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Summary

As a major cause of infectious diarrheal diseases, non-typhoidal Salmonella (NTS), such as S. enterica
subsp. enterica serovar Typhimurium, are of global health concern for both human and veterinary
medicine. Besides causing usually self-limiting gastroenteritis inimmunocompetent adultindividuals,
infection of neonates with this pathogen can induce invasive and potentially life-threatening
conditions. Invasiveinfection caused by NTS are predominantlyobserved in developing countries with
poor hygiene standards, where the pathogenis frequently isolated from cases of neonatal sepsis and
meningitis. The pathogenicity of Salmonella is conferred by certain virulence factors encoded on
chromosomal regions acquired by horizontal gene transfer, called Salmonella pathogenicity islands
(SPIs). Delivery of effector proteins of SPI-1and SPI-2 into the hostcellis enabled viaown type three
secretion systems (T3SSs). The role of SPl effectors in host-pathogen interactions has beenextensively
studied in vitro and it is widely accepted that SPI-2 is crucial for the establishment of an intracellular
compartment, the Salmonella-containing vacuole (SCV), which allows the bacteria to survive and
replicate inside the host cell. Besides this, the translocated effector proteins allow the pathogen to

modulate and manipulate the host cell systeminvarious respects.

Knowledge about effector contribution and their distinct role in pathogenesis of invasive NTS
infectionsinvivois rather scant. Therefore, we applied the neonate mouse model, which, in contrast
to the commonly used streptomycinadult mouse infectionmodel, allows the formation of SCVs inside
infected enterocytes, followed by mucosal barrier penetration and subsequent bacterial disse mination
without previous antibiotic depletion of the resident gut microbiota. In this study, we used this
infection model to extend our knowledge on the role of individual SPI-2 effector proteins in

establishmentand progression of systemic Salmonella infections in the neonate host.

Oral infection of neonates with wildtype and ASPI-2 Salmonella resulted in similar bacterial loads of
the gastrointestinal tract, but re-isolation rates of SPI-2-deficient mutants from systemicorgans, such
as liver and spleen, and expression of pro-inflammatory cytokines were significantly decreased.
Interestingly, in contrast to the general understanding of SPI-2 as prerequisite for SCV formation in
vitro, mutants were able to establish and maintain SCVs in neonatal intestinal enterocytes. In fact,
SPI-2-deficient bacteria grow to high numbers inside SCVs, nonetheless, like in the adult host, are
attenuatedinvirulence and hamperedin disease progression. The establishment of an SCV is not only
feasible inthe absence of the SPI-2 effector protein subset, but also without the host adaptor protein
myeloid differentiation primary response 88 (MYD88). The observation of enlarged SCV formation in
the absence of SPI-2, however, is strictly limited to the neonatal period. This is due to the immature

intestinal tract constituting a unique environment with pending epithelial renewal on the one hand,



whereas constant nutrient supply is ensured by fusion of the bacterial vacuole with transport vesides
onthe otherhand. By evaluatingisogenicsingle SPI-2 effector protein mutants, we detected that SPI-2
effectors enablinginteraction with the host cell microtubule network and positioning of the SCV inside
the host cell partly phenocopy the SPI-2 dependent phenotype in vivo. Results achieved in this study
suggest that depletion of SPI-2 effectors involved in the interaction with the host cell transport
machinery still allows bacterial replication in the neonate intestine. However, the absence of these
effectors prevents SCV transmigration from the apical to the basolateral side of the enterocytes.
Mutants are therefore “stuck” inside their SCVs, which ultimately diminishes systemicspread to liver
and spleen and complete pathogenesis of Salmonella in vivo. Thereby, SPI-2 effector proteins are
needlessinterms of early stepsin NTS pathogenesis inthe neonate host, but become urgentfor the

pathogeninorderto overcome the epithelial barrier and achieve systemicdissemination.



Zusammenfassung

AlseinerderHaupterregerinfektioser Durchfallerkrankungenstellen nicht-typhése Salmonellen (NTS),
wie beispielweise Salmonella enterica subsp. enterica serovar Typhimurium, ein weltweites
Gesundheitsproblem fiir Human- und Veterindrmedizin dar. Neben selbst-limitierender
Gastroenteritis bei immunkompetenten Erwachsenen kann die Infektion von Neugeborenen mit
diesem Erreger zu invasiven und potenziell lebensbedrohlichen Erkrankungen fiihren. Invasive
Infektionen von Neugeborenen durch NTS treten vor allem in Entwicklungslandern mit geringen
Hygienestandards und schlechter medizinischer Versorgung auf. Unter diesen Voraussetzungen kann
derPathogen haufigbei Fillenneonataler Sepsisund Meningitis isoliert werden. Die Pathogenitat von
Salmonella ist vor allem durch Virulenzfaktoren bedingt, die auf durch horizontalen Gentransfer
erlangten chromosomalenRegionen, den sogenannten Salmonella Pathogenitats Inseln (SPIs), kodiert
sind. Die Effektorproteine von SPI-1und SPI-2werden dabei durch eigene Typ drei Sekretionssysteme
(T3SS) in die Wirtszelle eingebracht. Die Funktion der SPl-kodierten Effektorproteine in der
Wirt-Pathogen Interaktion wurde bereits in zahlreichen in vitro-Studien untersucht. SPI-2 Effektoren
werden anhand dieser Studien als essenziell fiir den Aufbau eines besonderen intrazelluldren
Kompartiments, der ,Salmonella-containing vacuole” (SCV, engl. fir Salmonella-beherbergende
Vakuole) betrachtet, welche die bakterielle Replikation und das Uberleben innerhalb der Wirtszelle
ermoglicht. Ferner bewirken die translozierten Effektorproteine die Modulation und Manipulation

verschiedener Wirtszellprozesse durch das Bakterium.

Das Wissen liber die Beteiligung einzelner Effektoren ininvasiven NTS Infektionenin vivo istinsgesamt,
trotz zahlloser Studien, eher gering. Daher fand in dieser Studie das zuvor etablierte neonatale
Mausmodell Anwendung. Im Gegensatz zum vielfach verwendeten adulten Streptomycin-Modell wird
dabei die Bildung von SCVs in Enterozyten, gefolgt von der Penetration des Darmepithels und
anschlieRender bakterieller Dissemination ohne vorherige Antibiotika Behandlung zur Verminderung
der intestinalen Mikrobiota, erméglicht. In der vorliegenden Arbeit wurde dieses Modell daher
eingesetzt, um das Wissen tiberdie Funktion einzelner SPI-2 Effektor Proteine in der Etablierung und

im Krankheitsverlauf systemischer Salmonelleninfektionen im neugeborenen Wirt auszuweiten.

Wahrend die orale Infektion von neugeborenen Mausen mit Wildtyp und ASPI-2 Salmonellen hierbei
zu ahnlicher bakterieller Belastung des Gastrointestinaltrakts fiihrte, fielen sowohl die
Re-Isolationsrate aus systemischen Organen wie Leber und Milz, als auch die Expression
pro-inflammatorischer Zytokine im Falle der SPI-2-defizienten Mutante gegeniiber dem Wildtyp
deutlich geringeraus. Bemerkenswerterweise, undim Gegensatz zumweithin akzeptierten Dogma von

SPI-2 als Voraussetzung fir die Bildung von SCVs durch in vitro Daten, waren die SPI-2 defizienten



Bakterienin derlage, SCVsin neonatalen intestinalenEnterozyten zu bilden und aufrecht zu erhalten.
Tatsachlich wuchsen SPI-2 defiziente Bakterien innerhalb ihrer SCV zu einer groRen Zellzahl heran,
waren dabei jedoch, wie im adulten Wirt, avirulent und flihrten zu einem deutlich verminderten
Krankheitsverlauf. Die Etablierung einer funktionalen SCV wurde nicht nur als unabhangig von SPI-2
Effektoren beobachtet, sondern kann dariiber hinaus ohne das Wirtsadapterprotein ,myloid
differentiation primary response gene 88“ (MYD88) stattfinden. Die Beobachtung vergroRerter SCVs
in Abwesenheitvon SPI-2ist dabei strikt auf die neonatale Periodelimitiert. Dies griindet sich auf die
Besonderheiten, die das intestinale Epithel in dieser Phase als Lebensraum bietet, da die
kontinuierliche Erneuerung des Epithels noch aussteht, gleichzeitig aber die Fusion der bakteriellen
Vakuole mit Transportvesikeln der Epithelzelle die intrazelluldre Nahrstoffversorgung des Pathogens
sicherzustellen scheint. Durch die Auswertung von isogenen Einzeleffektor Mutanten konnten wir
zeigen, dass die SPI-2  Effektorproteine, welche die Interaktion mit dem
Wirtszell-Mikrotubuli-Netzwerk, sowie die korrekte Positionierung der SCV innerhalb der Wirtszelle,
ermoglichen, signifikant zum beobachteten SPI-2-abhédngigen Phanotyp in vivo beitragen. Die
Ergebnisse, dieim Rahmen dieser Studie erzielt wurden, deuten darauf hin, dass die Abwesenheit von
SPI-2 Effektoren, die an der Interaktion mit dem Transportsystem der Wirtszelle beteiligt sind, zwar
weiterhin intrazelluldre Replikation, jedoch keine Transmigration der Enterozyten von apikal nach
basolateral erlaubt. Die Mutanten sind in ihrer SCV innerhalb der Wirtszelle fixiert, wodurch die
systemische Verbreitung der Bakterien verhindert und die weitere Pathogenese von Salmonela
blockiert ist. Hierdurch konnten SPI-2 Effektor Proteine als abdingbar fiir friihe Schritte der NTS
Pathogeneseim neonatalen Darmepithel identifiziert werden. Sie sind jedoch fiirden Pathogen nétig,

um die epitheliale Barriere zu Giberwinden und sich somit systemisch zu verbreiten.



1. Introduction

“Research cannotbe forced very much. There is alwaysdanger of too much foliageand too little fruit.”

(Theobald Smith, discoverer of Salmonella)

1.1 General and theoretical background
1.1.1 Morphological and biochemical characteristics

The genus Salmonella comprises rod-shaped, Gram negative, facultative anaerobicbacteria within the
family of Enterobacteriaceae named after the American veterinary surgeon and pathologist Daniel
Elmer Salmon (Barlow and Hall 2002; Eng et al. 2015). First microscopic evidence succeededin 1880
by Karl Eberth, who discovered the bacterium in the spleens of typhoid patients (Eberth 1880). Four
years later, Georg Theodor Gaffky was the pioneerto successfully grow the pathogenin pure culture
(Hardy 1999). With only rare exceptions, salmonellae are motilevia peritrichous flagellaand measure

2to3by0.4t00.6 uminsize (Drevets, Leenen, and Greenfield 2004).

Although considered a facultative intracellular pathogen, the lifestyle of Salmonella is non-fastidious
and allows survival and even growth outside the living host under various environmental conditions
(Jajere 2019). Salmonellae are highly resistant to different environmental stresses like temperature
fluctuation, acidity, drought and limited nutrient availability (Fitzsimmons et al. 2018; Fosterand Hall
1991; Spector and Kenyon 2012). For instance, the majority of serovars is viable and thrives at
temperature ranges from 5-47 °C and optimal conditions between 32-35 °C (Pui et al. 2011). The
undemanding nature of Salmonella strains also holdstrue regarding pH range and water requirement.
Growth is preserved between pH values from 4 to 9, ensuring survival during different phases of the
infectious processe.g.inthe stomachorindried foodsin addition (Juven et al. 1984; Keerthirathneet
al. 2016). Furthermore, salmonellae evolved strategies like cellular proton pumps, potassium and
sodium antiport systems and acid tolerance responses, further increasing resilience under various
circumstances and exposure to environmental stresses of different nature (Booth 1985; Foster and

Hall 1990).

Versatility is additionally achieved by metabolism of a huge range of different substances. As
chemoorganotrophs, salmonellae can utilize a huge variety of different substrates and nutrients by
both respiratory and fermentative pathways (Ongetal. 2013). For most serotypes, thisincludes rapid
reduction of nitrate to nitrite, fermentation of many different carbohydrates resulting in acid
production, arginine, ornithine, dulcitol decarboxylate lysine, citrate and hydrogen sulfide utilization

(Kim et al. 2013; Rivera-Chavez and Bdumler 2015; Warsi et al. 2019). In sum, these biochemical



features help provide high pathogenic potential to salmonellae with massive prevalence and clinical

importance (Crump et al. 2015; Prager et al. 2000).
1.1.2 Taxonomy and nomenclature

Most Salmonella reference centers worldwide, including the Centers for Disease Control (CDC),
adoptedthe nomenclatural system of salmonellae as recommended by the World Health Organization
(WHO), although the nomenclaturestill remains disputable (Popoff, Bockemuhl, and Gheesling 2004).
According to this nomenclatural system, the genus Salmonella consists of two broad spedies
Salmonella enterica (S. enterica) and Salmonella bongori(S. bongori) based on 16S rRNA sequence
analysis (Jajere 2019; Popoff, Bockemuhl, and Gheesling 2004). Further classification divides S. enterica
into 7 subspecies (subsp.) and more than 2600 serovars/serotypes (ser.) to date (Table 1) (Gal-Mor
2019; Mezal et al. 2014). Subspecies are usually omitted in literature, e.g. S. enterica subsp. enterica
serotype Typhimurium is normally shortened to Salmonella ser. Typhimurium or S. Typhimurium. In
addition to the classification system of subspecies on a phylogenic level, serotyping is based on
somatic(0), capsular (K), and flagella (H) antigens on the bacterial cell surface by means of the
White-Kauffmann-Le MinorScheme (Brenner et al. 2000; Issenhuth-Jeanjean et al. 2014). Most of the
genesamongdifferent serovars are highlyconserved. Forinstance, S. Typhiand S. Typhimurium, both
infecting warm-blooded animals including humans, share 90 % of their total genes and only differ in
their virulence factors, determining pathogenicity and host specificity as described later (McClelland
et al. 2001; Sabbagh et al. 2010). However, each serovar or serotype harbors a unique combination of
at least O and H antigens, thereby facilitating characterization and identification of isolates. In total,
more than 50 % of serotypes describedso far belongto S. enterica subsp. enterica | (Table 1) and
account for approximately 99 % of Salmonella infections in humans and warm-blooded animals in sum
(Guibourdenche et al. 2010; McClelland et al. 2001; Velge et al. 2012). In contrast, other subsp. of
S. enterica and serovars of S. bongori are rarely found in humans or warm-blooded animals, but
preferably colonize and infect cold-blooded species or are isolated from different environmental

sources (Brenneretal. 2000).



Table 1: Classification of Salmonella species and the current number of serovars within each
subspecies

Species belonging to the genus Salmonella, the assignment of the eight subspecies and particular
number of serovars per subspecies to date (Achtman et al. 2012). In total, 2610 distinct serovars are
discriminated currently.

genus species subspecies no. of serovars
| enterica 1586
Il salamae 513
Illaarizonae 100
S. enterica lllb diarizonae 341
Salmonella
IV houtenae 73
Vlindica 13
Vil
S. bongori V bongori 23

1.2 Salmonella - a pathogen of global health concern
1.2.1 Pathology of Salmonella

Salmonella is an important pathogen for both humans and animals worldwide, causing diseases of
varying clinical manifestations. Typically, S. enterica subsp. enterica serovars are subdivided into two
distinct groups, typhoidal and non-typhoidal (Gal-Mor, Boyle, and Grassl 2014). Furthermore, some
serovars are hostadapted, whereas others harbor features enablinginfection of a variety of different
hosts by the same serovar (Baumleretal. 1998; den Bakker et al. 2011; Wheeler, Gardner, and Barquist
2018). For instance, typhoid feveris solely limited to humans and higher primates, whereas other
warm-blooded vertebrate species are protected from infection by the causative agent S. Typhi and
S. Paratyphi Aand B (oruncommonly C), a pathogen eliciting the similar, but often less severe disease

paratyphoid fever (Buckle, Walker, and Black 2012; Kingsley and Baumler 2000).

Typhoid fever is usually acquired after ingestion of contaminated food or water (Crump and Mintz
2010). The acute illnessis characterized by fever, headache, nausea, loss of appetite, constipation and
sometimes diarrhea (Klotz et al. 1984). Symptoms are often non-specific and clinically
non-distinguishable from otherfebrile ilinesses and clinical severity is influenced by different factors,
exacerbating documentation of both morbidity and mortality (Crump and Mintz 2010; Crump et al.
2015; Gibanietal. 2019). Symptoms of typhoid fever may vary from a mildillness with low grade fever,
headache, fatigue, malaise, loss of appetite, cough, constipation and skin rash or rose spots (Klotz et
al. 1984). In some fatal cases, severe complications including intestinal perforations, gastrointestinal

hemorrhages, encephalitis and cranial neuritis can emerge, ultimately leading to potentially



life-threatening conditions and death in approximately 10 % of untreated and 1-2 % of hospitalized
patients (Habte et al. 2018; Mogasale, Desai, et al. 2014). Typhoid occurs predominantlyin low-income
countriesinassociation with poorsanitation, substandard hygiene, rather poor quality of life and lack
of clean drinking water (Crump and Mintz 2010; Farooqui, Khan, and Kazmi 2009; Mogasale, Maskery,
et al. 2014). Accordingtothe mostrecentestimates, between 11 and 21 million cases and 128 000 to
161 000 typhoid-related deaths occur annually worldwide, especially if typhoid or, in some cases,
paratyphoid fever are left untreated (Crump, Luby, and Mintz 2004; Crump and Mintz 2010; Gibani,
Britto, and Pollard 2018). Summarized, typhoid fever has been a human health problem for centuries

and remains of global health concern to date.

On the other hand, S. Typhimurium, which is highly similar to S. Typhi on a genetic level, can infect
multiple different warm-blooded hosts, including humans, cattle, pigs, sheep, horses, poultry and
rodents (Edwards, Bruner, and Moran 1948; Hughes et al. 1971; Humphrey, Mead, and Rowe 1988;
Sojka et al. 1977; Sojka et al. 1983; Sojka, Wray, and Mclaren 1986; Wray, Sojka, and Bell 1981).
Incidence of serovars in a certain species is not necessarily linked to virulence or pathogenicity. Two
surveys in 1958 and 1966 investigated human clinical isolates and examined that two host adapted
serotypesS. Dublin, primarily infecting cattle, and S. Choleraesuis, predominantly foundin pigs, were
only responsible for minor proportions of 0.6 % and 0.3 % of human Salmonellosis cases in England
and Wales (Kingsley and Bdumler 2000). Despite this low incidence, both serovars are particularly

invasive compared to othersin men.

Non-typhoidal Saimonella (NTS) serovars, such as S. Typhimurium investigated in this study, are a
global cause of usually self-limiting gastroenteritis. NTS clearly belong to the leading causes of
foodborne illnesses worldwide with an estimation of 93.8 million annual cases, considering
under-reporting and under-diagnosis, and 155 000 deaths each year due to complications resulting
from gastrointestinal infections (Lestari et al. 2009; Majowicz et al. 2010). In recentyears, studies on
the incidence of global NTSinfections revealed increasingincidence, with the majority of NTS burden
found in the Southeast Asian and the Western Pacific regions (Majowicz et al. 2010; Prestinadi,
Pezzotti, and Pantosti 2015). Gastrointestinal infections, similarto typhoid fever, generally stem from
exposure to contaminated food or water and of the almost 94 million NTS cases reported annually,
more than 80 million were estimated being of foodborne origin (McNamee and Smyth 2000; Tennant
et al. 2016). Predominantly, infections emanate from pets or livestock and are the result of
consumption of dairy products or meat of clinically inconspicuous, yet colonized animals, espedially
poultry and poultry-derived products like eggs (Foley et al. 1999; Hartmann et al. 1996; Petrie et al
1977; Rice, Besser, and Hancock 1997; Wilcock, Armstrong, and Olander 1976). While the risk for

Salmonella spp.-induced gastroenteritis is seen worldwide, incidence observed in places with reduced



sanitation and access to clean wateris elevated. Thereby, NTS are of publichealth concernforhuman
and veterinary medicineand lead to global economiclossesin addition. Furthermore, they contribute
to the economic burden of both industrialized and underdeveloped countries through the costs
associated with surveillance, prevention and treatment of diseases (Crump, Luby, and Mintz 2004;
Havelaar et al. 2015; Taitt et al. 2004). Besides self-limiting gastroenteritis, including onset of
symptoms like diarrhea, vomiting, nausea, fever and abdominal pain within 6 to 72 hours following
exposure, NTS can cause invasive diseases, dependent on e.g. age, gut floraand immune status of the
host, as discussed later (Fluit 2005; Langridge, Wain, and Nair 2012; Strawn et al. 2014). However,
gastroenteritis remains the most common manifestation of Salmonella infection worldwide, followed
by bacteremia and enteric fever (Majowicz et al. 2010). Among NTS serovars, S. Typhimurium,
S. Enteritidis, S. Heidelbergand S. Newportare of particularimportance inan epidemiological regard

(Eguale 2018; Galaniset al. 2006).

1.2.2 Transmission

From an evolutionary point of view, the success of bacterial pathogens is dependent on their abilityto
colonize and cause disease in susceptible hosts. Salmonella is ubiquitous and, as explained previously
(1.1.1), highly persistent evenin hostile and dry environments, where it can survive for periods from
days up to several months (Davies and Wray 1996; Finn et al. 2013). Furthermore, especially serovars
of S. enterica are broadly distributed among different host species, including diverse mammals and
birds (Rabsch et al. 2002). Certain hosts can serve as reservoirs and, with only rare exceptions of
host-restricted serovars like S. Typhi, the vast majority of S. enterica serovars displays a broad host
range for infection and colonization in equal measure (Bdumler et al. 1998). In comparison to other
pathogens, salmonellaeare widely distributed in animals and the environment, exhibit a high tenacty
and persistence and inhabit diverse biological niches (Waldner et al. 2012). Equally important as
survival outside the living host even under harsh conditions is how effectively these pathogens are
transmitted between individual hosts. The primary route of human infectionsis by the consumption
of meator animal products contaminated via contact with animal feces (Hornick et al. 1970). Hereby,
butchering of clinically inapparent, yet colonized animals might lead on to entryinto the grocery chain
(Lawley et al. 2008). Consequently, an overwhelming amount of 94 % of Salmonella infections is
estimated to be of foodborne originand less common waterborne, via contact to farm or petanimals
or environmental transmission (Hale et al. 2012; Hoelzer, Moreno Switt, and Wiedmann 2011; Pees et
al. 2013). Furthermore, salmonellae have been detected in animal herds, e.g. of pigs and cattle, with

animal-to-animaltransmission in aserovar dependent manner (Hendriksen et al. 2004).

NTS may have a broad host spectrum and are frequently zoonotic (Gordon 2011). A prominent

example of a non-typhoidal, non-human-restricted or adapted salmonellae and perhaps the



best-studied is S. enterica subsp. enterica ser. Typhimurium (STy) (Finlay and Brumell 2000; Tsolis et
al. 2011). In various studies, it has been investigated in infections of different cell types and animal
models. Like othersalmonellae, itis most probably acquired by food poisoning after oral ingestion of
improperly cooked meat, raw milk, eggs or otherdairy productsor contaminatedfruits and vegetables
after manuring with animal feces and only to a minor extent via drinking or bath water (Wang et al.
2008). The infectious dosevaries dependenton host species, age andimmunestatus (Byrd et al. 1998;
Correia-Gomes et al. 2014; Fedorka-Cray et al. 1994). After oral uptake, infection withNTS like STy and
otherS. enterica subsp. enterica serovars as well, usuallyresults inself-limiting gastroenteritis as global
key players in infectious diarrheal diseases (Mead et al. 1999; Santos et al. 2009; Tauxe 1997).
Furthermore, extra-intestinal and more invasive infections are also frequent in susceptible hosts,
predominantly in sub-Saharan Africa, where NTS are associated with HIV in adults and malnutrition,

anemia, malariaand HIV in children (Biggs et al. 2014; Feasey et al. 2015; Graham et al. 2000).

1.2.3 Virulence factors and evolution

Serovars within S. enterica subsp. enterica are closely related as shown by analysis of orthologous
genes. The divergence in the nucleotide sequence ranges between 3.8 and 4.6 % and differences in
deduced amino acid sequences between 0.7 and 1.3 % (Baumler et al. 1998; Sabbagh et al. 2010;
Wang, Huang, and Huo 2014). Genetic variation of different S. Typhi isolates from all over the world
was extremely low, revealing a highly conserved and clonalrelationamongisolates and suggesting that
they emerged from a single progenitor (Baker and Dougan 2007; Holt et al. 2008). Clonality is a
characteristic feature of human-restricted pathogens (Achtman 2008). STy is capable of causing an
invasive and systemic typhoid-like disease in susceptible mice and this murine model served in
unraveling Salmonella genes involved in pathogenicity (Kaiser et al. 2012). In total, more than 100
different genes have been implicated as contributors of Salmonella virulence. Of those, many are
shared between both broad host range S. Typhimurium and other non-typhoidal S. enterica serovars
and human restricted S. Typhi (Andrews-Polymenis et al. 2010; Baumler et al. 1998; Sabbagh et al.
2010; Tannerand Kingsley 2018).

Certain genetic traits, however, distinguish S. enterica serotypes from S. bongori or other related
Enterobacteriaceae like Escherichia coli (E. coli) or Shigella spp. (Langridge et al. 2015; Winfield and
Groisman 2004). As holds true for very many other pathogens, successful colonization, invasion and
infection of the host by salmonellae requires the expression and secretion of particular virulence
factors. These factors enable distinct steps in pathogenesisand survival under various conditionsinside
the living host (Coleman and Haller 2018; llyas, Tsai, and Coombes 2017). Acquisition of genes in
general, e.g. by horizontal transfer, can confer new phenotypes to the recipient bacteria, thereby

offering chances of adaptive changes that maximizefitnessin agivenniche and increase pathogenicity



orvirulence inaglobalmanner(Groisman and Ochman 1996; Ochman, Lawrence, and Groisman 2000).
The genome of STy, for instance, was modeled by various gene acquisition events and accrued DNA
changes that have undergone selection by regulatory evolution, allowing survival in diverse niches via

regulatory circuitry of gene expression (Baumler 1997; Groisman and Ochman 1997).

Virulence evolution of Salmonella after divergence from the closely related species E. coli by a
speciation event from acommon ancestor was proposed to have occurred in at least 3 stages between
approximately 140and 25 millionyears ago (Bdumler et al. 1998; Ehrbar and Hardt 2005; Winfield and
Groisman 2004). Evolutionary steps are defined by the acquisition of certain genes and virulence traits
expanding feasible niches to colonizing and infecting animals. Pathogenicity islands (Pls) are gene
clusters encoding virulence factors incorporated in the genome of different bacteria acquired by
horizontal gene transfer (Gal-Morand Finlay 2006). In case of Salmonella genomics, 21 multi-gene lod
linked to infection, called Salmonella Pathogenicity Islands (SPIs), have been identified mostly in both
species and across all subspecies (McClelland et al. 2001). However, Pls are unequally critical in terms
of pathogenesis and pathogenicity and genetic flux with the Salmonella species and subspecies sum
up to define hostrange as well as disease phenotype (Figure 1) (Bdumler 1997; Fookes et al. 2011).
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Figure 1: Evolutionary history, phylogeny and host specificity of Sa/monella spp. and serotypes

Salmonella diverged from a common ancestor shared with Escherichia coli (E. coli) by development of
Salmonella pathogenicity island-1(SPI-1). Via horizontal genetransfer,anew niche could be colonized
and gastrointestinalinfections of cold-bloodedanimalsbecamefeasible.SPI-2 harbored by S. enterica,
butnotS. bongoriserovars, enables systemic dissemination of the pathogeninside theliving host. This
feature was accomplished approximately 35million years ago. The most eminent serovars for human
and veterinary medicine belong to subspecies | of S. enterica. In the third phase of Salmonela
evolution, the host range was expanded to allowinfection of warm-blooded animals including humans
by serovars of S. enterica subsp. enterica. While S. bongoriand S. enterica subspecies I, llla, lllib, IV, VI,
and VIl are mainly associated with cold-blooded vertebrates, members of S. enterica subspecies|are



most frequently isolated from avian and mammalian hosts . Accordingto their host range and elidted
disease, serovars of S. enterica subsp. enterica are clustered into host specific and broad host range,
as well as typhoidal and non-typhoidal subgroups. In this and many other studies, S. Typhimurium
(labeledinred)isusedforinfection of susceptible mice, causing atyphoid-like disease and potentially
life-threatening conditions (modified from (Aleksic, Heinzerling, and Bockemuhl 1996; Baumler et al.
1998; Desai et al. 2013; Gal-Mor 2019).

Virulence factors encoded within different SPIs contribute to the whole genome of Salmonella to a
comparably high amount with approximately 4 % (Bowe et al. 1998; Dos Santos, Ferrari, and Conte-
Junior 2019). As the first and initial step in virulence evolution, Salmonella pathogenicity island-1
(SP1-1) was obtained by plasmid- or phage-mediated horizontal gene transfer (Baumler et al. 1998).
SPI-1 was likely acquired by a common ancestral to all Salmonella serotypes early in evolutionary
divergence, since it is present in all phylogenetic lineages of the genus Salmonella, but absent from
closelyrelated bacterialike E. coli (Mills, Bajaj, and Lee 1995). Effector proteins encoded by SPI-1 were
described to mediate mechanisms used by Salmonella during the intestinal phase of infection in
previous studies. This includes invasion of intestinal epithelial cells both in vivo and in vitro, thereby
enabling an early key step in Salmonella pathogenesis (Galan and Curtiss 1989; Watson et al. 1995;
Zhang et al. 2014). In accordance to this, attainment of SPI-1 enabled intestinal infections as a new
potential reservoir for Salmonella (Baumler et al. 1997). In a second evolutionary key step, two species
emerged within thegenus Salmonella, distinguishable by presence (S. enterica) or absence (S. bongori)
of a second virulence determinant SPI-2. Divergence of theirlineages was accompanied by an impact
on disease potential, sincethe key feature enabled by possession of SPI-2 virulence factorsis enabling
invasion of deeper bodytissue and systemicdissemination of S. enterica subspecies (Hensel et al. 1997;
Ochman and Groisman 1996). While S. bongoriand S. enterica subspecies i, llla, lllb, IV, VI,and VIl are
predominantlyisolatedfrom cold-blooded animals like e.g. reptiles, serovarsof S. enterica subsp. | are
capable of infecting a large range of different warm-blooded animals and are frequently detected as
colonizers or pathogens of the intestinal tract of mammals and birds (Bdumler and Fang 2013). This
expansion in host range is considered the third step in evolution of Salmonella virulence (Figure 1)

(Roumagnacet al. 2006).

1.3 Pathogenesis of non-typhoidal Salmonella (NTS)

To date, differences in the genome of distinct S. enterica subsp. enterica serovars, like S. Typhi and
S. Typhimurium, is of particular research interestin various studies, aimingin unraveling possible
causes for different forms of disease causedby individual serotypes(Baumlerand Fang 2013; Gal-Mor,
Boyle, and Grassl 2014; Sabbagh et al. 2010). However, major steps in infection and disease
progression of invasive non-typhoidal Salmonella (iNTS) infections and typhoid fever are identical.

Infection of mice with S. Typhimurium, usually causing gastroenteritis in humans, resembles systemic



dissemination observed in typhoid fever patients (Tsolis, Kingsley, et al. 1999). An infection is
presumably acquired by ingestion of contaminated food (Gomez etal. 1997). Certain groupsare at an
increased risk of suffering from iNTS infections, including children under the age of 5, elderly and
immunosuppressed people (Engetal. 2015). In these risk groups, chances of the pathogenpenetrating
the epithelial cell lining of the intestinal tract after entering the digestive tract are elevated, which
mightlead to life-threatening conditions, including bacteremia, meningitis and osteomyelitis (Church
et al. 1998; Yang et al. 2002). Infections of young children display significantly higher morbidity and

mortality than observedin adults.

Salmonellae initiate their own engulfment into non-phagocytic enterocytes in the small intestine via
SPI-1 effector proteins (Hansen-Wester, Stecher, and Hensel 2002). Activation of signal transduction
pathways by bacterial SPI-1 virulence factors induces reorganization of the actin cytoskeleton of the
host cell, leadingto membranerufflingand absorption of the pathogen (Monack, Mueller, and Falkow
2004; Takaya et al. 2003). After crossing the epithelial barrier, Salmonella gains access to the
underlying lamina propria and residingimmunecells such as neutrophils and macrophages (Vazquez-
Torres et al. 1999). Invasion, survival and even replication in these host cells facilitates systemic
disseminationtothe liver, spleen, bone marrow and gallbladder (Johnson, Mylona, and Frankel 2018;
Mastroeni et al. 2003). Furthermore, Salmonella persists inside host cells as a crucial feature of
pathogenesis (Bakowski, Braun, and Brumell 2008). This persistence, immune evasionand intracellular
survival inside the host cell is accomplished via SPI-2 effector proteins, thereby conferring NTS

pathogenesis, as discussed later (1.4).

Differentreasons renderinfantsand toddlers highlysusceptibleto iNTS infections. The gastrointestinal
tract of men and mice is rather immature at birth (Birchenough et al. 2017; Walthall et al. 2005). The
gut barrier shields the sterile body interior from the environment, thereby providing the first line of
defense to iNTS and mucosal resistance of the gut epithelium to NTS is a complex and multifactorial
system (Houghteling and Walker 2015; Macierzanka et al. 2014; Viggiano et al. 2015; Zhang, Hornef,
and Dupont 2015). Cellular and humoral arms of immunity, the gut epithelial layer as well as the gut
microbiota have beendiscussedto contribute to the so-called “colonizationresistance”, which confers
a comparably high degree of resistibilityto Salmonella infectionsin healthy, immunocompetent, adult
individuals (MacLennan et al. 2008; Nyirenda et al. 2014; Vazquez-Torres et al. 1999; Veereman-
Wauters 1996). However, the protective mucus layerinthe gut as well as the residing microbiota are
developed postnatally (Rakoff-Nahoum et al. 2015; Schroeder 2019). In contrast to other studies
employing the streptomycin mouse model to study Salmonella infections, oral infection of neonate
mice harboring an immature microbiome is conducted without any antibiotic treatment prior to

infection (Kaiser et al. 2012; Zhang et al. 2014). Furthermore, maturation of the intestinal tract and
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development of barrierintegrityalso involves cellular changes (Kelly, Begbie, and King 1992). Microfold
(M) cells, constituting a primary entry port for Salmonella, startto mature after birthin mice (Clark et
al. 1996; Jepson and Clark 2001; Jones, Ghori, and Falkow 1994). This forces the pathogen to switch to
an alternative invasion strategy in the murine neonatal small intestine via SPI-1-induced uptake by
epithelial cells, since M cells are not fully developed at an early age (Zhang et al. 2014). Additionally,
enterocytes of the gut epithelium undergo constantand rapid renewal in later life via proliferation of
stem cells, e.g. located in the intestinal crypts (Renz, Brandtzaeg, and Hornef 2012). Thereby, barrier
integrity of the gut epitheliumis maintained and NTS infections in adults usually resultin self-limiting
gastroenteritis instead of severe, disseminativeinfections (Petersonand Artis 2014). To a large extent,
this is due to continuous desquamation of intestinal enterocytes every 3to 5 days, accompanied by
the loss of the intracellular pathogen (Eastwood 1977; Gordon and Hermiston 1994). In mice, the
villus-crypt architecture of the gut, accompanied by constant epithelial cell renewal, is developed
between 10 and 12 days after birth, offering chances of prolonged intraepithelial proliferation of
Salmonella in the murine neonate intestine. As compared to adults, newborns possess a premature
adaptive immune system. Invasion of the pathogen induces cytokine expression after e.g. recognition
of structures on the bacterial surface and sensing by pattern recognition receptors (PRRs), promoting
immune cell infiltration in both adults and infants. Nevertheless, chances forthe neonate to die from
the massive gutinflammation and pathogen dissemination before an adaptive immune response can
be mounted to control the infection are substantially higherthan inimmunocompetent, healthy adults
(Bermudez-Brito et al. 2012; Hornef and Fulde 2014; Machado et al. 2014). In this context, failure in
an appropriate Tcell maturationin HIV patients and deficiencies in the adaptiveimmune system were
attributed to an increased probability of NTS to disseminate systemically and cause bacteremia and
otherlife-threateningconsequences (Morpeth, Ramadhani, and Crump 2009; Preziosi et al. 2012). This
immaturity of the host, especially the gut and the immune system, augments vulnerability to NTS

infectionsinthe neonate.

1.4 Salmonella pathogenicity island-2 (SPI-2)
1.4.1 Genetics

In contrast to other SPIs, SPI-1 and SPI-2 encode an own type three secretion system (T3SS) besides
their respective effector proteins and are hence considered the major virulence determinants of
S. enterica serovars (lbarra and Steele-Mortimer 2009). T3SSs are complex, syringe-like translocation
machineries foundin different, primarily pathogenic, bacterialike Yersinia and Shigella species and in
association with a translocon pore that is formed in the target host membrane (Figure 2) (Cobum,

Sekirov, and Finlay 2007; Mueller, Broz, and Cornelis 2008). In total, more than 20 different protein



compartments are assembled to form a needle-like injection apparatus, facilitating direct insertion of
effector proteins into the host cell cytosol (Haraga, Ohlson, and Miller 2008). Some of the proteins
withinthe T3SS are homologoustothose involvedinassembly of flagella, suggesting an evolutionary

relation (Kubori et al. 1998; Marcus et al. 2000).
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Figure 2: Schematic representation of the T3SS and genetic structure of SPI-2

The subcellularlocalization of the multi component structure forming the T3SS to translocate effector
proteins of SPI-2 into host cells (A) and the genetic structure of the pathogenicity island (B) are
depicted. The needle-like injection machinery spans the inner and outer membrane of the bacterial
envelope (shown in yellow). The translocon consisting of SseBCD (red) forms a pore in the host cell
endosomal membrane and facilitates translocation of effector proteins (violet) directly into the host
cell cytosol. Inaddition to little virulence factors encoded within SPI-2itself, aremarkable proportion
of effectors translocated by the T3SS of SPI-2is encoded on separate loci. Some effector proteinsrely
on theirrespective chaperone (orange) for activation and functionality. Expression of SPI-2 genes and
other effectors is regulated by the SsrAB two component regulatory system (green), although the
precise mechanism underlying regulation is not thoroughly understood. Copied from (Kuhle and
Hensel 2004).



SPI-2is located at 30 centisomes of the S. enterica chromosome and of crucial importance afterhost
cell invasion as a requirement for intracellular replication in cultured epithelial cells and survival in
macrophages (Deiwick et al. 1998; Hapfelmeier et al. 2005; Ochman et al. 1996). Like other horizontally
acquired genes, SPI-2 shows a substantially higher A+T content than ancestral Salmonella DNA (Fass
and Groisman 2009; Shea et al. 1996). It consists of more than 40 different genes, 28 of which are
secreted effector proteinswith different functions and 15 protein subunitsto buildthe T3SS (Coombes
et al. 2004; Figueiraand Holden 2012). The effectors have diverse purposesin terms of host cell
modulation and manipulation and can be clustered into different functional subgroups in accordance.
However, certain effectors participate in different processes and comprise further biochemical
activities (Figueira and Holden 2012). Moreover, distinct effectors share functional capacities and
generate protein redundancies in terms of certain processes. In some cases, especially in complex
processes within the host cell, an interplay of effects of various proteins is essential for functionality
(Hensel, Nikolaus, and Egelseer 1999). In summary, SPI-2 effector protein-mediated host cell
modulation is a complex machinery with fundamental repercussions on virulence and NTS

pathogenesis.

1.4.2 Function and regulation

As mentioned previously, various host cell processes can be interfered or modulated by SPI-2 effector
proteins. In general, SPI-2-deficient Salmonella are attenuated in virulence in adult mouse infections
anddiminishedinintracellularsurvivalin cultured macrophagesas wellas replication in epithelial cells,
since SPI-2 effectors facilitate manipulation of vesicular trafficking of the host cell (Cheminay,
Mohlenbrink, and Hensel 2005; Leung and Finlay 1991). Once internalized into the intestinal
epithelium after oral uptake, STy subverts the physiological maturation of its vacuolar compartment
and its acidicpH to form a specialized intracellular compartment, knownas the Salmonella-containing

vacuole (SCV) (Kolodziejek and Miller 2015; Steele-Mortimer 2008).

Sustained progress has been made in revealing mechanisms and molecular triggers that lead to
induction of SPI-2 gene expression (Arpaia et al. 2011). In this context, multiple signals have been
implicated in induction of SPI-2 expression in vitro, e.g. cation deprivation, low pH and phosphate
starvation (Cirillo et al. 1998; Deiwick et al. 1999; Rappl, Deiwick, and Hensel 2003). Nevertheless, the
physiological cues responsibleforinductionof the SPI-2T3SS in the phagosome and the degree of their
necessity remain a matter of debate. SpiR/SsrB is a SPI-2 encoded two-component system, which is
essential for induction of the T35S-2 and all effectors within the PI, as well as those encoded outside
the virulence locus (Worley, Ching, and Heffron 2000). Its expression is controlled by the ancestral
two-component systems OmpR/EnvZ and PhoP/PhoQ (Garmendia et al. 2003; Heithoff et al. 1999;

Miller, Kukral, and Mekalanos 1989). In general, microorganisms invade host cells or are ingested by



phagocytes likee.g.macrophages and are trapped in a membrane-boundcompartment or phagosome.
Sequential fusion events with a series of endomembrane compartments result in maturation and a
declined luminal pH, which confers microbicidal properties to the phagosome (Harrison et al. 2003).
This maturation processis subverted by Salmonella and the pathogen evades the hostile environment
of the phagosome via its effector proteins (Cuellar-Mata et al. 2002). As a specialized,
membrane-bound compartment, the SCV provides protection fromthe host cell’simmune system. It
allows modulations of vesicular trafficking to bypass lysosomal degradation, enabling intracellular
survival, persistence and replication of the pathogen through the action of distinct virulence factors
(Brumell et al. 2002; D'Costa et al. 2015; Garcia-del Portillo and Finlay 1995; McGourty et al. 2012).
Basically, the SCVis a modified phagosomewith low pHand thisis exploited as an environmental cue
to alter the pathogen’s transcription profile (Valdivia and Falkow 1997). Hence, following invasion,
adaptive responses of the PhoP/PhoQ system harboredby STy sense the phagosomal milieu withinthe
bacterial vacuole, such as low pH and magnesiumion (Mg?*) concentration, leading to the expression
of virulence determinants of SPI-2 (Dalebroux and Miller 2014). This turns the phagosome into a
replicative niche, the SCV, with virulence factors of SPI-2 transported from the inside of the vacuolar
compartmentacross the SCV membraneinto the host cell cytosol, where the effector proteins operate
(Marcus et al. 2000). During disease progression, the pathogen experiences low pH e.g. in the
phagosomal vacuolesof epithelial cellsand macrophagesinthe gut. Thisis enabledviathe PhoP/PhoQ
two-component regulatory system, which is also important for survival in the presence of reactive
oxygen (ROS) or nitrogen species. Hence, null mutations in these genes severely attenuates STy
virulence in mice infections (Miller, Kukral, and Mekalanos 1989). In addition to constituting an
immune evasion strategy, virulence factors endowing the intracellular pathogen with vesicular
trafficking modulation was discussed as an approach to ensure nutritioninside the host cell (Liss et al
2017). Besides this, expression of SPI-2 genesin the gut was suggested to contribute to intracellular
transitfromthe apical to the basolateral side of polarized epithelial cellsin the gut (Brown et al. 2005;

Mulleret al. 2012).

1.4.3 Host factors influencing pathogenesis of Salmonella

Pathogens have evolved mechanisms to antagonize the host’sinnate immune system in various ways,
since it is of special importance in limiting microbial replication and pathogen spread before an
adaptive immune response can be established (Woolhouse et al. 2002). In this context, PRRs sense
detection of conserved pathogen-associated molecular patterns (PAMPs) on the surface of bacteria
and hence are crucial forthe innateimmune system(Medzhitov 2007). Expression of toll-like receptors
(TLRs) as important members of PRRs, allows recognition of different microbial ligands e.g. by

enterocytes as well as innate immune cells. Thereby, TLRs link detection to the induction of



mechanisms to defeat invading pathogens via production of reactive oxygen and nitrogen species,
expression of antimicrobial peptides and maturationof dendritic cells (DCs) (Akira, Takeda, and Kaisho
2001; Iwasaki and Medzhitov 2004). Thus, TLRs significantly contribute to the earliest steps of the host
response to an infection, but besides antimicrobial sensing, TLR activation can also induce
non-transcriptional effects, including rapid acidification and maturation of the phagosome (Arpaia et
al. 2011; Sivick et al. 2014). This acidification was discussed as aninducer for SPI-2gene expression in
STy infections, afterthe ligands of the pathogen have been recognized by mainly TLR2 (lipoproteins),
TLR4 (lipopolysaccharide, LPS), and TLR5 (flagellin) (Fulde et al. 2018; Hapfelmeier et al. 2005; Kawai
and Akira 2005; O'Brien et al. 1980; Royle et al. 2003). Failure to rapidly acidify the endosomal
compartment in TLR-deficient mice led to a striking replicationand SCV maintenance deficiency in
bone marrow macrophages (BMMs) in vitro, due to abrogated induction of SPI-2 expression in the
absence of TLR2, 4 and 9 (Arpaia et al. 2011). However, TLR-dependent SPI-2 induction was only
dispensable in the systemic phase of adult STy infections. After oral administration, SPI-2 effectors
were required to achieve virulence and systemic spread even in TLR-deficient animals (Sivick et al.

2014).

The two most prevalent mouse strains BALB/c and C57BL/6 share the feature of a point mutation
within the Slc1lal gene, which encodes the natural resistance associated macrophage protein 1
(NRAMP1) (Gruenheid et al. 1997; Govoni et al. 1996; Vidal et al. 1996). This increases the susceptibility
to differentintracellular pathogens, like Leishmania, Mycobacterium and Salmonella (Araujo et al.
1998; Hackam et al. 1998). The function and mechanism of this protein remain incompletely
understood, but it is known that Nramp is expressed exclusively in professional phagocytes and
encodes an integral membrane protein that shares structural characteristics with ion channels and
transporters of e g. iron and manganese (Forbes and Gros 2003). The removal of ions fromthe SCV by
NRAMP1 might predict bacterial replication, increasing resilience of macrophages with a functional

Slc11al alleleisolated from 129sv mice (Cuellar-Mata et al. 2002).

1.4.4 SPI-2 dependent intracellular lifestyle in vitro and in vivo

Infection and pathogenesis are multicomponent processes, involving invasion, proliferation,
replication, cellevasion and dissemination at distinct body sites. To a large extent, theseintermediate
steps are facilitated by expression of virulence factors encoded by SPI-2 as virulence determinants in
the case of Salmonellain susceptible mice. Pathogenesis of Salmonella strongly depends on the ability
to invade and replicate within host cells during early phases of the infection, prior to breaching the
epithelial gut barrier and during systemic dissemination (Shea et al. 1999). In epithelial cells, STy
exhibits a bimodal lifestyle, either proliferating in its established SCV as an intracellular replicative

niche or freely in the cytosol (Brumell, Rosenberger, et al. 2001; Steele-Mortimer et al. 2002).



Self-induced or host-mediated lysis of the SCV, however, constitutes a double-edged sword for the
pathogen. Onthe one hand, hyperreplicationin the host cell cytosolis acomparably rare phenomenon
observed in less than 20 % of epithelial cells investigated via a semi-quantitative single-cell analysis
(Malik-Kale, Winfree, and Steele-Mortimer 2012). In contrast to vacuolar bacteria, in whichthe SPI-2
T3SS is induced, cytosolic bacteria have been shown to be transcriptionally different and
SPI-1-T3SS-induced, although being situated in an intracellular state (Knodler et al. 2010).
Hyper-replicationin the host cell cytosol might eventually resultin pyroptosis and epithelial cell death
marked by loss of the plasma membrane integrity. Following cell lysis, pro-inflammatory cytokines are
released by activating caspase 1 and by induction of caspase 3/7, bacteria gain access to the
extracellular space, which might constitute a strategy for further dissemination of invasion-primed
bacteria(Knodleretal. 2010; Knodler2015). Several in vitro studies with non-polarized epithelial cells
have confirmed cytosolicreplication of Sa/lmonella contributing to the net growth of the pathogen only
toa minorextentcompared to vacuolar replication, that unequivocallyrelies on a functional SPI-2 T3SS
(Malik-Kale, Winfree, and Steele-Mortimer 2012). Hyper-replication is a phenomenon solely
investigatedin cultured epithelial cells, but not phagocytes like macrophages so farand single bacteria
rather than “clumps” invade host cells in vivo (Grant et al. 2012; Knodleretal. 2010). However, SPI-2
effectors are undeniable crucial when it comes to macrophage survival after entering the lamina
propriainthe gut and hence, SPI-2-independent replication possibly occurring in epithelial cells of the
intestinallining probably plays aninferior role in overall STy pathogenesis (Cirillo et al. 1998; Hensel et
al. 1998; Fields et al. 1986). Considering this, possession of SPI-2 effectors is regarded as a crucial
feature forintracellular replicationand disease progression of STy, although cytosolic replication works
irrespective of SPI-2 effector proteins (Chakravortty, Hansen-Wester, and Hensel 2002; Garai,

Marathe, and Chakravortty 2011; Sheaet al. 1996)

Investigations of SPI-2-deficient Salmonella in the streptomycin mouse model already unraveled a
necessity of SPI-2 effector proteins for development of full systemic virulence in adult infection
experiments (Browne et al. 2008). While SPI-1 effectors are required for invasion of non-phagocytic
epithelial cells, primarily limiting their requirement to breaching the intestinal barrier, SPI-2 becomes
essential in the post-invasive phase for disease progression in typhoid and enteric fever as well as
gastroenteritis caused by Salmonella (Malik-Kale, Winfree, and Steele-Mortimer 2012; Marlovits and
Stebbins 2010). In line with this, SPI-2 mutants in contrast to ASPI-1 STy, remain attenuated when the
intestinal barrieris circumvented by intraperitoneal (i.p.) orintravenous (i.v.) injection. This has been
suggestedto be attributable to the replication deficiency observedin in vitro studies plus an elevated
vulnerabilityto killing by macrophages in addition (Fieldset al. 1986). These synergistic effects in terms
of decreased virulence in SPI-2-deficient Salmonella trace back to the same origin. Effector proteins

that are translocated through the SCV membrane into the host cell cytosol facilitate conversion of the



early vacuolar compartmentinto a replicative niche (1.4.2). Although lysosomal fusion is avoided
through the action of certain effector proteins, SCVs are still associated with lysosomal markers like
e.g. LAMP-1 and this association typically precedes replication (Meresse et al. 1999; Steele-Mortimer
et al. 1999). On the one hand, effectors function in immune evasion and avoidance of lysosomal
degradation (Lei et al. 2016). Effector proteins modulating endosomal trafficking responsible for
prevention of fusion with lysosomes also ensure intracellularlocalization of the SCV in a juxtanuclear
position. Furthermore, they might contribute to intracellular nutrition by ensuring continuous
exchange of the SCV with host cell endosomes as a prerequisite forreplication (Lisset al. 2017; Noster
et al. 2019; Popp et al. 2015). Colitis caused by either SPI-1or SPI-2-deficient STy was less pronounced
in comparison to a wt STy infection in the streptomycin mouse model, but certain cytokine and
interleukin expression as mediators of innate immune responses and inflammation could still be
examined in the absence of decisive virulence proteins of either SPI-1 or SPI-2 (Hapfelmeier et al.
2005). This confirms that a combination of both efficientinvasionand transferacross the epithelial gut
barrier, as well as evasion from the immune system, are required for functional systemic
dissemination, replication and disease progression and highlights the role of SPI-1 and SPI-2 for
virulence in the mouse model. This is further emphasized by various studies stating SPI-2 to be a
prerequisite for efficientintracellular replication inside vacuolesin tissue culture experiments and the

adult mouse model (Galan 2001; Sheaet al. 1996; Waterman and Holden 2003).

Intracellularreplicationinside the SCVis a characteristicfeature of S. enterica to rapidly enhance net
growth. This process requests proper nutritionas afeature of highimportance forthe pathogen, which
is also mediated via SPI-2 effectors by formation of tubular extensions known as Salmonella-induced
filaments (SIFs) (Birmingham et al. 2005; Brumell, Tang, et al. 2001; Liss et al. 2017). Many auxotrophs
were shown to be attenuated in terms of virulence in adult mice and replication deficiencies were
examined for mutants depleted in tryptophan, tyrosine, phenylalanine, purines and pyrimidine

synthesis (Chaudhuri et al. 2009; Thorne and Corwin 1975).

Intotal, the typical isolation of Salmonella from lymphatictissue and secondary lymphoid organs, such
as the mesenteric lymph node, described in previous studies uniformly indicates that survival of the
pathogen within macrophages is a critical feature to achieve systemic dissemination and invasive
infections. Expression and translocation of effector proteins of SPI-2, furthermore, was stated to be
important to manage intravacuolar replication via SCV formation and maintenance e.g. in Hela cell
cultures and resistance to macrophage killingin adult mice (Castanheiraand Garcia-Del Portillo 2017,
Malik-Kale, Winfree, and Steele-Mortimer 2012). Due to physiological, structural, humoral and
metabolic differences between neonate, juvenile and adult mice, the influence of these effectors in

neonate NTSinfectionsisto be determinedinthisstudy.



1.5 Aims of the study

Although STy has been studied in various in vitro and animal models for ages, knowledge on the
mechanisms of pathogenesis, precise function of single effector proteins and interactionwith host cell
processesisstill fragmentary. However, whilealarge body of in vitro evidence was collected over the
past years, it has been difficult to pinpoint inflammatory cues and mechanismsin the infected gut in
vivo (Hapfelmeier et al. 2005). Furthermore, neither in vitro nor animal infections fully revealed the
functions of all effector proteins translocatedinto the host celland workings of some virulence factors
are still undefined (Figueiraand Holden 2012). This study applies the neonatal mouseinfection model
established previously to gain insights into SPI-2 effector protein functions and their contribution to
iNTS disease progression in the neonate host, especially during early steps of infection (Zhang et al.
2014). Unraveling mechanisms involved in the infectious process could ultimately facilitate future

treatment possibilities and add to the reduction of Salmonella morbidity and mortality in the future.



2. Materials and Methods

2.1 Materials

2.1.1 Consumables

1.5 mltube
15 ml tube
5 ml tube

50 ml tube

agar dish
cell strainer 100 um

coverslide

cryo viial
disposable needle
disposable scalpel
embedding cassette
filtertip
microscope slide
PCR cap stripes
PCR tube stripes
pipette tip
serological pipette

syringe filter 0.2 um

2.1.2 Chemicals and

agarose

Albumin (fraction)
ampicillin
chloramphenicol

ethanol

Ethylenediaminetetraacetic acid

(EDTA)

SARSTEDT AG & Co. KG, Nimbrecht, Germany
SARSTEDT AG & Co. KG, Niimbrecht, Germany
Eppendorf, Wesseling-Berzdorf, Germany

SARSTEDT AG & Co. KG, Nimbrecht, Germany
SARSTEDT AG & Co. KG, Niimbrecht, Germany

VWR International GmbH, Darmstadt,
Germany

Carl Roth, Karlsruhe, Germany

SARSTEDT AG & Co. KG, Niimbrecht, Germany
B. Braun Melsungen AG, Melsungen, Germany
B. Braun Melsungen AG, Melsungen, Germany
Carl Roth, Karlsruhe, Germany

SARSTEDT AG & Co. KG, Niimbrecht, Germany
Carl Roth, Karlsruhe, Germany

SARSTEDT AG & Co. KG, Niimbrecht, Germany
SARSTEDT AG & Co. KG, Niimbrecht, Germany
SARSTEDT AG & Co. KG, Nimbrecht, Germany
SARSTEDT AG & Co. KG, Niimbrecht, Germany

SARSTEDT AG & Co. KG, Nimbrecht, Germany

Reagents

Bio&SELL GmbH, Niirnberg, Germany
Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany
SigmaAldrich, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

Carl Roth, Karlsruhe, Germany



glycine Carl Roth, Karlsruhe, Germany

H20 (nuclease-free) Carl Roth, Karlsruhe, Germany
isopropanol Carl Roth, Karlsruhe, Germany
kanamycin Carl Roth, Karlsruhe, Germany
LB agar Carl Roth, Karlsruhe, Germany
Luria Broth (LB) Carl Roth, Karlsruhe, Germany
Oligo(dT) 18 primer eurofins Genomics, Ebersberg, Germany
paraformaldehyd/ Histofix Carl Roth, Karlsruhe, Germany
potassium chloride Carl Roth, Karlsruhe, Germany

potassium dihydrogenphosphate Carl Roth, Karlsruhe, Germany

Rnase A QIAGEN GmbH, Hilden, Germany

ROX mix ThermoFisher Scientifics, Hennigsdorf, Germany
sodium chloride Carl Roth, Karlsruhe, Germany

sodium citrate Sigma Aldrich, Darmstadt, Germany

sodium hydrogen phosphate Carl Roth, Karlsruhe, Germany

TRIzol® reagent ThermoFisher Scientifics, Hennigsdorf, Germany

Vectashield Antifade mounting

medium with DAPI VECTOR Laboratories LTD., Peterborough, United Kingdom

xylol Carl Roth, Karlsruhe, Germany

2.1.3 Devices

3031 shakingincubator Edmund Biihler GmbH, Bodelshausen, Germany
3K30 cooling centrifuge Sigma Aldrich, Darmstadt, Germany

CO,-Incubator Heraeus Function

Line ThermoFisher Scientifics, Hennigsdorf, Germany

Fluorescence Zeiss Axiovert 200 M

. Carl-Zeiss, Jena, German
Inverted Microscope ! ’ y

Light microcope DMI6000 B Leica Microsystems, Wetzlar, Germany
NanoDrop 1000 ThermoFisher Scientifics, Hennigsdorf, Germany
shakingincubator GFL, Burgwedel, Germany

StepOne Plus Real-Time PCR

system Applied Biosystems, Hennigsdorf, Germany

sterile bench Kendro, Langenselbold, Germany



; _ ®
T 10 .ba5|c ULTRA-TURRAX IKA®-Werke GmbH & Co. KG, Staufen, Germany
homogenizer

T3000 thermocycler Biometra, Jena, Germany

tabletop centrifuge 5415D Eppendorf, Wesseling-Berzdorf, Germany

Ultrospec3000 pro Photometer Amersham Pharmacia Biotech Inc., Little Chalfont, United

Kingdom
Vortex genie 2 ScientificIndustries, New York, United States
water bath GFL, Burgwedel, Germany

2.2 Methods

2.2.1 Bacterial strains and plasmids

Bacterial strains of S. enterica subsp. enterica serovar Typhimuriumare listed in Table 12. Mutagenesis
was performed in accordance to Datsenko and Wanner, kindly conducted by Prof. Michael Hensel,
University of Osnabriick (Datsenko and Wanner 2000). The pFPV-25.1 plasmid was incorporated into
competent Salmonella by electroporation. For selection and quantification, antibiotic resistance

cassetteswere appliedand the respective antibioticwas addedto culture mediafor selection as stated.
2.2.2 Cryopreservation

Liquid bacterial cultures in Luria Bertani (LB) broth containing respective antibiotics at given
concentrations (Table 12) were grown at 37 °C at 200 rpm until reaching the logarithmic phase
(ODgoonm 0.5 — 0.6). Bacteria were harvested via centrifugation at 4000 x g for 7 min and the pellet
resuspended in fresh LB medium. Bacterial solutions were mixed with sterile Glycerol to a final
concentration of 20 % Glycerol in cryovials and stored at -80 °C. For re-cultivation, strains were

streaked outon LB agar platesand grown overnightat 37 °C.
2.2.3 Cultivation of Salmonella

Bacteria were streaked out on LB agar plates containing the respective antibiotic at given
concentrations and incubated at 37 °C in an incubator overnight. The next day, a single colony was
picked and incubated in 5ml LB containingantibiotics. Liquid cultures were grown at 37 °C at vigorous
shaking (200 rpm) overnight and diluted 1:10the next morningin fresh medium. Cultures were grown
again until they reached logarithmic phase (ODggg nm 0.5-0.6). The bacterial pellet was gained via
centrifugationat 4000 x g for 7 min and washed in 1x PBS twice. Afterwards, the pellet was thoroughly
resuspended in fresh PBS, adjustedtoan ODgg . 0.5 — 0.6 and diluted to the desiredinfectious dose.
The CFU concentration was checked by serial dilution and plating on antibiotic containing LB agar

plates.



2.2.4 Oral infection of neonate and juvenile mice

Adult C57BL/6N wild type and B6J.12951-Slc11a17/Gbrt) (Nramp™, stock no. 027081) mice were
obtained from Charles River Laboratory (Sulzfeld, Germany) and B6.129P2(SJL)-MyD88m-1befr/)
(MyD887, stock no. 009088) mice from the Jackson Laboratory (Bar Harbour, USA), respectively.
Cultivation of bacterial strainswas performed as describedin the previous section (2.2.3). One-dayold
neonates were orally infected with 1 ul of the adjusted inoculum. The respective infectious doses can
be abstracted from figure legends in the results section. Neonates were individualized via footpad
tattoo, the weight and clinical conditions were monitored daily and assessed in accordance to an
entrenched score sheetforneonate mice (Table 2).

Table 2: Scoring system for evaluating the health status of neonatal mice during infection

experiments

To assess the health status and to avoid excessive stressdue to the infection, ascoring system was set
up. Based on distinct criteria, it allows determination of the overall health condition of an infected
neonate mouse. The health status was monitored at least once daily. Mice were immediately
euthanized if no body weight gain was observed over at least two days, the dam cared insuffidently
(pubs placed dispersed) and motility was severely reduced to stimuli or certainly at grade 4.

grade description criteria
movement skin fostering  distribution o
development
. . pupslie daily weight
1 active spontaneuos pink dam cares together gain (>10 %)
. after . pupslie reduced weight
2 I h ) k .
Slugsls stimulus pin CED GETEE together gain (5-10 %)
reduced . reduced body
reduced . pupslie . .
3 after faint dam cares weight gain
state . together
stimulus overtwo days
onl ioht gai
motionless faintand dam does digaaadii no weig tg'am
4 severe even after not care (<5 %) or weight
. sunken . cage
stimulus sufficiently loss

For the infection of olderanimals (at 6 or 11 days post partum, respectively) the infection volume was
adjusted according to the mean weight of the litter. In order to do so, a mean weight of 1.5 g for a

1-day old mouse was estimated, corresponding to 0.66 ul bacterial solution pergram bodyweight.

Atindicated time pointsafterthe infection, mice weresacrificedand organ tissue was harvested. Liver,
spleen, mesenteric lymph node and colon were homogenized in sterile PBS and plated on antibiotic
containing LB agar plates. Small intestines were either directly homogenized in 1 ml sterile PBS, used
for primary cell isolation in case of replica plating for quantification (2.2.5) or fixed in

paraformaldehyde forimmunohistochemistry (2.2.7).



2.2.5 BSA/gold applicationto neonates to backtrace vesiculartrafficking

One-day old neonates were either orally infected with a low infection dose of ASPI-2 Salmonella or left
untreated. At 3 days p.i., a solution of BSA gold nanoparticles in sterile PBS was orally applied to the
animals every 8hours for 24 hoursin total (correspondingto three treatments)at avolume of 8 ul per
treatment. Mice were sacrificed at 4 dpi, the intestinal tracts removed, fixed in 4 % pfa for 48 hours
and prepared for transelectronmicroscopic analysis kindly conducted by Urska Repnik, University of

Oslo, and Dr. Mark Kiihnel, Hannover Medical School as described laterin this study (2.2.8).
2.2.6 Infection with tagged salmonellae

Twenty-two individual strains were tagged with a4 nucleotide sequence, introducing an artificial stop
codon into the endogenous proV gene as already described (Lim et al. 2014). Each strain was grown
individually in liquid LB as stated in 2.2.3 and adjusted to an ODggg nm Of 0.5 corresponding to the
logarithmicgrowth phase. Bacterial suspensions were mixed at equal ratios and sterile Glycerol (final
concentration 20 %) was added to the culture suspension. The mixed inocula were shock-frozenin
liquid nitrogen and stored at-80 °C until usage afterwards. Priortoinfection, one aliquot was thaw on
ice and used asinoculum for5ml LB supplemented withchloramphenicol (CM, c=10 pug/ml) overnight.
The mixed tag culture was diluted 1:20 the next morning and incubated at 37 °C and 200 rpm until
reaching the logarithmic phase. The culture was washed as described (2.2.3) and adjusted to an
ODgg0 nm Of 0.5. To determine the total bacterial number within the inoculum, the bacterial solution
was plated on CM containing LBagar platesand grown overnightat 37 °C. Colonies were counted the
nextmorningand the inoculum on agar plates was prepared for tag sequencing as stated laterin this
section. The tags and their relative contribution to the reads of the inocula can be abstracted from

Table 3.



Table 3: Tags applied in WITS infection of neonatal mice in and their relative contribution to the
infectioninocula

In total, 22 isogenicstrainsinthe STy ATCC 14028 wt or AsseB background carried a 4 nucleotide tag
in theirendogenous proV gene to discriminate them viasequencing of samples. Unequal distribution
of tags to the infectioninocula was compensated by calculating an appropriate factor. By this means,
the overall numberof reads in the inoculum (139000 for wt and 127488 for ASPI-2 WITS in total) was
divided by the number of tags, resulting in a theoretical tag distribution assuming equal and ideal
mixtures (6318 reads per tag wt background, 5793 reads per tag ASPI-2 background). The actual
number of reads in the inoculum was divided by this value, resulting in individual factors used for
furtheranalysis of tag distribution ininfected organ tissue of neonate mice.

wt background ASPI-2background
BBy facor O factor
AAGA 5341 1.18 9555 0.61
AAGT 5458 1.16 9698 0.60
ACAA 411 15.37 312 18.57
ACCC 7552 0.84 3781 1.53
AGGC 8413 0.75 2278 2.54
ATCT 2135 2.96 5187 1.12
CAAC 10768 0.59 7367 0.79
CCAC 9304 0.68 2858 2.03
cccc 6970 0.91 . 5976 0.97
cceT 5679 1.11 11172 0.52
CGAA 20047 0.32 14678 0.39
CGGT 7993 0.79 . 8454 0.69
CTAC 6846 0.92 3791 1.53
GCCC 3214 197 | 2004 2.89
GGGA 2406 2.63 8178 0.71
GTGC 4487 1.41 . 2974 1.95
GTTA 8747 0.72 4626 1.25
TAAT 3750 1.68 6261 0.93
TAGA 8848 071 [N 6948 0.83
TGCA 4753 1.33 3797 1.53
TGGA 4589 1.38 3493 1.66
TTTC 1289 4.90 4060 1.43

The WITS with the STy wt background were diluted 1:1000 in sterile PBS before oral application to
1-day old mice. SPI-2-deficient WITS were applied undilutedin avolume of 1 ul per neonate (infectious
doses as stated in Figure 7). The animals were monitored daily and sacrificed at 4 days postinfection
(p.i.). Liver, spleen and mesenteric lymph node (MLN) were removed and directly homogenized in
sterile PBS. The intestinal content was harvested viathoroughly rinsing the small intestinal tubeswith
sterile PBS and collecting the flow through.Organ material was plated on CM containing agar plates to

abtain approximately 1000 CFU/plate. The plates were incubated at 37 °C overnight and formed



colonies were washed off by adding 4 ml PBS per plate and subsequently incubated at room
temperature (RT) on ashakerat 300 rpm. Bacteriawere collected via centrifugation and the pellet was
used for gDNA isolation using Master pure kit (epicentre, Madison, Wisconsin, USA). First, the pellet
was resuspendedin 600 pl lysis buffer, incubatedat 80 °C for 5 min and chilled onice for 3 min. RNAse
(2 pg) was added and incubated at 37 °C for one hour. Afterwards MPC Protein Precipitation Reagent
(Master pure kit) was mixed with the solution and phase separation was achieved via centrifugation.
Nucleicacids were washed in 70 % ethanol and the pellet containing gDNA resuspended in nuclease-
free water. In the next step, the proV gene was amplified via PCR with primers described previously
(see Appendix) (Lim et al. 2014). Ten ng of gDNA from each sample was usedas template for a two-step
PCRreactioninordertoobtainanampliconlibraryfully compatible to the multiplexing lllumina TruSeq
DNA sequencing protocol. The PCR reaction mix and protocol forinitialamplification of the proV gene

from organ homogenates are depicted in Table 4and Table 5.

Table 4: PCR reaction mix

Ingredients for preparation of PCR in order to amplify proV from Salmonella gDNA from infection
experiments of neonate mice with tagged strains (WITS).

reagent volume supplier
DreamTaq™ buffer(10x) 3ul ThermoFisher Scientifics, Hennigsdorf, Germany
proV forward primer 1 ThermoFisher Scientifics, Hennigsdorf, Germany
proVreverse primer 1 ThermoFisher Scientifics, Hennigsdorf, Germany
dNTPs 1ul Carl Roth, Karlsruhe, Germany
DI [P ieEss 0.125 pl ThermoFisher Scientifics, Hennigsdorf, Germany
(5U/ul)
gDNA 1 pl (10 ng) -
H,O nuclease-free ad 30 pl Carl Roth, Karlsruhe, Germany

Table 5: PCR protocol for amplification of proV from gDNA extracted from organ homogenates after
mixed tag infection.

step temperature time r:;:aets
der:;lﬂ::lion 98¢ 2 min
denaturation 95°C 30 sec
annealing 60 °C 20 sec 40 x
elongation 72 °C 30 sec
final elongation 72 °C 2 min

hold 4°C -



The samples were sequenced on lllumina a MiSeq system using MiSeq Reagent Kits (73 cycles/323

cycles) atthe CenterforBiotechnology (CeBiTec) at the university of Bielefeld.

Over- or underrepresentation of individual tags due to unequal contributions to the initial inoculum
were compensated by multiplying the number of reads pertag with the factor calculated beforehand
(Table 3). For graphical illustration, tags with 21 % of reads are represented by an individual color,

underrepresented tags are pooled as “others” (Figure 7).
2.2.7 Primary intestinal cell isolation

Primary intestinal epithelial cells were isolated from small intestinal tracts of orally infected neonates
as previously described (Lotz et al. 2006). Intestinal tissue of the neonates were removed and cutinto
small pieces. Tissue was incubated in 30mM EDTA PBS at 37 °C for 10 min. Vigorous shaking for 30sec
detached the epithelial cells from the underlying tissue. Cells were harvested by centrifugation at
1500 x g for 10 min at4 °C. Afterwards, cell pellets were resuspendedin 10 ml of 10% FCS/PBS and cell
suspensions were passed through a 100 um nylon cell strainer and either plated on LB containing
antibiotic plates for quantification of bacteria in intestinal tissue or collected by centrifugation for
transcriptional analysis afterwards(1500x g, 10 min, 4°C). The cell pellet was washedin PBS, collected

viacentrifugation, the cells were then resuspended in Trizol reagent and stored at -80 °C until usage.
2.2.8 Gene expression analysis

Total RNA was extracted from primary intestinal by phenol/chloroform extraction method. Trizol
frozen cells (see previous section) were thaw on ice and incubated for 5 min. Afterwards 200 ul
chloroformwere added were added pertube, samples were vortexed thoroughly and then incubated
at RT for 2 min, in which phase separation occurred. The sampleswere centrifuged at 12000 x g for 15
min at 4 °C and the RNA-containing supernatant was conferred to a new tube. Following, 500 ul
Isopropanol were added and the mixture was incubated at RT for 10 min and centrifuged again at
12000 x g for 15 min at 4 °C. The resulting pellet was washed twice in ethanol and harvested by
centrifugation at 7500 x g for 5 min at RT. The entire supernatant was removed and the pellet dried at
RT for 15 min. Then, the RNA was dissolved in water and furtheremployed for cDNA synthesis. In order
to prepare cDNA, isolated RNA was mixed with oligo d(T) primers, incubated at 65 °C for 5 min and
chilled on ice for 1 min. Afterwards, the solution was mixed with 7,5 pl Mastermix (for composition
see Table 6) and incubated to cDNA synthesis at 42 °C for 1 hour, followed by a 10 min incubation
periodat 70 °C.



Table 6: Mastermix composition for cDNA synthesis

Theingredients for cDNA synthesis of extracted RNA and their respective volumes are listed.

reagent volume per sample supplier
RT buffer (5x) 4 pl ThermoFisher Scientifics, Hennigsdorf, Germany
dNTPs 2 ul ThermoFisher Scientifics, Hennigsdorf, Germany
Rnase inhibitor 0.5 pl ThermoFisherScientifics, Hennigsdorf, Germany
reverse transcriptase 1u ThermoFisher Scientifics, Hennigsdorf, Germany

The ¢cDNA was diluted with nuclease-free water and applied in gene expression analysis by Tagman
based quantitative real-time PCR with the Tagman probes listed in Table 8. The gene expression was
compared to uninfected, age-matched controlanimals and normalizedto the housekeeping gene Hprt.

Quantitative real-time PCR (qRT-PCR) was carried out with aPCR protocol describedin Table 7.

Table 7: PCR protocol for Tagman based quantitative real-time PCR

Reading steps to determine threshold cycle (Ct) were set before (pre-PCR read) as well as after
(post-PCRread) the whole PCR and aftereach annealing step.

step temperature time cycle repeats
pre-PCRread 60 °C 30 sec
initial denaturation 95 °C 15 min
denaturation 95 °C 15 sec

40 x
annealing 60 °C 1 min
post-PCRread 60 °C 30 sec
hold 10 °C -

Table 8: Tagman probes for gene expression analysis

All probes were obtained from ThermoFisher and target murine genes. Gene expression analysis for
the respective gene was always normalized to the housekeeping gene Hprt.

name gene species assay ID supplier
Hypoxanthine ThermoFisherScientifics,
Phosphoribosyltransferase 1 mMetSERANMmB0itedtatml Hennigsdorf, Germany

Chemokine (C-X-C motif) mouse  Mm00436451_g1 ThermoFisherScientifics,

Hprt

Cxcl5

chemokineligand 5 Hennigsdorf, Germany

Cxcl? Chemok/r.ve (C-X-C motif) mouse  Mm00436450_m1 Therm9F|sherSC|ent|f|cs,
ligand 2 Hennigsdorf, Germany

Reg3y Regenerating islet-derived mouse  Mm00441228_m1 ThermoFisher Scientifics,

protein 3 gamma Hennigsdorf, Germany

ThermoFisherScientifics,
Hennigsdorf, Germany

Chemokine (C-C motif) ThermoFisherScientifics,

ligand 2 mouse  Mm00441242_m1 Hennigsdorf, Germany

Nos2 Nitric oxide synthase 2 mouse  MmO00440495 g1

Ccl2



Sqa3 Serum amyloid A-3 mouse  Mm00441203_m1 Therm9F|sherSC|ent|f|cs,
precursor Hennigsdorf, Germany

2.2.9 Immunofluorescence staining

Small intestinal tissue of neonate mice was fixed in 4 % paraformaldehyde for at least 24 hours and
embedded in paraffin afterwards. Tissue was cut in 3 um sections, deparaffinized in xylene and
rehydrated in ethanol. Antigen retrieval was conducted in 10 mM sodium citrate for 10 min and
blocking with 10 % serum in PBS/BSA solution prior to immunofluorescence staining. Primary
antibodies (Table9)in 5% BSA/PBS were incubated at RTfor one hourfollowedby washing of samples

in PBS three times.

Table 9: Primary antibodies used in this study

According to the desired target structure combination to be visualized, the listed antibodies were
appliedinrespective combinations, as stated in the figure legends within the results section.

originspecies target dilution supplier
rabbit Salmonella  1:1000 Abcam, Cambridge, United Kingdom
mouse E-cadherin 1:200 BD Biosciences, Heidelberg, Germany
chicken GFP 1:500 Abcam, Cambridge, United Kingdom

Afterwards, the secondary antibodies listed in Table 10 were added at indicated concentrations in
accordance to the primary antibody combination. Secondary antibodies were attached to a
fluorophore andincubated onthe slicesfor 1 hourat RT in the dark. The tissue sections were washed
in PBS, counterstained with Vecta Shield mounting medium containing DAPI to stain the DNA, sealed

and stored at 4 °C until usage.

Table 10: Secondary antibodies applied during this study for immunofluorescence stainings

Secondary antibodies attached to afluorophore were chosenin accordance to the originspecies of the
primary antibody (Table 9).

origin target

. . iluti li
species species dye dilution supplier
goat rabbit Alexa Fluor 488 1:200 Jackson Immunol?esea.rch, West Grove,
Pennsylvenia, United States
goat mouse Alexa Fluor 568 1:200 Jackson ImmunoBesea.rch, West Grove,
Pennsylvenia, United States
. Jackson ImmunoResearch, West Grove,
donkey chicken FITC 1:200 Pennsylvenia, United States
goat rabbit Alexa Fluor 568 1:1000 ThermoFisherScientifics, Hennigsdorf,

Germany



Samples were analysed in a Zeiss DMI600b fluorescence micropcope. Images were processed using
LAS X software (Leica, Wetzlar, Germany) and ImageJ Fiji (NIH, USA). Pictures were adjusted for

brightness and contrast.
2.2.10 Transmission electron microscopy

Infected smallintestinal tissue samples obtained from neonatal mice were processed by Urska Re pnik,
University of Oslo. Samples were fixed in 150 mM HEPES, pH 7.35, containing4 % formaldehyde and
0.1 % glutaraldehyde atroom temperature for 1 hourand subsequently stored overnightin fixative at
4 °C. Following, samples were dehydratedin acetone and embedded in EPON. Sixty nm sections were
mounted onto formvar-coated copper grids, stained with 4% uranyl acetate and lead citrate as
previously described by Reynolds and visualized in a Morgagni TEM (FEl), operated at 80 kV (Reynolds
1963). In addition, Dr. Mark Kiihnel, Hannover Medical School performed transmission electron

microscopy as described previously (Zhanget al. 2014).
2.2.11 Ethicstatement

All animals were handled in accordance with regulations defined by FELASA and the national animal
welfare body GV-SOLAS. In vivo experiments were performed in compliance with the German animal
protection law (TierSchG) and approved by the local animal welfare committee. Approvals G0293/15
and T0284/15 of the Landesamt fir Gesundheit und Soziales Berlin, Germany,
33.14.42502-04-12/0693 of the Niedersachsisches Landesamt fir Verbraucherschutz und
Lebensmittelsicherheit Oldenburg, Germany, as well as 81-02.04.2017.A397 of the Landesamt fiir

Natur, Umweltund Verbraucherschutz, North Rhine Westfalia.
2.2.12 Statistical analysis

Any statistical analysis of data during this study was conducted using GraphPad Prism 8 software.
Results of bacterialgrowth inorgan tissues and gene expressionanalysis display individual animals plus
the median if not indicated otherwise For comparison of two independent groups, student’s t-test
with Mann-Whitney-U-testwas applied, whereas statistical differences of data sets within experiments
containingthree or more distinct groups were determined viaone-way ANOVA and Dunn’s post-test.
In either case, differences p=0.05 were considered not significant (ns), * p=0.01, ** p>0.001,

*** p>0.0001, **** p<0.0001, as indicatedinthe correspondingfigurelegends.



3. Results

3.1 Functions of SPI-2 in the neonate host

The effector proteins encoded by the Salmonella pathogenicity island-2 (SPI-2) are known to be a
requirement for development of systemic virulence in adult mice for ages (Coburn et al. 2005). We
were particularly interested inthe properties of SPI-2 effectors in the pathogenesis of NTS infections
in the neonate host and therefore compared virulence of the SPI-2-deficient STy mutant versus the

wildtype strainin the first place.

3.1.1 SPI-2 effector protein translocation is crucial for systemic spread in

heonates

After oral application to neonate mice, the ASPI-2 mutant S. Typhimurium (STy) strain showed
significantly attenuated virulence in infected mice within the first 11 days after infection, whereas
more than 50 % (n=10) of animalsinfected with the same dose of wt STy succumbed to the causes of
the infection within the first5 days (Figure 3 A). Correspondingly, bacterialloads of systemictissue as
well as the mesentericlymph node (MLN) were markedly reducedin the mutant as compared to the
wt strain (p>0.0001, p=0.0023, p>0.0005, Figure 3 B-D). In stark contrast to this observation,
colonization of the small intestinal enterocytes (IECs) and colon are highly similar betweenwt and
SPI-2-deficient bacteria (Figure 3E-F). By trans-complementation, the virulent systemic phenotype of

the wt strain with increased bacterial loads of liverand spleen was restored again.
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Figure 3: SPI-2 is essential for development of systemicvirulence in the neonate host.

(A) Neonate mice orally infected with 10> CFU wt (dashed line, n=20) or SPI-2-deficient Salmonela
(solid line, n=18) were monitored daily for their degree of severity according to a well-established
scoring system (Table 2) and the survival rate was calculated inaccordance. Four days p.i. (dpi), mice
infected at 1 day post partum (p.p.) with wt (squares), AsseB STy (circles) or a complemented AsseB
mutant strain (triangles) were sacrificed and replica plating of liver (B), spleen (C), mesenteric lymph
node (MLN, D), intestinal enterocytes (IECs, E) and colon (F) homogenates revealed bacterial loads of
different tissue compartments. ANOVA with Dunn’s multiple post-test was applied to calculate
statistical significances asindicated, a p-value >0.05 isindicated by “ns”.

3.1.2 The influence of host maturation on SPI-2-independent infection

In the adult murine model, attenuated virulence of ASPI-2 STy after oral inoculation has been
accompanied by the inability to disseminate to systemic sites (Shea et al. 1999). In these animals,
colonization resistance is overcome by antibiotic treatment prior to infection (Kaiser et al. 2012), a
redundant step in neonatal mice that have not established a protective intestinal microbiota thus far.

Infection of slightly older, but still suckling mice with aweight adaptedinoculum of ASPI-2STy did not



yield detectable bacterial load in neither liver nor spleen (p=0.0004, p>0.0001, Figure 4 A-B). In
addition, the number of mutant bacteria in the MLN as well as S| and isolated enterocytes was
significantly reduced when compared to the neonatal infection (Figure 4 C-E). Different anatomical
distributions of ASPI-2 bacteria became more apparent with increasing host age. Whereas both the
proximal and distal part of the intestine are similarly loaded after a neonatal AsseB STy infection, the
distal part displayed higher bacterial densities than the proximal part in both intestinal enterocytes
and whole organ homogenates of older mice infected at 6 and 11 days post partum (p.p.) (Figure 4
F-G). Overall, bacterial burden of the intestinal enterocytes was markedly reduced in older mice, as

compared to neonates (p=0.0196, p>0.0001).
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Figure 4: Host maturation influences pathogenesis in the absence of SPI-2.

Mice were orally infected with aweight-adapted dose of AsseBSalmonellaat 1, 6 or 11 days p.p.. At4
days p.i., mice were sacrificed and organ loads were determined by replica plating forliver (A), spleen
(B) and MLN (C). Concerningthe smallintestine (SI), whole organ homogenates (E+G) were compared
to isolatedintestinal enterocytes (D+F) from the bisected other half of the Sl of the very same animal.
ANOVA with Dunn’s multiple post-test was used for statistical analysis, a p-value 2 0.05 is considered
not significant, indicated as “ns”. The bacterial load of the proximal part of the Sl and IECs was
compared to the distal part of the same compartment (F-G). Student’s t-test was used for statistics.



3.1.3 Salmonella-induced inflammation in the neonate gut

Afterdepletion of theresident microbiota by streptomycin treatment (Barthel et al. 2003), the invasion
of primarily M (microfold) cells in the gut (Haraga, Ohlson, and Miller 2008) by Salmonella induces
massive inflammation and upregulation of different cytokinesin adult mice (Kaiser et al. 2012; LaRock,
Chaudhary, and Miller 2015; Miki et al. 2017; Stecher et al. 2005). This ultimately leads to the
recruitment of immune cells to the lamina propria underlying the epithelial barrier in the intestinal
tract, probably accelerating systemic dissemination of the pathogen (Cheminay, Chakravortty, and
Hensel 2004). Hence, we next wondered whether an inability of ASPI-2 mutant bacteria to cause
inflammation might explain diminished systemicspread and attenuated virulence in the neonate host

at leastto some degree (3.1.1).

Similar to progression of NTS infections in adult mice, infection of neonate mice with wt Salmonella
yielded a significant upregulation of Cxcl5 (p=0.033), Cxcl2 (p=0.0004), Regllly (p=0.0053), Nos2
(p=0.0017) and Saa3(p=0.0016), but not Cc/2 (Figure 5 A-F). In contrast, in the absence of SPI-2, only
certain antimicrobial factors were significantly higher expressed compared to the uninfected control
(Regllly, p=0.0417; Nos2, p=0.0225 and Saa3, p=0.0193), whereas other cytokines tested were
expressed to a similar extent (Figure 5 A-F). Although the SPI-2-deficient mutant did not cause any
mortality (Figure 3 A), a dramatic induction of Regllly expression was caused by infection of the
neonate host. Peakingat 4 dpi, Regllly levels remained elevated, but simultaneously, expression also
increased under physiological conditions with maturation of the host (Figure 5 G). These processes
lead to similarRegllly levelsin ASPI-2-infected and uninfected mice atthe age of 19 days p.p. (Figure
5G).
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Figure 5: SPI-2-deficient Salmonella induce intestinal inflammation in the neonate gut.

Quantitative RTPCR of uninfected control mice (ctrl, green circles) and mice neonatally infected with
either 102 CFU wt (squares) or SPI-2-deficient Salmonella (circles) at 4 dpi. Expression of C-X-C motif
chemokine 5 (Cxcl5, A), Cxcl2 (B), regenerating islet-derived protein 3 gamma (Regllly, C), inducible
nitric oxide synthase 2 (Nos2, D), CC-chemokin-ligand-2 (Ccl2, E) and serum amyloid A 3 (Saa3, F)
normalized to the expression of the housekeeping gene Hprt is depicted as relative (rel.) expression.
ANOVA with Dunn’s multiple post test was used for statistical analysis, ap-value 20.05 is considered
not significantand indicated as “ns”. Additionaly, quantitative RTPCR for expression of Regl//ly mRNA
inintestinal enterocytesisolated atindicated time points after neonatal infection with ASPI-2 STy was
performed (G). One-day old mice were infected with 10> CFU ASPI-2 mutants (black circles) or
age-matched uninfected control animals, which were left untreated (green circles). The given results
represent the median values from two independent experiments (n=8 per group infected, n=3
uninfected control animals). The expression was normalized to the housekeeping gene Hprt.



3.2 The peculiar phenotype of SPI-2-deficient Salmonella

The colonization rate of the small intestine and colon of neonatal mice infected with wt or
SPI-2-deficient Salmonella was highly comparable (Figure 3 D-E). Earlier studies demonstrated
expression and functional secretion of SPI-2to be a necessity forintracellular survival and replication
of STy in isolated macrophages (Cirillo et al. 1998) and epithelial cell lines (Groisman and Ochman
1996). We nextaimed at the further clarification of the consequences of lacking SPI-2 effectorsin the

neonate intestine in more detail.
3.2.1 SPI-2-independent SCV formation in the neonatal small intestine

To minimize histological changes caused by the progressive infection and inflammation in wtinfected
neonates (Figure 3 B-D, Figure 5 A-F), we focused on a time point at 4 dpi. for further investigations,
where the majority of wtinfected mice displayed clear signs of systemicinfection, but didnot succumb
to the consequences yet (Figure 3 A). Immunofluorescence staining of tissue sections from wt and
AsseBinfected neonates at this time point clearly indicates the accumulation of mutantbacteriainside
an infected epithelial cell, as holds true for wt Salmonella (Figure 6 A). After invasion of a
non-phagocytic intestinal epithelial cell by translocation of SPI-1 effectors (Zhang et al. 2014),
Salmonella replicates within a specialized, membrane-bound compartment known as the
Salmonella-containing vacuole (SCV, 1.4.2) (Vazquez-Torres, Xu, et al. 2000). Although sseB-defident
Salmonella are unable to translocate the entire SPI-2 effector protein subset, SCV formation doesnot
seem to be impaired in the neonate gut (Figure 6 B). Furthermore, SCVsformed by mutant bacteria
are approximately 5times biggerthan vacuolesof wt bacteria at the sametime point (p>0.0001, Figure
6 C). Transmission electron microscopic pictures of ASPI-2-infected cells in the neonate small intestine
encourage the finding of an intact vacuole surrounding various mutants insidean infected enterocyte
(Figure 6 D). Apposite tothe attenuated virulence of mutantas compared to the wt strain, the brush
border of infected cells remained completely intact (Figure 6 D iii). Although functional translocation
of effector proteinsfrom the inside of the SCVsinto the host cell cytosol is no longer possible in the
mutant due to afragmentary translocon (Figure 2), expression of SPI-2is notimpaired and intracellular
expression of effector proteins remains functional, demonstrated by infection with a GFP-reporter
strain (Figure 6 E). This proves intact SCV formation in the small intestine of neonatal mice in the

absence of SPI-2 effector protein translocation.
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Figure 6: SCV formationin the neonate gut is SPI-2-independent.

Immunofluorescence of small intestinaltissue sections of wt (i) and ASPI-2 STy (ii) infected mice 4 days
after oral administration reveals bacterial accumulation, that can be considered as
Salmonella-containing vacuoles (SCVs) insideinfected enterocytes in both types of infection (A). Scale
bars represent5um. The compare of the number (B) and size (C) of SCVs in small intestinal sections of
wt and ASPI-2 STy reveals no significant difference in SCV formation between wt and mutant bacteria.
At least 20 fields of viewfrom 3 different animals were investigated for determination of SCV number
and at least40 SCVsfrom 3 differentanimals were measured for SCV sizes. Results represent median
values, significance was calculated with the student’s t-test ns, p>0.05. Transmission electron
microscopy pictures of SCVs from Salmonella ASPI-2 infected mice by Dr. Mark Kiihnel also hint to
membrane enclosed accumulations of bacteriainsideaninfected host cell (D). White arrows in (ii) and
(iv) indicate an intact membrane entirely surrounding the SCV. Bars represent 20 um (i), 1 um (ii), 2
pum (iii) and 0.5 um (iv). Immunostainings of SPI-2-deficient Salmonella carrying a gfp-reporter allele
underthe control of the promoter of the SPI-2 effector protein SsaG. Single channels of DNA (i, blue),



Salmonella (ii, red) GFP (iii, green) and a merged channelimage (iv) are depicted (E). Bars represent 10
pm.

3.2.2 The absence of SPI-2 influences dissemination and distribution of

subpopulations in invasive NTS infections

Expansion of knowledge regarding pathogenesis of invasive Salmonella infections has progressively
gatheredresearch attention. Astudy by Lim and colleagues made use of mixed infection with tagged
Salmonella to reveal dynamics of the infection process with special respect to bottleneck formation in
distinct steps of pathogenesis and distribution of tagged Salmonella in different tissue compartments
(Limetal. 2014). We utilized mixed infection withindividually tagged wt and ASPI-2 Salmonella in order
to prove impropertransmigration of the epithelial barrierin the neonate smallintestine by the mutant,

resultingin diminished systemicspread and attenuated virulence.

Dissemination of wt and SPI-2-deficient tagged Salmonella was investigated in neonatal mice at4 days
p.i.in the nextstep. As not all 22 subpopulations contributed equally to the infection inoculum, their
relative proportion wascalculated and considered for further evaluation. In orderto do so, the number
of reads of an individual tag was multiplied with a factor calculated beforehand to compensate for
over- or underrepresentation already present in the inoculum (see Table 3, Figure 7 A). Distributions
of individual tagged bacteria in different organ compartments of infected mice are depicted in pie
diagrams (Figure 7B-C). Onlythose tags with more than 1% of the overall reads per sample were taken
into account and are displayed with a distinct color in the pie diagram, whereas underrepresented

samplesare summarizedingrey.

Infection of neonate mice by Salmonella and especially the colonization of the intestine as the first
step in pathogenesisobviously represents a process of non-Darwinian selection, since the isolated tags
between differentanimalsinthe same compartment can vary strikingly (e.g. wtinfected animal IV vs
V). Besides this, overrepresentation of a subpopulation of WITS in the intestinal tract does not
necessarily lead to an equal proportion of it in systemic organs for neither wt nor SPI-2-defident

mutantinfection.
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Figure 7: Population dynamics in neonatal invasive NTS infection

Neonatal mice were orally infected with 10* CFU AsseB or 10*° CFU wt Salmonella. The different
contribution of each of the 22 individually taggedsubpopulationsin the inoculum s depicted inA. Each
colourrepresentsadistincttag(Table 3). At4 days p.i., homogenates of liver, spleen and MLN as well
as small intestinal flushingswere plated and all coloniesharvested by washing. gDNA was isolated and
the proV gene amplified. The amplicons were sequenced by MiSeq. Pie diagrams depict the relative
proportion (2.2.4.2, Table 3) of the different SPI1-2-deficient (B, n=7) or wt (C, n=5) WITS in investigated
organ compartments of individual animals labeled I-VIl or |-V, respectively, with all compartments of
one animal in the same row. Each color represents an individual tag conducing to more than 1 % to
the overall reads persample. Underrepresented tags are collectively shownin grey as “others”.

The differentSalmonella subpopulations within distinct tissue compartmentsof the same animal were
compared in more detail afterwards to investigate the role of SPI-2 in pathogenesis and systemic
spread a little further. Hence, the individual tags detected in more than one organ within the same
host and the resulting sequence identity among distinct tissues is contrasted between wt and AsseB
infection (Figure 8 A-D). Forthe wtinfection, sequenceidentities are high, especially betweenliver and
spleen (mean value 88 % tag identity, Figure 8 A) and moderate for liver vs Sl content (mean value
64 % tag identity, Figure 8 B), spleenvs Sl content (mean value 69 % tag identity, Figure 8 C) and MLN

vs Sl content (meanvalue 66 % tagidentity, Figure8D). In contrast to this, identitiesbetween different

53



organs within the same hostinfected with SPI-2-deficient strains are markedly decreased (mean values
tag identity: liver vs spleen 35%, liver vs Sl content 33 %, spleen vs Sl content 25% and MLN vs SI
content 60 %). As already indicated in Figure 7, populations and distribution of different tags among
distinct tissues clearly show overlaps and similarities for wt-infected neonates, whereas
subpopulations in organs of AsseB-infected mice are highly different, especially when comparing SI
contentto systemiccompartments. By comparison of tag identities, this observation could be further

validated.

The colonization of systemic organs, lymphoid tissue and small intestinal enterocytes during early
phases of the infection with tagged Salmonellais shownin Figure 8 E-H. At 2 dpi, bacterial burdenin
liver (Figure 8E), spleen (Figure 8F) and IECs (Figure 8H) is similarin wtand SPI-2-deficient WITS and
slightly increased in the mutant infection in the MLN (Figure 8 G). Between 2 and 4 dpi, a significant
increase inthe number of wt bacteriacould be detectedinall investigated organ compartments that
was absentinthe SPI-2-depleted tagged strains. This suggests aninitial dissemination event afteroral
infectionindependent of SPI-2 effector protein translocation thatis fueled during disease progression
via SPI-2 effectors. Bearing in mind previous experiments, this seems to be limited to the neonatal
period (Figure 4). Considering the different distribution of subpopulations between the two types of
infection (Figure 7), abottleneck forinvading Salmonella seems to be imposedin neonates beyondthe
gut, similarto pathogenesisinadult mice (Lim et al. 2014). Overall, populations among different organs
display high similarities in wt-background WITS infection, whereas subpopulations in systemic organs

are distinct fromthe tag distributioninthe intestine and MLN in the absence of SPI-2.
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Figure 8: SPI-2 effectors strongly influence systemicdistribution of Salmonella.

One-day old mice were orally infected with 10* (A-D) or 10° (E-H) CFU AsseB or 10° CFU wt Salmonella.
The identity of tags from mixed infection with indivudually tagged Salmonella in the wt or ASPI-2
background among differentorgans of the same animalare shown to display differences or simiartities
in the distributions of subpopulationsinthe different tissues by violin diagrams. Only those tags with
more than 1% of the reads were considered and their degree of identity between liver and spleen (A),
liver and Sl content (B), spleen and Sl content (C) or MLN and SI content (D) was calculated per
infection. Given plots respresent the median values (bold dashed line) and the sample distribution is
indicated by the different quantiles (dotted lines within violins). The number of bacteria in different
organs at 2 (open symbols) and 4 dpi (closed symbols) after oral infection with tagged strains are
compared between wt (squares) and AsseB mutant (circles) in liver (E), spleen (F), MLN (G) and SI
content (H). Student’s t-test to determine significant differences, a p-value 20.05 is displayed by
labelling “ns”.

3.2.3 MYD88 is not required for intracellular replication of ASPI-2 bacteria

Neonates, in contrast to adults, harboranimmatureimmune system, especiallyregarding the adaptive
immune response. As the gut is probably the most important interface between the sterile body
interiorand the environment, fast reactivity toinvading pathogens is of particularimportance for host
survival. Especially during early stages of aninfection, the innate immune systemis highly essential in
controlling replication of invading bacteria and their spread before an adaptive response can be
initiated. Many TLRs, as potent receptors of the innate immuneresponse, are known to be involved in
recognition of Salmonella, including TLR2 (Tukel et al. 2005), TLR4 (O'Brien et al. 1980) and TLR5
(Feuillet et al. 2006; Fulde et al. 2018; Uematsu et al. 2006). Hence, knockout of single TLRs or their



adapter protein myeloid differentiation primary response 88 (MYD88) ultimately yields increased
susceptibility in orally exposed adult mice (Sivick et al. 2014). In addition, the expression of SPI-2and
intracellularreplication aswellas SCV formation has been stated to be dependent on the acidification
of the SCV, conceivably achieved via MYD88-dependent signaling cascades in bone marrow
macrophages (BMMs) (Arpaia et al. 2011; Hapfelmeier et al. 2005). Due to these previous
observations, we aimedat the identificationof the role of MYD88-dependentTLR-signalingin neonate

mice after SPI-2 mutant infectioninthe next step.

The oral infection of Myd88knockout (KO) mice with ASPI-2 Salmonella yielded comparable bacterial
burden in the systemic organs as compared to B6N wildtype mice infected with the mutant strain.
Slightly higher bacterial burden was detected inthe spleens of Myd88KO neonates (p=0.0043, Figure
9 B), whereas colonization of liver, MLN and colon are unaffected in the absence of MYD88-signaling
cascades. More mutants could be isolated from small intestinal tissue of Myd88-deficient neonates
(p=0.0289, Figure 9 D). These findingsalready indicate that possession and secretion of SPI-2 effectors
is non-essential for bacterial survival eveninthe absence of MYD88. We next examined whether alack
of downstream TLR-signaling via MYD88influences the capability to establish and maintain SCVs inside
infected host cellsinthe neonatalintestine,as has been suggestedin earlier studies for BMMs (Arpaia
et al. 2011). Immunofluorescence of ASPI-2 infected small intestinal sections of neonatally infected
Myd88’ mice validates SCV formation without MYD88-dependent TLR-signaling at 4 days p.i. (Figure
9 F-H). Neither the number of SCVs (Figure 9 F) nor their size (Figure 9 G) differed significantly from
SCV formation in B6N neonates with intact MYD88 cascade, identifying the adaptor protein as

non-essentialinterms of SCV developmentinthe neonate gut.
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Figure 9: ASPI-2STy can colonize the neonate gut and form SCVs in the absence of MYD88.
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One-day old B6N wt or knockout mice lacking the adaptor protein MYD88 were orally infected with
10% CFU AsseB STy. Four days p.i., mice were euthanized, and bacterial loads investigated via replica



platinginliver(A), spleen (B), MLN (C), isolatedintestinal enterocytes (D) and colon (E). Smallintestinal
tissue sectionswerestained as described (2.2.7) and the number (F) of SCVsin at least 20fields of view
from 3 different animals were determined, plus at leat 40 SCVs from 3 different animals for SCV size
calculation (G). Student’s t-test with Mann-Whitney-U was used for statistical analysis to compare KO
to B6N wt mice infected with ASPI-2 mutants, p=0.05is indicated by “ns”. Immunfluorescence of SCVs
formed by ASPI-2 bacteria in Myd88/ mice (H) reveals no difference in SCV formation capabilities of
the mutant in the absence of MYD88 compared to B6N wt mice (Figure 6 A ii). Salmonella shown in
green, E-cadherininred, counterstaining with DAPI for DNA in blue, scalebar corresponds to 10 um.

3.2.4 The influence of functional NRAMP1 on NTS dissemination beyond

the gut

The commonly used mouse strain C57BL/6 allows versatile manipulations of host genetics in terms of
receptors like TLRs, cytokines like e.g. interleukins or other messengers and mediators of the adaptive
andinnate immune response. However, one major shortcoming in the examination of pathogenesis of
intracellular bacteria is a point mutation in Slc11al gene, leading to nonfunctional expression of
natural resistance-associated macrophage protein 1 (NRAMP1), expressed primarily in late
phagolysosomes of macrophages, but also in neutrophils and DCs (Blackwell et al. 2000; Canonne-
Hergaux et al. 2002; Forbesand Gros 2001). Mutations, e.g. by an amino acid substitutionin C57BL/6
and BALB/c mice resulting in a non-functional protein, have been associated with the innate
susceptibility of mice to infection with a group of unrelated intracellular parasites, including
Mycobacterium bovis, Salmonella Typhimurium, and Leishmania donovani (Vidal et al. 1995).
Furthermore, polymorphisms in Nrampl were demonstrated in association with increased
susceptibility to tuberculosis and certain autoimmune disorders in humans (Bellamy et al. 1998;
Blackwell et al. 2001). Consequently, we were interested in the degree of influence of a functional
NRAMP1in the neonate host and especially in NRAMP1-mediated killing influenced by the presence

or absence of SPI-2.

As expected, comparison of wt Salmonella infection in B6N wt (NRAMP1 negative) and Nramp*
age-matched mice revealed significantly lower viable bacterial counts in systemic tissue in the
presence of functional NRAMP1 (p<0.0001 and p=0.0004, Figure 10 A-B), whereas colonization of the
gut and mesentericlymph nodeis unaffected by the presence orabsence of afunctional allele (Figure
10 C-E). In contrast to this, if SPI-2is depleted, functional NRAMP1isirrelevant for bacterial burden in
any investigated tissue (Figure 10 A-E). Overall, thisindicates that the pathogen’s virulence factor set

rather than host geneticbackground determines the outcome of NTS infection of the neonate host.
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Figure 10: Functions of NRAMP1 in wt and AsseB STy pathogenesis
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One-day old C57BL/6N (black symbols) or Nramp 17 mice harboring a functional Nramp1 allele (red
symbols) were orally challenged with 10> CFU wt (squares) or SPI-2-deficient (circles) Salmonella. At 4
days p.i., mice were sacrificed and the bacterial burden of given organ compartments was determined
viareplicaplatingforliver(A), spleen (B), MLN (C), IECs (D) and colon (E).

Table 11: Ratio of wt vs ASPI-2Salmonellain B6N and NRAMP1*neonatal mice

Results from oral infection experiments with wt and ASPI-2 Salmonella in B6N and Nramp1* mice as
ratios between wt STy CFU/ml compared to AsseB CFU/ml (Figure 10). A ratio of e.g. 2.28 indicates
2.28 x more wt bacteriainthe respective organ as compared to tissue isolated from neonates infected

with the mutant strain. The mean of each columnisshownin bold lettersin the last row.

liver spleen MLN SI colon

B6N Nramp* B6N Nramp* B6N Nramp* B6N Nramp* B6N Nramp*

5.68 11.34 2.28 0.57 4.84 1.90 0.11 0.33 5.55 4.49

1.09 18.43 545.63 0.11 17.78 17.36 0.15 0.44 0.28 0.30
409.39 17.64 212.80 2.53 512.88 17.43 0.28 0.44 1.35 2.60
1069.99 16.69 436.51 0.64 66.51 1.45 0.96 0.17 1.05 0.35
214.00 7.95 76.39 1.07 24.73 1.48 0.49 0.01 0.06 0.02

9.89 15.59 4.91 2.16 84.48 17.12 0.14 0.30 0.50 0.09
225.01 14.61 213.09 1.09 101.62 9.41 0.04 0.19 2.38 8.26
276.44 12.82 209.77 1.18 116.12 9.46 0.31 0.27 1.60 2.30



3.3 SCV formation and maintenance in the absence of SPI-2

3.3.1 ASPI-2 Salmonella stably maintain SCVs during the suckling period

Preceding experimentsidentified SPI-2 as a negotiable factor concerning SCVformationin the neonate
small intestine (Figure 6). So far, we only investigated one particular time point and next addressed
the question, whether SCVs could not only be established, but also maintained by bacteria lacking

modulation strategies ensured by SPI-2 effector proteins (Figueiraand Holden 2012).

Within 12 days after oral application of the ASPI-2 mutant, the number of SCVs inside intestinal
enterocytes of neonatally infected mice remained relatively constant (Figure 11 A). Simultaneously,
the bacterial vacuoles continuously increased in size (Figure 11 B+C). Between 12and 14 dpi,a dropin
both numberandsize of mutant SCVs was observed. Immunofluorescent microscopy pictures suggest
an increasing number of bacteria per vacuole during host maturation (Figure 11 C). This hints at

intracellularreplication of SPI-2-deficient STy inside the neonatal enterocytes up to at least 12 dpi.
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Figure 11: Maintenance of SCVs in the small intestine during the neonate period

One-day old micewereorallyinfected with 10> CFU AsseB Salmonella. Atindicated pointsof time, mice
were sacrificed and the number (A) and size (B) of SCVs during the neonatal period was determined by



immunfluorescence of small intestinal tissue sections. Significance was calculated with ordinary one-
way ANOVA. Representative picturesdemonstrate anincreasein SCV sizeduringthe corse of infection
with the SPI-2-deficient strain (C). Comparison of intracellular Salmonella (green) at 2 dpi (I, v), 4 dpi
(ii, vi), 8 dpi (iii, vii) and 12 dpi (iv, viii), vacuoles progressively increase in size, as can be observed in
enlarged views (v-viii) of i-iv. Counterstaining of DNA (blue) and E-cadherin (red), scale bars with sizes
as indicated.

3.3.2 Metabolic demands of SPI-2-deficient Salmonella

Following, we verified intracellular replication in the absence of SPI-2. A prerequisite for replication is
the generation of biomass. SPI-2 effector proteins, besides other host cell manipulations, allow the
interaction with the host cell's microtubule network and conversion of the endosomalsysteminto an
extensive network of interconnected tubular vesicles, of which Salmonella-induced filaments (SIFs)
were describedto be linked to efficient nutritioninside the host cell (Liss et al. 2017). Despite lacking
this property, sufficient nutrient supply seems to be feasible in the neonate gut, as indicated by
ongoingsize increase of mutants’ SCVs (Figure 11). Subsequently, we supposed fusion of the SCV with
endosomal vesicles of the host cell and conducted an experiment to follow endosomal particles in the

nextstep.

After oral application of gold nanoparticles in BSA/PBS solution at 3 days p.p., their localization was
stated withinvacuolesin the smallintestine, most likely takenup into the host cell via micropinocytosis
and fusion of the endosomal vesicle containing nanoparticles with intracellular storage vacuoles,
typically seenin the neonatal gut (Figure 12 A-B) (Moon 1972; Skrzypek et al. 2007; Staley and Bush
1985). If mice were infected with SPI-2-deficient Salmonella prior to nanoparticle application, EM
pictures clearly demonstrate co-localization of applied gold particles and mutants™ SCVs (Figure 12

C-D).

Figure 12: Endosomal fusion with vacuoles and SCVs in the neonatal Sl epithelium

One-day old mice were left untreated (A, B) or orally infected with 10? CFU AsseB Salmonella (C, D). At
day 4 p.p. for the uninfected control animals or 3 dpi for infected animals, respectively, a solution of
gold nanoparticles in BSA/PBS was administered orally every 8 hours. Mice were sacrificed 24 hours
afterfirst BSA gold administration, smallintestinal tracts were removed and prepared for microscopic
investigations via TEM (2.2.8). Transmission electron microscopy pictures of small intestinal sections
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reveal localization of gold nanoparticles marked by yellow circles (B, D) kindlycreated by Urska Repnik.
Image sectioninwhite squaresin Aand C are enlargedin B and D. Scale bars with sizes as indicated.

These resultsindicate afusion of endosomal particles not only with host cell vacuoles (Figure 12 A-B),
but with mutants’ SCVsas well (Figure 12 C-D). Salmonella is a well-known metabolicgeneralist, that
subvertsthe host’s metabolic pathway forits own properintracellular nutrition (Dandekar et al. 2012;
Dandekar et al. 2014). Subsequently, we wantedto examine whether certain metabolitesare essential

for pathogenesis of Salmonella or SCV formation and maintenance in the absence of SPI-2.

Hereinafter, we compared the infection of neonatal mice with the “single” ASPI-2 strain to double
mutants lacking not only a complete T3SS-2, butin addition a functional mechanism forthe uptake of
peptides, glucose, amino acids or long-chain fatty acids. This comparative approach yielded similar
bacterial burdenin systemicorgans, MLN, intestinal enterocytes and colon (Figure 13 A-E), suggesting
that none of the tested metabolites significantly influences SPI-2-independent pathogenesis of STy.
Since colonization rates of enterocytes in the small intestine in the absence of certain uptake
mechanisms were similarto the ASPI-2 mutant strain, the assumption of functional SCV establishment
in the double mutants seemed obvious. Indeed, neither the capability of SCV formation, nor their
increased size relative to wt Salmonella differed in any tested ASPI-2 metabolic mutant strain in
comparison to the AsseB strain (Figure 13 F-1). Hence, we concluded that the uptake of peptides,
glucose, amino acids or fatty acids is dispensable for Salmonella concerning the first steps in

pathogenesisandintracellularreplicationinthe neonate host.
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Figure 13: Single metabolic pathways are dispensable in neonatal NTS infections.

One-day old mice were orally infected with 102 CFU of either SPI-2-deficient Salmonella (AsseB, black
circles), oraASPI-2 mutant strain additionallydepleted in the uptake of a certain metabolite as follows:
peptides (pep., yellowcircles), glucose (gluc., blue circles), amino acids (a.a., red circles) orlong-chain
fatty acids (f.a., green circles). Mice were sacrificed 4 days p.i. and bacterial dissemination was
determinded via replica plating of liver (A), spleen (B), MLN (C), IECs (D) and colon (E). Furthermore,
the number (F) and size (G) of mutants’ SCVs was investigated in small intestinal tissue sections by
immunofluorescence, representitavelyshown for the glukose and glucose-6-phosphate (H) and amino
acid uptake (1) mutants with Salmonella (green), DNA (blue)and E-cadherin (red). ANOVAwith Dunn’s
post-test, ns = p-value=0.05.



3.4 Transmigration of polarized enterocytes in the neonatal small intestine by

Salmonella depends on SPI-2 effector proteins

Afterthe identification of SPI-2as an expendable factor forintestinal colonization of the neonate gut,
SCV development(3.2.1) and bacterial replication inside neonatal enterocytesinthe Sl (Figure 11), we

wanted to pinpointthe function of SPI-2in neonatal NTS infections.

By histological investigations of wt and AsseB infected small intestinal tissue sections, we noticed a
distinctive localization pattern of wt Salmonella, that could not be observed in a mutant infection.
Immunofluorescence staining of small intestinal tissue infected with wt STy, capable of SPI-2 effector
protein translocation indicated SCVs found in a basolateral position in relation to the nucleus of the
host cell (Figure 14 A). This could be further validated by TEM pictures (Figure 14 B). To verify the
observations, we quantified the localization of wt SCVsinside the host cell at 2and 4 dpi (Figure 14 C).
Whereas we detected approximately 75% of wt SCVs in an apical position at 2 dpi (white bar), the
majority (55 %) of bacterial vacuoles stand basolaterally to the cell nucleus at 4 dpi (black bar) (Figure
14 C). In contrast to this, SCVs formed by STy depleted of SPI-2 were found exclusively at the apical
side of infected enterocytes (Figure 14 D) although intact membranes surrounded the huge SCVs of
ASPI-2 mutant bacteria, shown by TEM (Figure 14 E). Observations of ASPI-2SCVs in terms of cellular
localization match immunofluorescence and TEM pictures. Between 2and 4 dpi, almost 100% of SCVs
remained located apically inside enterocytes (white bars) (Figure 14 F). Overall, this proposes a
requirement of SPI-2 effectors for transmigration of enterocytes from apical to basolateral, but not

intracellular replication.
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Figure 14: A lack of SPI-2 effectors eradicates SCV transmigration in polarized epithelial cells.

SCVs formed in neonatal enterocytesin STy wt (A-C) and ASPI-2 (D-F) challenged mice at 4 dpi,
infectious dose 10? CFU. Immunofluorescence (wtin A, ASPI-2 in D) of infected small intestinal tissue
sections with localization of the SCVs (Salmonella, red) inrelation to the cell nucles (depictedin blue)
either at the apical or basolateral side of the polarized epithelial cells. TEM pictures of wt (B) and
SPI-2-deficient (E) Salmonella in small intestinal tissue of neonatally infected mice at 4 dpi by Urska
Repnik. Scale barsindicategivensizes, white boxesindicatezoom-insdepicted in the following picture
(tenfold magnification). Broken lines indicate completelymembrane enclosedSCVsinside the host cell,
stars pinpoint single bacteria, N = nucleus. The SCVs formed by wt and ASPI-2 STy were categorized
accordingtotheirlocalizationto the nucleusasindicatedin IF pictures (A+D) at 2and 4 dpi. White bars
indicate the amount of SCVsin an apical position, black bars SCVs basolateral to the nucleus. At least
30 differentcells from 3differentanimals were evaluated.

3.4.1 Single effectors for interaction with the host cell microtubule

network are accountable for the SPl-2-dependent intestinal

phenotype

In the current work, we successfully verified functional SCV formation in the neonate small intestinal
epithelium for SPI-2-deficient Salmonella. However, so far, only mutants depleted of the entire
effector protein subset encoded by SPI-2 due to abrogated translocation by the T3SS-2 were
investigated and theirintestinal phenotype of enlarged SCVs compared to wt Salmonella (3.2.1) could

not be fully clarified. Hence, we aimed at further identification of specific SPI-2 effectors responsible
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for the observed phenotype. We therefore investigated single SPI-2 effector mutantsin the neonate

hostin the following step.

Accordingtotheir purpose concerning modulation and manipulation of the host cell, effector proteins
of SPI-2 can be clustered into different functional groups (Figueira and Holden 2012). Interestingly,
those single SPI-2 effector mutants with a significantly decreased bacterial load in systemic organs
compared to the wt strain, AsseF/G, AsifA and ApipB2, share the feature of a proveninteraction with
the host cell’s microtubule system (Figure 15A-B). Other SPI-2 effector mutants investigated colonized
liver and spleen to a similar degree than wt Salmonella at 4 dpi. Unlike the complete ASPI-2 mutant,
AsseF/Gand ApipB2 also exhibited decreased bacterial burden of the small intestinal tract (Figure 15
C). We checked, whether the single SPI-2 mutants did not only resemble the systemic phenotype of
ASPI-2 Salmonella lacking the entire effector protein subset, but also the intestinal phenotype with
unaffected SCV formation capability, but increased SCV size. Indeed, quantification of mutants’ SCVs
at 2 days p.i. revealed similar numbers in infected intestinal tissue sections as detected for wt
Salmonella (Figure 15 D). Like the AsseB strain (Figure 6 C), single SPI-2 effector mutants investigated
also formed larger SCVs than the wt strain (Figure 15 E), AsseF/G: p=0.0069, AsifA: p<0.0001 and
ApipB2: p=0.0237). Summarized, those SPI-2 effector proteins ensuringinteraction with microtubules

primarily constitute the observed SPI-2-dependent phenotype in the neonate host.
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Figure 15: Contribution of individual SPI-2 effector proteins to the observed phenotype

Neonatal mice were orally infected with 10> wt Salmonella or mutants depleted of the indicated SPI-2
effector protein. Four days p.i., mice were sacrificed and bacterial counts in the liver (A), spleen (B)
and smallintestine (C) were tested by replica plating. Bacterial strains lacking a SPI-2 effector protein
with a proveninteraction with the cellular microtubule system of the host are depicted in red. Results



represent median values of 1to 3 independent experiments. Significance was calculated using ANOVA
with Dunn’s multiple post-test. Differences with p>0.05are considered notsignificantand valid if not
indicated otherwise. The number (D) and size (E) of SCVs formed by selected mutants (red circles) at 2
days p.i. are represented comparedto the wtstrain (squares) additionally. Numbers were determined
by evaluation of 20fields of viewfrom 3 differentmice.SCV size was determined by measuring 40SCVs
from 3 distinctanimals. Results represent median values, significance was calculated by ANOVA with
Dunn’s multiple post-test. Differences to the wt strain were not significant unless indicated by the
given p-value.

Overall, AsseF/G, AsifA and ApipB2 mutant STy resemble the complete SPI-2-deficient phenotype in
terms of reduced systemicdissemination (Figure 15A+B), equal colonization of the intestinal tract as
wt STy (Figure 15 C) as well as SCV formation and intravacuolar replication capability (Figure 15 D+E).
These results suggest the investigated intestinal SPI-2-dependent phenotype to rely on single SPI-2
effector proteinsinvolvedin microtubuleinteraction, SCV positioning and host cell transmigration. We
finally checked, whether a combination of single effectors with an apparent phenotype would result
in abrogation of enterocyte transmigration and systemicspread of mutantsinthe neonate. In the next
step, we investigatedthe intestinal colonization and systemic dissemination of two multi SPI-2 effector
mutant combinations that contribute to SCV localization and microtubule interaction (Figueira and
Holden 2012). Similarto single SPI-2 mutants and the AsseB strain, a combination of distinct effectors
from the same functional group resulted in decreased systemic spread compared to wt bacteria, but

equal colonization of the gut of infected neonates.

109 —— 109 —— 129 ——
T 8- —— 3 3 ot —t— 210 —t
= B 00003 0.0017 <0.0001 = B 0485 0.0005 <0.0001 s g W 0.0024 0.0245 0.0020
> 7l 5 mE N o ¢ Z 61m . Aﬂ& 2
Sal g — 08 EBe Waae S0 gy e
@ ¢ AaA o 2 $0 o ABA To
] 24 g 24 = I

)
0- 0-—T—T M09 0 T T T *r—
wt  AsseB ApipB2 Assel wt AsseB ApipB2 Assel wt AsseB ApipB2 Assel
129 —— —
-E-IZ-

=104 11 2 T 1
o 0.4348 0.5434 0.6593 810_ 0.8011 0.8165 0.9955
D gl m x o o AA
Sl LY
S n Y ) Q "L—,' 87 | ¢ °
“6{m ™ o E o °
| | ;.g! 6l

OT T 1 1 T OT T 1 T T

wt  AsseB ApipB2 Assel wt  AsseB ApipB2 Assel

Figure 16: Combined SPI-2 effector mutants resemble the AsseB phenotype in neonates

One-day old neonate mice were orallychallenged with 102 CFU multi SPI-2 effector mutant strains and
compared to bacterial numbers in STy wt (solid squares) and complete SPI-2-deficient mutants



(circles). Multiple SPI-2 effector-deficient strains were both depleted of sifA, sseF/G and the
corresponding chaperone sscBplus either pipB2(labeled ApipB2, open triangles) or sseJ (labeled Assel,
openrhombs). Animals were sacrificed at 4 dpi and investigated for bacterialnumberin total liver (A),
spleen (B), MLN (C), IECs (D) and colon (E). Results indicate individual animals from one litter plus the
median. Statistical differences were calculated with ANOVA and Dunn’s post test.



4. Discussion

The current study focusses on characterizing functions of Salmonella pathogenicity island-2 (SPI-2) in
disseminative, non-typhoidal Salmonella infections of the neonate host. We applied a previously
established oral infection model for neonate mice (Zhang et al. 2014) combined with a mutant
possessing a genetic defect, rendering bacteria unable in assembling the type three-secretion
system 2. Deletion of the SPI-2 effector protein subset resultsin an avirulentinfection of the neonate
with decreased systemic spread (Figure 3), as has been shown for adult mice (Hensel et al. 1995).
However, SPI-2 mutants successfully established and maintained SCVs inside small intestinal
enterocytes (Figure 6) clearly exhibiting intracellular replication (Figure 11) independent of
MYD88-signaling (Figure 9). With similar colonization of the gut, SCVsformed by SPI-2 mutants were
even significantly biggerin size than wt SCVs. This ledus to the conclusion that SPI-2 effectors seemto
be dispensable forintracellular replication and SCV formation in enterocytes of the neonatal small
intestine. Certain SPI-2 effectors allow the interaction with the host cell microtubule network. In the
absence of these modulators, like e.g. SifA, transmigration of enterocytes seems to be hampered,

yieldingto a “dead-end” for mutant bacteriawithin the SCVs, which finally prevents systemic disease.

4.1 Functions of SPI-2 in the neonate host
4.1.1 SPI-2 is crucial for systemic spread in the neonate host

Attenuation of virulence for SPI-2-deficient Salmonellain the neonate mouse modelisinline with the
well accepted role of SPI-2 in intracellular survival (Gerlach and Hensel 2007) and systemic
dissemination after oral infection in adult animals (Watson and Holden 2010). Consistent with the
latter finding, bacterial burdens observed in this study in systemic organs and the MLN of mutants
were markedly reduced compared to wt bacteria (Figure 3). In the adult gastroenteritis model,
antibiotic treatment prior to oral Salmonella infection and a high infectious dose of 10— 10° CFU is
required for effective NTS infection (Barthel et al. 2003; Miki et al. 2017). Competitionof the pathogen
with the enteric microbiota is omitted in the neonate gut, which is only poorly colonized at the time
point of oral challenge, explaining the sufficiency of a lower number of bacteria (10? CFU, 2.2.4). In
general, it is commonly accepted that SPI-2 is of crucial importance in terms of replication in
macrophages at systemic sites and that, in contrast to a ASPI-1 mutant, a SPI-2-deficient strain is
avirulentin mouse modelsafterintraperitoneal injection(Hensel et al. 1995; Shea et al. 1996; Ochman
et al. 1996). A study by Grant and colleagues demonstrated the number of SPI-2-depletedbacteria per

phagocyte to be higher than for wt STy, but that mutants displayed deficiencies in cell-to-cell spread



and establishment of new infection foci due to failures in host cell evasion, significantly contributing

to virulence attenuationin the adult murine model (Grant et al. 2012).

However, bearingin mindthe assumption that successful intracellular replication stronglydepends on
proper SCV formation by SPI-2 effectors, equal colonization of the intestinal tract by wt and ASPI-2 STy
is counterintuitive in the first place. To a large extent, this is attributable to the immature small
intestinal epithelium constitutinga unique environment, especially concerning metabolicdemands of
the intracellular pathogen (Bumann and Schothorst 2017; Noster et al. 2019) discussed later in this
study (4.3.1). Complementation of sseB restores systemic dissemination capability. Compared to wt
and SPI-2-deficient bacteria, the number of complemented mutants in intestinal enterocytes was

slightly elevated, probably due to the incorporated plasmid for episomal expression (Table 13).

4.1.2 The influence of host maturation on SPI-2-independent NTS

pathogenesis

Breaching the epithelial barrier in the intestine is considered the initial step in pathogenesis of
NTS-infections (Muller et al. 2012). This might be facilitated by different mechanisms, classified into
eitherdirect, one-step, ortwo-step invasion strategies. Intestinal cryptopatches and isolated lymphoid
follicles (ILFs), crucial for the intestinal immune system are formed after birth in mice. Specialized
epithelial cells, known as microfold (M) cells, reside above ILFs and Peyer's patches and facilitate
antigen transport from the lumen to the underlying lymphoid cells (Renz, Brandtzaeg, and Hornef
2012). The invasion of Peyer’s patches via specialized M cells constitutes a potent entry port for
Salmonella in a two-step process (Hase et al. 2009; Santos and Baumler 2004). In adult mouse NTS
infections, the most distal Peyer’s patches in the terminal ileum are the primary site of intestinal
invasion (Carterand Collins 1974; Jones, Ghori, and Falkow 1994). Since differences between proximal
and distal small intestine as well as between enterocytes isolated from the two distinct gut
compartments became more apparent with ageing of the host, findings from previous studies are

supported (Figure 4).

Zhang and colleagues demonstrated the invasion pathway of Salmonella in mice to be highly age
dependent. Incomplete M cell development in the neonate host forces bacteria to trigger
SPI-1-induced enterocyte invasion and utilize an alternative two-step strategy by invading the
absorptive mucosa, whereas fully mature M cells constitute the primary entry port in older animals
(Zhang et al. 2014). Hence, a probable explanation for bacterial burden in small intestinal tissue and
isolated enterocytes of juvenile mice is the onward appearance of functional M cells during host
maturation (Figure 4 D-G). Nevertheless and in contrast to neonate mice, invasion of epithelial cells

and SCV formation was not observed if animals were infected at a later age and SPI-2-independent



Ill

SCV formation only seems feasible at an early neonatal “window of opportunity” and in case
Salmonella ends up in enterocytes (Renz et al. 2018). M cell frequency gradually increases along the
proximal-distal axis of the small intestine, peaking in the terminal ileum (Pabst et al. 2005). This
explicates the observation of more pronounced differences in bacterial loads between proximal and
distal Sl in older animals that could not be observed in neonatal mice (Figure 4 E+G). In addition to

physiological increase in Mcells, Salmonella triggers differentiation of enterocytesinto Mcells by the

SPI-1effector protein SopB (Rouch et al. 2016; Tahoun et al. 2012).

Furthermore, a number of fundamental differences distinguish the neonate and adult gut epithelium
in mice, e.g. in terms of the thickness of the protective mucus layer. In adult mice, mucosal
translocation of Salmonella is strongly affected by the thickness and composition of the intestinal
mucus (Zarepouret al. 2013; Zhang et al. 2014). Paneth cells, secretinga huge range of antimicrobial
peptides in the intestinal crypts, are immature in newborn mice. This alters the expression profile
during host maturation from a striking secretion of e.g. CRAMP in the neonatal period to a broader
defensive peptide spectrum in the adult mouse (Menard et al. 2008). This shift in secreted
antimicrobial peptides and the mature mucus layer form a defensive shield in adult mice, conferring
protection against invading pathogens (Ayabe et al. 2000; Dupont et al. 2015; Salzman et al. 2003;
Wilson etal. 1999). Finally, exfoliation of enterocytes, that participates in the constant renewal of the
intestinal epithelium, is not yet established in newborn mice, revealing a major reason for
gastroenteritis caused by NTS being usually self-limiting in healthy adults (de Santa Barbara, van den

Brink, and Roberts 2003; Muncan et al. 2011).

4.1.3 Intestinal inflammation is induced even in the absence of SPI-2

effectors

Besidesthe occurrence of mature Mcells at 10 to 12 days p.p. (de Santa Barbara, van den Brink, and
Roberts 2003; Harper et al. 2011), colonization resistance enabled by the progressively domiciling
microbiotaimpedes intestinal invasion by Salmonella. In line withliterature, initial enterocyte invasion
by SPI-1 effectors induces a local inflammatory response within the first 6-8 hours after infection
(Altmeyeret al. 2010; Bruno et al. 2009; Patel and Galan 2005) evenin the absence of SPI-2, but this
induction is only temporal and strikingly diminished compared to virulent wt bacteria at 4 days p.i.
(Figure 5). SPI-1-induced activation of mitogen-activated protein kinase (MAPK) pathways leadsto an
enhancement in proinflammatory cytokine production, like e.g. interleukin-8, recruitment of
polymorphonuclear leukocytes (PMNs) and induction of acute intestinal inflammation and
macrophage cell death, further exacerbatinginflammation (Bruno et al. 2009; Galyov et al. 1997; Lee

et al. 2000; van der Velden et al. 2000). Gut inflammation caused by penetration of the intestinal



barrier by Salmonella was identified as a “double-edged sword” being detrimental and beneficial for
pathogenesis simultaneously. Antimicrobial substances and reactive oxygen species diminish luminal
bacteria on the one hand, but foster transmission and bacterial dissemination via the inflammatory
response on the otherhand(Maier et al. 2014; Santos et al. 2009). Exploiting the inflammationenables
Salmonella to outcompete the inhabitant microbiota by utilizing tetrathionate as an electronacceptor,
conferring a highly beneficial growth advantage in the lumen of the inflamed gut (Faber et al. 2017,
Stecher et al. 2007; Winter et al. 2010). Inducing inflammation by intestinal invasion might provide
benefits for Salmonella in terms of competition with other microbes in older mice rather than in
neonates, explaining bacterial load of intestinal tissue in mice infected at later time points. However,
the capability of SPI-2-independent SCV formationin intestinal epithelial cells seems to be limited to
the neonatal period, asno SCVs were detected in miceinfected at later stages. Furthermore, migration
from the gutto the MLN isimpairedin miceinfected at6and 11 day p.p. and no mutants were detected
in neither liver nor spleen of these animals (Figure 4 A-C). This leads to the assumption of a
SPI-2-independent disseminative pathway from lymphoid organs to systemic compartments that is

solelyrestricted to the neonatal period.

4.2 SPI-2-deficient bacteria display an unexpected phenotype in the neonate

intestine

Previous studies identified SPI-2 as an indispensable requirement for SCV formation and hence
effective bacterial growth and replication inside the host (Abrahams, Muller, and Hensel 2006).
Nevertheless, SPI-2-independent replication in the cytosol of Hela cells represents an alternative, but
comparably slow duplication strategy observed in vitro (Malik-Kale, Winfree, and Steele-Mortimer
2012). Other studies demonstrated Salmonella ASPI-2 mutants to be defective for replication in the
cytosol of fibroblasts or macrophages (Beuzon, Salcedo, and Holden 2002). Indeed, to the best of our
knowledge, only one particular study claims SPI-2-independent survival and replication of Salmonella
Typhi in human macrophages (Forest et al. 2010). As SPI-2 was observed to be indispensable for
replication in various cell lines in vitro in the majority of previous examinations (Ochman et al. 1996;
Helaine et al. 2010), the assumption of defective replication of mutant Salmonella inside the host
animal seems obvious (Cirillo et al. 1998; Hensel et al. 1998; Shea et al. 1999). This is underlined by
studies revealing survival of ASPI-2 mutantsin liverand spleen tissue, but limited to no detectable net
growth in numbers (Salcedo et al. 2001; Shea et al. 1999). In line with this, SPI-2-independent SCV
formationin epithelialcells, as far as we know, has neverbeen observed before (Malik-Kale, Winfree,

and Steele-Mortimer 2012).



Considering this well-accepted dogma, examination of unimpaired SCV formation potential in the
absence of SPI-2is quite astonishing (Figure 6). Bearingin mind replication defects of mutants lacking
the effector proteins of SPI-2 described previously in certain cell lines, this does not seem to be
applicable intheintestinal epithelium of neonate mice. SCVs formed inthe absence of SPI-2 were even
significantly bigger in size than those formed by wt bacteria with intact SPI-2 T3SS effector
translocation. High intracellular growth rates of SPI-2-deficient Salmonella have been described after
intravenous infection of adult mice in CD18* phagocytes before (Grantetal. 2012). Inadditionto high
intracellular bacterial densities of the mutants, hampered cell evasion and bacterial spread compared
to wt bacteriawas monitored. Cytotoxic effects accompanied by functions of SPI-2 effectors proteins,
like e.g. SseL and SpvB, result in host cell death and hence have been demonstrated to influence the
numberofintracellularbacteriain vitro (Guiney and Fierer 2011; Rytkonen et al. 2007). Nevertheless,
single effector mutants did not recreate heavily infected cell characteristics of the SPI-2 mutant. This
includesreduced spread and increased number of mutants per cell in vivo observedin thisand other
studies (Grant et al. 2012). Findings in this neonatal mouse infection model match previous
observations. However, in contrast to the study by Grant and colleagues, in which breaching the
intestinal epithelial barrier was bypassed by i.v. injection, infection of neonate mice emphasized the
urge of SPI-2 effectors to earlier phases of an infection during intestinal growth. Rather than due to
hampered induction of apoptosis, higher bacterial densities of the mutant resulted from reduced
cell-to-cell spread. In the absence of a functional NADPH oxidase, the number of infection fod of
SPI-2-deficient mutants was similar to those in mice effectively producing ROS as a mechanism of
innate host defense (Mastroeni et al. 2000; Vazquez-Torres, Jones-Carson, et al. 2000). Even though
phagocytic NADPH activity might explain diminished systemic spread beyond the gut at least in part,
the high intracellular densities and SCV formation of the SPI-2-deficient mutant in the neonate

intestinal epithelium as examined in this study remains unclear.

In agreement with the attenuated systemic phenotype, ASPI-2 Salmonella neither affect the brush
borderintegrity of SCV-containingenterocytesin the small intestine of neonatal mice (Figure 6D), nor

induced any detectable tissue damage.

4.2.1 Population dynamics of NTS pathogenesis and its dependence on

SPI-2 effectors

Co-infections with tagged bacteria offerinsights into the dynamics of bacterial populations during the
course of an infection clearly exceeding possibilities facilitated by “classical” infection experiments
(Crimmins and Isberg 2012; Grant et al. 2008; Kaiser et al. 2013; Kaiser et al. 2014; Mastroeni and

Grant 2011). Hence, WITS experiments constitute promising opportunities to gain deeper perceptions



into host-pathogen interactions, e.g. in therapeutic aspects and vaccine design (Lim et al. 2014;
Martinoli, Chiavelli, and Rescigno 2007; Mastroeni et al. 2009; Michetti et al. 1992; Pabst 2012). A
study by Lim and colleagues successfully identified independent colonization of the Peyer’s patchesin
the intestine, the lymphoid tissue and systemic sites, as well as bottlenecks during the infectious
process imposed by the host organism in adult STy-infected mice (Lim et al. 2014). Furthermore,
distinct cells of the innate immune system, decoyed to the lamina propria in the intestine by
Salmonella-induced inflammation, were shown to be hijacked by the pathogen, carrying bacteria from
the gut to systemicorgansas a “Trojan horse”, thereby enabling systemicdissemination (Maieretal.

2014).

Like in otherstudies, contribution of WITS to the initial inoculum was not equal, but since the number
of reads was multiplied with a calculated factor for final evaluation, theimbalance in WITS contribution
to the inoculais counterbalanced and can be neglected (2.2.4). As holds true for the adult host,
colonization of the neonatal intestine follows non-Darwinian selection processes with identical
biological fitness and invasion capacities of each of the tested WITS (Figure 7). Obviously, spread of wt
and SPI-2-deficient Salmonella follows entirely distinct patterns and processes, as demonstrated by
high similarities among all investigated organ compartments in wt but not ASPI-2 infected neonates.
Considering these findings, a disseminative route of wt bacteria, starting with SPI-1-facilitated
intestinal enterocyteinvasion, SCV formation and intracellular replication, followed by cell evasion and
access toimmune cellsinthe lamina propria, spread to the MLN and, finally, systemic dissemination,
accompanied by bacteremia and multi organ failure, seems very likely. Analysis of the S| content,
especially as compared to the SPI-2 mutant tagged strains infection, revealed unequal distribution of
isolated tagged strains and an overallreduction in the number of different WITS in the wt background.
Maier and colleagues already described this effect beforehand. In adult STy WITS infected mice, they
observeda bottleneck limiting the diversity of the gut luminal pathogen population between day 1-4
p.i. and a drop in cecal and fecal population densities at day 2 p.i. (Maier et al. 2014; Stecher et al.
2007). On the one hand, this is partly explainable by the inflammatory response induced by the
pathogen and, besides this, aphenomenon referredto as “blooming”, since theinflamed environment
of the gutfavors growth of STy in contrast to other bacteria. Nevertheless, evenin adult mice harboring
a mature adaptive immune system additive to the innate inflammatory response, the gut luminal
pathogen population is only temporarily restricted by inflammation, because STy established
strategies allowing subversion of the gut luminal inflammation and efficient colonization of this niche

(Miki and Hardt 2013; Stecheret al. 2007).

However, in the absence of SPI-2, population dynamics utilizing WITS in the AsseB background showed

low similarities to the wt background WITS traced route of infection. A high proportion of different



tagged strains was isolated from the Sl content, underlining previousobservations and suggesting little
tonoselectionintheintestinal lumen (Limet al. 2014). To a certain extent, thisis probablyattributable
to the diminished inflammatory response in the mutant infection compared to the wt (Figure 5)
(Medzhitov 2007). Despite lacking functional SPI-2 effector translocationand the possibility to interact
with the host cell’s microtubule network and modifyendosomal trafficking by the aid of SPI-2 virulence
factors, distribution of tags within Sl content and the MLN of mutantinfected neonatesdisplayed many
overlaps (Figure 7 B, Figure 8 D). This seems contradictory in the first place and demonstrates a
SPI-2-independent migration pathway from the gut to lymphatics. On the other hand, infection of
systemictissueseems to originate from a different, unrelated pool of bacteria, as already observed for
wtinfection of adult mice using the streptomycin model (Lim et al. 2014; Maier et al. 2014). Salmonella
Typhiis known to reach the gallbladderand reside inthere, which could be applicable for STy as well
(Ong et al. 2013; Zhang, Hornef, and Fulde 2015). Hence, the detected pool of WITS in systemic
compartments might arise from the bile ducts, where, like inthe intestine, colonization resistance by
residing commensals is established postnatally and was probably not completed at 1 day p.p.
(Fremont-Rahletal. 2013; Jee etal. 2017). Reduced inflammatory host response caused by ASPI-2 STy
infection abolished bottleneck formation in the gut, in contrast to the wt infection, which elicted
apparent histopathological damage (Figure 5) (Hapfelmeier et al. 2005). These results reflect literature
knowledge, e.g. thatthe degree of inflammation fuels WITS-diversity loss and the suggestion that the
grade of inflammation dictates the efficiency of the intestinal epithelial barrier at least in part
(Ackermann et al. 2008; Diard et al. 2013; llg et al. 2009; Stecher et al. 2008). The key role of
inflammation in bottleneck imposition and maintenance of barrier integrity is further supported by
transmission of disseminative features to the SPI-2 mutant tagged strains in mixed infection
experiments with wt background WITS (Maier et al. 2014). The observed reduction in luminal WITS
diversity in wt infected adult mice gained in other studies as well as in neonates in this study was
ascribed to granulocytes and probably ROS-mediated killing mechanisms previously (Maier et al. 2014).
Tissue infiltration and transmigration of granulocytes into the gut lumen constitutes a hallmark of
Salmonella-induced inflammation, hence this bottleneck is pronouncedly examined in virulent WITS
infection, but not in the ASPI-2 background (Kaiser et al. 2012). Still, dissemination to the MLN does
not seemto be impairedinthe absence of SPI-2and might be facilitated via DC-mediated transport of
Salmonella, as suggested earlier (Voedisch et al. 2009). DCs constitute an innate immune cell
population beneath the epithelial barrier already present at birth in mice (Torow et al. 2015).
Consistent with this assumption, luminal sampling of Salmonella within the intestine has been
proposed as a strategy to overcome the epithelial barrier without SPI-1-mediated cellular invasion

(Sansonetti 2002).



The population similarities within wt infected liver and spleen compared to the Sl content most
probably originate from a disseminative route of bacteria as described before. In more detail, the
populationsisolated from systemictissue might be the result of accumulativeindividual, autonomous
processes: first, bacteria might reach the liver via the bile duct. Second, DCs sample gut luminal
bacteriaor a paracellular pathway is utilized interms of a “leaky gut” and pending gut closure allows
spread to the MLN and systemic organs independent of SPI-2 and without intestinal enterocyte
invasion (Vukavic 1984; Walker 1979). Third, bacteria invade the epithelial layerin the SI, replicate
within SCVs, evade the host cell and spread systemically in a continuous, self-accelerated process,
reinforced by massive tissue destruction and immune cell infiltration to the lamina propria.
Alternatively, single vacuolated bacteria mighttraverse the epithelial layer without replication inside
SCVs inthe gutin a SPI-2 independent manner. These processes lead to assimilation of the systemic
populationto WITS detected inthe intestine. As this population alignmentis absentin WITS harboring
a SPI-2-deficient background, the third pathway is considered the major one for NTS in the neonate
host. Synergy of different processes sums up to dissemination to systemic organs, supported by the
finding of an accumulation of bacteria in systemic tissue of wt, but not ASPI-2 tagged STy between 2

and 4 dpi (Figure 8 E-H).
4.2.2 Functions of MYD88-signaling in NTS pathogenesis in the neonate

The mammalian host poses various challengesto aninvading pathogen, due toits complex nature and
distinct environments the pathogen is exposed to during the course of infection. As expression of
virulence factorsis highly costly, the extracellular environmentis commonly used by a large variety of
pathogensto regulate theirexpression profileand rapidly respond to environmental changes (Brown
et al. 2005). Various signals have beenimplicated in the transcriptional induction of intracellular SPI-2
gene expressionin otherstudies (Chakravortty et al. 2005; Deiwick and Hensel 1999). Acidification of
the phagolysosome belongs to the most prominent host cell stimuli required for functional SPI-2
effector transcription and translocation (Cirillo et al. 1998; Deiwick et al. 1999; Deiwick and Hensel
1999; Rappl, Deiwick, and Hensel 2003). In accordance to this, rapid acidification by TLR-signaling has
been identified to be crucial for intracellular survival, replication and SCV formation of Salmonela in
BMMs beforehand (Arpaiaetal. 2011). Failure to decrease pH inside the vacuole leads to insuffident
SPI-2 gene induction and hampers intracellular replication of the pathogen in macrophages isolated
from TLR-deficient mice. More globally, despite replication deficiencies in BMMs lacking TLR2, TLR4
and TLR9, KO animals were examined to be less susceptibleto STy wtinfection, because the pathogen
was unable to induce sufficient SPI-2 gene expression in the absence of TLR-signaling (Arpaia et al.
2011). Indeed, T3SS-2 was dispensable in the absence of TLR2, 4 and 9 signaling after systemic

administration via intraperitoneal (i.p.) infection of adult animals and wt and SPI-2-deficient bacteria



were isolated in equal amounts from systemictissue early (Sivick et al. 2014). In contrast to this, oral
infection mimicking natural NTS infection depends on the SPI-2 T3SS, even in the absence of
TLR-signaling (Sivick et al. 2014). Inthe neonate mouse modelappliedin this study, SPI-2-deficient STy
were avirulent after oral infection as well, but unlikeinvestigations by Sivick and colleagues, induction
of SPI-2 gene expression was possible in intestinal enterocytes lacking downstream TLR-signaling via
MYD88. Furthermore and in contrast to BMMs, replication and SCV formation in the absence of
functional SPI-2 effector protein translocation was feasible in MYD88 knockout mice (Figure 9 F-G).
Other studies also examined SPI-2 expression without intracellular acidification or even epithelial
penetrationintheileallumenof orally challenged mice (Brown et al. 2005). Hence, acidic pH seems to
be a potent stimulus rather than crucial necessity to induce SPI-2 gene expression in vivo. In the
absence of TLR-signaling cascades, otherenvironmental cues are obviouslyexploited by Salmonelia to

induce SPI-2gene expression (Sivick et al. 2014).

Besides facilitating rapid phagosomal acidification, recognition of Salmonella and other invading
pathogensvia PRRs as a central part of the innate immune system is of crucialimportancein neonates.
This holds true with special respect to the immature and time consuming adaptive immune response
(Woolhouse et al. 2002). TLRs recognize a variety of conserved microbial ligands associated with
invading pathogens, so-called PAMPs (Janeway 1989; Medzhitov 2007). Recognition of S. Typhimurium
is primarily mediated by TLR2, TLR4 and TLR5, bindinglipoproteins, lipopolysaccharides and flagellin,
respectively (Fulde et al. 2018; Royle et al. 2003; Vazquez-Torres et al. 2004). Accordingto literature,
mice depleted in TLRs, especially TLR4, display higher susceptibilitiesto STy infection (Weiss et al.
2004). Still, unlike previous studies, intracellularreplicationand SCV formationin the neonateintestine
is obviously feasible in the absence of MYD88-signaling cascades. At least in part, this might be
attributable to TRIF-dependent signaling via TLR4in MYD88 KO mice (Stockingeretal. 2014). Thiscan
not be excludedby ourfindings, but stillseemsratherunlikely considering the fact that SCV formation
of the ASPI-2 mutantis highlysimilarin the presenceand absence of MYD88 (Figure 9 F-H). Recognition
of bacterial ligands by cell surface or endosomal TLRs can initiate signaling cascades via MYDS88,
ultimately leadingto e.g. cytokine, chemokine orantimicrobial peptide production (Newton and Dixit
2012). Bearingin mind initial upregulation of inflammatory cytokines upon enterocyte invasion in the
absence of SPI-2 (Figure5), this study emphasizes the uniqueness of the neonateintestinal epithelium,
allowing formation of a replicative compartmentinthe absence of a huge subset of virulence factors

and host cell derived innate immunesignaling.



4.2.3 Contribution of functional NRAMP1 to NTS pathogenesis in the

presence and absence of SPI-2 effectors

Adult NTS-susceptible C57BL/6 mice, which express the mutant Nramp1°2%° allele, were identified
being unable to control acute infection with STy afteri.p. or oral inoculation (Loomis et al. 2014). As
demonstrated earlier, thisis rather due to counteraction of NRAMP1 against the ability of Salmonella
to prevent lysosomal degradation inside the SCV. This allows the normal degradative pathway of
macrophages to proceed and eradicate the pathogenin the presence of functional NRAMP1 (Cuellar-
Mata et al. 2002). Furthermore, NRAMP1 alters the maturation pattern of the SCV in cultured
phagocytic cells, like RAW264.7, and can mediate the up-regulation of SPI-2 virulence genes in the
murine typhoidmodel(Zaharik et al. 2002). Nevertheless, Zaharikand colleagues described a necessity

for SPI1-2 effectortranslocation for functional replication in splenictissue of Nramp** mice.

As one would expect considering absence of NRAMP1in cells of the epithelial barrier lining, effects by
possession of functional NRAMP1 of mice only became apparent beyond the gutin systemictissueand
lymphatics, harboring immune cells such as macrophages, neutrophils and DCs expressing the ion
channelintheir cellmembranes (Fritsche et al. 2012). Like inthe adult host, incorporation of a working
Nramp1 dramatically reduced bacterial burden in systemic tissue in the fully virulent wt Salmonelia
strain infection (Figure 10 A-C). The number of ASPI-2 mutants, as compared to the wt strain, was
reducedin Nramp*neonates, although to a smallerextentthanin the absence of NRAMP1-mediated
killing (Table 11, Figure 10). However, geneticbackground of the pathogen had afargreaterimpact on
bacterial loads in systemic organs than the host’s genotype. Infection experiments were terminated
after 4 days, nevertheless complete protection to STy wt infection in Nramp™ neonates is rather
unlikely. More probable, higher effectivityin killing the pathogen by macrophages and leukocytes only
delays pathogenesis but flooding of bacteria from the intestine into the blood stream and systemic
organs remains lethal to the immature host. Furthermore, as demonstrated earlier, greater
splenomegaly, blood neutrophil and monocyte counts, as well as higher proinflammatory serum
cytokine and chemokineresponseswere investigated in adult mice C57BL/6 Nramp1°1%° with restored
NRAMP1 comparedto Sv129S6 mice with anintactallele. This suggests that other host factors, besides

NRAMP1, are involvedin resistance against NTS infection (Brown et al. 2013; Loomis et al. 2014).

4.3 SCV formation and maintenance in the absence of SPI-2

The major understanding of NTS pathogenesis states that distinct virulence systems operate during
the intestinal and systemic phases of infection and that these virulence systems display little overlap

in their spatiotemporal activation (Brown et al. 2005). Our studies so far demonstrated that SPI-2 is



dispensable interms of SCV formation and intracellular replication in the neonateintestine (Figure 6).
However, during maturation, major changes influence physiology of the intestinal epithelium (Chassin
et al. 2010; Renz, Brandtzaeg, and Hornef 2012). We decided to investigate consequencesof intestinal
development on intracellular SPI-2 mutants in the next step and examined mutants™ SCVs until
weaning. Surprisingly, SCVs are not only stably maintained during the first 12 days after oral challenge
of neonates, but furthermore even progressively increase in size (Figure 11). This was completely
unexpected, as one major function of SPI-2 effectors is the formation of tubular extensions, called
Salmonella-induced filaments (SIFs) from the SCV, thereby renderingit a replicative niche by ensuring
appropriate nutrientsupply (Birmingham et al. 2005; Brumell, Tang, et al. 2001; Krieger et al. 2014).
Althoughthisis no longerfeasible inthe absence of a functional SPI-2 T3SS, mutants preserved their
intracellular vacuolar compartment and increased in numbers inside infected enterocytes, most
probably due to ongoing bacterial replication. Since the number of SCVs remained relatively stable,
but establishment of new SCVs due to luminal re-infection seems very unlikely (3.1.2), the most
probable explanation for the observed phenotype is initial SPI-1-mediated enterocyte invasion,
SPI-2-independent SCV formation and intracellular replication. Although an initial inflammatory
response via e.g. Regllly expression could be monitored in the absence of SPI-2, expression adjusted
to levels detected in uninfected control mice overtime (Figure 5), indicating no harm to the host cell
by intracellular SPI-2 mutants and supported by the finding of intact cell membrane and brush border
(Figure 6 D). The drop in SCV number between 12 and 14 days p.i. perhaps results from intestinal
maturation, involving stem cell development, intestinal crypt formation and cell renewal (Renz,
Brandtzaeg, and Hornef 2012). Nascent desquamation leads to the loss of infected epithelial cellsand

intestinal clearance overtime.

4.3.1 Unique metabolic properties of the neonatal intestinal epithelium

influence metabolic demands of Salmonella

As for very many other pathogens, survival of Salmonella highly depends on successful adaptation to
the different environmental features that bacteria need to face during pathogenesis. This espedially
holds true concerning intracellular metabolism and bacterial proliferation inside the host cell.
Salmonellais known as a metabolicgeneralist, capable of utilizing a huge variety of distinct substances,
includinge.g. mono-and disaccharides, fatty acids and peptides (Dandekar et al. 2012; Dandekaretal.
2014). However,inthe currentunderstanding, SPI-2 effectors werecrucial forintracellularsurvival in
terms of formation of tubular extensions from the SCV in different host cells. These tubular,
membranous extensions from the SCV observedin Hela cells, termed 'Salmonella-induced filaments'
or SIFs were shown to contain lysosomal membrane glycoproteins, indicative of vesicular fusion and

thus might be of particularimportance for Salmonella concerning intracellular nutrition (Garcia-del



Portillo et al. 1993). Additionally bearingin mind the special properties of the neonatal intestine during
the suckling period, we wanted to examine intracellular metabolism of Salmonella in the absence of
SPI-2in more detail. Increase in SCV size and bacterial numbers per SCV observedin this studyis most
likely attributable to ongoing bacterial replication, and thisgeneration of new biomass depends on the
utilization of certain metabolites and proper nutrition (Figure 12) (Liss et al. 2017; Sindhwani et al.
2017). Microcolony formationwas demonstrated to result frominvasionof asingle bacterial cell rather
than clumps of bacteria as a process of clonal expansion (Grant et al. 2012; Zhang et al. 2018). Opposing
to this, SPI-2-deficient mutant bacteria were isolated from the intestinal tract of orally challenged
neonates at a similar rate as wt bacteria, indicating that intracellular nutrition and replication of

Salmonellais obviously independent of SPI-2 effector protein functions and SIF formation (Figure 3).

Detection of orally applied gold nanoparticles in BSA/PBS solution in uninfected vacuoles as well as
SCVs of SPI-2-deficient Salmonella gives hints to the assumption of endosomal or lysosomal vesides
fusing with enterocyticvacuoles, as well as membrane-enclosed accumulations of mutants inside the
host cell (Figure 12). Nevertheless, intracellular mutant bacteria are not killed and degraded by the
host cell, butinstead retaintheir SCV inside enterocytes without harmingthe host cell for at least 12
days p.i. (3.3.1). Thisresembles recent findings, demonstrating an accumulation of lysosomal proteins,
like e.g. LAMP1, inthe SCVwithoutenrichmentin lysosomal hydrolases (Domingues, Holden,and Mota
2014; Steele-Mortimer2008). Intestinal growth, dissemination to systemicorgans and establishment
of SCVs of mutants defective in SPI-2 effector translocation as well as the uptake of either sugars,
peptides, amino acids or long chain fatty acids was almost identical to the behavior and traits of the
SPI-2 mutant fully functional in uptake of all mentioned substances (Figure 13). As a consequence,
none of these substances seems to be crucial for SCV formation and intracellular nutrition in the
neonate host. Usually, attenuated virulence of auxotrophic mutant Salmonella is based on defective
intracellularreplication due to auxotrophiesin a murine model of typhoid fever (Fields et al. 1986). In
these adult animal models, the SCV is commonly considered as a nutritional deprived environment
(Mastroeni et al. 2009). Functional replication of mutants defective in the uptake of certain common
metabolites in the neonate gut matches the commonly accepted understanding of the generalized
metabolicproperties and demands of Salmonella observedin otherstudies (Bowden et al. 2009; Lim
et al. 2010; Steeb et al. 2013). In neonatal NTS infections, Salmonella appears to be capable of

exploiting the uniquefeatures of the intestinal enterocytes forintracellular survival and proliferation.

Overall, findings of these studies assemble to the following presumption: Unique metabolicdemands
and transport machineries of the neonate intestine favor strong vacuolation of enterocytes and
formation of enlarged vacuoles inside the gut in early life of different mammals. Virulence factors

encoded by SPI-2 enable Salmonella to modulate the host cell system in various ways, including



interactions with the endocytic pathway and manipulation of the endosomal trafficking network
(Domingues, Holden, and Mota 2014; Figueiraand Holden 2012). A population of so-called foetal-type
enterocytes or vacuolated foetal enterocytes (VFE) is solely found in newborns and vanishes as the
intestine matures (Moon 1972; Skrzypek et al. 2007). Uptake and transfer of macromoleculesfrom the
gut lumen across the epithelial barrier responsible for nutrition and acquisition of maternal
immunoglobulinsisanon-selective process (Palm 2019; Walkerand Isselbacher 1974). NTS are taken
up or actively invade enterocytes at the apical side, irrespective of possessionof SPI-2. In the neonate,
Salmonella might accidentally end up in giant vacuoles distinctive of VFEs. Even in the absence of
effector proteins crucial forvirulence in adultand neonate mice and formation of SIFs, host-induced,
passive processes seem to facilitate fusion of endosomal vesicles with the SCV. Consequently,
intracellularreplicationand proliferation of Salmonella is feasible in the absence of SPI-2 effectors and

establishment of an extensiveinterconnected tubular networkin the neonate gut.

4.4 SPI-2 effector proteins function in transmigration of enterocytes in the

neonate small intestine instead of SCV formation

Considering SPI-2 to be superfluous in terms of SCV formation, we next considered a passive or host
cell-mediated process concerning vacuole formation inside the neonates’ intestinal tracts. So far, we
identified the phenotype of a SPI-2-deficient Salmonella strain as being entirely different from effects
observedin macrophages orotherisolated cells cultured in vitro. We observed the striking contrast of
unaffected SCV formation and intracellular bacterial proliferation of the mutant. However, the

function of SPI-2in the neonate gut remainsill defined.

Although the induction and regulation of SIF formationvia SPI-2 effectors appears to be crucial in adult
animals and mature host cellsin general, in terms of intracellular nutrition and proliferation, the
neonate gut constitutesaspecial environment withregard to metabolic propertiesand biochemical as
well as structural characteristics (Noster et al. 2019). Besides the immature intestinal barrier in
neonate mammals, especially the distal small intestine harbors highly endocytic vacuolated
enterocytes (Arevalo Sureda et al. 2016). In contrast to adults, macromolecules can be transferred
across the S| epithelial barrier by transcellular endocytosis from the gut lumen into the blood
circulation (Kumagai et al. 2011). Previously mentioned VFEs can be recognized by the possession of
large or giant vacuoles, which can be subdivided into two distinct types: giant transport and giant
digestivevacuoles (Skrzypek et al. 2018). These enterocytes, enablingimportant functionsin transport
of maternal immunoglobulinsand other molecules across the epithelial barrier, were detected inmany
mammals, including humans, pigs and rodents such as rats and mice (Dekaney, Bazer, and Jaeger 1997,

Kraehenbubhl, Bron, and Sordat 1979; Moxey and Trier 1979; Muncan et al. 2011). Transportvacuoles



engulf luminal content via endocytosis, move to the basal part of the enterocyte and release their
content via exocytosis into the underlying intercellular space. Digestive vacuoles, in contrast, were
predominantly detected above the nucleus in piglets and often occupy up to % of the enterocyte’s
volume (Skrzypek et al. 2018). During transition from a milk-digesting to a solid food-adapted network
at weaning, morphological changes are accompanied by functional adaptations, leading to gradual
disappearance of vacuolated enterocytes and reduced permeability to macromolecules (Remis et al.
2014; Walthall et al. 2005). Thistransport of moleculesintothe blood is non-selective, while biological
activity of enterocytes is preserved (Babbar et al. 1990; Seifert and Sass 1990). Under these unique
circumstances, the neonate intestine probably provides ideal conditions forintracellular nutritionand

replication of NTS, irrespective of certain virulence determinants.

4.4.1 ASPI-2 SCVs occupy an apical position in neonatal intestinal

enterocytes

Upon examination of giant ASPI-2 SCVs in the neonate gut, we observed a typical localization in an
apical nuclear position, whereas wt SCVs were also detected basolateral to the host cell nucleus (Figure
14). Documentation of the SCV positions during the first 4 days of NTSinfection revealed that 55 % of
wt bacteria managed to transmigrate the epithelial cell in the neonate intestine. Against this, the
overwhelming majority of SPI-2-deficient SCVs remained in an apical position of the infected
enterocytes without passing the nucleus throughout the observed period (Figure 14). This is not too
surprising, keepingin mind that different effectors of SPI-2 functionin membrane dynamics, vesicular
trafficking and intracellular positioning of the SCV are missing(Abrahams, Muller, and Hensel 2006;
Bakowski, Braun, and Brumell 2008; Figueira and Holden 2012; Ramsden, Holden, and Mota 2007,
Schroeder, Mota, and Meresse 2011). In addition, SPI-2-deficient Salmonella were shown to have high
tendenciestoremaininan apical position within infected enterocytes in adult animals before, whereas
wt bacteria functionally traversed the epithelium, exited at the basolateral side and gained excess to
the lamina propria (Mulleret al. 2012). However, in adultanimals, single cells ratherthan SCVs where

detectedinsideintestinal host cellssofar.

4.4.2 Single SPI-2 effector proteins are responsible for the observed

phenotype of mutants in the neonatal intestinal epithelium

Effector proteins of SPI-2 enable a versatile variety of functions concerning interferences and
alterations of host cell processes. These include maintenance of SCV membrane integrity and its
properlocalizationnear the Golgi of host cells,modulations of the host cytoskeleton and restriction of
immune signaling(Figueiraand Holden2012). Aiming at the identification of the SPI-2 effector eliciting

the investigated phenotype of enlarged SCVs in the neonate intestine, single SPI-2 effector protein



knockout mutants were constructed and appliedin the neonate NTS mouseinfectionmodelin thenext
step. The impact of certain SPI-2 effectors on virulence has been investigated in other studies
beforehand, especially using adult mice and bovine infection models (Guligand Doyle 1993; Gulig et
al. 1993; Matsui etal. 2001; Rhen, Virtanen, and Makela 1989; Roudier, Fierer, and Guiney1992; Tsolis,
Townsend, et al. 1999). Predominantly, attenuated virulence in NTS infectionsin a SPI-2 effector
mutant was attributed to a deficiency in maintaining vacuolar membraneintegrity inside the host cell,

leadingto SCV disassembly and killing of cytosolicbacteria, e.g. in macrophages (Salcedo et al. 2001).

Different features of SPI-2 effector proteins need to be considered when interpreting findings from
single mutantinfectionexperiments. First, the precisefunction of various effector proteins in terms of
host cell modulation, manipulation or interference has not been fully unraveled so far and remains
partially orcompletely unclear (Figueiraand Holden 2012). Second, certain effectors have overlapping
functions orredundancies. Third, single effector proteins attenuate or oppose the activity of others as
counter players, forinstance shown for the acyltransferase SseJ and SifA (Birmingham et al. 2005; Patel

et al. 2019; Ruiz-Albertetal. 2002).

By testingindividual effector mutants, we were particularlyinterested in the identification of effectors
that resemble the AsseB translocon mutant, depleted of translocation of the entire SPI-2 effector
protein subset with regard to diminished spread to systemictissue, but equal colonization of the small
intestinal tract as well as SCV formation and maintenance capabilities like wt STy. Interestingly,
depletion of the majority of tested effectors had notolittle effect on systemicspread compared to wt
Salmonella, exceptfor AsseF/G, AsifA and ApipB2 isolated in decreased amountsfrom liver and spleen
of infected neonates (Figure 15 A-B). Remarkably, all these effector mutants attracted attention bya
reduced number in the intestine at 4 days p.i. (Figure 15 C). Other effectors involved in F-actin
meshwork assembly and additional modifications of the host cell cytoskeleton, like SteC, Ssel and
SspH2 (Geddes et al. 2005; Miao and Miller 2000; Miao et al. 2003; Poh et al. 2008; Quezada et al.
2009; Worley, Ching, and Heffron 2000), or those involved in ubiquitin modification and interference
with host cell inflammatory responses via NF-kB, like SspH1 (Haraga and Miller 2003, 2006; Rohde et
al. 2007), significantly contribute to attenuated virulence in the neonate host in sum, but single KO
mutants displayed no phenotype (Figure 15 A-C). Deletion of the spvR operon, which significantly
affected virulence in other infection models by facilitating NTS spreading, had no effect on neonate
NTS pathogenesis (Figure 15) (Gulig and Doyle 1993; Gulig et al. 1993; Roudier, Fierer, and Guiney
1992; Rhen, Virtanen, and Makela 1989; Matsui et al. 2001).

A shared feature of single mutants that attracted attention concerning diminished systemicspread in
the neonate host after oral infection is a proven interaction with the host cell microtubule network,

SIF formation and extension (Abrahams, Muller, and Hensel 2006; Boucrot et al. 2003; Diacovich etal.



2009; Dumont et al. 2010; Henry et al. 2006; Knodler and Steele-Mortimer 2005; Kuhle and Hensel
2002; Ohlson et al. 2008). On the one hand, a bunch of effectors with an observed phenotype play
crucial rolesin SCV membrane dynamics and integrity (SifA, PipB2) or the positioning of the SCV near
the Golgi (SseF, SseG) (Beuzon et al. 2000; Deiwick et al. 2006; Stein et al. 1996). Quantification of
mutant SCVs at 4 days p.i. clearly revealedthe necessity of the respective effectors in maintaining SCV
membrane integrity, for almost no bacterial vacuoles were detected inside enterocytes. However,
foreshortening of the evaluation time point to 2 days p.i. illustrates the function of SseF/G, SifA and
PipB2in SCV membrane stabilization. Mutants lacking these proteins clearly tend to develop bigger
SCVsthan wt STy inside the neonate gut epithelium (Figure 15 D-E). Summarized, mutants deficientin
SseF/G, SifA or PipB2 bear a resemblance to the ASPI-2 phenotype with diminished systemic spread
and enlarged SCVs inside the SI. The destabilization of the SCV in single effector mutants ultimately
leads to membrane rupture and bacteria being released into the host cell cytosol. This brings up the
guestion of how these effectors contribute to pathogenesis in the neonate host. To clarify this, it is

importantto uncovertheirgeneral functionin host cellsfirst.

Maturation of SCVs in polarized epithelial cells is accompanied by basolateral movement of the
vacuoles along host cell microtubules towards the juxtanuclear region. They end up at the
microtubule-organizing center (MTOC), astructure foundin eukaryoticcells from which microtubules
emerge and where Golgi stacks accumulate (Harrison et al. 2004; Ramsden, Holden, and Mota 2007).
This SCV drive is dependent on SPI-2 effectors evoking recruitment of dynein to the SCV via the
interaction of RAB7 and Rap-interacting lysosomal protein (RILP) (Harrison et al. 2004; Guignot et al.
2004). The maintenance of the specific position of the SCV near the MTOC/Golgi was discussed to
facilitate bacterial replication, microcolony formation and endosomal-associated vesicular trafficking
via the SPI-2 effector proteins SseF and SseG (Mota et al. 2009; Salcedo and Holden 2003). Since an
SseF/G double mutant displays an identical phenotype to single mutants, including attenuated
virulence and a growth defect in macrophages, both effectors are assumed to contribute to the very
same function (Deiwick et al. 2006). SseF and SseG are integral membrane proteinsthatinteractand
thrive dynesin recruitment to microtubule bundles they form, leading to centripetal movement of the
SCV in non-polarized, cultured epithelial cells (Deiwick et al. 2006; Kuhle and Hensel 2002; Kuhle,
Jackel, and Hensel 2004). Furthermore, they have also been shown to be involved in SIF formation
(Kuhle and Hensel 2002). A mutant depleted in either SseF, SseG or both effectors undergoes initial
juxtanuclear migration and scatters throughout the cell as single bacteria instead of
membrane-surrounded microcolonies or bacterialbundles(Deiwick et al. 2006; Ramsden, Holden, and
Mota 2007). This seems to be applicable for the neonate mouse model, as mutants were hardly
detectable inside SCVs at 4 days p.i.and a slightly reduced amount of bacteriawas isolated from the

gut, although the initial capability to establish SCVsis preserved in the absence of SseF/G (Figure 15



C-D). As a consequence, AsseF/G mutants are incapable of maintaining vacuolar integrity and the

resultinginstable SCV membranes highlight the role of these effectors in pathogenesis.

A prominentexample of a SPI-2 effector protein enabling various functionsin NTS pathogenesis isSifA.
Harboring a caspase-3 cleavage site, the effectoris potentially divided into two functional domains
with different interaction partners and features (Patel et al. 2019; Srikanth et al. 2010). Membrane
tubules induced by Salmonella via translocation of the SPI-2 effector SifA have been discussed as a
potential strategy to subvert the host cell endosomal system beforehand. Althoughthe establishment
of SIFs is not crucial for nutrition in the neonate enterocyte, SifA mutans gradually lose the vacuolar
membrane surrounding them several hours after uptake into host cells, probably affecting
pathogenesisin the adultas well as neonate host (Beuzon, Salcedo, and Holden 2002). Highlightinga
crucial function of SifA in maintaining SCV membraneintegrity, as described for SseF/Gin the previous
paragraph, mutants lacking this effectorare released into the cytosol, which mightlead to rapid killing
of the pathogen in certain cell types, e.g. macrophages (Beuzon et al. 2000; Beuzon, Salcedo, and
Holden 2002). Consequently, SifA mutants display a strong attenuation in virulence in adult mouse
infections, although no replication defect in epithelial cells was observed in vitro (Stein et al. 1996).
Interestingly, SPI-2 T3SS null mutants lacking SifA and all other SPI-2 effectors retained intact vacuolar
membranes, indicating contribution of various effectors to SCV membrane integrity and dynamics
(Figure 6, Figure 11, Figure 14) (Beuzon et al. 2000). This phenotype observed in otherstudies was also
attained in neonate mouse infections with a sifA-deficient mutant (Figure 15). Colonization rates of
systemic tissue was reduced compared to the wt, however, the mutant displayed difficulties in
maintaining membrane integrity inside host cells at 4 days p.i., which also explains slightly diminished
bacterial loads in the gut (Figure 15 C). Like the AsseF/G mutant, AsifA bacteria were found in bigger
SCVs compared to wt STy at 2 days p.i., similarto the AsseB strain (Figure 15 E). Bearingin mind that
virulence of AsifA Salmonellais not abolished but delayed in the neonate host (data not shown), SPI-2
effector redundancies are reinforced and other proteins probably still enable systemic spread in the
absence of SifA. Delayed virulence of the AsifA strain might be unraveled considering another
important function of the effector protein. By binding of the N-terminal region of SifA to the C-terminal
pleckstrin homology domain of the host cell protein SKIP (SifA and kinesin-interacting protein),
interaction with thelight chain of kinesinisensured (Diacovich et al. 2009; Dumont et al. 2010; Jackson
et al. 2008; Ohlson et al. 2008). The motor protein kinesin promotes anterograde transport of vesides
along microtubules and the interaction via utilization of SifA probably also allows SCVs to travel along
the microtubule network to the basolateral side of the intestinal enterocyte (Rosa-Ferreiraand Munro
2011). Hence, a AsifA mutant exhibits delayed virulence and decreased systemicloads comparedto wt
Salmonella due to hampered transmigration of enterocytes as one of the first steps in NTS

pathogenesis in the neonate. A deficiency in SKIP and microtubule interaction abrogates SCV



transmigration and SifA-deficient bacteria attract attention by increased SCV size at 2 days p.i. (Figure
15 D-E). The destabilization of the SCV membrane in the absence of a crucial SPI-2 effector explains
decreased amounts of detected SCVs in the neonate gut at 4 days p.i. and in addition the lower

bacterial burdeninthe SI.

Anotherimportant SPI-2 effector protein participatingin vacuolar membrane dynamics adding to the
function of SifAis PipB2 (Henry et al. 2006). It seemsto be responsible forkinesin recruitment to the
SCV membrane, eveninthe absence of SifA anditsinteraction partner SKIP (Boucrot et al. 2003). The
localization of PipB2 to the SCV membrane has already been revealed, yet the exact function of the
effector protein has not been determined so far (Knodler et al. 2003). A lack of PipB2 did not alter
development of the systemic phase of Salmonella infection in adult mouse models, but affected the
inflammatory response in bovine infections (Knodler et al. 2003; Wood et al. 1998). PipB2 recruits
kinesin to the SCV membrane and interacts with its light chain, but how it contributes to vacuolar
membrane stabilization and the process of SCV rupture in the absence of certain effectors is
incompletely understood (Henry et al. 2006; Knodler and Steele-Mortimer 2005). Although ApipB2
mutants displayed smaller SCVs than mutants deficientin either SseF/GorSifA at 2 days p.i., vacuoles
of ApipB2 STy were biggerthan wt SCVs (Figure 15 D-E) and the number of bacteriaisolated from liver
or spleenwas markedly reduced as well (Figure 15A-B). This emphasizes a substantial contribution of
PipB2to pathogenesis of NTS inthe neonate, probably by promoting transmigration potential ensured
by the interaction of SifA with the microtubule network via recruitment of kinesin to the SCV
membrane. In addition, PipB2 may also stabilize the vacuolar compartment. This fits literature findings,
as inhibition of kinesin activity increased membrane stability around AsifA bacteria, but vacuolar
membrane loss was stillobserved in the absence of PipB2in a AsifA ApipB2 double mutant (Guignot et

al. 2004; Henry et al. 2006).

Contribution of different effector proteins and an interplay or counteraction within the same
functional groupisfurther evidenced by utilization of multiple effector protein-deficient mutants. Four
different proteins were identified to affect SCV membrane dynamics: SifA, PipB2, SopD2 and Ssel,
whereas SseF and SseG mainly function in positioning of the vacuole inside the host cell and
additionally promote formation of microtubule bundles (Figueira and Holden 2012). Interestingly,
sopD2 deletion did not yield an attenuated phenotype in terms of systemic growth in the neonate
mouse model, suggesting that its role in maintenance of vacuolar membrane integrity is minor
compared to SifA or PipB2. Two different combinations of effectors have been investigatedin this
study. In both cases, sseF/G and sifA were deleted and either pipB2 (Figure 16, open triangles) orsse/
(Figure 16, openrhombs) additionally. Like already observed in single SPI-2 effector mutant infections,

the number of bacteriaisolated from liver and spleen was diminished comparedto the wt STy infection



at 4 days p.i. and approximates the AsseB mutant, whereas colonization of the intestine was more or
lessidentical among all different strains (Figure 16). Furthermore, no SCVs couldbe detectedfor either
of the multi SPI-2 effector mutant 4 days after inoculation, accounting for a vigorous membrane
destabilization in the absence of these effectors. Anyhow, this holds true for single effector mutants,
like e.g. AsifA STy, and underlines a role in stabilizing the SCV membrane of the proteins previously
investigated. Findings from multi mutant infections in the neonate emphasize an interplay between
different effectors and indicate an imbalance observable by membrane rupture if effector activity
misses a counter player, since the effects can be opposing one another (Ruiz-Albert et al. 2002). By
deletionof SopD2inaddition to other effectors involvedin SCV membrane dynamics and maintenance
of vacuolar integrity, the SPI-2 null mutant phenotype might therefore be completely reconstructed,
including enlarged SCVs with intact membrane surroundings, abolished transmigration due to absent

microtubule network interaction and attenuated virulence in the neonate host.

Summarized, single SPI-2 effector mutants as wellas a combination of different effector proteins from
one functional group stressed the redundancy of effector functions. Single mutants retainedvirulence
and were rather delayed than abolished in eliciting systemic NTS infections. Furthermore, it could be
proventhatsome virulence factorsrelyon aninteraction partner and that presence of certaineffectors

was crucial for properfunction of anotherone.

4.5 Model of SPI-2-dependent pathogenesis in the neonate intestine

Summarizingthe results achieved during this work, we propose aninfection model for the function of

SPI-2in the first steps of pathogenesis of iINTS infection inthe neonate host (Figure 17).

Forthe wtstrain, anon-phagocyticcellinthe neonateintestinal epitheliumisinvaded via translocation
of SPI-1effector proteins, leading to reorganization of the actin cytoskeleton, membrane ruffling and
bacterial uptake, asdemonstrated earlier (Zhanget al. 2014). Invasion of the non-phagocytic host cell
in a macropinosomal-like fashion resultsin SCV formation. As a consequence, SPI-2 effector proteins
will be synthesized and secreted into the host cell cytosol via the T3SS of SPI-2. Certain effectors, like
SifA, allow the interaction withthe host cell microtubule networkviathe host protein SKIP (Dumont et
al. 2010). This interaction ensures transmigration of the SCV from apical to basolateral. Following,
Salmonella evades the enterocyte and gains access to the lamina propria and residing immune cells.
The pathogen spreads throughout the body, thereby causing a life-threatening invasive infection and

massive inflammationin the gut (Figure 5, Figure 14, Figure 15, Figure 16).

In contrast to this, the capability to establish a functional T3SS for secretion of SPI-2 effectors is

depleted in the investigated AsseB mutant. Invasion and SCV formation remain functional in the



absence of SPI-2(Figure 3 D, Figure 6). However, the mutantis unable to assemble acomplete needle
apparatus for SPI-2 effector protein translocation (Figure 17). As aresult, interaction with SKIP via SifA
and resulting host cell transmigration is blocked for the mutant. Despite lacking the entire subset of
SPI-2 effectors, bacterial replication inside the host cell within SCVsis unaffected (Figure 11). Mutant
replication proceeds, but SCVs are stuck in an apical positioninside the infected enterocyte, because
SPI-2 effector protein enabled transmigration via subversion of the microtubule network is blocked
(Figure 11, Figure 14). Although SIF formation via SPI-2 effectors and the resulting modification of the
host cell’s endosomal system was indispensable in adult mice, the unique nature of endosomal
trafficking and non-selective transport of macromolecules through the intestinal barrier allows
sufficient nutrient supply for Salmonella in the neonate gut. By this means, Salmonella might end up
in giant vacuoles of VFEs, thereby enabling nutrition and proliferation inside the host cell in the
absence of SPI-2 effectorsand the resulting modulations. In case of the SPI-2 mutant strain, SCVsinside
intestinalenterocytesremain areplicative niche, but adead-end to the pathogensimultaneously. This
explains increased sizes of mutant SCVs compared to the wt strain, diminished systemic loads and

attenuatedvirulence inthe neonate host observed in this study.
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Figure 17: Proposed model of SPI-2-dependent enterocyte transmigration in the neonatal SI

Schemativ comparison of enterocytes in the SI of neonate mice infected with either a wt (A) or
SPI-2-deficient Salmonella. Salmonella possesses SPls, allowing first enterocyte invasion, followed by
translocation of SPI-2 effectors, modulating and manipulating the host cell machinery in various ways,
including positioning of the SCV in close proximetry to the nucleus (N). Atype three secretion system
(T3SS, blue needle structure) allows translocation of SPI-2 effector proteins, like SifA (yellow cirde)
fromthe inside of the SCV into the host cell cytosol as can be seeninenlarged view from grey square.
The needle-like compartment, consisting of different SPI-2 encoded proteins, spans the bacterial
membranes and connects the pathogen to the host cytosol (modified from Grant et al., 2012).
Interaction of effectors with the microtubule network (black dashed lines) via host proteins like SKIP



(red connectedcircles) enable transmigration of enterocytes and systemicspread of Salmonella. The
mutant (B) lacks a fully functional T3SS for SPI-2 effector protein translocation. The blocked
microtubule interaction prevents transmigration, whereas intracellular replication remains possible
and SCVs progressively increase in size.
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6. Appendix

Table 12: Bacterial strains usedin this study.

Strains of Salmonella enterica subsp. enterica serovar Typhimurium (S. Typhimurium) ATCC14028
appliedforinvestigations of SPI-2 effectors in the neonate mouse model are listed. Deletions of specific
gene as well as vactor carriage is given. Mutagenesis was performed by Michael Hensel, University of
Osnabrick, as described previously (Datsenko and Wanner 2000) followed by transformation of
electrocompetent Salmonella with pFPV-25.1. Antibiotic resistance cassettes: AMP = ampicillin,
CM = chloramphenicol, KAN = kanamycin. Antibiotics were used for growth selection and replica

plating at given final concentrations: AMP: 100 pug/ml, CM: 10 pg/ml, KAN: 25 pg/ml.

strain features resistance reference
Valdiviaetal.,
255 ATCC 14028::pFPV-25.1 AMP 1998, Zhanget al.,
2014
268 MvP 643::p3232 AMP+KAN  Vangand Kushner,
1991
293 MvP 643 AsseB::FRTpFPV-25.1 AMP this study
Beuzdnetal.,
313 MvP 497 AsifA::aph pFPV-25.1 AMP + KAN 2000; Nosteretal.,
2019
317 MvP 375 AsspH1::aph pFPV25.1 AMP + KAN this study
318 MvP 378 Assel::aph pFPV25.1 AMP + KAN this study
319 MvP 1033 Assel::aph pFPV-25.1 AMP + KAN this study
320 MvP 500 sopD::aph pFPV-25.1 AMP + KAN thisstudy
321 MvP 741 AsteC::aph pFPV-25.1 AMP + KAN this study
322 MvP 498 ApipB2::aph pFPV25.1 AMP + KAN Knodleretal., 2003
323 MvP 543 AspvR::aph pFPV25.1 AMP + KAN thisstudy
Hansen-Wester et
324 MvP 388 AsseF AsseG pFPV-25.1 AMP + KAN al., 2002; Deiwick
etal., 2006
326 MvP 376 AsspH2::aph pFPV-25.1 AMP + KAN thisstudy
363 MvP 1848 AsscBsseFG::FRT AsifA::FRT AMP + KAN this study
AsseJ::aph
364 MvP 1847 ASSCB'sseFG::FRTASIfA::FRT AMP + KAN el
ApipB2::aph
368 MvP 1444 AsseB::kanR pM973 AMP + KAN this study
8718 MvP 643 AsseB::FRT AfadL pFPV-25.1 AMP Str“g;‘g&em/"
MvP 643 AsseB::FRT AaroP ApheP AtyrP Amtr Strugnell etal.,
9086 ApheA pFPV-25.1 AMP 2014
MvP 643 AsseB::FRT Aglk AmanXYZ AptsG Strugnelletal.,
9090 AuhpTpFPV-25.1 AMP 2014
9118 MvP 643 AsseB::FRT Adpp DAopp AydgR AygdR AMP Strugnell etal.,
AyhiP pFPV-25.1 2014



9870 - ATCC 14028::pFPV-25.1 proVtagged (see

9891 Table 3)
9892 - MvP 643 AsseB::FRTpFPV-25.1 proV tagged
9913 (see Table 3)

Table 13: Plasmids applied in this study

All plasmids were incorporated to STy by electroporation.

plasmid features
pFPV-25.1 amp P smi:gfpmut3
p3232 amp pWSK30::P,..55€B
pM973 amp Pg.6:gfomut2

AMP + CM Lim et al., 2014
AMP + CM this study
reference

Valdiviaetal., 1998
Holzerand Hensel, 2010
Hapfelmeieretal., 2005

Table 14: Primersequences foramplification of proV according to (Lim et al. 2014)

proVfor ACACTCTTTCCCTACACGACGCTCTTCCGATCTACAGGACGAAGACCGTGAATATGG
proVrev GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAACTTCGAAGCAGCTCCAG
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