 63x (a-Plan-Apochromat, NA 1.4). For imaging of large areas of 3D organ-

oids, multiple images with overlaps were acquired and stitched.

Microinjection of 3D cultured organoids

For microinjection, STM WT was cultured under microaerobic conditions as described above. Organ-

oids were microinjected with Zeiss Axio Observer Al with Eppendorf FemtoJet combined with
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InjectMan N12. Organoids were fixed at desired time points either 30 min (human colon) or between

60-90 min p.i. (murine colon).

Generation of immobilized apical-out enteroids for microscopy

Immobilized apical-out enteroids for microscopy were prepared as described in Co ef al. (2019). In brief,
enteroids were grown as described above for 7-10 days, dislodged with sterile spatula and solubilized
in 5 mM EDTA in PBS for 1 h at 4°C on a rotating platform. 10 pl Matrigel was spread in a cooled p-
slide as described above to form a thin layer and polymerized for 10 min at 37 °C. Enteroids were
centrifuged at 200 x g for 3 min at 4 °C and supernatant was removed. Enteroids were resuspended in
30 pl organoid medium, spotted on solidified Matrigel and incubated for 15 min at 37 °C before organoid
medium was added to well for cultivation. Fixation, staining and imaging was performed 1-3 days after

seeding as described above.

Sample preparation for electron microscopy

Sample preparation for SEM

After the desired incubation time, cells were washed thrice with 0.2 M HEPES and fixed with 2.5%
glutaraldehyde (Sciences Services, Germany) in 0.2 M HEPES for 20 min at 37 °C. Dehydration was
done with ethanol series at RT with 10%, 30% and 50% ethanol once for 10 min each step and 70%,
90% and 100% ethanol twice for 10 min each step. For chemical drying, hexamethyldisilazane (HMDS),
diluted with pure ethanol in ratios of 1:3, 1:1, 1:3 was used for 15 min for each step and 100% HMDS
for 20 min at RT. After the final step, samples were air dryed until HMDS has completely evaporated.
Transwell membrane was stamped out with biopsy punch and taped on aluminum SEM pin stubs with
leit-taps before they were coated with 6 nm gold with sputter coater Leica EM ACE600. For imaging,
Jeol SEM JSM-IT200 was used.

3D organoids were fixed for 2 h at room temperature (RT) in 2.5% glutaraldehyde in 0.1 M cacodylate
buffer pH 7.4 (Sciences Services, Germany) subsequently washed twice in 0.1 M cacodylate buffer
pH 7.4 and dehydrated stepwise in a graded ethanol series. Samples were critical point dried in 100%
ethanol with a critical point drying machine (CPD300, Leica) and mounted on aluminum stubs as de-
scribed above. Samples were sputter-coated with a 10 nm thin gold layer and imaged with Zeiss SEM

Auriga at 4 kV

Sample preparation for TEM

For TEM, organoids were fixed for 2 h at room temperature (RT) in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer pH 7.4, subsequently washed in 0.1 M cacodylate buffer pH, 7.4, post-fixed for 2 h at
RT in 1% osmium tetroxide in 0.1 M cacodylate buffer pH 7.4, dehydrated stepwise in a graded ethanol
series and embedded in Epon 812 (Fluka, Buchs, Switzerland). Ultrathin sections (70 nm, ultramicro-

tome EM UC7, Leica, Wetzlar, Germany) were afterwards stained for 30 min with 1% uranyl acetate
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(Leica, Germany) and 20 min in 3% lead citrate (Leica, Germany). Sections were analyzed in a trans-

mission electron microscope with a Zeiss TEM 902 (Oberkochen, Germany) at 80 kV.

For TEM analysis of microinjected organoids, specimens were fixed with 2.5% glutaraldehyde in 0.2 M
HEPES buffer for 1 h at RT. Samples were washed thrice with buffer and incubated in 2% osmium
tetroxide (Electron Microscopy Sciences) in 0.2 M HEPES buffer with 0.1% ruthenium red and 1.5%
potassium ferrocyanide for 1 h at 4 °C in the dark. After five rinses with buffer, organoids were gradually
dehydrated with 30%, 50%, 70%, 80%, 90%, 100% ethanol at 4 °C with one incubation in 100% anhy-
drous ethanol and two rinses in anhydrous acetone at RT for 10 min each step. For infiltration, samples
were incubated in mixtures of EPON 812 (Sigma-Aldrich) and acetone. Namely 25% and 75% EPON
for 1 h each, 100% EPON overnight and 100% EPON for 8 h. Polymerization of the resin was conducted
for 72 h at 60 °C. Ultrathin sectioning (70 nm) was performed with a Leica EM UC7 (Leica, Wetzlar,
Germany) and sections were collected on formvar-coated copper slot grids. Sections were contrasted
with 2% uranyl acetate and 3% lead citrate using a Leica EM AC20 (Leica, Wetzlar, Germany) and
analyzed with a Zeiss TEM 902 A, operated at 80 kV and equipped with a 2K wide-angle slow-scan
CCD camera (TRS, Moorenweis, Germany). Images were collected using the software ImageSP (TRS

image SysProg, Moorenweis, Germany).
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VI. Discussion

Human infection by different S. enterica serovars results in diverse clinical manifestations and represent
a major public health concern with global prevalence. Whereas infection with NTS like STM induces a
self-limiting gastroenteritis, human-restricted TS like SPA and STY elicit systemic enteric fever, with
completely different clinical presentations than gastroenteritis. Research on STY and SPA is challenging
due to host restriction, but since STM causes a typhoid-like disease in mice, it was widely used as model
organism to mimic human TS infection. Although results gained by research on STM could provide
major insights in Salmonella virulence in general, the specific virulence mechanisms of TS are far from

being understood.

Typhoidal Saimonella Intracellular Salmonella Sphingomyelin-dependent
single cell analyses Paratyphi A membrane repair
Reuter & Scharte et al. Cohen, Hoede & Scharte et al. Niekamp et al.
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Figure VI.1. Summary of the results and publications presented in this thesis. The results presented in chapter
V contributed to understanding of typhoidal Salmonella virulence functions. Extensive analyses of intracellular
activities of STY and SPA in comparison to STM have been performed utilizing flow cytometry and various
imaging approaches. Analyses of transcriptomic landscape of extracellular and intracellular SPA and STM have
been performed and a previously unknown intracellular phenotype of SPA could be described. Using a novel
membrane damage sensor, we could contribute to unraveling the role of sphingomyelin scrambling and turnover
in lysosomal repair. Extensive live cell imaging approaches led to description of xenophagy evasion mechanism
of SPA deploying cytosolic motility. Last, we established and optimized 3D and 2D cultivation of intestinal or-
ganoids for analyses of Salmonella infection.

In this work, we investigated the intracellular lifestyles of STY and SPA in more detail (Figure VI.1.).
We analyzed intracellular activities of STY and SPA in different host cells on a single cell level and
showed that STY and SPA deploy SPI2-T3SS to actively manipulate their host cells, but with far lower
frequency than STM, and that reduced intracellular activities contribute to the stealth strategy of STY
and SPA, facilitating systemic spread and persistence (Chapter V.1.; (Reuter ez al., 2021)). Furthermore,
we compared the global gene expression patterns and intracellular phenotypes during human epithelial
cell infection of SPA and STM. We identified different expression patterns in key virulence and meta-
bolic pathways, cytosolic motility and increased reinvasion of SPA, following exit from infected cells
and hypothesize, that these differences contribute to the invasive and systemic disease developed fol-
lowing SPA infection in humans (Chapter V.2.; (Cohen et al., 2022)). Using a dual-fluorescence reporter
that enables dynamic and sensitive detection of STM exposure to host cell cytosol and a host cell reporter
for membrane wounding, we contributed to a model how Ca**-activated sphingomyelin scrambling and
turnover promote restoration of damaged lysosomal membranes (Chapter V.3.; (Niekamp et al., 2022)).
We further utilized the membrane damage reporter together with a newly established cell line to inves-
tigate the route of SPA to host cell cytosol and contribution of subsequent cytosolic motility for intra-
cellular lifestyle. Microscopic single cell analyses identified the mode of invasion of SPA as key factor
in triggering cytosolic escape and subsequent motility as contributing factor to xenophagic evasion
(Chapter V.4.; Scharte et al., unpublished). Last, we established a murine and human organoid system
and optimized imaging approaches for further investigation of host-pathogen interactions in a more in

vivo relevant context (Chapter V.5.; Sander ef al., unpublished).

VI.1. Differences in typhoidal and non-typhoidal Salmonella infection
In this work, we focused on the intracellular phase of TS infection. Since most of the previous research
was done with STM as surrogate for investigation of systemic Salmonella infection, we critically ana-

lyzed if results gained by research on STM can be transferred to infection scenarios caused by SPA and

STY.

VI.1.1.Deploying the needle — Role of SPI2-T3SS in typhoidal Salmonella

TS and NTS differ significantly in their genetic equipment. Accumulation of pseudogenes as well as
loss and gain of genes during their evolution, are likely to result in changes of host-tropism and clinical
manifestation. A majority of the pseudogenes functionally classified in STY were related to metabolic

processes, e.g. carbohydrate metabolism, amino acid transport and metabolism and inorganic ion
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transport (Baddam et al., 2014). It is therefore possible, that STY and SPA have different metabolic
demands in intracellular lifestyle compared to STM. During measurements of the biosynthetic activity,
STY and SPA exhibited higher heterogeneity with subpopulations of non-induced and weakly induced
cells. Furthermore, we observed a continuous loss of activity over time for intracellular SPA and STY,
suggesting a lower overall capacity than STM to maintain a biosynthetic active state over prolonged
presence in host cells. The SCV represents a niche with limited access to nutrients and the biogenesis of
an extensive tubular SIF-network is thought to contribute to efficient intravacuolar nutrition and dilution
of antimicrobial factors (Liss et al., 2017; Noster et al., 2019). Studies with STY suggest a less pro-
nounced function of SPI2-T3SS during infection of human macrophages (Forest ef al., 2010). A ge-
nome-wide screen for genes required for survival in STY in humanized mice did not reveal contributions
of SPI2-T3SS or effector proteins (Karlinsey et al., 2019). Since the initial screen was performed using
a rather short infection period of 24 h, identification of STY factor relevant in formation of adaptive
immune response were not identified. Future analyses under conditions allowing persistent infection

will be of interest.

We demonstrated that the SPI2-T3SS is functional in STY and SPA and that they inhabit an SCV to-
gether with efficient remodeling of the endosomal system during infection of human epithelial cells,
although the average level of translocated SPI2-T3SS effector proteins detected in STY- or SPA-in-
fected cells were lower than for STM-infected HeLa cells. Using a dual fluorescence reporter system,
we measured SPI2 gene expression on a single cell level. We analyzed expression of ssaG promoter as
representative gene encoding a SPI2-T3SS subunit. We observed that expression of Py.¢ varies between
STM, SPA and STY and depends on the host cell. Furthermore, the infection time had a significant
impact showing a delay in Py expression in TS. By assessing the intracellular replication, we showed
that SPI2-T3SS of STY was not essential in RAW264.7 macrophages and U937 cells but in HeLa cells.
STM is prone to cytosolic release, mainly in late stages of infection (Malik-Kale et al., 2012). This
bimodal vacuolar and cytosolic lifestyle obscures defects in vacuolar replication and fuels intestinal
expansion and chronic fecal shedding of STM (Chong et al., 2021; Malik-Kale et al., 2012). We assessed
SCV integrity and cytosolic release of STM and STY and observed that SCV harboring STY are less
prone to damage, and less events of cytosolic access of STY occur. Increased SCV stability and reduced
intracellular biosynthetic capability might result in increased persister formation (Schulte ez al., 2021).
The overall low intracellular activity and replication rate of STY and SPA may contribute to their stealth
strategy to avoid a pronounced inflammatory response and facilitate systemic spread and persistence.
Loss or pseudogenization of multiple SPI2-T3SS effectors could contribute to lower SPI2-dependent
replication and could also trigger cytosolic release of STY and SPA because of the detrimental role of
SPI2-T3SS effectors in maintaining SCV integrity and promoting replication through recruitment of
host cell vesicles. GtgE, a SPI2-T3SS effector protein absent in STY and SPA, has been described as
mediator for host restriction (Spano and Galan, 2012; Spano et al., 2011). Due to its proteolytic activity
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targeting Rab29, Rab32 and Rab38, it blocks recruitment of these Rab GTPases to the SCV and pro-
motes replication inside murine macrophages. Complementation of GtgE in STY also promotes repli-
cation inside murine macrophages. Another SPI2-T3SS effector, SopD2, is a pseudogene in STY and
SPA. In STM it functions as GAP for Rab32 and is also responsible for interaction with Rab7 to regulate
endosomal trafficking and SCV membrane dynamics (D'Costa et al., 2015). Expression of sopD2 in
STY led to decreased invasion of human epithelial cells (Trombert et al., 2011). The ability for SIF
biogenesis is linked to a small set of SPI2-T3SS effectors (Jennings et al., 2017). Besides SopD2, SselJ
also belongs to this set of “core” effectors. Ssel regulates membrane dynamics alongside SifA in STM
but is absent in SPA and a pseudogene in STY. Expression of sse/ in STY results in reduced cytotoxicity
in cultured epithelial cells but also leads to increased intracellular replication (Trombert et al., 2010).
Loss of gtgE, sopD2 and sseJ may prevent excessive replication of TS in human host cells and represent
a host-restriction feature (Galan, 2016). Complementation of SPI2-T3SS effectors with subsequent mi-
croscopic analyses of SIF biogenesis and replication analyses by flow cytometry in different cell lines,
including human epithelial cells, phagocytic cells and fibroblasts could help to further understand the
role of SP12 in TS. The development of cell culture models like organoid-on-a-chip, which allow pro-
longed infection times, would help to mimic iz vivo conditions of TS infection with infection times of

multiple days.

VI.1.2.Choosing the right equipment —Host-restriction factors in typhoidal Salmonella

Factors responsible for the human-restricted host tropism of TS have not been identified yet. Host speci-
ficity is often associated to multiple factors like gain or loss of gene function, altered protein function
and gene regulation patterns or acquisition of new virulence traits through insertion of phage genes or
plasmids. The contribution of SPI2 in this regard has already been discussed before (VI.1.1.). Another
factor that could be involved in this evolutionary process is the absence of virulence plasmid pSLT in
TS. It was already demonstrated that this plasmid is important for STM replication inside host cells
(Guiney et al., 1995; Sabbagh et al., 2010). Lack of this virulence plasmid might limit the ability of SPA
and STY to replicate within host cells. Noteworthy, absence of this plasmid is also described for other
host-restricted Salmonella serovars such as S. Gallinarum and S. Pullorum which are highly adapted to
the avian host and cause fowl typhoid and pullorum disease, respectively (Shivaprasad, 2000). As these
serovars and evolutionary related serovars cause a typhoid-like disease in chicken and also accumulated
a high number of pseudogenes (Cohen et al., 2021; Thomson et al., 2008), they could be used as alter-

native infection model for typhoid.

The formation of a polysaccharide capsule is a common bacterial virulence factor of pathogens con-
fronted with host immune responses. It is described to mediate resistance against phagocytosis and an-
timicrobial peptides, molecular mimicry, and masking of surface-associated antigens (Hu et al., 2017;
Spinosa et al., 2007). STY, S. Paratyphi C and S. Dublin also express the so-called Vi capsule. SPA has

evolved a different immune evasion mechanism with expression of very long O-antigen of LPS (Hiyoshi
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et al., 2018b). The contribution of these factors to virulence varies from serovar to serovar and deserves
further investigation. It is already known that capsule expression is only activated in a subset of the STY
population (Hu et al., 2017). Furthermore, immune evasion can favor prolonged infection. Characteri-
zation of the contribution of Vi capsule to populations of intracellular STY could be determined by
single cell analyses with flow cytometry and microscopy in further studies, with special regard to dif-

ferences in epithelial cells and phagocytic cells.

Another additional virulence factor of TS is the typhoid toxin (TT). The transport mechanism and its
contribution to virulence is still unclear. The development of symptoms specific for typhoid fever is
linked to neuropathies as treatment of animals with purified TT led to development of symptoms asso-
ciated with the acute phase of disease like stupor, malaise and a reduced number of circulating leuko-
cytes (Galan, 2016; Song et al., 2013). Some NTS carry genes of TT but show altered structures of the
subunits and fail to export a toxin resembling comparable function as in TS infection (Lee et al., 2020;
Miller et al., 2018; Miller and Wiedmann, 2016). Especially the connections to SPI2-T3SS activity and
the intracellular transport are still controversially discussed and remain to be further investigated (Chang
et al., 2022; Chang et al., 2016; Geiger et al., 2020). As TT function is thought to generate a systemic
effect in both the central nervous system and in immune response, cell culture systems might not be the
optimal model to investigate these phenotypes. In a humanized mouse model, TT function promoted
host survival and the establishment of a persistent asymptomatic infection (Del Bel Belluz et al., 2016).
Furthermore, mice infected with TT-expressing STM showed less intestinal inflammation and activation
of genes linked to inflammation and immunity became less active. Infection of human volunteers with
STY with and without TT expression did not identify substantial differences in clinical symptoms re-
lated to TT (Gibani et al., 2019). Organoid systems have already been used to study the genotoxic effect
of TT in SPA infection on human primary gallbladder cells (Sepe et al., 2020) and will further improve

research on the contribution of specific virulence factors of TS.

VI.1.3.Regulation is key — Transcriptional adaptation to host environment

Although STM and SPA share about 89% of their genes and express many common virulence factors,
the disease they cause in humans is very different (McClelland ef al., 2004). Distinct expression of genes
involved in host-pathogen interactions is expected to contribute to the different pathogenicity. It was
previously described that in Sa/monella grown to late logarithmic phase, SPI1 genes are expressed and
secreted at significantly lower levels by SPA compared to STM (Elhadad et al., 2016). Furthermore,
differences in the regulatory setup of the flagella-chemotaxis pathway were observed between STM,

SPA and STY (Elhadad et al., 2015a; Elhadad et al., 2015b).

Flagella are an important virulence factor mediating motility and acting as adhesive structure in host-
cell infection allowing colonization of favorable niches in host organisms. Flagella expression in STM

is coregulated with SPI1 and SPI4 in a flhDC-dependent manner. During infection, flagella expression
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is activated and motility ensures reaching the infection site (Furter et al., 2019; Misselwitz et al., 2012;
Stecher et al., 2004). Following adhesion, invasion genes are activated by HilD. Since motility is not
favorable to achieve invasion, 4ilD expression and subsequent activation of SPI1 leads to repression of
fIhDC (Ellermeier and Slauch, 2003). Differences regarding flagella expression in STY and SPA in
comparison to STM are manifold. While STM has two antigenically distinct flagellin genes fIiC and
fIjB, both STY and SPA share are monophasic fliC phenotype. Flagella and chemotaxis gene expression
in STM is induced at various temperatures contributing to adhesion and invasion at environmental tem-
peratures relevant for agriculture (20, 16, 12, 8 °C) and host infection (37 °C) (Elpers et al., 2022). STY
and SPA show a temperature-dependent downregulation of motility and invasion genes at fever-like
temperatures (39, 42 °C) (Elhadad et al., 2015b) and high oxygen concentrations (Elhadad et al., 2016).
Furthermore, expression of Vi capsule in STY leads to repression of fliC and hilD (Hiyoshi et al.,
2018a). The distinct expression patterns of motility and invasion genes by environmental cues in TS
may serve as switch from initial invasive stage of infection over systemic spread to persistent phase. By
limiting the number of motile and invading bacteria that are able to cross epithelial tissues to systemic
sites, bacterial load in the lymphatic system and in blood is controlled avoiding sepsis and consequently
death of the host is prevented. In-line with this hypothesis, TS are rarely associated with septic shock,

in contrast to many other Gram-negative pathogens (Elhadad et al., 2015b; Tsolis et al., 2008).

In order to survive, persist and replicate in host cells, Sa/monella has to adapt its metabolic pathways to
the specific conditions and nutrients found in the intracellular environment. As STY and SPA are aux-
otrophic for cysteine and tryptophan (McClelland ef al., 2004), the demand for supply with amino acids
is higher than for prototrophic STM. In this work, we set out to compare the transcriptional landscape
of STM and SPA during epithelial cell infection. We identified 234 differently expressed genes that
showed distinct expression patterns in intracellular SPA. We observed differences in carbon utilization
pathways of SPA and STM regarding citrate, galactonate and ethanolamine. While STM is able to better
utilize these carbon sources, defects in these pathways may contribute to lower replication rate in SPA.
As ethanolamine is a ubiquitous molecule within the host, it can serve as carbon and nitrogen source for
bacteria in the intestine and within epithelial cells (Bakovic et al., 2007). Furthermore, ethanolamine is
released by host tissues during inflammation (Thiennimitr et al., 2011). While increased replication by
utilization of galactonate, citrate and ethanolamine benefits STM infection (Arunima et al., 2017,
Thiennimitr et al., 2011; Utley et al., 1998), absence of a massive inflammatory response in SPA infec-
tion might have led to loss of ethanolamine utilization pathways. A factor possibly contributing to hyper-
replication in STM infected cells is the uAp operon allowing direct utilization of cytosolic glucose-6-
phosphate (Roder and Hensel, 2020). Due to pseudogene formation in the sensor regulator system en-
coded by uhpABC (Holt et al., 2009), carbon sources are more restricted for cytosolic SPA, compared
to cytosolic STM, explaining limited intracellular growth. As discussed before, an overall lower repli-

cation rate of SPA could also prevent detection by the immune system in systemic infection. The
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intracellular nutritional content and the metabolic pathways required during intracellular growth are
largely undefined. Further analyses with reporters for genes involved in nutrient acquisition and utiliza-
tion could contribute to analyze the nutritional environment in Sa/monella infection (Roder et al., 2021a,

b).

While substantial downregulation in the expression of genes associated with SPI1, flagella and chemo-
taxis has been observed in intracellular STM (Hautefort et al., 2008; Liu et al., 2015), exactly the oppo-
site was the case for intracellular SPA. Observation of intracellular phenotypes during LCI revealed
more heterogeneous phenotypes of SPA. We showed that while the majority of STM are non-motile and
reside within an SCV, a significant proportion of intracellular SPA are motile and compartmentalized
in the cytosol. Cytosolic motile SPA are primed for reinfection and showed increased invasiveness fol-
lowing exit from host cells. How intracellular heterogeneity, especially in the case of SPA, might con-

tribute to pathogenicity of TS is discussed in the following chapter.

VI.1.4.The many-faced pathogen — Intracellular heterogeneity of SPA

Within host cells, STM is compartmentalized into a modified phagosome, known as SCV. Inside the
SCV, STM manipulates the host endolysosomal pathways to build up an extensive SIF-network and
achieve survival and replication (Haraga et al., 2008). The contribution of SPI2-T3SS in these processes
and possible differences has been discussed before (VI.1.1.). Later in infection, a small subpopulation
escapes into the cytosol where conditions are more prone to bacterial growth. Cytosolic escape may lead
to hyper-replication, epithelial cell lysis and bacterial release (Knodler, 2015). This process contributes
to induce intestinal inflammation that helps STM to compete with the gut microbiota, reinfection of the

intestinal epithelium and fecal shedding (Chong et al., 2021; Haraga et al., 2008).

In contrast to the well-established model of STM intracellular lifestyle with a preferred vacuolar locali-
zation (~90%) and a small fraction of cytosolic bacteria (~10%), we observed a rather small population
of SIF-building STY and SPA in infected epithelial cells. It was previously demonstrated that SPI12-
T3SS-mediated SIF biogenesis augments nutritional supply of SCV-inhabiting STM, and also leads to
reduction of antimicrobial factors acting on bacteria in the SCV (Liss et al., 2017; Noster et al., 2019).
Since SIF formation is less frequent in host cells infected by STY or SPA, this may indicate a restricted
nutritional supply, leading to limited intracellular proliferation. Further single cell analyses can address

potential correlation between SIF formation and proliferation for intracellular TS.

We observed a pronounced stability of the SCV in STY, leading to the assumption that STY population
in infected host cells is more homogenous and exposure to effectors of host-cell defense mechanisms
together with the reduced intracellular biosynthetic capability might result in increased persister for-
mation (Schulte et al., 2021). Analyses of intracellular phenotypes of SPA showed similar results re-
garding SIF-biogenesis occurring only in a small population in about 10% of infected cells. In contrast

to STY, SPA showed more diverse phenotypes with bacteria present in host cell cytosolic in about 40%
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of the infected cells. In contrast to STM, these bacteria showed no hyper-replication phenotype probably
due to defects in nutrient utilization pathways as discussed above (VI1.1.3.). We were first in demonstrat-
ing flagella-mediated motility of SPA in host cell cytosol of infected epithelial cells, although strong
SPI1-T3SS and flagella gene expression has already been demonstrated in STM infected cells in late
stage of hyper-replication (Knodler et al., 2010). The described differences in gene expression and cel-
lular phenotypes may result from the distinct intracellular localization of SPA versus STM (cytosolic
vs. SCV), but may also contribute to the invasive nature of paratyphoid fever and the ability of SPA to

disseminate beyond the intestinal lamina propria.

Eukaryotic cell membranes are vulnerable to mechanical and chemical stressors due to their single lipid
bilayer membrane structure. Several membrane repair mechanisms have evolved to efficiently repair
such injuries (Cooper and McNeil, 2015). Previous work revealed that PCVs are prone to sporadic rup-
tures, e.g. due to physical stress occurring from insertion of translocon pores of the T3SS or mechanical
stress during bacterial proliferation. Pathogens can exploit host cell mechanisms like the ESCRT ma-
chinery, autophagy machinery, or sphingomyelin scrambling to facilitate membrane repair (Birmingham
et al., 2006; Ellison et al., 2020; Goser et al., 2020; Kreibich et al., 2015; Lopez-Jimenez et al., 2018;
Niekamp et al., 2022). Various reporters have been used to assess membrane damage during pathogen
infection such as the sphingomyelin-binding toxins lysenin and equinatoxin (Deng et al., 2016; Ellison
et al., 2020) or carbohydrate-binding proteins like galectins (Thurston et al., 2012). Membrane damage
during pathogen invasion is also partly dependent on the mode of entry. It was previously shown that
trigger invasion leads to formation of early SCV more prone to damage than compartments formed after
zipper-mediated entry which involves less severe membrane ruffling at the entry site (Roder and Hensel,
2020). Furthermore, presence of the additional SPI1-T3SS effector protein SopE leads to pronounced
cytosolic release in Salmonella-infected cells. In this thesis we also observed that increased cooperative
trigger invasion enhances membrane damage at nascent SCVs. SPA possesses both SopE and SopE2
which could explain the larger cytosolic population. Furthermore, SptP, a protein acting as antagonist
of SopE by restoring normal cytoskeleton organization subsequent to invasion, is defective in STY
(Johnson et al., 2017). Failure of cytoskeleton restoration might lead to prolonged membrane ruffling at
the entry site and favors cooperative invasion which in term leads to pronounced membrane damage of
the nascent SCV. As already described in STY, our used SPA strain shares the same amino acid changes
within the chaperone-binding domain of SptP, leading to instability of the protein. Interestingly, another
study showed lower expression profile of sp¢P in SPA and failed to detect the resulting protein in West-
ern blotting, suggesting that instability of SptP may be a common feature in TS. In line with this, other
studies demonstrated attenuated virulence of STM when sptP is deleted (Chaudhuri ef al., 2013; Kaniga
et al., 1996).

Other pathogens like Listeria and Shigella have evolved strategies to actively escape from the vacuole

and continue their life cycle in the cytosol (Ray et al., 2009). The cytosol provides a rich source of
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nutrients, but bacteria inhabiting host cell cytosol have to subvert cell-autonomous defense systems such
as antimicrobial peptides and xenophagy. Furthermore, cytosolic detection of pathogen-associated mo-
lecular patterns (PAMPs) such as flagella and LPS might trigger NAIP/NLRC4 inflammasomes, leading
to pyroptotic cell death (Gram et al., 2021; Sellin et al., 2014; Wandel et al., 2020). This host cell
response is highly cell type dependent with different outcome in epithelial cells, fibroblasts or phago-
cytic cells (Castanheira and Garcia-Del Portillo, 2017). It is well established, that expression of flagella
and chemotaxis genes is highly repressed by intracellular STM (Eriksson ef al., 2003; Liu ef al., 2017;
Liu et al., 2015; Nunez-Hernandez et al., 2013), supporting a nonmotile state of intracellular STM,
possibly to prevent inflammatory response by the NAIP/NLRC4 inflammasome (Fattinger et al., 2021).
Induction of host cell death by cytosolic motile SPA has not been investigated yet an should be subject
of future research with different host cell types involved. Listeria and Shigella avoid host cell death by
repression of intracellular flagella expression and actin-based motility. Actin-based intracellular motility
also enables cell-to-cell spread, and thus enables infection of new host cells without demanding exit and
exposure to antimicrobial mechanisms acting on extracellular bacteria. Furthermore, this motility con-
tributes to xenophagic escape. In contrast, SPA utilizes flagella to achieve cytosolic motility in infected
epithelial cells. Motility of SPA inside phagocytic cells has only been observed in spacious vacuoles
rather than in the cytosol, probably because macrophages are more prone to pyroptosis (Castanheira and
Garcia-Del Portillo, 2017). Elevated expression of motility-chemotaxis and SPI1 genes, in conjunction
with flagella-mediated motility, prime SPA toward a new cycle of host cell infection, supporting sys-
temic dissemination in the human body. Further studies are needed to reveal which cells or tissues of
infected host organisms are affected by intracellular motility of SPA and its effect on inflammasome
activation and host cell death pathways. Previous studies observed a distinct immune response to SPA
infection in vivo with elevated secretion of interleukin-8 (IL-8), IL-6, IL-10 and tumor necrosis factor
alpha (TNF-a) (Gal-Mor et al., 2012). In-line with these findings, an induced expression of £i/4 led to
increased epithelium disruption and secretion of IL-8 (Elhadad et al., 2016). While IL-8 is a potent
neutrophil chemotactic factor and leads to mucosal inflammatory response, IL-6 has possible anti-in-
flammatory properties and may exert protective effects in different tissues (Eckmann et al., 1993;
Haraga et al., 2008; Xing et al., 1998). IL-10 is an anti-inflammatory cytokine, which inhibits antigen
presentation to T cells and suppresses phagocytosis and intracellular killing (Spellberg and Edwards,
2001). Our findings suggest that elevated expression of invasion genes and cytosolic motility contribute
to the invasive and systemic disease developed following SPA infection in humans. How pronounced
cytosolic presence of SPA in certain cells or tissues is connected to the immune response has to be

further investigated.

Cellular and biophysically aspects of flagella-mediated cytosolic motility of SPA have not been studied
yet. Flagella-mediated motility is influenced by temperature, viscosity and molecular crowding of the

medium, as well as by the structure and length of the flagella apparatus (Bente et al., 2020; Kumar and
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Philominathan, 2010; Nord et al., 2022; Schneider and Doetsch, 1974; Sporing et al., 2018). As the
cytosol is considered to be a viscous environment and largely crowded with macromolecules, organelles
and cytoskeleton, in vitro studies investigating flagella synthesis and function in different environments
could help understanding the biophysical aspects of the newly described cytosolic motility phenotype.
Furthermore, the contribution of chemotactic regulation should be considered in future experiments,
because it is hard to believe that the observed back and forth motion of cytosolic motile bacteria is

dependent on intracellular chemical stimuli.

VI.1.5.Catch me if you can — Xenophagic escape of cytosolic motile SPA

Autophagy-associated proteins, such as LC3, p62 and NDP52 are recruited to cytosolic Salmonella
(Birmingham et al., 2006; Cemma et al., 2011). Only recently, RNF213 has been identified to mediate
ubiquitylation of LPS (Otten ef al., 2021). Other cytosolic pathogens like Shigella and Listeria prevent
autophagic recognition by effector protein function at their cell surface. IcsB blocks recognition of cy-
tosolic Shigella by ATGS (Ogawa et al., 2005). Additionally, VirA targets and inactivates RAB1 which
is crucial in the formation of autophagosomes (Zoppino ef al., 2010). InlK recruits MVP to the surface
of Listeria which inhibits p62 recruitment and prevents recognition by the autophagosomal machinery
(Dortet et al., 2011). Certain SPI1- and SPI2-T3SS effector proteins contribute to xenophagy evasion of
STM, such as SopB, SopF, SseF, SseG and SseL (Chatterjee et al., 2022; Feng et al., 2018; Mesquita et
al.,2012; Xu et al., 2019), although this function is only described for the vacuolar population and their
effect on the cytosolic population is largely unknown. All of the mentioned effectors are also present in
STY and SPA. If they possess similar function or also share functional differences as observed for SptP
has to be further analyzed. A systematic screening targeting cytosolic motility and xenophagic escape

may identify bacterial and host factors involved in these processes.

Shigella and Listeria are able to actively move within the host cell cytosol by polymerization of host
actin at the bacterial surface (Kocks et al., 1995). For both Shigella and Listeria, the intracellular motility
is a major mechanism, enabling cell-to-cell spread and avoidance of recognition by autophagy. Mutants
lacking the ability of vacuolar escape and subsequent intracellular movement are highly impaired in
their pathogenicity (Ogawa et al., 2011; Yoshikawa et al., 2009). In contrast to intracellular motility
mediated by actin polymerization, intracellular motility of SPA did not allow intercellular spread. How-
ever, we identified flagella-mediated motility of SPA in host cell cytosol as factor contributing to delay
or avoidance of xenophagic capture. The contribution of the different subpopulations of SPA to the
intracellular lifestyle has to be further clarified. Quantitative assessment of the cytosolic and vacuolar
populations could be achieved by using chloroquine which allows selective inactivation of vacuolar
Salmonella (Knodler et al., 2014). In combination with bacterial reporters for single cell analyses like
flow cytometry and microscopy, the fate of intracellular SPA could be investigated. In our study we
only included early infection time points. Long-term experiments in combination with lysotracker would

allow analysis if decoration by LC3-positive membranes leads to formation of functional autolysosomes
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and degradation of SPA. For several Yersinia strains it was reported that degradation by fusion with
lysosomes is inhibited and Yersinia is able to replicate in a non-acidic autophagosome (Connor et al.,
2018; Lemarignier and Pizarro-Cerda, 2020; Moreau ef al., 2010; Straley and Harmon, 1984). Interfer-
ence with autophagy processes using siRNA approaches or chemical inhibitors such as 3-MA in com-
bination with replication assays could further clarify the role of autophagy in SPA infection. Interference
with motility using the introduced mot4B-system or the influence of feverlike temperatures to intracel-
lular motility and xenophagic escape deserve further investigation. Further understanding of the physi-
ological consequences of intracellular motility of SPA demand analyses in other cell types and improved

infection models such as organoids of human origin.

VI.2. Organoids — Biology’s next top model?

Various cell culture models have been used widely across many disciplines in biology. They are rela-
tively cheap, easy to handle and offer a certain degree of reproducibility across different labs. However,
immortalized cell lines accumulated mutations in their genome and can also undergo rapid genetic di-
versification (Liu et al., 2019). More recently, organoids have become a promising model system for
analyses of host-pathogen interactions (Aguilar et al., 2021). However, organoid cultivation remains
complex, time-consuming and cost intensive. Moreover, due to their highly heterogenous nature, they
affect reproducibility between labs. Nonetheless, due to their ability to reconstitute tissue complexity
with a close relation to in vivo conditions, they represent a promising tool for research in infection biol-

ogy, especially for human-restricted pathogens with limited model systems available.

We successfully established an intestinal organoid culture model of human and murine origin to study
Salmonella infection. We demonstrated growth characteristics in 3D and 2D and optimized imaging
approaches in the context of STM and SPA infection. A major hurdle during organoid imaging is the
sheer size of 3D organoids in Matrigel that can grow up to several micrometers in diameter. Especially
in ultrastructural analyses by EM, which is done with ultrathin sections of only several nm thickness. In
fluorescence microscopy, imaging especially in Z direction comes with limitation due to the high work-
ing distance. Automized volumetric EM as well as multi-photon or light sheet microscopy might be used
to overcome these hurdles and the mentioned fluorescence microscopy techniques are also suited for
live cell imaging of large specimens. Matrigel, which is needed for 3D cell culture, is known to interfere
with fluorescence imaging and may result in higher background, dependent on excitation wavelength.
Isolation of single organoids from Matrigel could help getting less background fluorescence but also
may result in artefacts due to the treatment. Detached organoids could also be used in approaches in-
volving flow cytometry to assess Sa/monella tropism for distinct cell populations, especially if combined

with bacterial fluorescence reporters.

For investigation of infection processes in organoids, it is crucial to allow pathogens access to the apical

side of organoids. As 3D organoids grow in a basal-out orientation, few techniques are suitable to
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facilitate infection at the apical side. Microinjection is one of these methods but is limited due to the
highly time-consuming process and difficulties adjusting an MOI. Furthermore, the tissue is damaged
and pathogens may spill out of the injection site which could result in unwanted basolateral infection.
A more promising method is the generation of apical-out organoids in which pathogens can directly be
added to the medium (Co et al., 2021). However, the yield during generation of apical-out organoids is

relatively low and further amplifies heterogeneity (Co et al., 2019).

We also used organoid-derived monolayers in 2D infection experiments. Advantages of these techniques
are the relatively low heterogeneity and decent options to monitor growth such as TEER measurements.
Also, infection is easier to conduct with defined parameters. However, LCI approaches with cell culture
inserts like transwells are highly limited. Nonetheless, we investigated the contribution of SPI4-T1SS
and its substrate SiiE in STM during colonoid- and enteroid-derived monolayer infection. During infec-
tion, loss of membrane integrity was observed with TEER measurements. Noteworthy, we found differ-
ences regarding invasion phenotype of STM WT and Aspi4 between ileum- and colon-derived mono-
layers. The role of SPI4 in STY and SPA also deserves further investigation. Due to multiple frame-
shifts, siiE is a pseudogene in STY (Parkhill ez al., 2001). In SPA, in frame deletions of 9 (of 53) bacte-
rial immunoglobulin (BIg) domains result in length alteration, but SiiE surface expression still occurs
(preliminary data). SPI4 and SPI1 expression are coregulated by SirA and HilA during STM infection
(Gerlach et al., 2007). Differential regulation patterns of HilA/HilD regulon in SPA (Elhadad et al.,
2016; Elhadad et al., 2015b) could also affect SP14 expression. However, both STY and SPA show a
significantly lower invasion rate in PEC infection compared to STM (Elhadad et al., 2016; Elhadad et
al.,2015a; Elhadad et al., 2015b; Gal-Mor et al., 2012). Absence of PEC infection in the gastrointestinal
tract might contribute to a lower inflammatory response observed in TS infection (Dougan and Baker,
2014; Hiyoshi ef al., 2018a). In ultrastructural analyses by SEM we only observed SPA invasion at cells
largely lacking microvilli. How a shortened SiiE could contribute to SPA adhesion and invasion de-

serves further investigation.

Intestinal M-cells are exploited by Salmonella and various other pathogens as route of invasion. The
specialized antigen-sampling cells of the mucosal immune system possess an irregular brush border and
reduced microvilli (Jepson and Clark, 1998, 2001). A population of M-cells is usually absent in organoid
culture. However, M-cell differentiation can be induced by addition of RankL to organoid culture (de
Lau et al., 2012). Co-culture models with Raji B lymphocytes could also drive M-cell differentiation in
HT-29 and CaCo-2 cells (Araujo et al., 2016; Araujo and Sarmento, 2013). A primary human macro-
phage-enteroid co-culture has already been used to investigate host-pathogen interactions (Noel et al.,
2017) and could serve as promising tool to study TS infection in a more in vivo relevant context, espe-
cially with regard to transmigration of the intestinal epithelium to reach systemic body sites (Fulde et

al., 2021). Furthermore, organoids derived from various tissues could resemble the infection pathway
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of TS. Possible tissues of interest could be gallbladder, liver and spleen as these are systemic sites where

TS are able to survive and replicate during infection (Gal-Mor, 2019).

TS are able to resist high concentrations of bile and can therefore reside in the gallbladder, both intra-
cellularly and extracellularly (Gunn et al., 2014). Furthermore, bile induces persister cell formation of
STY and associated tolerance to antibiotics (Walawalkar et al., 2016). By formation of biofilms in the
gallbladder and on gallstones, TS are able to form a reservoir from which bacteria are intermittently
shed into the duodenum (Crawford et al., 2008; Crawford et al., 2010; Gonzalez-Escobedo and Gunn,
2013; Gonzalez-Escobedo ef al., 2011). Constant inflammation of gallbladder tissue during persistent
infection might lead to development of gallbladder cancer (Di Domenico et al., 2017). However, the
formation of biofilm enables STY to adapt a carrier state in the host, which occurs in 3% - 5% of patients
(Gunn et al., 2014; Prouty et al., 2002; Walawalkar et al., 2016). We measured less metabolic activity
of intracellular STY and SPA, compared to STM in different host cells 16 h and 24 h p.i. which likely
leads to less pronounced replication and increased transition to persister state. Future studies involving
gallbladder organoids could help study the influence of bacterial persisters and possible association with

gallbladder cancer (Sepe et al., 2020).

VI1.3. Concluding remarks

Incidence rates of typhoid and paratyphoid fever are rising in Asia and Africa and extensively drug-
resistant STY and especially SPA strains are frequently emerging in these regions. As research on TS is
limited due to their host restriction, distinct virulence traits are largely unknown. Research on Salmo-
nella has been predominantly done with STM as surrogate for TS infection. Some studies have been
carried out with STY but even less have been conducted with SPA, therefore only little literature is

available. SPA has become more relevant concerning health policy of the WHO.

Typhoid conjugate vaccine (TCV) has been used safely and effectively as part of outbreak response
efforts in Pakistan to control an extensively drug-resistant typhoid outbreak that began 2016 in Zimbab-
we. TCV was afterwards successfully introduced in Nepal, Bangladesh and central Africa in the last
years and months and showed over 80% efficiency against typhoid. However, it only provides weak
cross-reactive immune response against SPA because it is based on the Vi capsule and therefore only
induces antibody production against Vi-positive strains (Pakkanen et al., 2014). The oral live vaccine
Ty21a contains a Ty2 mutant strain deficient in LPS and Vi synthesis together with about 25 accumu-
lated mutations. It provides a significant protection against STY of 50% to 80% and also elicit a decent
cross-protection against other Salmonella strains, including SPA (Levine et al., 2007; Pakkanen et al.,
2012). Only recently, clinical trials of a new developed paratyphoid vaccine have started (University of
Oxford). Until development of new effective vaccines is successful, better sanitation and clean water

remain crucial to prevent TS infection.
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The development of vaccines and effective disease treatment strategies relies on fundamental research
in molecular sciences to identify potential targets e.g. for drug development or favorable mutations for
live vaccines. Virulence factors such as the Vi capsule, typhoid toxin, adhesins, effector proteins of
SPI1- and SPI2-T3SS and also cytosolic motility could represent such targets. This thesis focused on
the intracellular lifestyle of TS using SPA and STY strains from outbreaks in Nepal in 2009 and south-
east Asia in 2012, respectively. With our work we contributed to the understanding of distinct virulence
functions of SPA and STY in epithelial cells and macrophages. Furthermore, we described and charac-
terized a new intracellular phenotype of SPA. Alterations in the virulence repertoire and distinct gene
expression patterns of TS suggest that STM is not always an appropriate model for typhoidal disease
and that certain virulence functions may be required for systemic disease in mice or other hosts but not
in humans. With our work in establishing a human organoid system for TS infection we laid foundation
for new studies in a context closer related to in vivo conditions. The insights gained in this thesis and
open questions are summarized in Figure V1.2. Future studies concerning various single cell, state-of-
the-art microscopy techniques and improved infection models will further contribute to understanding

of host-pathogen interactions of Sa/monella.
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Figure VI.2. Working model summarizing the differences between intracellular SPA, STM and STY in
epithelial cells. (A-C) After invasion, SPA, STM and STY are present in an Salmonella-containing vacuole (SCV).
(A) SPA invades in a more cooperative manner and is subsequently less likely to be present in an SCV with
extensive Sa/monella-induced filament (SIF)-network. Intracellular SPA either stays in a SIF-less SCV or becomes
cytosolic. Cytosolic SPA show moderate replication rates but express high levels of flagella-chemotaxis and SPI1
genes. Cytosolic motility favors evasion from xenophagic capture. (B) STM is almost exclusively present in SIF-
associated SCV and express higher levels of SPI2 genes. (C) STY is almost exclusively present in a SIF-less SCV
with high stability and shows lower biosynthetic capability.
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